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NOTICE 

The study reported herein was undertaken under the aegis of the National Re
search Council with the express approval of the Governing Board of the NRC. Such 
approval indicated that the Board considered that the problem is of national signifi
cance, that elucidation or solution of the problem required scientific or technical 
competence, and that the resources of NRC were particularly suitable to the conduct 
of the project. The institutional responsibilities of the NRC were then discharged in 
the following manner: 

The members of the study committee were selected for their individual scholarly 
competence and judgment with due consideration for the balance and breadth of 
disciplines. Responsibility for all aspects of this report rests with the study committee, 
to whom we express our sincere appreciation. 

Although the reports of our study committees are not submitted for approval to 
the Academy membership nor to the Council, each report is reviewed by a second 
group of appropriately qualified individuals according to procedures established 
and monitored by the Academy's Report Review Committee. Such reviews are in
tended to determine, among other things, whether the major questions and relevant 
points of view have been addressed and whether the reported findings, conclusions, 
and recommendations arose from the available data and information. Distribution 
of the report is approved, by the President, only after satisfactory completion of this 
review process. 
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THE HONORABLE WILLIAM D. RucKELSHAus 

Administrator 
Environmental Protection Agency 
Washington, D.C. 

DEAR MR. RucKELSHAus: 

}u{y 22, 1972 

It is our pleasure to transmit to you the report Water Quality Criteria, 1972 pre
pared by the National Academy of Sciences-National Academy of Engineering Com
mittee on Water Quality Criteria. 

This book is the successor to the Water Quality Criteria Report o:f the National 
Technical Advisory Committee to the Secretary of the Interior in 1968. The 1972 
Report drew significantly on its 1968 predecessor; nevertheless the current study 
represents a complete reexamination of the problems, and a critical review of all 
the data included here. The conclusions offered reflect the best judgment of the 
Academies' Committee. 

The Report develops scientific criteria arranged in categories of major beneficial 
use. We are certain that the information and conclusions contained in this Report 
will be of use and value to the large number of people throughout the country who 
are concerned with achieving a high level of water quality for the Nation. 

It is our pleasure to note the substantial personal contributions of the members 
of the Committee on Water Quality Criteria and its Panels and advise:rs. They have 
contributed more than 2,000 man-days of effort for which they deserve our gratitude. 
In less than a year and a half, they have collected a vast amount of scientific and 
technical information and presented it in a way that we believe will be most helpful 
to Federal and State officials as well as to the scientific community and the public. 
Oversight responsibility for the document, of course, re~ts with the Committee on 
Water Quality Criteria ably chaired by Dr. Gerard A. Rohlich of the University of 
Texas at Austin. 

We wish also to express our appreciation to the Environmental Protection Agency 
which, without in any way attempting to influence the Committee'!: conclusions, 
provided technical expertise and information as well as the resources to undertake 
the study. 

In the course of their work the Committee and Panels identified several scientific 
and technical areas in which necessary data is insufficient or lacking. The Academies 
find that a separate report is urgently required that specifies research needs to enable 
an increasingly effective evaluation of water quality. We are currently preparing 
such a report. 

Sincerely yours, 
PHILIP HANDLER CLARENCE H. LINDER 

President President 
National Academy of Sciences National Academy of Engineering 
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PREFACE 

In 1971, at the request of the United States Environmental Protection Agency, 
the National Academy of Sciences-National Academy of Engineering undertook the 
revision of WATER QUALITY CRITERIA, the 1968 Report of the National 
Technical Advisory Committee (NTAC) to the Secretary of the Interior. The Acad
emies appointed a Committee on Water Quality Criteria and six Panels, and the 
responsibility for overseeing their activities was assigned to the Environmental 
Studies Board, a joint body of the Academies. 

The guidelines for the Academies' Committee were similar to those followed by 
the NTAC. The Federal Water Pollution Control Act of 1948, as amended by the 
Water Quality Act of 1965, authorized the states and the federal government to 
establish water quality standards for interstate and coastal waters. Paragraph 3, 
Section 10 of the 1965 Act reads as follows: 

Standards of quality established pursuant to this subsection shall be 
such as to protect the public health or welfare, enhance the quality of water 
and serve the purposes of this Act. In establishing such standards the Secre
tary, the Hearing Board, or the appropriate state authority shall take into 
consideration their use and value for public water supplies, propagation of 
fish and wildlife, recreational purposes, and agricultural, industrial, and 
other legitimate uses. 

Because of the vast amount of material that falls into the rubric of fish and wildlife, 
the Academies established separate Panels for freshwater and marine aquatic life 
and wildlife. Thus the Committee's six Panels were: (l) Recreation and Aesthetics, 
(2) Public Water Supplies, (3) Freshwater Aquatic Life and Wildlife, (4) Marine 
Aquatic Life and Wildlife, (5) Agricultural Uses of Water, and (6) Industrial Water 
Supplies. 

The members of the Committee and its Panels were scientists and engineers 
expert and experienced in the various disciplines associated with the subject of water 
quality. The Panels also drew upon special advisors for specific water quality con
cerns, and in addition were aided by Environmental Protection Agency experts as 
liaison at the Panel meetings. This arrangement with EPA facilitated the Panels' 
access to EPA data on water quality. Thirty-nine meetings were held by the Com
mittee and its Panels resulting in an interim report to the Academies and the Environ
mental Studies Board on December 1, 1971. This was widely circulated, and com
ments on it were solicited from many quarters. The commentaries were then considered 
for inclusion by the Committee and the appropriate Panels. This volume, submitted 
for publication in August 1972, within eighteen months of the inception of the task, 
is the final version of the Committee's report. 

The 1972 Report is vastly more than a revision of the NT AC Report. To begin 
with, it is nearly four times longer. Many new subjects are discussed in detail, among 
them: the recreational impact of boating, levels of use, disease vectors, nuisance 
organisms, and aquatic vascular plants; viruses in relation to public water supplies; 
effects of total dissolved gases on aquatic life; guidelines for toxicological research on 
pesticides and uses of toxicants in fisheries management; disposal of solid wastes in 
the ocean; use of waste water for irrigation; and industrial ;ater treatment processes 
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and resultant wastes. Many toxic or potentially toxic substances not considered by 
the NT AC are discussed including polychlorinated biphenyls, phthalate esters, nitrilo
triacetate (NT A), numerous metals, and chlorine. The additional leni~th also reflects 
the greater current awareness of how various characteristics of water affect its quality 
and use; and the expansion of the information base of the NTAC Report through 
new data from recent research activities and the greater capabilities of information 
processing, storage, and retrieval-especially evident in the three appendixes-have 
made their impact on the increase in size. In spite of these additions, however, the 
1972 Report differs from the NT AC Report in that its six Sections do not provide 
summaries. The Committee agreed that an understanding of how the recommend
ations should be interpreted and used can be gained only by a thorough reading of 
the rationale and the evaluation of criteria preceding the recommendations. 

Although each Section was prepared by its appropriate Panel, some discussions 
reflect the joint effort of two or more Panels. These combined discussions attempt to 
focus attention where desirable on such subjects as radioactivity, temperature, 
nutrient enrichment, and growths of nuisance organisms. However, the majority of 
topics were most effectively treated by individual Panel discussions, and the reader 
is encouraged to make use of the Tables of Contents and the index in assessing the full 
range of the Report's coverage of the many complex aspects of water quality. 

Water quality science and its application have expanded rapidly, but much 
work remains to be done. In the course of this revision, the Committee and its Panels 
have identified many areas where further knowledge is needed, and these findings, 
now in preparation, will be published separately by the National Academy of Sci
ences-National Academy of Engineering as a report on research needs. 

Social perspectives and policies for managing, enhancing, and preserving water 
resources are undergoing rapid and pervasive change. Because of the stipulations of 
the 1965 Water Quality Act, interstate water resources are currently categorized by 
use designation, and standards to protect those uses are developed from criteria. It is 
in this context that the Report of the NAS-NAE Committee, like that of the NTAC, 
was prepared. Concepts of managing water resources are subject to social, economic, 
and political decisions and will continue to evolve; but the Committee believes that 
the criteria and recommendations in this Report will be of value in the context of 
future as well as current approaches that might be taken to preserve and enhance 
the quality of the nation's water resources. 

GERARD A. RoHLICH 

Chairman, Committee on Water Quality Citeria 
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GENERAL INTRODUCTION 

HISTORICAL BACKGROUND 

The past decade has been a period of unprecedented 
activity directed to man's concern for the quality of the 
environment, but a look at history shows that this concern, 
although currently intensified, is not new. The lessons of 
history and the findings of archaeologists provide concrete 
evidence that at least three thousand years before the birth 
of Christ man was cognizant of the need to dispose of his 
wastes and other refuse if he was to keep his environment 
livable.1 For thousands of years the guidelines to quality 
of the water resource apparently were based on the senses 
of smell, sight, and taste. Whether or not these organoleptic 
observations on the suitability of water for use would 
match today's criteria is questionable in light of Reynolds' 
reference to "the old woman in the Fens" who "spoke for 
many besides herself when she asked of the new and pure 
supply: Call ye that water? For she said, it has neither taste 

nor smell"2 ; or in light of the more recent decision of a state 
supreme court in 1904, which took the position that it is 
"not necessary to weigh with tenderness and care the 
testimony of experts ... an ordinary mortal knows whether 
water is fit to drink and use." 3 

Although the concern for water quality is not new, 
progress has been made in moving from sensory associations 
as a means of control to the application of knowledge and 
criteria gained from scientific advances in detection and 
measurement, and in a greater understanding of the char
acteristics of water. Essentially it has been the develop
ments of the past century that have provided criteria for 
and knowledge of water quality characteristics upon which 
we base determinations of its suitability for particular uses. 

Until recently, relatively few scientists and engineers had 
been engaged in this field. The past decade, however, has 
seen a tremendous increase in the number of workers de
voted to the subject of water quality assesiment. Con
currently, an increasing awareness of the public has become 
apparent. As Leopold states, "The outstanding discovery 
of the twentieth century is not television, or radio, but 
rather the complexity of the land organism"; and he points 
out that "by land is meant all of the things on, over, or in 
the earth." 4 The growing public awareness of environ-

mental quality has helped to accelerate activity directed to 
the solution of problems relating to water quality. 

Forty centuries before the germ theory of disease had the 
support of scientifically conducted experiments, some con
trol measures to provide safe water supplies were in use. 
Boiling, filtration through charcoal, and the practice of 
siphoning off water clarified by sedimentation were among 
the early methods used to improve water quality. 5 The 
regard of the Romans for high quality water is well known, 
and their civil works in obtaining water by the construction 
of aqueducts and the carrying away of waste waters in the 
cloacae or sewers, and in particular the Cloaca Maxima, 
are matters of common knowledge. The decline of sani
tation through the Middle Ages and into the early part at 
the past century brought on the ravages of pestilence and 
the scourges of cholera, typhoid fever and dysentery, which 
led to the resurgence of public concern over water quality. 
There were many experiments and suggestions regarding 
filtration for purification as early as the 17th century. They 
culminated in design of the first filters for municipal supplies 
by Gibbs in Scotland in 1804 and in England in 1829 by 
Simpson who is probably most renowned for his work in 
constructing filters for the Chelsea Water Company to 
supply water for London from the Thames River. 

The relationship of water quality to disease was firmly 
established by the report on the Broad Street Well in 
London by Sir John Snow in 1849, and in Edwin Chad
wick's report of 1842 "On an inquiry into the Sanitary 
Condition of the Labouring Population of Gt. Britain."6 

The greatest part of Chadwick's report developed four 
major axioms that are still of relevance today. The first 
axiom established the cause and effect relationship between 
"insanitation, defective drainage, inadequate water supply, 
and overcrowded housing" on the one hand, and "disease, 
high mortality rates, and low expectation of life" on the 
other. The second axiom discussed the economic cost of 
ill health. The third dealt with the "social cost of squalor," 
and the fourth was concerned with the "inherent inefficiency 
of existing legal and administrative machinery." Chadwick 
argued that the "only hope of sanitary improvement lay 
in radical administrative departures" which would call for 
new institutional arrangements. 
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It is evident from these few glimpses into the early years 
of development of control that the basic approach, and 
justifiably so, was to provide water suitable for human use. 
A century ago the principal aim was to provide, by bac
teriological examination, a scientific basis on which to 
establish water quality practices for protection of the public 
health. Increasingly, however, we have come to recognize 
that a multitude of materials that may occur in water have 
adverse effects on beneficial uses other than that for public 
water supplies. 

WATER QUALITY CONTROL IN THE UNITED STATES 

McKee and Wolf have provided an excellent historical 
background to the development of water quality standards 
and criteria and have summarized the water quality criteria 
promulgated by federal, state, and interstate agencies up 
to 1963.7 Since then, many federal and state acts have been 
passed and modifications made in state administrative codes 
designed to establish criteria and standards. Of particular 
significance in this respect was the impact of the Federal 
Water Pollution Control Act of 19488 as amended by the 
Water Quality Act of 1965.9 The latter required that the 
states adopt: 

• water quality criteria applicable to interstate waters; 
and 

• a plan for the implementation and enforcement of 
the water quality criteria adopted. 

The Act further noted that the criteria and plans would, 
upon approval by the federal government, become the 
applicable water quality standards. At that time the Fed
eral Water Pollution Control Administration was in the 
Department of Health, Education, and Welfare. In May 
of 1966, the FWPCA was transferred to the Department of 
the Interior, and in April, 1970 it was renamed The 
Federal Water Quality Administration. In December, 1970, 
interstate water quality and pollution control activities 
became the concern of the Environmental Protection 
Agency. 

On April 1, 1968, the FWPCA published the report of 
the National Technical Advisory Committee to the Secre
tary of the Interior entitled Water Quality Criteria.10 This 
report, often referred to as the "Green Book," contains 
recommendations on water quality criteria for various uses. 
The present volume is a revision of that work with the 
objective of compiling and interpreting the most recent 
scientific data in order to establish what is known about 
the materials present in water as related to specific uses. 

MAJOR WATER USES AS AN ORGANIZING APPROACH 

Although it is recognized that consideration must be 
given to the multiple use requirements placed on our water 
resources, this revision has followed the approach of the 
1968 report in making recommendations in certain use 

categories. Such an approach provides a convenient w. 
of handling an otherwise unwieldy body of data. Neith 
the approach itself nor the sequence in which the uses a 
arranged in the Report imply any comment on the relati 
importance of each use. Each water use plays its vital re 
in the water systems concept discussed above, and politic; 
economic, and social considerations that vary with h 
torical periods and geographic locations have brought pc 
ticular water uses to positions of preeminent importanc 
In contemporary terms, it is not difficult to argue t 

primary importance of each water use considered in tl 
Report: the recreational and aesthetic use of the Na ti or 
water resources involves 3.'i' billion man-days a year;11 o 
public water supply system> prepare 15 billion gallons p 
day for the urban population alone ;12 commercial fisherm1 
harvested 166,430,000 pounds of fish from the natior 
public inland freshwater bodies in 1969 ;13 our mari1 
waters yield five billion pounds of fish annually for hum; 
use ;14 agriculture consumes 123 billion gallons of water p 
day in meeting its domestic, livestock, and irrigation needs 
and our industries must have 84,000 billion gallons of wat 
per year to maintain their operations. 16 

Clearly, the designation of one water use as more vit 
than another is as impossible as it is unnecessary. Furthe 
more, we must not even restrict our thinking to prcsc 
concepts and designated uses. Those concerned with wat 
quality must envisage future uses and values that may I 
assigned to our water resources and recognize that mar 
activities in altering the landscape and utilizing water m; 
one day have to be more vigorously controlled. 

THE MEANING OF WATER QUALITY CRITERIA 

In current practice, where multiple uses are required, 
they will be in most situations, our guidelines to action w 
be the more stringent criteria. Criteria represent attemr 
to quantify water quality in terms of its physical, chemic: 
biological, and aesthetic characteristics. Those who a 
confronted with the problem of establishing or evaluati 
criteria must do so within the limits of the objective a1 
subjective measurements available to them. Obviously, t 
quality of water as expressed by these measurements is t 

product of many changes. From the moment of its conde 
sation in the atmosphere, water accumulates substances, 
solution and suspension, from the air, from contacts as 
moves over and into the land resource, from biologic 
processes, and from human activities. Man affects t 
watershed as he alters the landscape by urbanization, I 
agricultural development, and by dischargin~~ municii: 
and industrial residues into the water resource. Thus c 
matic conditions, topography, geological formations, a1 
human use and abuse of this vital resource significan1 
affect the characteristics of water, so that its quality vari 
widely with location and the influencing factors. 

To look ahead again, it should be stressed that if comi1 
generations expect to use future criteria established I 



CRITERIA 
Qualities and quantities, based 
on scientific determinations, 
which must be identified and 
may have to be controlled. 

Identification 
pathway 

IDENTIFICATION 
Analytical methods (chemist, 
biologist, engineer, recreational 
specialists & others). 

FEEDBACK 

MONITORING 
Deployment of measuring instru
ments to provide criteria and 
information for assessment and 
control. 

STANDARDS 
Definition of acceptable quality 
related to unique local situation 
involving political, economic and 
social factors and including plans 
for implementation and ques
tions of water use and manage
ment. 

for specific 

uses in 

General lntroduction/3 

Recreational and 
Aesthetic Waters 

Public Water Supplies 
Fresh Waters 
Marine Waters 
Agricultural Waters 
Industrial Water Supplies 

(The operation needed for de
tecting and measuring character
istics of water.) 

(The chronological and spatial 
sampling operations needed.) 

FIGURE I-Conceptual Framework for Developing Standards from Criteria 
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aquatic scientists, baseline areas must be preserved in which 
the scientists can work. Limnologists, oceanographers, and 
freshwater and marine biologists obtain baseline data from 
studies of undisturbed aquatic ecosystems. Because all the 
basic information has not yet been extracted from im
portant study sites, it is essential that the natural condition 
of these sites prevail. 

The fundamental point of departure in evaluating cri
teria for water quality in this Report is that the assignment 
of a level of quality is relative to the use man makes of that 
water. To evaluate the quality of water required for various 
uses, it is essential to know the limits of quality that have a 
detrimental effect on a designated use. As a corollary, in 
deciding whether or not water will be of suitable quality, 
one must determine whether or not the introduction into, 
or presence of any material in the resource, interferes with, 
alters, or destroys its intended use. Such decisions are sub
ject to political, social, and economic considerations. 

CRITERIA AND ST ANDA RDS 

The distinction between criteria and standards is important, 
and the words are not interchangeable nor are they syno
nyms for such commonly used terms as objectives or goals. 
As a clarification of the distinction that must be recognizt d 
and the procedural steps to be followed in developing 
standards from criteria, a conceptual framework based on 
the report "Waste Management and Control" by the Com
mittee on Pollution NAS-NRC17 is presented in Figure 1. 
In this context, the definition of criteria as used in this 
Report is "the scientific data evaluated to derive recommen
dations for characteristics of water for specific uses." 

As a first step in the development of standards it is es
sential to establish scientifically based recommendations for 
each assignable water use. Establishment of recommen
dations implies access to practical methods for detecting 
and measuring the specified physical, chemical, biological, 
and aesthetic characteristics. In some cases, however, less 
than satisfactory methods are available, and in other cases, 
less than adequate methods or procedures are used. Moni
toring the essential characteristics can be an operation 
concurrent with the identification step. If adequate criteria 
for recommendations are available, and the identification 
and monitoring procedures are sound, the fundamentals 
are available for the establishment of effective standards. 
It is again at this step that political, social, and economic 
factors enter into the decision-making process to establish 
standards. 

Although the Committee and its Panels recognize that 
water quality, water quantity, water use, and waste water 
disposal form a complex system that is further complicated 
by the interchanges that occur among the land, air, and 
water resources, this Report cannot be so broad in scope: 
its explicit purpose is to recommend water quality char
acteristics for designated uses in light of the scientific 
information available at this time. We are aware that in 

some areas the scientific information is lacking, inadequa1 
or possibly conflicting thus precluding the recommendati< 
of specific numerical values. The need to refine the recor 
mendations and to establish new ones will become incre< 
ingly important as additional field information and resear1 
results become available. Realistic standards are depende 
on criteria, designated uses, and implementation, as well 
identification and monitoring procedures; changes in the 
factors may provide a basis for altering the standards. 

Recommendations are usually presented, either as n 
merical values or in narrative form as summariLes. In sor 
instances in place of recommendations, conclusions bas, 
on the preceding discussion are given. It is important th 
each discussion be studied because it attempts to ma 
clear the basis and logic used in arriving at the particul 
recommendation. The Committee wishes to emphasize t 

caveat so clearly stated in the introduction to the "Grn 
Book." The Committee "does not want to be dogmati, 
in making its recommendations. "They are meant as guid 
lines only, to be used in conjunction with a thorough knov 
edge of local conditions. " 18 
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INTRODUCTION 

This section considers water quality in the context of 
recreation and aesthetics, on the basis of available scientific 
data tempered by experience and judgment. In view of 
today's burgeoning population in the United States, the 
importance of water quality criteria to preserve and enhance 
the recreational and aesthetic values of water resources is 
manifest. The problems involved are both great and urgent. 
Our urban centers bear the brunt of the growth of a popu
lation that needs and demands water-oriented recreational 
resources. But those resources, already overloaded, are de
graded or rendered unfit for recreation by the effects of 
man's activities. The quality of water can be assessed and 
to some extent controlled, but the principal cause of water 
pollution is what man does on the land. Water must be 
protected from harmful land-water relationships, and man 
must be protected from the consequences of degraded water 
quality. 

THE ROLE OF WATER-ORIENTED RECREATION AND 
AESTHETICS 

Recreation is an enigma: nearly everyone participates in 
some type of recreation, but few are likely to agree on an 
acceptable definition of it. Most persons who are not pro
fessionally involved with recreation tend to define it nar
rowly in terms of their own experiences. Many feel that 
the term implies some form of strenuous physical activity; 
to them, aesthetic appreciation and other leisure activities 
that primarily involve the mind are not "recreation." 
There is also a tendency for some to include only those 
physical activities that are commonly identified as "recre
ation" by public or quasi-public recreation agencies. 

Charles E. Doell, an internationally known authority on 
park and recreation planning and administration, defines 
recreation as "the refreshment of the mind or body or both 
through some means which is in itself pleasureful." He 
states "almost any activity or mental process may be recre
ation depending largely upon the attitude assumed in the 
approach to the process itself' (Doell 1963) 4.* This concept 

* Citations are listed at the end of the Section. They can be located 
alphabetically within subtopics or by their superior numbers which 
run consecutively across subtopics for the entire Section. 
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is supported by many other:> (Brightbill 19612, Butler 195! 
Lehman 19655). If the attitude of the individual concern 
is the key to whether or not an activity may be classed 
"recreation," it follows that one man's work may be a 
other man's recreation; and an unwelcome social duty 
one person may be a valuable recreational experience 
another. Certain activities may be either recreational 
part of the daily routine depending on the attitude oft 
participant. Recreation is, therefore, an elusive conce 
that can bear some relationship to any of the major co 
cerns of living-work and education, social duty, or bodi 
needs. Whether or not an individual's activity falls with 
the psychological realm of recreation depends upon ! 
attitudes, goals, and life style at a point in time. 

For the purposes of this report a broad view of recreati1 
is adopted, and aesthetic appreciation is considered part 
recreation. Thus the term "recreation" includes all ty1: 
of intensive and extensive pleasurable activities rangi1 
from sedentary, purely aesthetic experiences to strenuo 
activities that may involve a relatively small aesthe1 
component. 

SCOPE AND NATIONAL !ilGNIFICANCE 

The scope and significance of water-related recreation 
activities is not well documented quantitatively, but • 
impression of its importance in the lives of Americans c: 
be obtained from such evidence as license registration a1 
sales data, user surveys, economic impact studies, and ne 
legislation programs and regulations. 

License Registration and Sales Data In 1960, 
million persons bought 23 million state fishing licens< 
tags, permits, and stamps. Ten years later more than : 
million licenses, tags, permits, and stamps were held I 
over 24.5 million purchasers, an increase of about 28 p 
cent over 1960 (U.S. Department of the Interior 1961 
197l14). In 1970 sportsmen spent an estimated $287.7 m 
lion on fishing tackle and equipment on which they pa 
$14 million in federal exci:;e taxes (Dingle-Johnson Ac1 
They also added $90.9 million to state treasuries (Slat, 
1972), 7 and in many cases these funds were matched wi 
federal funds for use in fisheries improvement programs. 



The number of recreational boats in use increased even 
more substantially. It was estimated that there were almost 
9 million boats of various types in use during 1970, an 
increase of 9 per cent over 1966. More than $3 billion were 
spent at the retail level on boating equipment, services, 
insurance, fuel, mooring fees and memberships, a 22 per cent 
increase over 1966 (The Boating Industry 1971)1• In 1970, an 
estimated million pairs of water skis were sold, a 5 per cent 
increase iri domestic and export sales for that year (The 
B_oating Industry 1971)1• 

Economic Impact Studies In fiscal 1969-70, the 
Corps of Engineers spent $27.6 million to develop or expand 
facilities for swimming, fishing, boating, and other water
oriented activities (Stout personal communication 197 l ) 18 . The 
state parks of the nation, the majority of which are water
oriented, spent $125.8 million in 1970 on capital improve
ments and $177 million on operations and maintenance 
(Stout personal communication 197 l )18

. 

Although public expenditures for water-oriented recre
ational developments are large, expenditures in the private 
and commercial sectors are of even greater magnitude. In 
regions of the country where water bodies are reasonably 
numerous, most seasonal homes are built on or adjacent to 
water. In 1970, it was estimated that 150,000 seasonal 
homes were built at a cost of $1.2 billion (Ragatz 197 l) 6• 

Some waterfront locations have been extensively developed 
for a variety of public, private, and commercial recreational 
purposes. The lakes and lake frontage properties of the 
Tennessee Valley Authority alone were'.estimated to contain 
water-based recreational equipment and facilities worth $77 
million and land-based facilities and improvements valued 
at $I 78 million in 1968 (Churchill personal communication 
1972)16• 

Expenditures for other goods and services associated with 
water-oriented recreation are also a major factor in the 
economy. Boaters, fishermen, campers, picnickers, and 
others spend considerable sums on transportation, accommo
dations, and supplies. For example, preliminary data show 
that some 2.9 million waterfowl hunters spent an estimated 
$245 million during 25 million recreation days in 1970 
(Slater personal communication 197 l )17

• The Tennessee Valley 
Authority estimated in 1967 that sports fishermen using its 
reservoirs spent some $42 million in order to harvest 7,000 
to 10,000 tons of fish (Stroud and Martin 1968) 8• 

User Surveys Since World War II, per capita par
ticipation in most types of recreational activities has in
creased even more rapidly than the preceding data indicate. 
Attendance at National Park Service areas rose from 133 
million visits in 1966 to 172 million in 1970, an increase of 
29 per cent. In the same period, visits to Corps of Engineers 
reservoirs increased 42 per cent to a total of 276 million. 
Comparable figures for the national forests were 15 l million 
in 1966, rising 14 per cent to 173 million in 1970 (Bureau 
of Outdoor Recreation personal communication 1971)15. Most 
of the recreation opportunities at Corps of Engineers areas 
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and a good proportion of those available on Park Service 
lands and in national forests are water-based or water
related. Similar growth rates and a predominance of water
related recreational experiences characterize the use of 
recreational lands managed by the Bureau of Sport Fisheries 
and Wildlife, the Bureau of Land Management, the Bureau 
of Reclamation, and the Department of Defense. 

The preeminent role of water resources in recreation was 
emphasized by the President's Outdoor Recreation Re
sources Review Commission in 1960. Extensive surveys 
showed that most people seeking outdoor recreation (90 
per cent of all Americans) sought it in association with 
water, as indicated by the preliminary figures in Table I-1, 
a study made as part of the 1970 U.S. Census (Slater 
1972)17. Although it is impossible to estimate what pro
portion of the use reported by the survey was actually 
associated with water for those activities that are not water
based but are often water-related, the data nevertheless 
emphasize the magnitude of current participation in water
oriented recreation. 

If no more than half the time spent on the frequently 
water-related activities was in fact associated with water, 
the total man days for water-based and water-related ac
tivities in 1970 would be at least 3. 7 billion man days. 

Participation in water-based and water-oriented recre
ation is likely to increase in the forseeable future. The 
Bureau of Outdoor Recreation (1967) 13 predicts that by the 
year 2000 summertime participation in swimming will in
crease over the year 1965 by 207 per cent, in fishing 78 per 
cent, in boating 215 per cent, in waterskiing 363 per cent, 
and in such water-related activities as camping, picnicking, 
and sightseeing 238, 127, and l 56 per cent respectively. 

Leg,islation, Reg,ulations, and Prog,rams The 
importance of water-based and water-related recreation to 
society is reflected in the increase in legislation and the 
number of regulations and programs intended to increase 

TABLE I-1-Participation in Water-Oriented Recreation 
Activities in 1970 

Water-based 
Swimming. 
Fishing 
Boating . 

Total man days 

Frequently water related 
Picnicking . . .... 
Birdwatching 
Camp1n1 
Nature walks . . • . . 
Hunting 
Wildlife photography 

Total man days 

Percent of U.S. population 
partic1pat1 nga 

46 
29 
24 

49 
4 

21 
18 
12 
3 

• For many activities, double countin1 will occur. (Slater 1972)' 

Billions of man days 

1.12 
.56 
.42 

2. /0 

.54 

.43 

.40 

.37 

.22 

.04 

~.00 
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or protect opportunities for these activities. One example 
is the Wild and Scenic Rivers Act U.S. Congress 1968)9 

that authorized a national program to preserve free-flowing 
rivers of exceptional natural or recreational value. The 
Federal Power Commission has required the submission of 
recreation and fish and wildlife development plans as inte
gral parts of hydroelectric license applications. The Federal 
Water Project Recreation Act (U.S. Congress 1965)10 en
courages state and local participation in planning, financing, 
and administering recreational features of federal water 
development projects. The Estuary Protection Act (U.S. 
Congress 1968)11 authorizes cooperative federal-state-local 
cost sharing and management programs for estuaries, and 
requires that federal agencies consult with the Secretary 
of the Interior on all land and water development projects 
with impacts on estuaries before submitting proposals to 
Congress for authorization. 

The Soil Conservation Service of the U.S. Department of 
Agriculture assists in the development of ponds that often 
are used for recreational purposes and watering livestock. 
Federal assistance for waterfront restoration and the preser
vation of environmental values is available under the urban 
renewal, open space, and urban beautification programs of 
the Department of Housing and Urban Development, the 
Land and Water Conservation Fund program of the Bureau 
of Outdoor Recreation, and the historic preservation pro
gram of the National Park Service. 

MAINTAINING AND RESTORING WATER QUALITY 
FOR RECREATION AND AESTHETICS 

Although there have been instances of rapid water 
quality deterioration with drastic effects on recreation, 
typically the effect is a slow, insidious process. Changes 

have come about incrementally as forests are cut, larn 
cultivated, urban areas expanded, and industries developec 
But the cumulative effect and the losses in recreation oppor 
tunities caused by degraded water quality in this countr 
in the past 100 years have been great. In many urban areai 
opportunities for virtually every type of water-based ac 
tivity have been either severely curtailed or eliminated 
The resource-based recreation frontier is being force1 
further into the hinterland. Aesthetic values of aquati 
vistas are eliminated or depreciated by enchroachment c 
residential, commercial, industrial, military, or transpor 
tation facilities. Drainage of swamps to control insec 
vectors of disease and channelization to control Hoods hav 
a profound effect on water run-off characteristics. A loss i1 
water quality and downstream aquatic environments am 
recreational opportunities is often the price paid for sue: 
improvements. 

The application of adequate local, state, and nationa 
water quality criteria is only a partial solution to our wate 
quality problems. A comprehensive national land use polic 
program with effective methods of decision-making, imple 
mentation, and enforcement is also needed. 

APPL YING RECOMMEND A ilONS 

Throughout this report the recommendations given ar 
to be applied in the context of local conditions. This cavea 
cannot be over emphasized, because variabilities are eu 
countered in different parts of the country. Specific loc::: 
recommendations can be developed now in many instance 
and more will be developed as experience grows. Numerica 
criteria pertaining to other beneficial water uses togethe 
with the recommendations for recreational and aestheti 
uses provide guidance for water quality management. 



WATER QUALITY FOR PRESERVING AESTHETIC VALUES 

Aesthetics is classically defined as the branch of philos
ophy that provides a theory of the beautiful. In this Section 
attention will be focused on the aesthetics of water in 
natural and man-made environments and the extent to 
which the beauty of that water can be preserved or en
hanced by the establishment of water quality recommen
dations. 

Although perceptions of many forms of beauty are pro
foundly subjective and experienced differently by each indi
vidual, there is an apparen' sameness in the human re
sponse to the beauties of water. Aesthetically pleasing waters 
add to the quality of human experience. Water may be 
pleasant to look upon, to walk or rest beside, or simply to 
contemplate. It may enhance the visual scene wherever it 
appears, in cities or in the wilderness. It may enhance values 
of adjoining properties, public or private. It may provide a 
focal point of pride in the community. The perception of 
beauty and ugliness cannot be strictly defined. Either 
natural or man-made visual effects may add or detract, 
depending on many variables such as distance from the 
observer or the composition and texture of the surroundings. 
As one writer has said when comparing recreational values 
with aesthetics, "Of probably greater value is the relaxation 
and mental well-being achieved by viewing and absorbing 
the scenic grandeur of the great and restless Missouri. 
Many people crowd the 'high-line' drives along the bluffs 
to view this mighty river and achieve a certain restfulness 
from the proximity of nature" (Porges et al. 1952) 19• 

Similarly, aesthetic experience can be enhanced or de
stroyed by space relationships. Power boats on a two-acre 
lake are likely to be more hazardous than fun, and the 
water will be so choppy and turbid that people will hardly 
enjoy f>wimming near the shore. On the other hand, a 
sailboat on Lake Michigan can be viewed with pleasure. 
If a designated scenic area is surrounded by a wire fence, 
the naturalness is obviously tainted. If animals can only be 
viewed in restricted pens, the enjoyment is likely to be less 
than if they could be seen moving at will in their natural 
habitat. 

MANAGEMENT FOR AESTHETICS 

The management of water for aesthetic purposes must be 
planned and executed in the context of the uses of the land, 
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the shoreline, and the water surfaces. People must be the 
ultimate consideration. Aesthetic values relate to accessi
bility, perspective, space, human expectations, and the 
opportunity to derive a pleasurable reaction from the senses. 

Congress has affirmed and reaffirmed its determination 
to enhance water quality in a series of actions strengthening 
the federal role in water pollution control and federal sup
port for water pollution control programs of state and local 
governments and industry. In a number of states, political 
leaders and voters have supported programs to protect or 
even restore water quality with aesthetics as one of the 
values. 

The recognition, identification, and protection of the 
aesthetic qualities of water should be an objective of all 
water quality management programs. The retention of 
suitable, aesthetic quality is more likely to be achieved 
through strict control of discharges at the source than by 
excessive dependence on, assimilation by receiving waters. 
Paradoxically, the values that aesthetically pleasing water 
provide are most urgently needed where pollution problems 
are most serious as in the urban areas and particularly in 
the central portions of cities where population and industry 
are likely to be heavily concentrated 

Unfortunately, one of the greatest unknowns is the value 
of aesthetics to people. No workable formula incorporating 
a valid benefit-to-cost ratio has yet been devised to reflect 
tangible and intangible benefits accruing to conflicting 
uses or misuses and the cost of providing or avoiding them. 
This dilemma could be circumvented by boldly stating that 
aesthetic values are worth the cost of achieving them. The 
present public reaction to water quality might well support 
this position, but efforts in this area have not yet proceeded 
far enough to produce values worthy of wide acceptance. 
(See Appendix I.) 

BASIS OF RECOMMENDATIONS FOR AESTHETIC 
PURPOSES 

All surface waters should be aesthetically pleasing. But 
natural conditions vary widely, and because of this a series 
of descriptive rather than numerical recommendations is 
made. The descriptions are intended to provide, in general 
terms, for the protection of surface waters from substances 
or conditions arising from other than natural sources that 
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might degrade or tend to degrade the aesthetic quality of 
the water. Substances or conditions arising from natural 
sources may affect water quality independently of human 
activities. Human activities that augment degradation from 
natural sources, such as accelerated erosion from surface 
disturbances, are not considered natural. The recommen
dations are also intended to cover degradation from "dis
charges or waste," a phrase embracing undesirable inputs 
from all sources attributable to human activities whether 
surface flows, point discharges, or subsurface drainages. 

The recommendations that follow are essentially finite 
criteria. The absence of visible debris, oil, scum, and other 
matter resulting from human activity is a strict requirement 
for aesthetic acceptability. Similarly, recommended values 
for objectionable color, odor, taste, and turbidity, although 
less precise, must be measured as no significant increase 
over background. Characteristics such as excessive nutrients 
and temperature elevations that encourage objectionable 
abundance of organisms, e.g., a bloom of blue-green algae 
resulting from discharge of a waste with a high nutrient 
content and an elevated temperature, must be considered. 

These recommendations become finite when applied as 
intended in the context of natural background conditions. 
Specific numbers would add little to the usefulness of the 
descriptive recommendations because of the varying acute-

ness of sensory perception and because of the variability o 
substances and conditions so largely dependent on loca 
conditions. 

The phrase "virtually free" of an objectionable constituen 
as used in the recommendations implies the concept o 
freedom from the undesirable effects of the constituent bu 
not necessarily freedom from the constituent itself. Thi 
recognizes the practical impossibility of complete absenc 
and the inevitability of the presence of potential pollutant 
to some degree. 

Recommendations 

Surface waters will be aesthetically pleasing i 
they are virtually free of substances attributabl 
to discharges or waste as follows: 

• materials that will settle to form objectionabl1 
deposits; 

• floating debris, oil, scum, and other matter; 
• substances producing objectionable color, odor 

taste, or turbidity; 
• substances and conditions or combination 

thereof in concentrations which produce un 
desirable aquatic life. 



FACTORS INFLUENCING THE RECREATIONAL AND AESTHETIC VALUE Of WATER 

The many factors that influence the recreational and 
aesthetic value of water may be broadly grouped in two 
imprecise and overlapping but useful categories: physical 
and biological. Physical factors include geography, manage
ment and land use practices, and carrying capacity. Bio
logical factors involve the effects of nuisance organisms and 
eutrophication, the role of aquatic plants, species diversity, 
and the introduction of exotic species. In making water 
quality recommendations that will maintain recreational 
and aesthetic values of surface waters, it is necessary to 
understand the interrelationships between these factors and 
water quality. The discussions in this Section emphasize 
those interrelationships, but additional useful detail can be 
found in other Sections of this Report, i.e., Public Water 
Supplies (II), Marine Aquatic Life and Wildlife (IV), and 
Agriculture (V). Cross references direct the reader to other 
sources at appropriate points in this Section. 

Physical Factors Recommendations applicable to 
water-related environmental goals may well define those 
constraints that must be imposed on man's land-based ac
tivities and upon his physical contact with water if the 
quality of water is to be maintained at a level suited to 
recreational use. This is especially true of aesthetic enjoy
ment of water, because pleasurable aesthetic experiences 
are related to water in its environmental setting and to its 
changing appearance caused by wind, light, and other 
natural phenomena. 

Man-made impoundments have provided numerous op
portunities for recreation that have not existed before, but 
their operation in some instances presents a paradox for 
recreational users. Often such reservoirs are located on the 
upper reaches of rivers where the natural setting is itself 
conducive to aesthetic recreational enjoyment; but because 
they are often multipurpose projects, their operation for 
water supply, seasonal provision of flood storage, daily 
provision of hydroelectric power, or even seasonal fluctu
ation for mosquito control will change the water surface 
elevation, leave barren banks exposed, or cause noticeable 
or transient disruptions of the otherwise natural appearing 
setting. Where the impoundment specifically provides a 
public water supply, concerned water works personnel, 
fearing degradation of the quality of the water stored for 

this purpose, may impose limitations on the scope of recre
ational opportunities. Thus, the full potential for recre
ational and aesthetic uses of water may well be curtailed 
somewhat by the operational schedule of a water body 
needed for other purposes, even if the quality of the stored 
water meets the stipulated water quality criteria. 

Control of turbidity represents another environment
related problem, one that must often be dealt with in terms 
of somewhat subjective local considerations. Recommen
dations for turbidity limits are best expressed as percentage 
increases over natural background conditions. The waste
water treatment processes normally employed are intended 
to control suspended particles and associated problems. 
Steps can also be taken to minimize erosion of soil disturbed 
by agriculture, construction, logging, and other human 
activities. Turbidity from urban and rural areas can be 
reduced by ponding or other sedimentation facilities. 
Wherever possible, spoils from dredging of navigable waters 
should be disposed of on land or at water sites in such a 
way that environmental damage is minimized. If necessary 
dredging for new construction or channel maintenance is 
performed with caution, it will not have adverse effects on 
water quality. (Effects of physical manipulation of the en
vironment are discussed further in Section III on Fresh
water Aqua ic Life and Wildlife.) 

Biological Factors Two principal types of biological 
factors influence the recreational and aesthetic value of 
surface waters: those that endanger the health or physical 
comfort of people and animals, and those that render water 
aesthetically objectionable or unusable as a result of its 
overfertilization. The former include vector and nuisance 
organisms; the latter, aquatic growths of microscopic and 
macroscopic plants. 

The discussion turns next to the physical factors of recre
ational carrying capacity and sediment and suspended 
materials, and then to the biological factors. 
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RECREATIONAL CARRYING CAPACITY 

In both artificial impoundments and natural bodies of 
water the physical, chemical, and biological characteristics 
of the water itself are not the only factors influencing water-
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oriented recreation. Depreciation of the recreational value: 
of water caused by high levels of use is a growing problem 
that can be solved only by management techniques that 
either create more extensive facilities or limit the types and 
amounts of use to predetermined desirable levels or carrying· 
capacities. 

The recreational resource carrying capacity concept is 
not new. Recreation land managers have used carrying: 
capacity standards for decades, but such standards have 
generally been developed intuitively rather than experi-· 
mentally. Dana (1957)24 called for empirical research in 
this field to provide better guidelines for management of 
recreation resources. The National Recreation and Parks 
Association reported in 1969 that almost no research of this 
type had been completed and that standards for water·· 
oriented recreational activities then in use exhibited a dis-· 
turbingly wide range of values (Chubb 1969)21 • Among 
investigations of the carrying capacity of water for recre-· 
ational boating currently being made are those at North 
Carolina State University and Michigan State University 
(Ashton and Chubb 1971).20 A comparative study of the 
canoeing and trout fishing capacity of four rivers is taking: 
place in Michigan (Colburn, personal communication 1971 )27 .. 

Lucas (1964) 25 reported on an on-going recreational carry-· 
ing. capacity study of the Boundary Waters Canoe Area. 

Until a number of these investigations are completed,, 
the true nature and complexity of the factors involved in 
recreational carrying capacity will not be known. However,, 
in the case of many water-oriented activities it is apparent 
that social, psychological, and economic factors are in-· 
volved, as well as the physical characteristics of the water 
body (Chubb and Ashton 1969)22 • For example, boaters on 
heavily used lakes in Southeast Michigan represent a broad 
spectrum of behavioral patterns and attitudes. Fishermen 
generally dislike high-density use and are particularly an-· 
noyed by speeding boats that create waves. They believe 
such activities disturb the fish. Waterfront home and cottage 
owners abhor the noise and litter generated by owners of 
transient boats on trailers. On the other hand, many water 
skiers enjoy relatively crowded conditions because of the 
social aspects of the experience; and some cruiser and pan·· 
toon boat owners enjoy viewing the skiers from their boats. 
Thus the boating carrying capacity of these waters involves 
the relative proportions of the various kinds of uses taking 
place and the life styles, recreational goals, and social 
aspirations of the boaters. Carrying capacity becomes a 
function of the levels of satisfaction achieved by the par·
ticipants (Ashton and Chubb 1971).20 

Screw propellers of powerboats operating in shallow 
waters create currents that often suspend sediments. Power·· 
boats can also produce wake waves that cause shore erosion 
and result in water turbulence. Marl-bottomed lakes and 
silty, relatively narrow rivers are especially susceptible to 
prolonged turbidity generated by such disturbances. In 
many cases, bank erosion has been so severe that speed 

limitations and wake-wave restrictions have had to 1 

imposed. 
The size and configuration of a water body influence 

recreational use and carrying capacity. Large lakes with 
low ratio of shoreline-to-surface area tend to be under-us1 
in the middle; conversely, lakes with a high ratio of shor 
line-to-surface area tend to sustain more recreational u 
per acre. 

The Role of Regulation 

Rapid increases in recreational use have necessitat1 
regulations to protect the quality of the experiences o 
tained by limiting use so that carrying capacity is n 
exceeded. Examples are boat speed regulations, limitatio 
on horsepower, number of boat launching sites, number 
parking places, and zoning and time limitations on wat 
skiing and high-speed boating. Motorized crafts are ofo 
prohibited. Michigan is planning to use data from 
current series of boating carrying capacity studies to t 

tablish new criteria for its boating access site progra 
(Ashton and Chubb 1971).20 

The Michigan Department of Natural Resources (1970: 
has proposed rationing recreation on stretches of the } 
Sable, Manistee, Pine, and Pere Marquette Rivers I 
means of a canoe permit system to reduce conflicts betwec 
canoeists and trout fishermen. The proposed regulatio 
would limit the release of canoes to a specified number p 
day for de~ignated stretches of these rivers. Other regulatio 
are intended to promote safety and reduce trespass, riv 
bank damage, vandalism, and littering. The National Pa 
Service has limited annual user days for river running < 
the Colorado through the Grand Canyon (Cowgill 1971).i 

Factors Affecting Recreatio1nal Carrying Capacity 

The carrying capacity of a body of water for recreation 
not a readily identifiable finite number. It is a range 
values from which society can select the most acceptal: 
limits as the controlling variables change. 

The schematic diagram (Fig. 1-1) provides an impressic 
of the number of relationships involved in a typical wat 
body recreation system. Recreational carrying capacity 
water is basically dependent upon water quality but al 
related to many other variables as shown in the modi 
At the threshold level a relatively small decline in wat 
quality may have a considerable effect on the system a1 
result in a substantial decline in the annual yield of wate 
oriented recreational opportunities at the sites affected. 

Conclusion 

No specific recommendation is made concernir 
recreational carrying capacity. Agencies establisl 
ing carrying capacities1 should be aware of d 
complex relationships of the interacting variabl1 
and of the constant need to review local establishE 
values in light of prevailing conditions. Carryir 
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capacity was discussed in this Section to call at
tention to its potential effects on water quality for 
recreational use. 

SEDIMENTS AND SUSPENDED MATERIALS 

Weathering of the land surface and the transport of 
particles such as sand, silt and clay by water, wind, and ice 
are natural processes of geologic erosion that largely de
termine the characteristics of our land, rivers, estuaries, 
and lakes. Man, however, can drastically alter the amount 
of material suspended in surface waters by accelerating 
surface erosion through various land use and management 
practices. Sources of these sediments and suspended ma
terials such as erosion, mining, agriculture, and construction 
areas are discussed in Section IV on Marine Aquatic Life 
and Wildlife. In addition to causing siltation problems and 
affecting biological productivity, sediments and suspended 
materials affect the quality of surface waters used for 
recreational and aesthetic enjoyment. 

Effects on Water Quality 

The importance of suspended particle composition and 
concentrations to the recreational and aesthetic value of 
surface water relates to its effects on the clarity, light 
penetration, temperature, and dissolved constituents of 
surface water, the adsorption of toxic materials, and the 
composition, distribution, and rate of sedimentation of 
materials. These in turn not only affect recreational and 
aesthetic values directly, but they control or limit biological 
productivity and the aquatic life the waters will sustain for 
enjoyment by people (Buck 1956,28 Cairns 1968).29 Although 
the qualitative effects of suspended particles on surface 
waters are well recognized, quantitative knowledge and 
understanding are limited. (Biological effects are discussed 
in Sections III and IV on Freshwater and Marine Aquatic 
Life.) 

Appearance The appearance of water is relative to 
the perspective of the viewer and his expectations. For 
example, the surfaces of lakes, streams, or oceans viewed 
from shore appear less turbid than they do viewed from 
above or during immersion. The responses of people viewing 
the spectacularly clear waters of Lake Tahoe or Crater 
Lake are almost surely aesthetic in nature, and allowing 
the clarity of such waters to decrease would certainly lower 
their aesthetic appeal. On the other hand, the roaring 
reaches and the placid stretches of the muddy Colorado 
River and miles of the muddy Mississippi afford another 
kind of aesthetic pleasure and recreation which many also 
appreciate. People seem to adapt to and accept a wide 
range of water turbidities as long as changes in turb:dity 
are part of natural processes. However, increases in tur
bidity of water due to man's disturbance of the land surface, 
discharge of wastes, or modification of the water-body bed 
are subjectively regarded by many people as pollution, 
and so in fact or in fancy they reduce aesthetic enjoyment. 

Light Penetration The presence of suspended soli 
materials in natural waters limits the penetration by sm 
light. An example of the adverse effects of reduced availab 
light is the inability of some fish to see their natural foe 
or even the sport fisherman's lure (note the discussion i 
Section III, Freshwater Aquatic Life and Wildlife, Pi 
126-129). In turbid, nutrient-rich waters, such as an est1 
ary or lake where lack of light penetration limits algal repn 
duction, a water management project that reduced sed 
ment input to the water body could conceivably result i 
increases of algal production to the nuisance level. 

Temperature When suspended particles inhibit tl 
penetration of water by sunlight, greater absorption 1 

solar energy occurs near the surface and warms the wat1 
there. With its density thm decreased, the water colum 
stabilizes, and vertical mixing is inhibited. Lower oxyge 
transfer from air to water also results from higher watt 
surface temperature. Together with inhibited vertical mii 
ing, this reduces the downward rate of oxygen transfe 
especially in still or slowly moving water. In combinatio 
with the oxygen demand of benthic accumulations, an 
reduction in downward transfer of oxygen hastens the d1 
velopment of anaerobic conditions at the bed of shallo· 
eutrophic ponds, and the result may be a loss of aestheti 
quality. 

Adsorption of Materials Clay minerals have irregt 
lar, platy shapes and large :mrface areas with electrostati 
charges. As a consequence, clay minerals sorb cation 
anions, and organic compounds. Pesticides and heav 
metals likewise sorb on suspended clay particles, and thrn 
that are strongly held are carried with the particles to the 
eventual resting place. 

Microorganisms are frequently sorbed on particula1 
material and incorporated into bottom sediments when tl
material settles. Rising storm waters may resuspend tl
deposited material, thereby restoring the microorganisn 
to the water column. Swimming or wading could st 
bottom sediments containing bacteria, thereby effecting 
rise in bacterial counts in the water (Van Donsel an 
Geldreich 1971) 33. 

The capacity of minerals to hold dissolved toxic materia 
is different for each material and type of clay. The sorpfrv 
phenomenon effectively lends a large assimilative capacit 
to muddy waters. A reduction in suspended mineral solic 
in surface waters can, therefore, cause an increase in tl1 
concentrations of dissolved toxic materials contributed b 
existing waste discharges (see Section III on Freshwatc 
Aquatic Life). 

Beach Zone Effects When typical river waters cor 
taining dispersed clay minerals mix with ocean water i 
estuaries to the extent of one part or more of ocean water t 

33 parts river water, the dilspersed clay and silt particlt 
become cohesive, and aggregates are formed under th 
prevailing hydraulic conditions (Krone 1962). 30 Such aggrt 
gates of material brought downstream by storms eithe 



settle in the estuary, particularly in large shallow bays, or 
are carried directly to sea where they often are distributed 
over large areas of the sea floor. Those that settle in shallow 
bays can be constantly resuspended by wind-generated 
waves and held in suspension by waves while tidal currents 
circulate the waters throughout the estuary and carry a 
portion of the suspended material out to sea. Suspended 
clay mineral particles are weakly cohesive in river waters 
having either unusually low dissolved salt concentrations 
or high proportions of multivalent cations in the dissolved 
salts. When such rivers enter lakes and impoundments, the 
fine particles aggregate and settle to the bed to form soft, 
fluffy deposits. 

On lakes, the natural wind waves maintain beaches and 
sandy littoral zones when there is sufficient fetch. Wind
driven movement of the water through wave action and 
subsequent oscillation provides the minimum velocity of 
0.5 feet per second to sort out the fine particles of mineral 
soils and organic micelles and allow them to settle in the 
depths. Wave action extends to depths of approximately 
one-half of the wave length to sort bottom sediments. This 
depth is on the order of 5 feet (1.5 m) for a one-mile (1.6 
km) fetch. When the waters are deep enough to allow 
settling, fine sed:ments which are suspended drop down 
over the wave terrace leaving sorted sand behind. In shallow 
water bodies where the orbital velocity of the water particles 
of wave action is great enough to lift fine sediments, waters 
may be kept in a state of turbidity (Shephard 1963). 31 

Waters without adequate wind-wave action and circulation 
do not have appreciable sorting; and therefore :soft bottom 
materials, undesirable at facilities like swimming beaches, 
may build up in the shallows. These conditions reduce 
clarity and not only affect the aesthetic value but also 
present a hazard in swimming. 

The natural phenomenon of beach maintenance, sup
plying sand to beaches and littoral zones, is dependent in 
part upon having ample sources of sand such as those pro
vided by river transport and shore erosion. Impoundment 
of rivers causes sand to settle behind dams and removes it 
as a future source for beach maintenance. Man's protection 
of shorelines from erosion also interrupts the supply of sand. 
In the erosion process, sand is commonly moved along the 
shore in response to the net positive direction of the wind
wa ve forces, or it is carried into deep water to be depos:ted 
on the edge of wave terraces. The location of man-made 
structures can, therefore, influence the quality of beaches. 
Piers and jetties can intercept the lateral movement of sand 
and leave impoverished rocky or hardpan shores on the 
up-current side. Such conditions are common along the 
shores of the large Great Lakes and many coastal waters 
(U.S. Army, Coastal Engineering Research Center 1966). 32 

Sediment-Aquatic Plant Relationships When 
the sediment load exceeds the transport capacity of the 
river, deposition results. The accumulation of sediments in 
reservoirs and distribution systems has been a problem 
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since ancient times. The deposited materials may so alter 
the original bed materials of surface waters that rooted 
aquatic vascular plants are able to grow in the newly 
available substrate, thus changing the aquatic environment. 
Fine sediments are often rich in the nutrients required for 
plant growths; and once the sediments are stabilized with 
a few plants, extensive colonization may follow. (See the 
discussion of Aquatic Vascular Plants in this Section.) 

Recommendation 

Clear waters are normally preferred for recre
ation. Because sediment-laden water reduces water 
clarity, inhibits the growth of plants, displaces 
water volume as sediments settle, and contributes 
to the fouling of the bottom, prevention of un
natural quantities of suspended sediments or de
posit of sediments is desirable. Individual waters 
vary in the natural amounts of suspended sedi
ments they carry; therefore, no fixed recommen
dation can be made. Management decisions should 
be developed with reference to historical base line 
data concerning the individual body of water. 

VECTORS AND NUISANCE ORGANISMS 

The impact of both aquatic vectors of diseases and 
nuisance organisms on water-related recreational and aes
thetic pursuits varies from the creation of minor nuisances 
to the closing of large recreational areas (Mackenthun and 
Ingram 196 7). 58 Organisms of concern are discussed by 
Mackenthun (1969) .57 

Massive emergences of non-biting midges, phantom 
midges, caddisflies, and mayflies cause serious nuisances in 
shoreline communities, impeding road traffic, river navi
gation, commercial enterprises and recreational pursuits 
(Burks 1953,4° Fremling 1960a,46 1960b;47 Hunt and Bis
choff 1960 ;54 Provost 195860

). Human respiratory allergic 
reactions to aquatic insect bites have been recognized for 
many years. They were reviewed by Henson (1966), 49 who 
reported the major causative groups to be the caddisflies, 
mayflies, and midges. 

Among common diseases transmitted by aquatic inverte
brates are encephalitis, malaria, and schistosomiasis, in
cluding swimmers' itch. The principal water-related arthro
pod-borne viral disease of importance to public health in 
the United States is encephalitis, transmitted by mosquitoes 
(Hess and Holden 1958). 51 Many polluted urban streams 
are ideally suited to production of large numbers of Culex 
f atigans, a vector of St. Louis encephalitis in urban areas. 
Although running waters ordinarily are not suitable for 
mosquito breeding, puddles in drying stream beds and 
floodplains are excellent breeding sites for this and other 
species of Culex. If such pools contain polluted waters, 
organic materials present may serve as an increased food 
supply that will stimulate production (Hess 1956, 5Q U.S. 
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Department of the Interior, FWPCA 1967). 65 Aquatic 
plants also provide breeding sites for some mosquitoes and 
other nuisance insects. This relationship is discussed else
where in this Section (p. 25). 

Other than mosquitoes, perhaps the most common nui
sance insects associated with standing freshwater are chir
onomid midges. These insects neither bite nor carry disease, 
but their dense swarms can interfere with man's comfort 
and activities. Nuisance populations have occurred in pro
ductive natural lakes where the larvae thrive in the largely 
organic bottom sediments (Provost 1958, 60 Hunt and Bis
choff 1960, 54 Hilsenhoff 1959). 52 In poorly designed sewage 
lagoons mosquitoes and midges may thrive (Beadle and 
Harmstrom 1958, 38 Kimerle and Enns 1968). 56 Reservoirs 
receiving inadequately treated municipal wastes are po
tential sources for abundant mosquito and midge production 
(U.S. Department of the Interior, FWPCA 1967).65 In
creased midge production may be associated with deterior
ation in water quality, but this is not always the case. For 
example, excessive production can occur in primary sewage 
oxidation ponds as well as in reservoirs (Grodhaus 1963, 48 

Bay 196435); and in sequential oxidation pond treatment, 
maximum midge production may sometimes occur in those 
ponds furthest from the plant effluent where water quality 
is highest (Bay et al. 1965). 36 

Abrupt changes in water quality such as dilution of sea
water by freshwater, especially if accompanied by organic 
loading, can precipitate extraordinarily high midge pro
duction (Jamnback 1954). 55 Sudden decline in oxygen 
supply in organically overloaded ponds or drying lakes can 
disrupt or destroy established faunal communities, thus 
favoring midge larvae because they are tolerant to low 
dissolved oxygen and are primarily detrital feeders (Bay 
unpublished data). 67 

The physical characteristics of certain water bodies, as 
much as their water quality characteristics, may sometimes 
determine midge productivity (Bay et al. 1966). 37 For 
example, freshly filled reservoirs are quickly sedimented 
with allocthanous detritus and airborne organic matter 
that provide food for invading midge larvae. The rate of 
sedimentation can depend on watershed characteristics and 
basin percolation rate or, in the case of airborne sediment, 
on the surrounding topography. Predators in these new 
environments are few, and initial midge larval survival is 
high. Thomas (1970) 64 has also reported on the potential 
of newly or periodically flooded areas to produce large 
populations of midges and mosquitoes. 

Midge production in permanent bodies of water is ex
tremely variable. Attempts have been made (Hilsenhoff 
and N arf 1968, 53 Florida State Board of Health unpublished 
data69 ) to correlate factors of water quality with midge 
productivity in neighboring lakes and in lakes with certain 
identifiable characteristics, but the results have been incon
clusive. 

Organism response in organically polluted flowing wate 
was discussed and illustrated by Bartsch and Ingran 
(1959). 34 As water quality and bottom materials change i1 
streams recovering from organic waste discharges, larg1 
numbers of midges and other nuisance organisms may bi 
produced in select reaches. 

Though blackfty larvae are common in unpollute< 
streams, an increase in suspended organic food particle 
may stimulate increased populations, and abnormally larg1 
numbers of larvae have been found downstream from bot] 
municipal and industrial waste discharges (u:s. Depart 
ment of the Interior, FWPCA 1967). 65 The larvae feed OJ 

drifting organic material, and either municipal, agricultural 
or certain industrial wastes can provide the base for ai 

increased food supply. Bacteria from soils and sewage ma: 
be important in outbreaks of blackflies (Fredeen 1964). 45 

Toxic wastes can also aftect situations where nuisano 
organisms are found in increased numbers. The mos 
obvious mechanism is the destruction of more sensitiv, 
predators and competitors, leaving the food supply am 
space available for the more tolerant forms. Surber (1959) 6 

found increased numbers of a tolerant midge, Crzcotopu 
bzcinctus, in waters polluted with chromium. Rotenon 
treatment of waters has resulted in temporary massiv, 
increases in blackfly and midge populations (Cook anc 
Moore 1969). 41 Increased numbers of midge larvae wer 
found in a stream reach six months after a gasoline spil 
(Bugbee and Walter 1972). 68 The reasons for this are no 
clear but may be linked to the more ready invasion of a1 
area by these highly mobile insects as compared to leo 
mobile competitors and predators. 

Persons involved in water-·based activities in many area 
of the world are subject to bilharziasis (schistosomiasis), 
debilitating and sometimes deadly disease (World Healt 
Organization 1959). 66 This is not a problem in the cont 
nental United States and Hawaii because of the absence < 
a vector snail, but schistosorniasis occurs in Puerto Ric 
due to the discharge of human feces containing Schistosom 
eggs into waters harboring vector snails, the most importar 
species being Biomphalaria g/abrata. B. glabrata can surviv 
in a wide range of water quality, including facultativ 
sewage lagoons; and people are exposed through con ta( 
with shallow water near the infected snails. Cercariae she 
by the snail penetrate the .skin of humans and enter tl1 
bloodstream. 

Of local concern in water-contact recreation in tl:: 
United States is schistosome dermatitis, or swimmers' itc 
(Cort 1928, 42 Mackenthun and Ingram 1967, 58 Fettero 
et al. 1970). 44 A number of schistosome cercariae, nor 
specific for humans, are able to enter the outer layers < 
human skin. The reaction causes itching, and the severit 
is related to the person's sensitivity and prior exposur 
history (Oliver 1949). 59 The most important of the derm< 
titis-producing cercariae are duck parasites ( Trichobilhar;:,ia 



Snails serving as intermediate hosts include Lymnaea, Physa, 

and Gyraulus (Cort 1950). 43 Although swimmers' itch has 
wide distribution, in the United States it is principally 
endemic to the north central lake region. Occasional inci
dence is reported in marine waters (Stunkard and Hinchliffe 
1952). 62 

About 90 per cent of severe swimmers' itch outbreaks are 
associated with Cercaria stagnicolae shed from varieties of the 
snail Lymnaea emarginata. This relationship is promoted by 
( 1) clean, sandy beaches ideal for swimming and preferred 
by the snail; (2) peak populations of the snail host that 
develop in sandy-bottomed lakes of glacial origin; (3) the 
greatest development of adult snails that do not die off 
until toward the end of the bathing season; and ( 4) the 
cycle of cercarial infection so timed that the greatest num
bers of cercariae emerge during the hot weather in the 
middle of the summer when the greatest amount of bathing 
is done (Brackett 1941). 39 Infected vector snails are also 
found throughout the United States in swamps, muddy 
ponds, and ditches; but dermatitis rarely results, because 
humans seldom use these areas without protective clothing. 

In some marine recreational waters jellyfish or sea nettles 
are .serious problems. Some species possess stinging mecha
nisms whose cnidoblast filaments can penetrate human skin 
causing painful, inflammed weals. The effects of water 
quality on their abundance is not known, but Schultz and 
Cargo ( 1971) 61 reported that the summer sea nettle, 
Chrysaora quinqueczrrha, has been a problem in Chesapeake 
Bay since colonial days. When these nettles are abundant, 
swimming is practically eliminated and fishermen's nets 
and traps are clogged. 

Conclusion 

The role of water quality in either limiting or 
augmenting the production of vector and nuisance 
organisms involves many interrelationships which 
are not clearly understood. Since organic wastes 
generally directly or indirectly increase biomass 
production, there may be an attendant increase 
in vector or nuisance organisms. Some wastes 
favor their production by creating water quality 
or habitat conditions that limit their predators 
and competitors. Increased production of vector 
and nuisance organisms may degrade a healthy 
and desirable human environment and be ac
companied by a lessening of recreational and aes
thetic values (see the discussion of Aquatic Life 
and Wildlife in this Section, p. 35.) 

EUTROPHICA TION AND NUTRIENTS 

Man's recent concern with eutrophy relates primarily to 
lakes, reservoirs, rivers, estuaries, and coastal waters that 
have been or are being over-fertilized through society's 
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carelessness to a point where beneficial uses are impaired 
or threatened. With increasing urbanization, industriali
zation, artificial soil fertilization, and soil mantle disruption, 
eutrophication has become a serious problem affecting the 
aesthetic and recreational enjoyment of many of the nation's 
waters. 

Defining Eutrophication and Nutrients 

Lakes have been classified in accordance with their 
trophic level or bathymetry as eutrophic, oligotrophic, 
mesotrophic, or dystrophic (National Academy of Sciences 
1969,97 Russell-Hunter 1970,105 Warren 1971,114 Stewart 
and Rohlich 1967).107 A typical eutrophic lake has a high 
surface-to-volume ratio, and an abundance of nutrients 
producing heavy growth of aquatic plants and other vege
tation; it contains highly organic sediments, and may have 
seasonal or continuous low dissolved-oxygen concentrations 
in its deeper waters. A typical oligotrophic lake has a low 
surface-to-volume ratio, a nutrient content that supports 
only a low level of aquatic productivity, a high dissolved
oxygen concentration extending to the deep waters, and 
sediments largely inorganic in composition. The character
istics of mesotrophic lakes lie between those of eutrophic 
and oligotrophic lakes. A dystrophic lake has waters brown
ish from humic materials, a relatively low pH, a reduced 
rate of bacterial decomposition, bottom sediments usually 
composed of partially decomposed vegetation, and low 
aquatic biomass productivity. Dystrophication is a lake
aging process different from that of eutrophication. Whereas 
the senescent stage in eutrophication may be a productive 
marsh or swamp, dystrophication leads to a peat bog rich 
in humic materials but low in productivity. 

Eutrophication refers to the addition of nutrients to 
bodies of water and to the effects of those nutrients. The 
theory that there is a natural, gradual, and steady increase 
in external nutrient supply throughout the existence of a 
lake is widely held, but there is no support for this idea of 
natural eutrophication (Beeton and Edmondson 1972).74 

The paleolimnological literature supports instead a concept 
of trophic equilibrium such as that introduced by Hutchin
son (1969).91 According to this concept the progressive 
changes that occur as a lake ages constitute an ecological 
succession effected in part by the change in the shape of the 
basin brought about by its filling. As the basin fills and the 
volume decreases, the resulting shallowness increases the 
cycling of available nutrients and this usually increases 
plant production. 

There are many naturally eutrophic lakes of such recre
ational value that extensive efforts have been made to con
trol their overproduction of nuisance aquatic plants and 
algae. In the past, man has often accepted as a natural 
phenomenon the loss or decreased value of a resource 
through eutrophication. He has drained shallow, senescent 
lakes for agricultural purposes or filled them to form building 
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sites. The increasing value of lakes for recreation, however, 
will reorder man's priorities, and instead of accepting such 
alternative uses of lakes, he will divert his reclamation 
efforts to salvaging and renovating their recreational values. 

Artificial or cultural eutrophication results from increased 
nutrient supplies through human activity. Many aquatic 
systems have suffered cultural eutrophication in the past 
50 years as a consequence of continually increasing nutrient 
loading from the wastes of society. Man-induced nutrients 
come largely from the discharge of municipal and industrial 
wastewaters and from the land runoff effects of agricultural 
practices and disruption of the soil mantle and its vege
tative cover in the course of land development and con
struction. If eutrophication is not to become the future 
major deterrent to the recreational and aesthetic enjoyment 
of water, it is essential that unnatural additions of nutrients 
be kept out of water bodies through improved wastewater 
treatment and land management. 

Effects of Eutrophication and Nutrients 

Green Lake, a lowland lake with high recreation use in 
Seattle, is an example of a natural eutrophic lake (Sylvester 
and Anderson 1960), 109 formed some 25,000 years ago after 
the retreat of the Vashon glacier. During the ensuing 
years, about two-thirds of the original lake volume was 
filled with inorganic and organic sediments. A core taken 
near the center of the lake to a sediment depth of 20.5 feet 
represented a sediment accumulation over a period of ap
proximately 6, 700 years. Organic, nutrient, and chlorophyll 
analyses on samples from the different sediment depths 
indicated a relatively constant rate of sedimentation, sug
gesting that Green Lake has been in a natural state of 
eutrophy for several thousands of years. 

The recreational and aesthetic potential of the lake was 
reduced for most users by littoral and emergent vegetation 
and by heavy blooms of blue-green algae in late summer. 
The aquatic weeds provided harborage for production of 
mosquitoes and interfered with boating, swimming, fishing, 
access to the beach, and model boat activities. The heavy, 
blue-green algal blooms adhered to swimmers. The wind 
blew the algal masses onto the shore where they decomposed 
with a disagreeable odor. They dried like a blue-green paint 
on objects along the shoreline, rendered boating and fishing 
unattractive, and accentuated water line marks on boats. 

Nevertheless, through the continuous addition of low
nutrient dilution water by the City of Seattle (Oglesby 
1969),98 Green lake has been reclaimed through a reversal 
of the trophic development to mesotrophic and is now 
recreationally and aesthetically acceptable. 

Lake Washington is an example of a large, deep, oligo
trophic-mesotrophic lake that turned eutrophic in about 
35 years, primarily through the discharge of treated and 
untreated domestic sewage. Even to laymen, the change 
was rapid, dramatic, and spectacular. In the period of a 
year, the apparent color of the lake water turned from 

bluish-green to rust as a result of massive growths of the 
blue-green alga, Oscillatoria rubescens. This threat to aesthetic 
and recreational enjoyment was a key factor in voter ap 
proval of Metro, a metropolitan sewer district. Metro ha 
greatly reduced the nutrient content of the lake and conse 
quent algal growth by diverting wastewater discharges ou 
of the drainage basin (Edmo nelson 1969, 82 1970). 83 

Lake Sammamish at the northern inlet of Lake Wash 
ington appeared to be responding to the enrichment i 
received from treated sewage and other nutrient waste 
although it had not yet produced nuisance conditions t< 
the extent found in Lake Washington (Edmondson 1970).8 

However, subsequent diversion of that waste by Metro ha: 
resulted in little or no detectable recovery in three years, < 
period that proved adequate for substantial recovery ir 
Lake Washington (Emery et al. 1972). 85 Lake Sebasticook 
Maine, affords another example of undesirable enrichment 
Although previously in an acceptable condition, it becam( 
obnoxious during the l 960's in response to sewage and ;: 
wide variety of industrial wastes (HEW 1966) .'12 Th( 
nutrient income of Lake Winnisquam, New Hampshire. 
has been studied to determine the cause of nuisance bloom! 
of blue-green algae (Edmondson 1969). 82 The well-knowr 
Jakes at Madison, Wisconsin, including Monona, Waubesa. 
and Mendota, have been the object of detailed studies 01 

nutrient sources and their deteriorating effect on wate1 
quality (Sawyer 1947,1°6 Mackenthun et al. 1960,95 Ed· 
mondson 1961,so 1968). 81 

A desirable aspect of eutrophication is the ability ol 
mesotrophic or slightly eutrophic lakes typically to produce 
greater crops of fish than their oligotrophic or nutrient-pom 
counterparts. As long as nuisance blooms of algae anc 
extensive aquatic weed beds do not hinder the growth o 
desirable fish species or obstruct the mechanics and aes· 
thetics of fishing or other beneficial uses, some enrichmen 
may be desirable. Fertilization is a tool in commercial anc 
sport fishery management used to produce greater crops o 
fish. Many prairie lakes in the east slope foothills of the 
Rocky Mountains would be classed as eutrophic accordin! 
to the characteristics discussed below, yet many of these 
lakes are exceptional trout producers because of the higl 
natural fertility of the prairie (Sunde et al. 1970).108 Asar 
example of an accepted eutrophic condition, their water: 
are dense with plankton, but few would consider reducin! 
the enrichment of these lakes. 

Streams and estuaries, as well as lakes, show symptom: 
of over-enrichment, but there is less opportunity for builduJ 
of nutrients because of the continual transport of water 
Although aquatic growths can develop to nuisance pro 
portions in streams and estuaries as a result of over-enrich 
ment, manipulation of the nutrient input can modify th< 
situation more rapidly than in lakes. 

Man's fertilization of some rivers, estuaries, and marirn 
embayments has produced undesirable aquatic growths o 
algae, water weeds, and slime organisms such as Cladophora 



Ulva, Potamogeton, and Sphaerotilus. In addition to interfering 
with other uses, as in clogging fishing nets with slime 
(Lincoln and Foster 1943),94 the accompanying water
quality changes in some instances upset the natural fauna 
and flora and cause undesirable shifts in the species compo
sition of the community. 

Determination of Trophic Conditions 

It should be emphasized that (a) eutrophication has a 
significant relationship to the use of water for recreational 
and aesthetic enjoyment as well as the other water uses 
discussed in this book; (b) this relationship may be desirable 
or undesirable, depending upon the type of recreational 
and aesthetic enjoyment sought; and (c) the possible dis
advantages or advantages of eutrophication may be viewed 
subjectively as they relate to a particular water use. There 
are no generally accepted guidelines for judging whether a 
state of eutrophy exists or by what criteria it may be meas
ured, such as production of biomass, rate of productivity, 
appearance, or change in water quality. Ranges in primary 
productivity and oxygen deficit have been suggested as 
indicative of eutrophy, mesotrophy, and oligotrophy by 
Edmondson (1970) 83 and Rodhe (1969), 104 but these ranges 
have had no official recognition. 

The trophic state and natural rate of eutrophication that 
exists, or would exist, in the absence of man's activities is 
the basis of reference in judging man-induced eutrophi
cation. The determination of the natural state in many 
water bodies will require the careful examination of past 
data, referral to published historical accounts, recall by 
"old-timers," and perhaps the examination of sediment 
cores for indicator species and chemical composition. The 
following guidelines are suggested in determining the refer
ence trophic states of lakes or detecting changes in trophic 
states. Determination of the reference trophic state ac
companied by studies of the nutrient budget may reveal 

"that the lake is already in an advanced state of eutrophy. 
For temperate lakes, a significant change in indicator com
munities or a significant increase in any of the other four 
indices, detectable over a five-year period or less, is con
sidered sufficient evidence that accelerated eutrophication 
is occurring. An undetectable change over a shorter period 
would not necessarily indicate a lack of accelerated eutrophi
cation. A change detectable only after five years may still 
indicate unnaturally accelerated eutrophication, but five 
years is suggested as a realistic maximum for the average 
monitoring endeavor. Where cultural eutrophication is sus
pected and changes in indices are not observable, analysis 
of sediment cores may be necessary to establish the natural 
state. The dynamic characteristics and individuality of 
lakes may produce exceptions to these guidelines. They are 
not infallible indicators of interference with recreation, but 
for now they may serve as a beginning, subject to modifi
cation as more complete data on the range of trophic con
ditions and their associated effects become available. 

Factors Influencing the Recreational and Aesthetic Value of Water/2l 

Primary Productivity Ranges in the photosynthetic 
rate, measured by radioactive carbon assimilation, have 
been suggested by Rodhe (1969) 104 as indicative of trophic 
conditions (Table I--2). 

Biomass Chlorophyll a is used as a versatile measure 
of algal biomass. The ranges presented for mean summer 
chlorophyll a concentration determined in epilim'netic water 
supplies collected at least biweekly and analyzed according 
to Standard Methods (American Public Health Assoc., 
American Water Works Assoc., and Water Pollution Con
trol Federation 1971) 70 are indices of the trophic stage of a 
lake: oligotrophic, 0-4 mg chlorophyll a/m 3 ; eutrophic, 
I0-100 mg chlorophyll a/m 3• 

These ranges are suggested after reviewing data on 
chlorophyll concentrations and other indicators of trophic 
state in several lakes throughout the United States and 
Canada. Of greatest significance are data from Lake Wash
ington which show that during peak enrichment, mean 
summer chlorophyll a content rose to about 27 mg/m 3 and 
that the lake was definitely eutrophic. The post nutrient 
diversion summer mean declined to about 7 mg/m 3, and 
the lake is now more typically mesotrophic (Edmondson 
1970; 83 chlorophyll a values corrected to conform to recent 
analytical techniques). Unenriched and relatively low pro
ductive lakes at higher elevations in the Lake Washington 
drainage basin show mean summer chlorophyll a contents 
of 1 to 2 mg/m 3• Moses Lake, which can be considered 
hypereutrophic, shows a summer mean of 90 mg/m 3 

chlorophyll a (Bush and Welch 1972). 76 

Oxygen Deficit Criteria for rate of depletion of hy
polimnetic oxygen in relation to trophic state were reported 
by Mortimer (1941) 96 as follows: 

oligotrophic eutrophic 

<250 mg 02/m2/day >550 mg 02/m2/day 

This is the rate of depletion of hypolimnetic oxygen de
termined by the change in mean concentration of hypolim
netic oxygen per unit time multiplied by the mean depth 
of the hypolimnion. The observed time interval should be 
at least a month, preferably longer, during summer stratifi
cation. 

TABLE 1-2-Ranges in Photosynthetic Rate for Primary 
Productivity Determinations• 

Period 

Mun daily rates in a growing snson, mgC/m•/day 
To.al annual rates, gC/m2/year 

Oligotroph1c 

30-100 
7-75 

Eutrophic 

300-3000 
75-700 

•Measured by total carbon uptake per square mater of water surface per unit of time. PrllductivilJ estimates sflauld 
be determined from at least monthly measurements accordillc to Standard Methods. 

American Pub6c Haafth Associati11, A11a11can Water Works Assoc., and Water Pollution Control Federation 
1971"'; Rodhe 19G9.t" 
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Indicator Communities The representation of cer
tain species in a community grouping in fresh water en
vironments is often a sensitive indicator of the trophic state. 
Nutrient enrichment in streams causes changes in the size 
of faunal and floral populations, kinds of species, and 
numbers of species (Richardson 1928, 103 Ellis 193 7, 84 Patrick 
1949,99 Tarzwell and Gaufin 1953110). For example, in a 
stream typical of the temperate zone in the eastern United 
States degraded by organic pallution the following shifts 
in aquatic communities are often found: in the zone of 
rapid decomposition below a pollution source, bacterial 
counts are increased; sludgeworms (Tubificidae), rattail 
maggots (Eristalis tenax) and bloodworms (Chironomidae) 
dominate the benthic fauna; and blue-green algae and the 
sewage fungus (Sphaerotilus) become common (Patrick 
1949,99 Tarzwell and Gaufin 1953, 110 Patrick et al. 1967100

). 

Various blue-green algae such as Schi:;,othrix calcicola, Micro
coleus vaginatus, Microcystis aeruginosa, and Anabaena sp. are 
commonly found in nutrient-rich waters, and blooms of 
these and other algae frequently detract from the aesthetic 
and recreational value of lakes. Diatoms such as Nit:;,schia 
palea, Gomphonema parvulum, Navicula cryptocephala, Cyclotella 
meneghiniana, and Melosira varians are alco often abundant 
in nutrient-rich water (Patrick and Reimer 1966) .101 Midges, 
leeches, blackfly larvae, Physa snails, and fingernail clams 
are frequently abundant in the recovery zone. 

Nutrients Chemicals necessary to the growth and 
reproduction of rooted or floating flowering plants, ferns, 
algae, fungi, or bacteria are considered to be nutrient 
chemicals. All these chemicals are not yet known, but those 
that have been identified are classified as macronutrients, 
trace elements or micronutrients, and organic nutrients. 
The macronutrients are calcium, potassium, magnesium, 
sodium, sulfur, carbon and carbonates, nitrogen, and phos
phorus. The micronutrients are silica, manganese, zinc, 
copper, molybdenum, boron, titanium, chromium, cobalt, 
and perhaps vanadium (Chu 1942, 77 Amon and Wessell 
1953, 72 Hansen et al. 1954). 89 Examples of organic nutrients 
are biotin, B12, thiamine, and glycylglycine (Droop 1962). 79 

Some of the amino acids and simple sugars have also been 
shown to be nutrients for heterotrophs or partial hetero
trophs. 

Plants vary as to the amounts and kinds of nutrients they 
require, and as a result one species or group of species of 
algae or aquatic plants may gain dominance over another 
group because of the variation in concentration of nutrient 
chemicals. Even though all the nutrients necessary for 
plant growth are present, growth will not take place unless 
environmental factors such as light, temperature, and sub
strate are suitable. Man's use of the watershed also in
fluences the sediment load and nutrient levels in surface 
waters (Leopold et al. 1964,93 Bormann and Likens 1967). 75 

Thomas (1953)111 found that the important factor in 
artificial eutrophication was the high phosphorus content 
of domestic wastes. Nitrogen became the limiting growth 
factor if the algal demand for phosphorus was met. Nu-

merous studies have verified these conclusions (Americar 
Society of Limnology and Oceanography 1972). 71 

Sawyer (194 7) 106 determined critical levels of inorganic 
nitrogen (300 µg/1 N) and inorganic phosphorus (IO µg/ 
P) at the time of spring overturn in Wisconsin lakes. I 
exceeded, these levels would probably produce nuisanc( 
blooms of algae during the summer. Nutrient concentration: 
should be maximum when measured at the spring overturr 
and at the start of the growing season. Nutrient concen 
trations during active growth periods may only indicat( 
the difference between amounts absorbed in biomass (sus 
pended and settled) and the initial amount biological!) 
available. The values, therefore, would not be indicativ( 
of potential algal production. Nutrient content should Ix 
determined at least monthly (including the time of sprinp, 
overturn) from the surface, mid-depth, and bottom. These 
values can be related to water volume in each stratum, am: 
nutrient concentrations based on total lake volume can be 
derived. 

One of the most convincing relationships between maxi
mum phosphate content at the time of lake overturn and 
eutrophication as indicated by algal biomass has bee1; 
shown in Lake Washington (Edmondson 1970). 83 During 
the years when algal densities progressed to nuisance levels. 
mean winter POcP increased from 10-20 µg/l to 57 µg/I. 
Following diversion of the sewage mean POcP decreased 
once again to the preenrichment level. Correlated with tht 
P04-P reduction was mean summer chlorophyll a content, 
which decreased from a mean of 27 µg/l at peak enrichmen1 
to less than 10 µg/l, six yean after diversion was initiated. 

Although difficult to asses:;, the rate of nutrient inflov. 
more closely represents nutrient availability than doe~ 

nutrient concentration because of the dynamic character 
of these nonconservative materials. Loading rates are usually 
determined annually on the basis of monthly monitoring ol 
water flow, nutrient concentration in natural surface arn: 
groundwater, and wastewater illflows. 

Vollenweider (1968)ll 3 related nutrient loading to mear 
depths for various well-knowll lakes and identified trophic 
states associated with induced eutrophication. These find· 
ings showed shallow lakes to be clearly more sensitive tc 
nutrient income per unit area than deep lakes, because 
nutrient reuse to perpetuate m1isance growth of algae in· 
creased as depth decreased. From this standpoint nutrient 
loading was a more valid criterion than nutrient concen· 
tration in judging trophic state. Examples of nutrient load· 
ings which produced nuisance conditions were about 0.3 
g/m2/yr P and 4 g/m2/yr N for a lake with a mean deptl1 
of 20 meters, and about 0.8 g/m2/yr P and 11 g/m2/yr N 
for a lake with a mean depth of 100 meters. 

These suggested criteria apply only if other requirement> 
of algal growth are met, such as available light and watet 
retention time. If these factors limit growth rate and the 
mcrease of biomass, large amounts of nutrients rnay move 
through the system unused, and nuisance conditions may 
not occur (Welch 1969).115 
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Carbon (C) is required by all photosynthetic plants. It 
may be in the form of C02 in solution, HC03, or CO;=. 
Carbamine carboxylate, which may form by the complexing 
of calcium or other carbonates and amino compounds in 
alkaline water, is an efficient source of C02 (Hutchinson 
1967).90 Usually carbon is not a limiting factor in water 
(Goldman et al. 1971). 88 However, King (1970) 92 estimated 
that concentrations of C02 less than 3 micromoles at equi
librium favored blue-green algae, and concentrations greater 
than this favored green algae. 

Cations such as calcium, magnesium, sodium, and po
tassium are required by algae and higher aquatic plants 
for growth, but the optimum amounts and ratios vary. 
Furthermore, few situations exist in which these would be 
in such low supply as to be limiting to plants. Trace ele
ments either singly or in combination are important for the 
growth of algae (Goldman 1964). 86 For example molyb
denum has been demonstrated to be a limiting nutrient in 
Castle Lake. Deficiencies in trace elements are more likely 
to occur in oligotrophic than in eutrophic waters (Goldman 
1972). 87 

The vitamins important in promoting optimum growth 
in algae are biotin, thiamin, and B12• All major groups 
require one or more of these vitamins, but particular species 
may or may not require them. As Provasoli and D' Agostino 
(1969) 102 pointed out, little is known about the requirement 
for these vitamins for growth of algae in polluted water. 

Under natural conditions it is difficult to determine the 
effect of change in concentrations of a single chemical on 
the growth of organisms. The principal reasons are that 
growth results from the interaction of many chemical, 
physical, and biological factors on the functioning of an 
organism; and that nutrients arise from a mixture of chemi
cals from farm, industrial, and sanitary wastes, and runoff 
from fields. However, the increase in amounts and types of 
nutrients can be traced by shifts in species forming aquatic 
communities. Such biotic shifts have occurred in western 
Lake Erie (Beeton 1969). 73 Since 1900 the watershed of 
western Lake Erie has changed with the rapidly increasing 
human population and industrial development, as a result 
of which the lake has received large quantities of sanitary, 
industrial, and agricultural organic wastes. The lake has 
become modified by increased concentrations of dissolved 
solids, lower transparency, and low dissolved oxygen concen
tration. Blooms of blue-green algae and shifts in inverte
brate populations have markedly increased in the l 960's 
(Davis 1964, 78 Beeton 1969). 73 

Summary of Measurement of Nutrient Enrichment 

Several conditions can be used to measure nutrient en
richment or its effects: 

• a steady decrease over several years in the dissolved 
oxygen co.ntent of the hypolimnion when measured 
prior to fall overturn, and an increase in anaerobic 
areas in the lower portion of the hypolimnion; 

• an increase in dissolved materials, especially nu
trients such as nitrogen, phosphorus, and simple 
carbohydrates; 

• an increase in suspended solids, especially organic 
materials; 

• a shift in the structure of communities of aquatic 
organisms involving a shift in kinds of species and 
relative abundances of species and biomass; 

• a steady though slow decrease in light penetration; 
• an increase in organic materials and nutrients, es

pecially phosphorus, in bottom deposits; 
• increases in total phosphorus in the spr:ng of the 

year. 

Recommendations 

The principal recommendations for aesthetic and 
recreational uses of lakes, ponds, rivers, estuaries, 
and near-shore coastal waters are that these uses 
continue to be pleasing and undiminished by ef
fects of cultural activities that increase plant nu
trients. The trophic level and natural rate of 
eutrophication that exists, or would exist, in these 
waters in the absence of man's activities is con
sidered the reference level and the commonly de
sirable level to be maintained. Such water should 
not have a demonstrable accelerated production 
of algae growth in excess of rates normally ex
pected for the same type of waterbody in nature 
without man-made influences. 

The concentrations of phosphorus and nitrogen 
mentioned in the text as leading to accelerated 
eutrophication were developed from studies for 
certain aquatic systems: maintenance of lower 
concentrations may or may not prevent eutrophic 
conditions. All the factors causing nuisance plant 
growths and the level of each which should not be 
exceeded are not known. However, nuisance 
growths will be limited if the addition of all wastes 
such as sewage, food processing, cannery, and in
dustrial wastes containing nutrients, vitamins, 
trace elements, and growth stimulants are care
fully controlled and nothing is added that causes 
a slow overall decrease of average dissolved oxygen 
concentration in the hypolimnion and an increase 
in the extent and duration of anaerobic conditions. 

AQUATIC VASCULAR PLANTS 

Aquatic vascular plants affect water quality, other aquatic 
organisms, and the uses man makes of the water. Generally, 
the effects are inwersely proportional to the volume of the 
water body and directly proportional to the use man wishes 
to make of that water. Thus the impact is often most 
significant in marshes, ponds, canals, irrigation ditches, 
rivers, shallow lakes, estuaries and embayments, public 
water supply sources, and man-made impoundments. Dense 
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growths of aquatic vascular plants are not necessarily due 
to human alteration of the environment. Where an ap
propriate environment for plant growth occurs, it is ex
tremely difficult to prevent the growth without changing 
the environment. Addition of plant nutrients can cause 
aquatic vascular plants to increase to nuisance proportions 
in waters where natural fertility levels are insufficient to 
maintain dense populations (Lind and Cottam 1969).147 In 
other waters where artificial nutrient additions are not a 
problem, natural fertility alone may support nuisance 
growths (Frink 1967).135 

Interrelationships With Water Quality 

Through their metabolic processes, manner of growth, 
and eventual decay, aquatic vascular plants can have sig
nificant effects on such environmental factors as dissolved 
oxygen and carbon dioxide, carbonate and bicarbonate 
alkalinity, pH, nutrient supplies, light penetration, evapo
ration, water circulation, current velocity, and sediment 
compos1t10n. The difficulty in understanding the inter
relationships among plant growth and water quality is 
described in part by Lathwell et al. (1969). 144 Diurnal 
oxygen rhythm with maximum concentrations in the after
noon and minimums just before dawn is a universally
recognized limnological phenomenon, and metabolic ac
tivities of vascular plants can contribute to these rhythms. 
The effect of aquatic plants on dissolved oxygen within a 
reach of stream at a particular time of day is a function of 
the plant density and distribution, plant species, light in
tensity, water depth, turbidity, temperati,ire, and ambient 
dissolved oxygen. Oxygen production i~ proportional to 
plant density only to a certain limit; when this limit is 
exceeded, net oxygen production begins to decrease and, 
with increasing density, the plants become net oxygen con
sumers (Owens et al. 1969).159 It is hypothesized that this 
phenomenon occurs because the plants become so dense 
that some are shaded by other overlying plants. Westlake 
(l 966) 173 developed a model for predicting the effects of 
aquatic vascular plant density and distribution on oxygen 
balance which demonstrates that if the weeds are concen
trated within a ~mall area, the net effect of the weeds may 
be to consume more oxygen than that produced, even 
though the average density may be relatively low. 

After reviewing the literature on the direct effects of 
plants on the oxygen balance, Sculthorpe (l 967)162 con
cluded that the extent of oxygen enrichment at all sites 
varies with changing light intensity, temperature, and plant 
population density and distribution. On a cloudy, cool day 
community respiration may exceed even the maximum 
photosynthetic rate. Although vigorous oxygen production 
occurs in the growing season, the plants eventually die and 
decay, and the resulting oxygen consumption is spread over 
the cooler seasons of the year. 

Light penetration is significantly reduced by dense stands 
of aquatic vascular plants, and this reduces photosynthetic 

rates at shallow depths. Buscemi (1958)129 found that unde: 
dense beds of Elodea die dissolved oxygen concentratio1 
fell sharply with depth and marked stratification was pro 
duced. Severe oxygen depletion under floating mats o 
water hyacinth (Lynch et al. 1947),150 duckweed and wate 
lettuce (Yount 1963)170 have occurred. Extensive covers o 
floating or emergent plants shelter the surface from the 
wind, reduce turbulence and reaeration, hinder mixing 
and promote thermal stratification. Dense growths of phyto 
plankton may also shade-out submerged macrophytes, anc 
this phenomenon is used to advantage in fisheries pone 
culture. Fertilization of ponds to promote phytoplanktm 
growth is recommended as a means of reducing the standini 
crop of submerged vascular plants (Swingle 194 7, 167 Surbe1 
1961166). 

Interrelationships of plants with water chemistry wen 
reported by Straskraba (l 965) 165 when foliage of dens< 
populations of Nuphar, Ceratoj1h)1llum, and Myriophyllum wen 
aggregated on the surface. He found pronounced stratifi· 
cation of temperature and chemical factors and repartee 
that the variations of oxygen, pH, and alkalinity were 
clearly dependent on the photosynthesis and respiration o1 
the plants. Photosynthesis also involves carbon dioxide, and 
Sculthorpe (l 967) 162 found thar: for every rise of 2 mg/I o1 
dissolved oxygen the tota\ carbon dioxide should drop 
2. 75 mg/I and be accompanied by a rise in the pH. A rise 
in pH will allow greater concentrations of un-ionized am
monia (see Freshwater Aquatic Life, p. l 40). 

Hannan and Anderson (1971 )137 studied diurnal oxygen 
balance, carbonate and bicarbonate alkalinity and pH on a 
seasonal basis in two Texas ponds less than I m deep which 
supported dense growths of submerged rooted macrophytes. 
One pond received seepage water containing free carbon 
dioxide and supported a greater plant biomass. This pond 
exhibited a diurnal dissolved-oxygen range in summer from 
0.8 to 16.4 mg/I, and a winter range from 0.3 to 18.0 mg/I. 
The other pond's summer diurnal dissolved-oxygen range 
was 3.8 to 14.9 mg/l and the winter range was 8.3 to 12.3 
mg/I. They concluded that (a) when macrophytes use bi
carbonate as a carbon source, they liberate carbonate and 
hydroxyl ions, resulting in an increase in pH and a lowered 
bicarbonate alkalinity; and (b) the pH of a macrophyte 
community is a function of the carbon dioxide-bicarbonate
carbonate ionization phenomena as altered by photosynthe
sis and community respiration. 

Dense colonies of aquatic macrophytes may occupy up 
to 10 per cent of the total volume of a river and reduce the 
maximum velocity of the current to less than 75 per cent 
of that in uncolonized reaches (Hillebrand 1950, 139 as re
ported by Sculthorpe 1967162). This can increase sediment 
deposition and lessen channel capacity by raising the sub
strate, thus increasing the chance of flooding. Newly de
posited silt may be quickly stabilized by aquatic plants, 
further affecting flow. 

Loss of water by transpiration varies between species and 



growth forms. Otis (l 914 )158 showed that the rate of tran
spiration of Nymphaea odorata was slightly less than the rate 
of evaporation from a free water surface of equivalent area, 
but that of several emergent species was up to three times 
greater. Sculthorpe (l 967) 162 postulated that transpiration 
from the leaves of free-floating rosettes could be at rates six 
times greater than evaporation from an equivalent water 
surface. Loss of water through water hyacinth was reported 
by Das (1969) 133 at 7.8 times that of open water. 

Interrelationships With Other Biota 

Aquatic macrophytes provide a direct or indirect source 
of food for aquatic invertebrates and fish and for wildlife. 
The plants provide increased substrate for colonization by 
epiphytic algae, bacteria, and other microorganisms which 
provide food for the larger invertebrates which, in turn, 
provide food for fish. Sculthorpe (1967) 162 presented a wcll
documented summary of the importance of a wide variety 
of aquatic macrophytes to fish, birds, and mammals. Sago 
pondweed (Potamogeton pectznatus) illustrates the opposite 
extreme in man's attitude toward aquatic macrophytes: 
Timmons ( 1966)168 called it the most noxious plant in 
irrigation and drainage ditches of the American west, 
whereas Martin and Uhler (1939) 155 considered it the most 
important duck food plant in the United States. 

Aquatic vegetation and flotage breaking the water surface 
enhance mosquito production by protecting larvae from 
wave action and aquatic predators and interfering with 
mosquito control procedures. Two major vectors of malaria 
in the United States are Anopheles quad1zmaculatus east of the 
Rocky Mountains, and A. freeborni to the west (Carpenter 
and La Casse 1955).130 Anopheline mosquitoes arc generally 
recognized as permanent pool breeders. The more important 
breeding sites of these two mosquitoes are freshwater lakes, 
swamps, marshes, impoundment margins, ponds, and seep
age areas (Carpenter and La Casse 1955). 130 The role of 
various aquatic plant types in relation to the production 
and control of A. quadrzmaculatus on artificial ponds and 
reservoirs indicates that the greatest problems are created 
by macrophytes that are (l) free-floating, (2) submersed 
and anchored but which break the water surface, (3) floating 
leaf anchored, and ( 4) emersed floating-mat anchored (U.S. 
Department of Health, Education, and Welfare, Public 
Health Service, and Tennessee Valley Authority 1947). 169 

In addition to vector mosquitoes, pestiferous mosquitoes 
develop in association with plant parts in shoreline areas. 
Jenkins (1964) 142 provided an annotated list and bibli
ography of papers dealing with aquatic vegetation and 
mosquitoes. 

Generally, submersed vascular plants have lower nutrient 
requirements than filamentous algae or phytoplankton 
(Mulligan and Baranowski 1969) .157 Plants with root systems 
in the substrate do not have to compete with phytoplankton, 
periphyton, or non-rooted macrophytes for the phosphorus 
in the sediments. 

Factors Influencing the Recreational and Aesthetic Value of Water/25 

Boyd (l97lb),126 relating his earlier work on emergent 
species (Boyd 1969, 122 l 970a, 123 1971 a125) to that of Stake 
(1967, 163 1968164

) on submerged species, stated that in the 
southern United States most of the total net nutrient ac
cumulation by aquatic vascular plants occurs by midspring 
before peak dry matter standing crop is reached, and that 
nutrients stored during early spring growth are utilized for 
growth later. Thus nutrients are removed from the environ
ment early in the season, giving the vascular hydrophytes 
a competitive advantage over phytoplankton. Boyd (1967) 121 

also reported that the quantity of phosphorus in aquatic 
plants frequently exceeds that of the total water volume. 
These phenomena may account for the high productivity 
in terms of macrophytes which can occur in infertile waters. 
However, if the dissolved phosphorus level is not a limiting 
factor for the phytoplankton, the ability to utilize sediment 
phosphorus is not a competitive advantage for rooted plants. 

Further interaction between aquatic vascular plants and 
phytoplankton has been demonstrated recently in studies 
showing that concentrations of dissolved organic matter can 
control plant growth in lakes by regulating the availability 
of trace metals and other nutrients essential to plant photo
synthesis. An array of organic-inorganic interactions shown 
to suppress plant growth in hardwater lakes (Wetzel 1969,174 

l 97 l1 75) appear to operate in other lake types and streams 
(Breger 1970, 127 Malcolm et al. 1970, 152 Allen 1971 116). 

Wetzel and Allen in press (1971) 176 and Wetzel and Manny 
(1972) 177 showed that aquatic macrophytes near inlets of 
lakes can influence phytoplankton growth by removing" 
nutrients as they enter the lake while at the same time 
producing dissolved organic compounds that complex with 
other nutrients necessary to phytoplankton growth. Manny 
(1971, 153 1972154) showed several mechanisms by which 
dissolved organic nitrogen (DON) compounds regulate 
plant growth and rates of bacterial nutrient regeneration. 
These control mechanisms can be disrupted by nutrients 
from municipal and agricultural wastes and dissolved or
ganic matter from inadequately treated wastes. 

Effects on Recreation and Aesthetics 

It is difficult to estimate the magnitude of the adverse 
effects of aquatic macrophytes in terms of loss of recreational 
opportunities or degree of interference with recreational 
pursuits. For example, extensive growths of aquatic macro
phytes interfere with boating of all kinds; but the extent of 
interference depends, among other things, on the growth 
form of the plants, the density of the colonization, the 
fraction of the waterbody covered, and the purposes, atti
tudes, and tolerance of the boaters. Extremes of opinion on 
the degree of impact create difficulty in estimating a mone
tary, physical, or psychological loss. 

Dense growths of aquatic macrophytes are generally ob
jectionable to the swimmer, diver, water skier, and scuba 
enthusiast. Plants or plant parts can be at least a nuisance 
to swimmers and, in extreme cases, can be a factor in 
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drowning. Plants obstruct a diver's view of the bottom and 
underwater hazards, and fronds can become entangled in 
a scuba diver's gear. Water skiers' preparations in shallow 
water are hampered by dense growths of plants, and fear 
of falling into such growths while skiing detracts from en
joyment of the sport. 

Rafts of free-floating plants or attached plants which 
have been dislodged from the substrate often drift onto 
beaches or into swimming areas, and time and labor are 
entailed in restoring their attractiveness. Drying and decay
ing aquatic plants often produce objectionable odors and 
provide breeding areas for a variety of insects. 

Sport fishermen have mixed feelings about aquatic macro
phytes. Fishing is often good around patches of lily pads, 
over deeply-submerged plants, and on the edges of beds of 
submerged weeds which rise near the surface. On the other 
hand, dense growths may restrict the movement and feeding 
of larger fish and limit the fishable area of a waterbody. 
Aquatic plants entangle lures and baits and can prevent 
fishermen from reaching desirable fishing areas. 

Marshes and aquatic macrophytes in sparse or moderate 
densities along watercourse and waterbody margins aug
ment nature study and shoreline exploration and add to the 
naturalistic value of camping and recreation sites. It is 
only when the density of the growths, or their growth 
forms, become a nuisance and interfere with man's ac
tivities that he finds them objectionable. An indication of 
how often that occurs is provided by McCarthy (1961), 156 

who reported that on the basis of a questionnaire sent to 
all states in 1960, there were over 2,000 aquatic vegetation 
control projects conducted annually, and that most states 
considered excessive growth of aquatic vegetation a serious 
and increasing problem. 

The aesthetic value of aquatic macrophytes is in the 
mind of the beholder. The age-old appeal of aquatic plants 
is reflected in their importance as motifs in ancient archi
tecture, art, and mythology. Aquatic gardens continue to 
be popular tourist attractions and landscaping features, 
and wild aquatic plant communities have strong appeal to 
the artist, the photographer, and the public. To many, 
these plants make a contribution of their own to the beauty 
of man's environment. 

Control Considerations 

Aquatic vascular plants can be controlled by several 
methods: chemical (Hall 1961, 136 Little 1968148) ; biological 
(Avault et al. 1968,117 Maddox et al. 1971,151 Blackburn 
et al. 1971120); mechanical (Livermore and Wunderlich 
1969149); and naturalistic environmental manipulation (Pen
found 1953).160 General reviews of control techniques have 
been made by Holm et al. (1969),141 Sculthorpe (1967),162 

and Lawrence (1968). 145 

Harvesting aquatic vascular plants to reduce nutrients 
as a means of eutrophication control has been investigated 

by Boyd (1970b), 124 Yount and Crossman (1970), 171 an 
Peterson (1971). 161 Although many investigators have n 
ported important nutrients in various aquatic plants, ti' 
high moisture content of the vegetation as it is harveste 
has been an impediment to economic usefulness. Peterso 
(1971) 161 reported the cost per pound of phosphorus, n 
trogen, and carbon removed from a large lake supportin 
dense growths of aquatic vascular plants as $61.19, $8.2 
and $0.61 respectively. 

Nevertheless, improved methods of harvesting and proc 
essing promise to reduce the costs of removing these bothe1 
some plants and reclaiming their nutrients for animal an 
human rations or for soil enrichment. Investigation int 
the nutritive value of variou:> aquatic plants has frequentl 
been an adjunct of research on the efficiency and econom 
of harvesting and processing these plants in an effort t 

remove nuisance growth from lakes and streams. Extensiv 
harvesting of aquatic vegeta1ion from plant-clogged Cadd 
Lake (Texas-Louisiana) was followed by plant analysi 
and feeding trials. The dehydrated material was found to b 
rich in protein and xanthophyll (Creger et al. 1963, 132 Couc 
et al. 1963131). Bailey (1965)m reported an average of 381 
milligrams of xanthophyll per pound of vacuum oven-drie1 
aquatic plant material with about 19 per cent proteir 
Hentges (1970), 138 in cooperation with Bagnall (1970), 1 

in preliminary tests with cattle fed press-dehydra1ed aquati 
forage, found that pelleted Hydrilla verticzllata (Florid 
elodea) could be fed satisfactorily as 75 per cent of a bal 
anced ration. Bruhn et al. (1971 )128 and Koegel et al 
(1972) 143 found 44 per cent mineral and 21 per cent protei· 
composition in the dry matter of the heat coagulum of th 
expressed juice of Eurasian water milfoil (Myrioplzyllw 
spzcatum). The press residue, further reduced by cuttin 
and pressing to 16 per cent of the original volume and 3 
per cent of the original weight, could readily be spread fo 
lawn or garden mulch. 

Control measures are undertaken when plant grow1 
interferes with human activities beyond some ill-define' 
point, but too little effort has been expended to determin 
the causes of infestations and too little concern has bee 
given the true nature of the biological problem (Boy1 
197lb).126 Each aquatic macrophyte problem under con 
sideration for control should be treated as unique, th 
biology of the plant should be well understood, and all th 
local factors thoroughly investigated before a technique i 
selected. Once aquatic macrophytes are killed,, space fo 
other plants becomes available. Nutrients contained in th 
original plants are released for use by other species. Long 
term control normally requires continued efforts. Herbi 
cides may be directly toxic to fish, fish eggs, or invertebrate 
important as fish food (Eipper 1959, 134 Walker 1965,1' 
Hiltibran 1967).140 (See the discussion of Pesticides, pf 
182-186, in Section III.) On man-made lakes, reservoir 
and ponds the potential for invasion by undesirable aquati 
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plants may be lessened by employing naturalistic methods 
which limit the available habitat and requirements of par
ticular species. It is difficult to predict what biotic form will 
replace the species eliminated. Boyd (197lb) 126 states that 
in some Florida lakes, herbicide applications have upset 
the balance between rooted aquatics and phytoplankton, 
resulting in nuisance phytoplankton blooms that were 
sometimes more objectionable than the original situation. 

Control of aquatic vascular plants can be a positive 
factor in fisheries management (Leonard and Cain 1961) ;146 

but when control projects are contemplated in multi-pur
pose waters, consideration should be given to existing inter
dependencies between man and the aquatic community. 
For example: what biomass of aquatic vascular plants is 
necessary to support waterfowl; what biomass will permit 
boating; what is a tolerable condition for swimming; must 
the shoreline be clear of plants for wading; will shore 
erosion increase if the shoreline vegetation is removed? The 
interference of aquatic vascular plant communities in human 
activities should be controlled with methods that stop short 
of attempted plant eradication. 

Recommendation 

The complex interrelationships among aquatic 
vascular plants, associated biota, water quality, 
and the activities of humans call for case-by-case 
evaluation in assessing the need for management 
programs. If management is undertaken, study of 
its potential impacts on the aquatic ecosystem and 
on various water uses should precede its imple
mentation. 

INTRODUCTION OF SPECIES 

Extent and Types of Introductions 

Purposeful or accidental introductions of foreign aquatic 
organisms or transplantations of organisms from one drain
age system to another can profoundly influence the aesthetic 
appeal and the recreational or commercial potential of 
affected waterbodies. The introduction of a single species 
may alter an entire aquatic ecosystem (Lachner et al. 
1970).188 An example of extreme alteration occurred with 
the invasion of the Great Lakes by the sea lamprey (Petro
myzon marinus) (Moffett 1957,190 Smith 1964197). Introduced 
and transplanted species account for about half of the fish 
fauna of Connecticut (Whitworth et al. 1968),199 California 
(Shapovalov et al. 1959),195 Arizona, and Utah (Miller 
1961).189 The nature of the original aquatic fauna is ob
scured in many cases, and some indigenous species have 
been adversely affected through predation, competition, 
hybridization, or alteration of habitat by the introduced 
species. Exotics that have established reproducing popu
lations in the United States (exclusive of the Hawaiian 

Islands) include 25 species of fish (Lachner et al. 1970),188 

more than 50 species of land and aquatic mollusks (Abbott 
1950),178 and over 20 species of aquatic vascular plants 
(Hotchkiss 1967)185 in addition to aquatic rodents, reptiles, 
amphibians, insects, and crustaceans. 

Growths of native aquatic vascular plants and a variety 
of exotic species commonly interfere with recreation and 
fishing activities (see p. 25) and a variety of other water 
uses including industrial and agricultural use (Holm et al. 
1969, 184 Sculthorpe 1967) .194 Water hyacinth (Eichhornia 
crassipes) caused loss of almost $43 million through combined 
deleteriow effects in Florida, Alabama, Mississippi, and 
Louisiana in 1956 (Wunderlich 1962). 200 Penfound and 
Earle (1948) 192 estimated that the annual loss caused by 
water hyacinth in Louisiana before the growths were 
brought under control averaged $5 million and in some 
years reached $15 million. Water chestnut (Trapa natans) 
produced beds covering 10,000 acres within ten years of its 
introduction near Washington, D.C. (Rawls 1964).193 The 
beds blocked navigation and provided breeding sites for 
mosquitoes, and their hard spined seed cases on the shore
lines and bottom were a serious nuisance to swimmers, 
waders, and people walking the shores. Eurasian milfoil 
(Myriophyllum spzcatum) infested 100,000 acres in Chesapeake 
Bay. The plants blocked navigation, prevented recreational 
boating and swimming, interfered with seafood harvest, 
increased siltation, and encouraged mosquitoes (Cronin 
1967).182 

Invertebrate introductions include the Asian clam (Cor
bicula manzlensis), a serious pest in the clogging of industrial 
and municipal raw water intake systems and irrigation 
canals (Sinclair 1971), 196 and an oriental oyster drill 
( Trztonalia japonica) considered the most destructive drill in 
the Puget Sound area (Korringa 1952) .187 

Some Results of Introductions 

Some introductions of exotics, e.g., brown trout (Salmo 
trutta), and some transplants, e.g., striped bass (Marone 
saxatilis) from the Atlantic to the Pacific and coho salmon 
(Oncorhynchus kisutch) from the Pacific to the Great Lakes, 
have been spectacularly successful in providing sport and 
commercial fishing opportunities. Benefits of introductions 
and transplantations of many species in a variety of aquatic 
situations are discussed by several authors in A Century of 
Fisheries in North America (Benson 1970).179 

The success of other introductions has been questionable 
or controversial. In the case of carp (Cyprinus carpis), the 
introduction actually decreased aesthetic values because of 
the increa;;ed turbidity caused by the habits of the carp. 
The increased turbidity in turn decreased the biological 
productivity of the waterbody. The presence of carp has 
lowered the sportfishing potential of many waterbodies 
because of a variety of ecological interactions. The grass 
carp or white amur (Ctenopharyngodon idella), a recent impor-
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tation, has been reported from several major river systems 
including the Mississippi as far north as Illinois (Lopinot 
personal communication 1972).201 Pelzman (1971),191 in recom
mending against introducing grass carp into California, 
concluded that their impact on established game fish would 
be detrimental and that they might become more trouble
some than the common carp. This view was expressed 
earlier by Lachner et al. (1970) 188 in considering the impact 
of establishment of the species in major river systems. The 
walking catfish (Clarias batrachus), accidentally released from 
outdoor. holding ponds of aquarium fish dealers in southern 
Florida, quickly established reproducing populations in a 
variety of habitats (Idyll 1969). 186 Natural ponds have pro
duced up to 3,000 pounds per acre of this species and there 
is no current American market for its flesh. This aggressive 
and omniverous species apparently reduces the entire fresh
water community to walking catfish (Lachner et al. 1970).188 

Introductions by Official Agencies 

The objectives of introductions of new species by agencies 
include pond culture; aquatic plant control; insect control; 
forage; predation; and improvement of sport and com
mercial fishing. Boating, swimming, and sport and com
mercial fin and shellfishing are influenced by water quality 
and the biotic community. Lachner et al. (1970), 188 after 
reviewing the history of exotic fish releases, concluded that 
most official releases satisfy certain social wishes but have 
not served effective biological purposes, and that some may 
result in great biological damage. The guiqelines of Craig
head and Dasmann (1966)181 on introductibn of exotic big 
game species offer an excellent parallel to the considerations 
that should precede the introduction of aquatic organisms. 
Such guidelines call for (a) the establishment of the need 
and determination of the predicted ecological, recreational, 
and economic impact; (b) studies of the proposed release 
area to determine that it is suitable, that a niche is vacant, 
and that indigenous populations will not be reduced or 
displaced; ( c) life history studies of the organism to de
termine possible disease interrelationships, hybridization 

potential, and the availability of control technology; arn 
(d) experiments conducted under controlled conditions tha 
indicate how to prevent escape of the organism. 

The California Fish and Game Commission (Burn 
1972)180 investigated introducing the pancora (Aegla laevz 
laevis), a small freshwater crab, into streams as a forn 
for trout to increase natural trout production and spor 
fishing potential. The plan was ultimately rejected, but th 
on-site studies in Chile and the experimental work ii 
California illustrate the breadth of consideration necessar
before any informed decision can be reached. Problem 
associated with introductions of aquatic animals were th 
subject of two recent symposia (Stroud 1969 ;198 Departmen 
of Lands and Forests, Ottawa 1968183). Persons contem 
plating introductions are referred for guidelines to th 
Committee on Exotic Fishes and Other Aquatic Organism 
of The American Fisheries Society. This committee ha 
representation from the American Society of Ichthyologist 
and Herpetologists and is currently expanding the scope o 
its membership to include other disciplines. 

Recommendations 

Introduction or transplantation of aquatic orga 
nisms are factors that c:an affect aesthetics, boat 
ing, swimming, sport :and commercial fin an< 
shellfishing, and a variety of other water uses 
Thorough investigations of an organism's potentia 
to alter water quality, affect biological relation 
ships, or interfere with other water uses shoul< 
precede any planned introductions or transplan 
tations. 

The deliberate introduction of non-indigenou 
aquatic vascular plants, particularly in the warme 
temperature or tropical regions, is cautionec 
against because of the hi1~h potential of such plant 
for impairing recreation.al and aesthetic values 
Aquaculturists and others should use care to pre 
vent the accidental release of foreign species fo· 
the same reasons. 



WATER QUALITY FOR GENERAL RECREATION, BATHING, AND SWIMMING 

Historically, public health officials have been concerned 
about the role of sewage-contaminated bathing water in 
the transmission of infectious disease. In 1921, the Com
mittee on Bathing Places, Sanitary Engineering Section, 
American Public Health Association, conducted a study 
"to determine the extent and prevalence of infections which 
may be conveyed by means of swimming pools and other 
bathing places" (Simons et al. 1922) .226 The results of the 
study, though inconclusive, suggested that contaminated 
bathing water may transmit infectious agents to bathers. 
The Committee attached special importance to the data 
they collected on epidemics of conjunctivitis and other skin 
diseases, middle ear infections, tonsillitis, pharyngitis, and 
nasal sinus infections caused by contaminated bathing 
waters. However, the 1935 Report of the Committee (now 
designated as the Joint Committee on Bathing Places of 
the Public Health Engineering Section of the American 
Public Health Association and the Conference of State 
Sanitary Engineers) included the following statement: "The 
summary of the replies in the I 92 I report when considered 
in the light of known epidemiological evidence, leaves this 
committee unconvinced that bathing places are a major 
public health problem even though bathing place sanitation, 
because of the health considerations involved, should be 
under careful surveillance of the public health authorities, 
and proper sanitary control of bathing places should be 
exercised" (Yearbook of APHA 1936) .202 

The suggested standards for design, equipment, and 
operation of bathing places that were part of the 1935 
report included a section entitled "Relative Classification 
of Bathing Areas Recommended" (Yearbook of APHA 
1936). 202 This section reads, in part, as follows: 

In passing on waters of outdoor bathing places, three 
aides are available: (!) the results of chemical analyses 
of the water; (2) the results of bacteriological analysis 
of the water; and (3) information obtained by a sani
tary survey of sources of pollution, flow currents, etc.
It is not considered practicable or desirable to recom
mend any absolute standards of safety for the waters 
of outdoor bathing places on any of the three above 
bases. 

29 

In 1939 (Yearbook of APHA 1940)203 and again in 1955 
(Yearbook of APHA 1957),204 the Joint Committee surveyed 
all state health departments for additional information on 
reported cases of illness attributable to bathing places, but 
these surveys uncovered little definite information. Con
taminated bathing waters were suspected in cases of sleeping 
sickness, sinus infections, intestinal upsets, eye inflammation, 
"swimmers itch", ear infections, and leptospirosis. 

Several outbreaks of human leptospirosis, which is pri
marily an infection of rats and dogs, have been associated 
with recreational waters contaminated by the urine of 
infected animals (Diesch and McCulloch 1966) .210 One 
source of infection to man is wading or swimming in waters 
contaminated by cattle wastes (Williams et al. 1956,231 

Havens et al. 1941 216). Leptospirosis is prevalent among 
"wet crop" agricultural workers, employees of abattoirs, 
handlers of livestock, and those who swim in stock-watering 
ponds. The organism is not ingested but enters the body 
through breaks in the skin and through intact mucous 
membrane, particularly the conjunctiva. 

The most recent reports on disease associated with 
swimming suggest that a free-living, benign, soil and water 
amoeba of the Naegleria group (Acanthamoeba) may be a 
primary pathogen of animals and man. Central nervous 
system amoebiasis is usually considered a complication of 
amoebic dysentery due to E. histolytzcal; however, recent 
evidence proves that Naeglerza gruberz causes fulmenting 
meningoencephalitis (Calli cot 1968,208 Butt 1966, 201 

Fowler and Carter 1965,212 Patras and Andujar 1966224
). 

The amoeba may penetrate the mucous membrane. Free
living amoebae and their cysts are rather ubiquitous in 
their distribution on soil and in natural waters; and 
identifiable disabilities from free-living amoebae, similar to 
the situation with leptospirosis, occur so rarely as a result 
of recreational swimming in the United States that both 
may be considered epidemiological curiosities (Cerva 
1971) .209 

In 1953, the Committee on Bathing Beach Contamination 
of the Public Health Laboratory Service of England and 
Wales began a five-year study of the risk to health from 
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bathing in sewage-polluted sea water and considered "the 
practicability of laying down bacteriological standards for 
bathing beaches or grading them according to degree of 
pollution to which they are exposed" (Moore 1959) .222 

This committee concluded in 1959 that "bathing in sewage
polluted sea water carries only a negligible risk to health, 
even on beaches that are aesthetically very unsatisfactory." 

The consensus among persons who have studied the 
relationship between bathing water quality and bathers' 
illness appears to be that scientific proof of a direct relation
ship is lacking, yet there is evidence to suggest that some 
relationship exists. Some experts contend that outbreaks of 
illness among bathers have not been studied thoroughly 
with modern epidemiologic techniques, and that if such 
occurrences were to be studied vigorously, specific knowl
edge about the relationship of bathing water quality to 
infectious disease would be established. In some studies 
where bathing water was apparently implicated in the 
transmission of disease agents, the water quality was rela
tively poor, yet no attempts were made to define the specific 
relationship. 

Water quality requirements for recreational purposes 
may be divided into two categories: (1) general require
ments that pertain to all recreational waters, and (2) special 
requirements, usually more restrictive, for selected recre
ational use of water. 

GENERAL REQUIREMENTS FOR ALL RECREATIONAL 
WATERS 

Aesthetic Considerations 

As has been stressed earlier in this Section (See Applying 
Recommendations, p. 10), all waters should be aesthetically 
pleasing, but the great variety of locales makes it impossible 
to apply recommendations without considering the par
ticular contexts. Color of swamp waters would hardly be 
acceptable for clear mountain streams. Specific recommen
dations should reflect adequate study of local background 
quality and should consider fully the inherent variability 
so that the designated values will be meaningful. Therefore, 
specific local recommendations might better encompass 
ranges, or a daily average further defined by a sampling 
period, and possibly an absolute maximum or minimum as 
appropriate. The best technical thought should be given to 
establishment of such values rather than dependence on 
administrative or judicial decision. 

Recommendation 

All recreational surface waters will be aestheti
cally pleasing if they meet the recommendations 
presented in the discussion of Water Quality for 
Preserving Aesthetic Values in this Section, p. 12. 

Microbiological Consideratic>ns 

The hazard posed by pathogenic microorganisms i 
recreational water not intended for bathing and swimmin 
is obviously less than it would be if the waters were used fo 
those purposes, but it is not possil;>le to state to what degret 
Although there is a paucity -Of epidemiological data o 
illnesses caused by bathing and swimming, there appear t 
be no data that analyze the relationship of the quality c 
recreational waters not intended for bathing and swimmin 
to the health of persons enjoying such waters. Criteri 
concerning the presence of microorganisms in water fo 
general recreation purposes are not known. 

Conclusion 

No specific recomm(mdation concerning th 
microbiological qualities of general recreationa 
waters is presented. In most cases of gross micro 
biological pollution of surface waters, there will b 
concomitant foreign substance of such magnitud 
as to cause the water to be aesthetically unac 
ceptable. 

Chemical Considerations 

The human body is capable of tolerating greater conceu 
trations of most chemicals upon occasional contact with o 
ingestion of small quantities of water than are most form 
of aquatic life. Therefore, specific recommendations for th 
chemical characteristics of all recreational waters are nc 
made since such recommendations probably would b 
superseded by recommendations for the support of variou 
forms of desirable aquatic life. (See Sections III and IV 
Freshwater and Marine Aqua1ic Life and Wildlife.) 

Recommendations 

No specific recommEmdation concerning th 
chemical characteristics of general recreationa 
waters is presented. However, the following genera 
recommendations are applicable: 

• recreational waters that contain chemicals ii 
such concentrations as to be toxic to man i 
small quantities are ingested should not be use1 
for recreation; 

• recreational waters that contain chemicals ii 
such concentrations as to be irritating to th 
skin or mucous membranes of the human bod 
upon brief immersion are undesirable. 

SPECIAL REQUIREMENTS FOR BATHING AND 
SWIMMING WATERS 

Since bathing and swimming involve intimate huma 
contact with water, special water quality requiremen1 
apply to designated bathing and swimming areas. Thes 



requirements are based on microbiological considerations, 
temperature and pH, and clarity and chemical character
istics. They are more precise than the requirements for 
general recreational waters. If a body of water cannot meet 
these specialized requirements, it should not be designated 
a bathing and swimming area but may be designated for 
a recreational use that does not involve planned immersion 
of the body. 

Microbiological Considerations 

All recreational waters should be sufficiently free of 
pathogenic bacteria so as not to pose hazards to health 
through infections, but this is a particularly important 
requirement for planned bathing and swimming areas. 
Many bodies of water receive untreated or inadequately 
treated human and animal wastes that are a potential focus 
of human infection. 

There have been several attempts to determine the spe
c"fic hazard to health from swimming in sewage-contami
nated water. Three related studies have been conducted 
in this country, demonstrating that an appreciably higher 
overall illness incidence may be expected among swimmers 
than among nonswimmers, regardless of the quality of the 
bathing water (Smith et al. 1951,229 Smith and Woolsey 
1952, 227 l 96 l228). More than one half of the illnesses reported 
were of the eye, ear, nose, and throat type; gastrointestinal 
disturbances comprised up to one-fifth; skin irritations and 
other illnesses made up the balance. 

Specific correlation between incidence of illness and 
bathing in waters of a particular bacterial quality was ob
served in two of the studies. A statistically significant 
increase in the incidence of illness was observed among 
swimmers who used a Lake Michigan beach on three se
lected days of poorest water quality when the mean total 
coliform content was 2,300 per 100 ml. However, only the 
data concerning these three days could be used in the 
analysis and differences in illness were not noted in com
parison with a control beach over the total season (Smith 
et al. 1951).229 The second instance of positive correlation 
was observed in an Ohio River study where it was shown 
that, despite the relatively low incidence of gastrointestinal 
disturbances, swimming in river water having a median 
coliform density of 2, 700 per 100 ml appears to have caused 
a statistically significant increase in illnesses among swim
mers (Smith and Woolsey 1952).227 No relationship between 
illness and water quality was observed in the third study 
conducted at salt water beaches on Long Island Sound 
(Smith and Woolsey 1961).228 

A study in England suggested that sea water carries only 
a negligible risk to health even on beaches that were 
aesthetically unsatisfactory (Moore 1959). 222 The minimal 
risk attending such bathing is probably associated with 
chance contact with fecal material that may have come 
from infected persons. 

Water Quality for General Recreation, Bathing, and Swimming/31 

Neither the English nor the United States salt water 
beach studies indicated a causal or associated relationship 
between water quality and disease among swimmers and 
bathers. While the two United States fresh water studies 
suggested some presumptive relationship, the findings were 
not definitive enough to establish specific values for micro
biological water quality characteristics. 

Tests using fecal coliform bacteria are more indicative 
of the possible presence of enteric pathogenic microorga
nisms from man or other warm-blooded animals than the 
coliform group of organisms. The data for total coliform 
levels of the Ohio River Study were reevaluated to de
termine comparable levels of fecal coliform bacteria (Geld
reich 1966).213 This reevaluation suggested that a density 
of 400 fecal coliform organisms per 100 ml was the approxi
mate equivalent of 2, 700 total coliform organisms per I 00 
ml. Using these data as a basis, a geometric mean of 200 
fecal coliform organisms per I 00 ml has been recommended 
previously as a limiting value that under normal circum
stances should not be exceeded in water intended for bathing 
and swimming (U.S. Department of the Interior, FWPCA 
1968) .230 

There may be some merit to the fecal coliform index as an 
adjunct in determining the acceptability of water intended 
for bathing and swimming, but caution should be exercised 
in using it. Current epidemiological data are not materially 
more refined or definitive than those that were available in 
1935. The principal value of a fecal coliform index is as an 
indicator of possible fecal contamination from man or other 
warm-blooded animals. A study of the occurrence of 
Salmonella organisms in natural waters showed that when 
the fecal coliform level was less than 200 organisms per l 00 
ml, this group of pathogenic bacteria was isolated less 
frequently (Geldreich 1970).214 Salmonella organisms were 
isolated in 28 per cent of the samples with a fecal coliform 
density less than the 200 value, but they were isolated in 
more than 85 per cent of the samples that exceeded the 
index value of 200 fecal coliform per 100 ml, and in more 
than 98 per cent of the samples with a fecal coliform 
density greater than 2,000 organisms per 100 ml. 

In evaluating microbiological indicators of recreational 
water quality, it should be remembered that many of the 
diseases that seem to be causally related to swimming and 
bathing in polluted water are not enteric diseases or are 
not caused by enteric organisms. Hence, the presence of 
fecal coliform bacteria or of Salmonella sp. in recreational 
waters is less meaningful than in drinking water. Indi
cators other than coliform or fecal coliform have been sug
gested from time to time as being more appropriate for 
evaluating bathing water quality. This includes the staphylo
cocci (Favero et al. 1964),211 streptococci and other entero
cocci (Litsky et al. 1953).218 Recently Pseudomonas aerugznosa, 

a common organism implicated in ear infection, has been 
isolated from natural swimming waters (Hoadley 1968)215 
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and may prove to be an indicator of health hazards in 
swimming water. Unfortunately, to date, none of the al
ternative microbiological indicators have been supported 
by epidemiological evidence. 

When used to supplement other evaluative measurements, 
the fecal coliform index may be of value in determining the 
sanitary quality of recreational water intended for bathing 
and swimming. The index is a measure of the "sanitary 
cleanliness" of the water and may denote the possible 
presence of untreated or inadequately treated human wastes. 
But it is an index that should be used only in conjunction 
with other evaluative parameters of water quality such as 
sanitary surveys, other biological indices of pollution, and 
chemical analyses of water. To use the fecal coliform index 
as the sole measure of "sanitary cleanliness," it would be 
necessary to know the maximum "acceptable" concentra
tion of organisms; but there is no agreed-upon value that 
divides "acceptability" from "unacceptability."* Thus, as 
a measure of "sanitary cleanliness," an increasing value in 
the fecal coliform index denotes simply a decrease in the 
level of cleanliness of the water. 

Conclusion 

No specific recommendation is made concerning 
the presence or concentrations of microorganisms 
in bathing water because of the paucity of valid 
epidemiological data. 

Temperature Characteristics 

The temperature of natural waters is an important factor 
governing the character and extent of the recreational ac
tivities, primarily in the warm months of the year. Persons 
engaging in winter water recreation such as ice skating, 
duck hunting, and fishing do so with the knowledge that 
whole body immersion must be avoided. Accidental im
mersion in water at or near freezing temperatures is dan
gerous because the median lethal immersion time is less 
than 30 minutes for children and most adults (Molnar 
1946).22° Faddists swim in water that is near the freezing 
temperature, but their immersion time is short, and they 
have been conditioned for the exposure. As a result of 
training, fat insulation, and increased body heat production, 
some exceptional athletic individuals (Korean pearl divers 
and swimmers of the English channel) can withstand pro
longed immersion for as long as 17 hours in water at 16 C 
(61 F), whereas children and some adults might not survive 
beyond two hours (Kreider 1964). 217 

From one individual to another, there is considerable 
variation in the rates of body cooling and the incidence of 

* If an arbitrary value for the fecal coliform index is desired, con
sideration may be given to a density value expressed as a geometric 
mean of a series of samples collected during periods of normal seasonal 
flow. A maximum value of 1,000 fecal coliform per 100 ml could be 
considered. 

TABLE 1-J-Life Expectancy in Water 

(Elpectad duntiOll in hours for adutts wearing §fa vests and immersed in waters of varying temperature) 

Tenqieratu1·e of the water 
Duration 32 41 50 59 68 78 86 95 104 F" 

hours 0 10 15 20 25 30 35 40 C° 

0.5 M M 41-l_ s s s s M 
1., L M . ·Li-, s s s 
2.0 L s s s 
3.0 L L M $ s s s 
4.0 L L l M s s s 

L= Lethal, 100 per cent expectancy of death. 
M= Marginal, 50 per cent expectancy of unconscious1~m. probably drowning. 
S=Safe, 100 per cent survival. 
Adapated from tables by Pan American Airways and others. 

survival in cold water. The 'variability is a function of bod· 
size, fat content, prior acclimatization, ability to exercise 
and overall physical fitness. The ratio of body mass t' 

surface area is greater in large, heavy individuals, and thei 
mass changes with temperature more slowly than that of 
small child (Kreider l 964). 217 

With the exception of water temperatures affected b 
thermal springs, ocean currents such as the Gulf Strean~ 
and man-made heat, the temperature of natural water i 
the result of air temperature, solar radiation, evaporatior 
and wind movement. Many natural waters are undesirabl 
cold for complete body immersion even during the summe 
period. These include coastal ·waters subjected to cold cm 
rents such as the Labrador Current on the northeaster 
coastline or the California Current in the Pacific Ocea 
(Meyers et al. 1969).219 In addition, some deep lakes an 
upwelling springs, and streams and lakes fed from meltin 
snow may have summer surface temperatures too cold fc 
prolonged swimming for children. 

The most comfortable temperature range for instruction< 
and general recreational swimming where the metaboli 
rate of heat production is not high-i.e., about 250 kil 
calories/hr (1000 BTUs/hr)--appears to be about 29-30 I 

(84-86 F). In sprint swimming when metabolic rates excee 
500 kilo calories/hr (2,000 BTUs/hr), swimmers can pe1 
form comfortably in water temperatures in the range c 

20-27 C (68-80 F) (Bullard and Rapp 1970).206 

The safe upper limit ofwa1:er temperature for recreation< 
immersion varies from individual to individual and seerr 
to depend on psychological rather than physiological cor 
siderations. Unlike cold water, the mass/surface area rati 
in warm water favors the child. Physiologically, neithc 
adult nor child would experience thermal stress uncle 
modest metabolic heat production as long as the wate 
temperature was lower than the normal skin temperatur 
of 33 C (91 F) (Newburgh 1949).223 The rate at which he:c 
is conducted from the immersed human body is so rapi 
that thermal balance for a ibody at rest in water can onl 
be attained if the water temperature is about 34 C (92 F 
(Beckman 1963).205 The survival of an individual submerge 



m water at a temperature above 34-35 C (93-95 F), 
depends on his tolerance to the elevation of his internal 
temperature, and there is a real risk of injury with prolonged 
exposure (Table I-3). Water ranging in temperature from 
26-30 C (78-86 F) is comfortable to most swimmers 
throughout prolonged periods of moderate physical exertion 
(Bullard and Rapp 1970) .206 Although data are limited, 
natural surface waters do not often exceed skin temperature, 
but water at 32 C (90 F) is not unusual for rivers and 
estuaries (Public Works 1967).220 

Recommendation 

In recreational waters used for bathing and 
swimming, the thermal characteristics should not 
cause an appreciable increase or decrease in the 
deep body temperature of bathers and swimmers. 
One hour of continuous immersion in waters colder 
than 15 C (59 F) may cause the death of some 
swimmers and will be extremely stressful to all 
swimmers who are not garbed in underwater pro
tective cold-clothing. Scientific evidence suggests 
that prolonged immersion in water warmer than 
34-35 C (93-94 F) is hazardous. The degree of 
hazard varies with water temperature, immersion 
time, and metabolic rate of the swimmer. 

pH Characteristics 

Some chemicals affect the pH of water. Many saline, 
naturally alkaline, or acidic fresh waters may cause eye 
irritation because the pH of the water is unfavorable. 
Therefore, special requirements concerning the pH of 
recreational waters may be more restrictive than those 
established for public water supplies. 

The lacrimal fluid of the human eye has a normal pH of 
approximately 7.4 and a high buffering capacity due pri
marily to the presence of complex organic buffering agents. 
As is true of many organic buffering agents, those of the 
lacrimal fluid are able to maintain the pH within a narrow 
range until their buffering capacity is exhausted. When the 
lacrimal fluid, through exhaustion of its buffering capacity, 
is unable to adjust the immediate contact layer of another 
fluid to a pH of 7.4, eye irritation results. A deviation of 
no more than 0.1 unit from the normal pH of the eye may 
result in discomfort, and appreciable deviation will cause 
severe pain (Mood 1968). 221 

Ideally, the pH of swimming water should be approxi
mately the same as that of the lacrimal fluid, i.e., 7.4. 
However, since the lacrimal fluid has a high buffering 
capacity, a range of pH values from 6.5 to 8.3 can be 
tolerated under average conditions. If the water is rela
tively free of dissolved solids and has a very low buffering 
capacity, pH values from 5.0 to 9.0 may be acceptable to 
most swimmers. 
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Conclusion 

For most bathing and swimming waters, eye irri
tation is minimized and recreational enjoyment 
enhanced by maintaining the pH within the range 
of 6.5 and 8.3 except for those waters with a low 
buffer capacity where a range of pH between 5.0 
and 9.0 may be tolerated. 

Clarity Considerations 

It is important that water at bathing and swimming 
areas be clear enough for users to estimate depth, to see 
subsurface hazards easily and clearly, and to detect the 
submerged bodies of swimmers or divers who may be in 
difficulty. Aside from the safety factor, clear water fosters 
enjoyment of the aquatic environment. The clearer the 
water, the more desirable the swimming area. 

The natural turbidity of some bathing and swimming 
waters is often so high that visibility through the water is 
dangerously limited. If such areas are in conformance with 
all other requirements, they may be used for bathing and 
swimming, provided that subsurface hazards are removed 
and the depth of the water is clearly indicated by signs that 
are easily readable. 

Conclusion 

Safety and enhancement of aesthetic enjoyment 
is fostered when the clarity of the water in desig
nated bathing and swimming areas allows the de
tection of subsurface hazards or submerged bodies. 
Where such clarity is not attainable, clearly read
able depth indicators are desirable. 

Chemical Considerations 

It is impossible to enumerate in specific terms all the 
specialized requirements that pertain to the chemical quality 
of bathing and swimming waters. In general, these require
ments may be quantified by analyzing the conditions 
stipulated by two kinds of human exposure, i.e., ingestion 
and contact. A bather involuntarily swallows only a small 
amount of water while swimming, although precise data 
on this are lacking. 

Recommendation 

Prolonged whole body immersion in the water is 
the principal activity that influences the required 
chemical characteristics of recreational waters for 
bathing and swimming. 

The chemical characteristics of bathing and 
swimming waters should be such that water is 
nontoxic and nonirritating to the skin and the 
mucous membranes of the human body. (See also 
the Recommendations on p. 30.) 



WATER QUALITY CONSIDERATIONS FOR SPECIALIZED RECREATION 

The recreational enjoyment of water involves many ac·
tivities other than water contact sports. Some of these, such 
as boating, may have an adverse effect on the quality of 
water and require berthing and launching facilities that in 
themselves may degrade the aesthetic enjoyment of the 
water environment. Others, such as fishing, waterfowl 
hunting, and shellfish harvesting, depend upon the quality 
of water being suitable for the species of wildlife involved. 
Because they are water-related and either require or are 
limited by specific water-quality constituents for their con
tinuance, these specialized types of recreation are given 
individual attention. 

BOATING 

Boating is a water-based recreational activity that re
quires aesthetically pleasing water for its full enjoyment. 
Boats also make a contribution to the aesthetic and recre
ational activity scene as the sailboat or canoe glides about 
the water surface or the water skier performs. Boating 
activity of all types has an element of scale with larger and 
faster boats associated with larger waterbodies. Many of 
the problems associated with boating are essentially vio
lations of scale. 

Boating activities also have an impact on water quality. 
The magnitude of the impact is illustrated by recent esti
mates that there are more than 12 million pleasure boats in 
the United States (Outboard Boating Club 1971).235 More 
than 8 million of these are equipped with engines, and 
300,000 have sanitary facilities without pollution control 
devices. Because of the large number of boats in use, many 
bodies of water are now experiencing problems that ad
versely affect other water uses, such as public water supply, 
support of aquatic life, and other types of water-based 
recreation. 

The detrimental effect of boating on water quality comes 
from three principal sources: waste disposal systems, engine 
exhaust, and refuse thrown overboard. Discharges from 
waste disposal systems on boats are individually a small 
contribution to contamination and may not be reflected 
in water-quality sampling, but they represent a potential 

health hazard and an aesthetic nuisance that must be co 
trolled in or near designated swimming areas. Pathoge 
in human waste are probably the most important contarr 
nant in the discharges, because of their potential effect 1 
human health (see discussions on Special Requirements I 
Bathing and Swimming Waters, p. 30, and Shellfish, p. 3f 
Biochemical oxygen demand (BOD) and suspended soli 
(SS) are also involved in the discharges, but the quantiti 
are not likely to have any measurable effect on over; 
water quality. In view of this, it would appear that prima 
emphasis should be on the control of bacteria from sanita 
systems. 

The exhaust of internal combustion engines and the u 
burned fuel of the combustion cycle affect aesthetic enjc 
ment and may impart undesirable taste and odors to wat 
supplies and off-flavors to aquatic life. Crankcase exhaL 
from the two-cycle engine can discharge as much as 
per cent of the fuel to the water in an unburned sta 
while 10 to 20 per cent is common (Muratori 1968).233 0 
study showed that the use of 2.2-3.5 gal/acre-foot (usi 
an oil: fuel mixture of l: l i') will cause some indication 
fish flesh tainting, and about I) gal/ acre-foot result in seve 
tainting (English et al. 1963) .232 (For further discussions 
the effects of oil on environments, see Sections III and l 
on Freshwater and Marine Aquatic Life and ·wildlife.) 

34 

The amount of lead emitted into the water from an 01 

board motor burning leaded gasoline (0. 7 grams of le 
per liter) appears to be related to the size of the motor a 
the speed of operation. A 10-hp engine operated at one-h 
to three-fourths throttle was shown to emit int.a the wa1 
0.229 grams of lead per liter of fuel consumed, wherem 
5.6-hp engine operated at full throttle emitted 0.121 gra1 
per liter (English et al. 1963).232 

With respect to interference with other beneficial us 
it has been reported that a large municipal water works 
experiencing difficulties w:th oil on the clarification basii 
The oil occurs subsequent to periods of extensive weeke 
boating activity during the recreational season (Orsan 
Quality Monitor

0

1969).234 Moreover, bottles, cans, plasti 
and miscellaneous solid wastes commonly deface wat1 
where boaters are numerous, thereby degrading the ~ 

vironmcn t aesthetically. 



Waste discharge including sanitary, litter, sullage, or 
bilge from any water craft substantially reduces the water 
quality of harbors and other congested areas. The practice 
is aesthetically undesirable and may constitute a health 
hazard. When engine emissions from boats spread an oily 
film on water or interfere with beneficial uses, as in lowering 
the value of fish and other edible aquatic organisms by im
parting objectionable taste and odor to their flesh, restric
tions should be devised to limit engine use or reduce the 
emissions. 

Floating or submerged objects affect boating safety, and 
stray electrical currents increase corrosion as do corrosive 
substances or low pH values. Growth of hull-fouling orga
nisms is enhanced by the discharge of high-nutrient-bearing 
wastewaters. These conditions represent either a hazard to 
boating or an economic loss to the boat operator. 

Conclusion 

Water that meets the general recommendations 
for aesthetic purposes is acceptable for boating. 
(see Water Quality for Preserving Aesthetic Values, 
pp. 11-12.) 

Boats and the impact of boating on water quality 
are factors affecting the recreational and aesthetic 
aspects of water use and should be considered as 
such. 

AQUA TIC LIFE AND WILDLIFE 

Fish, waterfowl, and other water-dependent wildlife are 
an integral part of water-based recreation activities and 
related aesthetic values. Wildlife enhances the aesthetic 
quality of aquatic situations by adding animation and a 
fascinating array of life forms to an otherwise largely static 
scene. Observation of these life forms, whether for photo
graphic, educational nature study, or purely recreational 
purposes, is an aesthetically enriching experience. The 
economic importance and popularity of recreation involving 
the harvest offish, shellfish, waterfowl, and water-dependent 
furbearers have been discussed earlier. Water-quality char
acteristics recommended for the well-being of aquatic life 
and associated wildlife are discussed in detail in Sections 
III and IV on Freshwater and Marine Aquatic Life and 
Wildlife. 

Maintenance of Habitat 

Pressures placed on the aquatic environment by the in
creasing human population are of major concern. They 
often lead at least to disruption and occasionally to de
struction of related life-support systems of desired species. 
Examples of this are the complete elimination of aquatic 
ecosystems by the filling of marshes or shallow waters for 
commercial, residential, or industrial developments, or the 
sometimes chronic, sometimes partial, and sometimes total 
de5truction of aquatic communities by society's wastes. 
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Effects of cultural encroachment are often insidious rather 
than spectacular. Aesthetic values are gradually reduced, 
as is recruitment of water-associated wildlife populations. 

Maintenance of life-support systems for aquatic life and 
water-related wildlife requires adequately oxygenated water, 
virtual freedom from damaging materials and toxicants, 
and the preservation of a general habitat for routine ac
tivities, plus the critical habitat necessary for reproduction, 
nursery areas, food production, and protection from preda
tors. Each species has its specific life-support requirements 
that, if not adequately met, lead to depauperate populations 
or complete species climination. The life-support systems 
essential to the survival of desired aquatic life and wildlife 
are required for man to enjoy the full scope of water-related 
recreational and aesthetic benefits. 

Man is often in direct competition for a given habitat 
with many species of aquatic life and wildlife. In some 
areas, the use of specific waters for recreation based on 
aquatic life and wildlife may be undesirable for a number of 
reasons, including potential conflicts with other recreational 
activities. Limitations on the use of surface water capable 
of providing recreational wildlife observation, hunting, and 
fishing under practical management should not be imposed 
by unsuitable water quality. 

Variety of Aquatic Life 

Natural surface waters support a variety of aquatic life, 
and each species is of interest or importance to man for 
various reasons. While water-based recreation often evokes 
thoughts of fishing, there are a number of other important 
recreational activities, such as skin diving, shell and insect 
collecting, and photography, that also benefit from the 
complex interrelationships that produce fish. A variety of 
aquatic life is intrinsic to our aesthetic enjoyment of the 
environment. Urban waterbodies may be the only local 
sites where residents can still conveniently observe and 
contemplate a complete web of life, from primary producers 
through predators. 

Reduction in the variety of aquatic life has long been 
widely used as an indication of water-quality degradation. 
The degree of reduction in species diversity often indicates 
the intensity of pollution because, as a general rule, as 
pollution increases, fewer species can tolerate the environ
ment. Determining the extent of reduction can be ac
complished by studying the entire ecosystem; but the phe
nomenon is also reflected in the communitv structure of 
subcomponents, e.g., bottom animals, plankton, attached 
algae, or fish. Keup et al. (1967)236 compiled excerpts of 
early studies of this type. Mackenthun (1969)237 presented 
numerous case studies dealing with different types of pol
lutants, and Wilhm and Dorris (1968)238 have reviewed 
recent efforts to express diversity indices mathematically. 

While most water quality recommendations in Sections 
III and IV on Freshwater and Marine Aquatic Life and 
Wildlife are designed for specific and known hazards, it is 
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impossible to make recommendations which will protect 
all organisms from all hazards, including manipulation of 
the physical environment. In similar habitats and under 
similar environmental conditions, a reduction in variety of 
aquatic life (species diversity) can be symptomatic of an 
ecosystem's declining health and signal deterioration of 
recreational or other beneficial uses. In addition to mainte
nance of aquatic community structures, special protective 
consideration should be given sport, commercial, and en
dangered species of aquatic life and wildlife. 

Recommendations 

To maintain and protect aesthetic values and 
recreational activities associated with aquatic life 
and wildlife, it is recommended that the water 
quality recommendations in the Freshwater and 
Marine Aquatic Life and Wildlife reports (Sections 
III and IV) be applied. 

Since changes in species diversity are often as
sociated with changes in water quality and signal 
probable changes in recreational and aesthetic 
values, it is recommended that changes in species 
diversity be employed as indications that corrective 
action may be necessary. (See Section III on Fresh
water Aquatic Life and Wildlife, and Appendix 
II-B on Community Structure and Diversity 
Indices.) 

SHELLFISH 

Shellfish* are a renewable, manageable natural resource 
of considerable economic importance, and the water quality 
essential to their protection in estuarine growing areas is 
discussed by the panel on Marine Aquatic Life and Wildlife 
(Section IV). However, the impact of shellfish as related to 
recreational and aesthetic enjoyment is also important, al
though difficult to estimate in terms of time and money. 
Furthermore, because contaminated shellfish may be har
vested by the public, it is necessary to protect these people 
and others who may eat the unsafe catch. 

Clams and oysters are obtained from intertidal areas, 
and these marine species have an unusual ability to act as 
disease vectors and to accumulate hazardous materials from 
the water. As more people are able to seek them in a sports 
fishery, the problems of public health related to these 
animals intensify. 

Because the intent here is to protect persons engaged in 
recreational shellfishing, consideration will be given to 
numerous factors which affect shellfish and their growing 
areas. These include bacteriological quality, pesticides, 
marine biotoxins, trace metals, and radionuclides. 

Recreational shellfishing should be limited to waters of 
quality that allow harvesting for direct marketing. Epi-

* As used here, the term "shellfish" is limited to clams, oysters, and 
mussels. 

demiological evidence accumulated through 46 years 
operation under the federal-state cooperative Natior 
Shellfish Sanitation Program (NSSP) demonstrated reaso 
able safety in taking shellfish from approved growing are: 

The water quality criteria for determining an "approv 
growing area" are the basis of the standards given in t 
National Shellfish Sanitation Program Manual of Op< 
ations, Part 1, Sanitation of Shellfish Growing Areas (PHS P1 
No. 33, 1965).261 The growing area may be designated 
"approved" when: 

(a) the sanitary survey indicates that pathogenic mic1 
organisms, radionuclides, or toxic wastes do not reach t 
area in dangerous concentrations ; and 

(b) potentially dangerous concentrations are verified 
laboratory findings whenever the sanitary survey indica 
the need. 

Bacteriological Quality 

Clams and oysters, which are capable of concentrati 
bacteria and viruses, are among the few animals eat 
alive and raw by man. For these reasons, the consumpti 
of raw shellfish harvested from unclean or polluted wat1 
is dangerous. Polluted water, especially that receivi 
domestic sewage, may contain high numbers of bacte1 
normally carried in the feces of man and other anima 
Although these bacteria may not themselves be harmf 
the danger exists that pathogenic bacteria and viruses m 
also be present (Lumsden et al. 1925, 250 Old and C 
l 946, 257 Mason and McLean 1962, 251 Mosley l 964a, 
l964b;255 Koff et al. 1967).248 Shellfish are capable 
pumping prodigious quantities of water in their feedi 
and concentrating the suspended bacteria and viruses. T 
rate of feeding in shellfish is temperature-dependent, w 

the highest concentrating and feeding rate occurring 
warm water above 50 F and almost no feeding occurri 
when the water temperatures approach 32 F. Therefo 
shellfish meat in the winter months will have a lov 
bacterial concentration than in the summer months (G 
bard et al., 1942) .246 The National Shellfish Sanitati 
Program determines the bacteriological quality of comm 
cial shellfish harvesting areas in the following manner: 

• examinations are conducted in accordance with 1 

recommended procedures of the American Pu!: 
Health Association for the examination of seawa 
and shellfish : 

• there must be no direct discharges of inadequat1 
treated sewage; 

• samples of water for bacteriological examination; 
collected under those conditions of time and t 
which produce maximum concentrations of bacter 

• the coliform median most probable number (MP 
of the water does not exceed 70 per 100 ml, and 1 
more than IO per cent of the samples ordinar 
exceed an MPN of 230 per 100 ml for a five-tu 



decimal dilution test (or 330 per 100 ml for a three
tube decimal dilution test) in those portions of the 
area most probably exposed to fecal contamination 
during the more unfavorable hydrographic and pol
lution conditions; and 

• the reliability of nearby waste treatment plants is 
considered before areas for direct harvesting are 
approved. 

Recommendation 

Recreational harvesting of shellfish should be 
limited to areas where water quality meets the 
National Shellfish Sanitation Program Standards 
for approved growing areas. 

Pesticides 

Pesticides reach estuarine waters from many sources in
cluding sewage and industrial waste discharge, runoff from 
land used for agriculture and forestry, and chemicals used 
to control aquatic vegetation and shellfish predators. Once 
pesticides are in the marine environment, they are rapidly 
accumulated by shellfish, sometimes to toxic concentrations. 
Organochlorine compounds are usually the most toxic and 
frequently have a deleterious effect at concentrations near 
0.1 µg/l in the ambient water (Butler 1966b).240 Lowe 
(I 965 )249 observed that DDT at a concentration of 0.5 µg/l 
in water was fatal to juvenile blue crabs ( Callznectes sapidus) 
in a few days. 

The biological magnification of persistent pesticides by 
mollusks in the marine environment may be very pro
nounced. Butler (1966a) 239 observed that DDT may be 
concentrated to a level 25,000 times that found in sur
rounding sea water within 10 days. In some instances, de
pending upon water temperature, duration of exposure, and 
concentration of DDT in the surrounding water, biological 
magnification may be 70,000 times (Butler l 966b).24o Some 
shellfish species, particularly blue mussel (Mytilus edulis), 
appear to have a higher concentration factor than other 
species (Modin 1969,253 Foehrenbach 1972).245 

In 1966, a nationwide surveillance system was initiated 
by the U.S. Bureau of Commercial Fisheries to monitor 
permanent mollusk populations and determine the extent 
of pesticide pollution in North American estuaries. Butler 
( 1969) 241 reported that sampling during the first three years 
did not indicate any consistent trends in estuarine pesticide 
pollution. Distinct seasonal and geographical differences in 
pollution levels were apparent. Pesticides most commonly 
detected in order of frequency were DDT (including its 
metabolites), endrin, toxaphene, and mirex. The amounts 
detected in North American estuaries varied. In Wash
ington, less than 3 per cent of the sampled shellfish were 
contaminated with DDT. Residues were always less than 
0.05 mg/1. On the Atlantic Coast, DDT residues in oysters 
varied from less than 0.05 mg/I in marine estuaries to less 
than 0.5 mg/l in others. In a monitoring program for 
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TABLE 1-4-Recommended Guidelines for Pesticide Levels 
in Shellfish 

Aldrin• ................. . 
BHC 
Chlordane...... . 
DDT) 
DDE) ANY DNE OR ALL, 
DDD) 
D11ldrin• 
Endrin• 
Heptachlor• 
Heptach1or Epoxide• 
Lmdane .. . .. . . . 
Methoxychlor . . . 
2,4·D . 

Pesticide 

NOT TO EXCEED 

Concentration in shellfish 
(ppm-drained wei1ht) 

0.20 
0.20 
0.03 

1.50 

0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.50 

• It is recommended that ii the combined values obtained for Aldrin, D11ldrin, Endrin, Heptachlor, and Heptachlor 
Epoxide exceed 0.20 ppm, such values be considered as"alert"levels which indicate the need for increased samp'int 
until results indicate the levels are receding. It IS further recommended that when the combined values for the 
above Hve pesticides reach the 0.25 ppm level, the areas be closed until ii can be demonstrated that the levels are 
receding. 

U.S. Department of Health, Education and Welfare, Public Health SerVlce 1988.252 

chlorinated hydrocarbon pesticides in estuarine organisms 
in marine waters of Long Island, New York, Foehrenbach 
(1972) 245 found that residues of DDT, DDD, DDE, and 
dieldrin in shellfish were well within the proposed limits of 
the 6th National Shellfish Sanitation Workshop (1968)262 
(see Table 1-4). For most cases, the levels detected were 
l 0- to 20-fold less than the recommendations for DDT and 
its metabolites, and in many instances concentrations in 
the shellfish were lower by a factor of 100. 

Although pesticide levels in many estuaries in the United 
States are low, the marked ability of shellfish to concentrate 
pesticides indicates that the levels approached in waters 
may be considered significant in certain isolated instances 
(Environmental Protection Agency 1971).244 

Recommendation 

Concentrations of pesticides in fresh and marine 
waters that provide an adequate level of protection 
to shellfish are recommended in the Freshwater 
and Marine Aquatic Life and Wildlife Reports, 
Sections III and IV. Levels that protect the human 
consumer of shellfish should be based on pesticide 
concentrations in the edible portion of the shell
fish. Recommended human health guidelines for 
pesticide concentrations in shellfish have been sug
gested by the 6th National Shellfish Sanitation 
Workshop (1968)262, Table I-4. They are recom
mended here as interim guidelines. 

Marine Biotoxins 

Paralytic poisoning due to the ingestion of toxic shellfish, 
while not a major public health problem, is a cause of 
concern to health officials because of its extreme toxicity, 
and because there is no known antidote. Up to 1962, more 
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than 95 7 cases of paralytic shellfish poisoning are known 
to have occurred, resulting in at least 222 deaths in the 
United States (Halstead 1965).24 

Paralytic shellfish poison is a non-protein, acid-stable, 
alkali-labile biotoxin nearly 10,000 times as lethal as sodium 
cyanide. The original source of the poison is a species of 
unicellular marine dinoflagellates, genus Gonyaulax. Gony
aulax cantenella, perhaps the best known of the toxic dino
flagellates, is found on the Pacific Coast. Gonyaufax tamarensis 

is the causative organism of paralytic shellfish poison on 
the Atlantic Coast of Canada and the northern United 
States. Other dinoflagellate species have been identified in 
outbreaks of paralytic shellfish poisoning outside the United 
States (Halstead 1965).247 

Mollusks and other seashore animals may become poison·· 
ous if they consume toxic planktonic algae. Mussels and 
clams are the principal species of edible mollusks that 
reach dangerous levels of toxicity. Although oysters can 
also become toxic, their apparent uptake of toxin is usually 
lower; and they are usually reared in areas free of toxin 
(Dupuy ;md Sparks 1968). 243 

The level of toxicity of shellfish is proportional to the 
number and poison content of Gonyaulax ingested. When 
large numbers of Gonyaulax are present in the water, shellfish 
toxicity may rise rapidly to dangerous levels (Prakash and 
Medcof 1962).258 The extent of algal growth depends on 
the combination of nutrients, salinity, sunlight, and temper
ature. Massive blooms of algae are most likely to occur in 
the warm summer months. In the absence of toxic algae, 
the poison that had been stored in the shellfish is eliminated 
by a purging action over a period of time (Sommer and 
Meyer 193 7). 260 

Although Gonyaulax only blooms in the warmer months, 
shellfish are not necessarily free from toxin during the rest 
of the year, as there is great variation in the rates of uptake 
and elimination of the poison among the various species of 
mollusks. It is possible for certain species to remain toxic 
for a long period of time. Butter clams, for example, store 
the toxin for a considerable length of time, especially under 
cold climatic conditions (Chambers and Magnusson 
1950).242 

Cooking by boiling, steaming, or pan frying does not 
remove the danger of intoxication, although it does reduce 
the original poison content of the raw meat to some extent. 
Pan frying seems to be more effective than other cooking 
methods in reducing toxicity probably because higher 
temperatures are involved. If the water in which shellfish 
have been boiled is discarded, most of the toxin will be 
removed (McFarren et al. 1965).252 

A chemical method for the quantitative determination of 
the poison has been devised, but the most generally used 
laboratory technique for determining the toxicity of shellfish 
is a bioassay using mice. The toxin extracted from shellfish 

is injected into test mice and the length of time elapsi1 
from injection of the mice to the time of their death c: 
be correlated with the amount of poison the shellfish co 
tain. The quantity of paralytic shellfish poison produci 
death is measured in mouse units. 

Recommendation 

Since there is no analytical measurement for ti 
biotoxin in water, shellfish should not be harvest• 
from any areas even if "approved" where analy~ 
indicates a Gonyaulax shellfish toxin poison co1 
tent of 80 micrograms or higher, or where 
Ciguoteria-like toxin r~~aches 20 mouse units p 
100 grams of the edibl<e portions of raw shellfil 
meat. 

Trace Metals 

The hazard to humans of consuming shellfish containi1 
toxic trace metals has been dramatized by outbreaks 
Minimata in Japan. Pringle et al. (1968)259 noted that t: 
capacity of shellfish to concentrate in vivo some metals 
levels many hundred times greater than those in the e 
vironment means that mollusks exposed to pollution m; 
contain quantities sufficient to produce toxicities in t. 
human consumer. 

Recommendation 

Concentrations of metals in fresh and marit 
waters that provide an adequate level of protectic 
to shellfish are recommended in the Freshwat, 
and Marine Aquatic l.ife and Wildlife Section 
III and IV. Recommendations to protect the hl 
man consumer of shellfish should be based on trac 
metal content of the edible portions of the shel 
fish, but necessary data to support such reco11 
mendations are not currently available. 

Radionuclides 

Radioactive wastes entering water present a potent 
hazard to humans who consume shellfish growing in su 
water. Even though radioactive material may be discharg 
into shellfish growing waters at levels not exceeding t 
applicable standards, it is possible that accumulation 
radionuclides in the aquatic food chain may make t 
organisms used as food unsafe. The radionuclides Zn65 a· 
P 32 (National Academy of Sciences 1957)256 are known 
be concentrated in shellfish by five orders of magnitu 
(105). Therefore, consideration must be given to radioacti 
fallout or discharges of wastes from nuclear reactors a1 
industry into shellfish growtng areas. For further discussi1 
of this subject see Section IV, Marine Aquatic Life a1 
Wildlife, p. 270. 
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WILD AND SCENIC RIVERS 

There are still numerous watersheds in the United States 
that are remote from population centers. Almost inaccessible 
and apparently free from man's developmental influences, 
these watersheds are conducive to mental as well as physical 
relaxation in the naturalness of their surroundings. To as
sure the preservation of such natural beauty, the Wild and 
Scenic Rivers Act of 1968 established in part a national 
system of wild and scenic rivers (U.S. Congress 1968).269 

Eight rivers designated in the Act in whole or in part 
constituted the original components of the system: 

1. Clearwater, Middle Fork, Idaho 
2. Eleven Point, Missouri 
3. Feather, California 
4. Rio Grande, New Mexico 
5. Rogue, Oregon 
6. Saint Croix, Minnesota and Wisconsin 
7. Salmon, Middle Fork, Idaho 
8. Wolf, Wisconsin 

All or portions of 27 other rivers were mentioned specifi
cally in the Act as being worthy of inclusion in the system 
if studies to be conducted by several federal agencies showed 
their inclusion to be feasible. Certainly there are many more 
rivers in the nation worthy of preservation by state and 
local agencies (U.S. Department of the Interior, Bureau of 
Outdoor Recreation, 1970).270 In Kentucky alone, it was 
found that 500 streams and watersheds, near urban areas, 
would serve purposes of outdoor recreation in natural en
vironments (Dearinger 1968).264 

Characteristically, such wild river areas are: (a) accessible 
to man in only limited degrees; (b) enjoyed by relatively 
few people who actually go to the site; (c) visited by scout 
troops or other small groups rather than by lone indi
viduals; and ( d) productive of primarily intangible, aesthetic 
benefits of real value though difficult to quantify (U.S. 
Outdoor Recreation Resources Review Commission 1962.271 

Sonnen et al. 1970267). 

The quality of natural streams is generally good, pri
marily because man's activities leading to waste discharges 

39 

are minimal or nonexistent in the area.* However, fecal 
coliform concentrations in some natural waters have been 
found to be quite high following surface runoff (Betson and 
Buckingham unpublished report 1970 ;273 Kunkle and Meiman 
196 7266), indicating the possible presence of disease-causing 
organisms in these waters. The sources of fecal coliforms in 
natural waters are wild and domestic animals and birds, 
as well as human beings who occasionally visit the area. 
Barton (1969)263 has also reported that natural areas may 
contribute significant loads of nitrogen, phosphorus, and 
other nutrients to the streams that drain them. These 
chemicals can lead to algal blooms and other naturally 
occurring but aesthetically unpleasant problems. Barton 
(1969)263 also points out the paradox that a significant 
contributor to pollution of natural waters is the human 
being who comes to enjoy the uniquely unpolluted environ
ment. In addition to water-quality degradation, man also 
contributes over one pound per day of solid wastes or refuse 
in campgrounds and wilderness areas, a problem with which 
the Forest Service and other agencies must now cope 
(Spooner 1971).268 

This discussion has concentrated on Wild and Scenic 
rivers. However, similar consideration should be given to 
the recognition and preservation of other wild stretches of 
ocean shoreline, marshes, and unspoiled islands in fresh 
and salt waters. 

WATER BODIES IN URBAN AREAS 

Many large water bodies are located near or in urban and 
metropolitan areas. These waters include major coastal 
estuaries and bays, portions of the Great Lakes, and the 
largest inland rivers. Characteristically, these waters serve 
a multiplicity of uses and are an economic advantage to the 

* Some of the least mineralized natural waters are those in high 
mountain areas fed ~y rainfall or snowmelt running across stable 
rock formations. One such stream on the eastern slope of the Rocky 
Mountains has been found to have total dissolved 110lids concentra
tions often below 50 mg/ 1, coliform organism concentrations of 0 
to 300/ml, and turbidities of less than 1 unit (Kunkle and Mciman 
1967).266 
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region and to the nation as a whole. In addition to pro
viding water supplies, they have pronounced effects on local 
weather and make possible valuable aesthetic and recre
ational pleasures, ranging from simple viewing to fishing 
and boating. 

Large urban waterways, because of their location in 
densely populated areas, are heavily used commercially 
and are also in great demand for recreational and aesthetic 
purposes. Consequently, although swimming and other con
tact activities cannot always be provided in all such waters, 
quality levels supportive of these activities should be en·
couraged. 

Water flow in the urban stream tends to be variable and 
subject to higher and more frequent flood flows than under 
"natural conditions," because storm water runoff from 
buildings and hard-surfaced areas is so complete and rapid. 
The impaired quality of the water may be due to storm water 
runoff, upstream soil erosion, or sewage discharges and low 
base flow. Whitman (I 968)272 surveyed the sources of pol·· 
lution in the urban streams in Baltimore and Washington 
and reported that sewer malfunctions, many of which might 
be eliminated, were the largest causes of poor water quality. 
In large metropolitan areas with either separate or com·· 
bined sewer systems, pollution of the urban waterway can 
be expected during heavy rainstorms when the streams may 
contain coliform concentrations in the millions per 100 ml. 
In addition, these flood waters flow with treacherous swift·· 
ness and are filled with mud and debris. 

Small urban streams are even more numerous. Although 
these may have only intermittent flow, they have the ca·· 
pacity to provide considerable opportunities for a variety 
of water-related recreation activities. Unfortunately, these 
in-city streams are more often eyesores than they are com
munity treasures. Trash, litter, and rubble are dumped 
along their banks, vegetation is removed, channels are 
straightened and concrete stream beds are constructed or 
even roofed over completely to form covered sewers. 

This abuse and destruction of a potential economic and 
social resource need not occur. The urban stream can be 
made the focal point of a recreation-related complex. The 
needs of the cities are many, and not the least of them is 
the creation of a visually attractive urban environment in 
which the role of water is crucial. 

The reclamation of downtown sections of the San Antonio 
River in the commercial heart of San Antonio, Texas, is 
perhaps the best known and most encouraging example of 
the scenic and cultural potential of America's urban streams 
(Gunn et al. 1971).266 From a modest beginning with WPA 
labor in the mid-1930's, the restoration of about a one-mile 
portion of the river threading its way through the central 
business district has resulted in the creation of the Paseo 
Del Rio, or River Walk. Depressed below the level of 
adjacent streets, heavily landscaped with native and tropical 
vegetation, the river is bordered with pleasant promenades 
along which diners relax in outdoor cafes. Fountains and 

waterfalls add to the visual attractiveness, and open barg 
carry groups of tourists or water-borne diners to histm 
buildings, restaurants, clubs, and a River Theater. Mo 
popular with both local residents and tourists each year, t 
River Walk has proved to be a sign:ficant social and ec 
nomic development, attracting commercial enterprises 
a previously blighted and unattractive area. The Riv 
Walk is widely visited and studied as a prototype for urb; 
river reclamation, and it demonstrates that urban rive 
can serve as the environmental skeleton on which an enti 
community amenity of major proportions can be built. 

OTHER WATERS OF SPECllAL VALUE 

Between the remote and seldom used waters of Ameri1 
at one extreme and the urban waterways at the other a 
many unique water recreation spots that are visited ar 
enjoyed by large numbers of tourists each year. Amor 
these are Old Faithful, Crater Lake, The Everglades, ti 
Colorado River-Grand Canyon National Park, and Lal 
Tahoe. These ecologically or geologically unique wate 
are normally maintained in very nearly their natural co1 
ditions, but access to them is freer and their moneta1 
value is greater than that of the wild rivers. To man 
however, their aesthetic value will always be greater th;; 
their monetary value. It is obviously impossible to establi: 
nationally applicable qualilty recommendations for sue 
waters. (It would be ludicrous, for example, to expect 0 
Faithful to be as cool as Crater Lake, or The Everglad 
as clear as Lake Tahoe.) Nonetheless, responsible agenci 
should establish recommendations for each of these wate 
that will protect and preserve their unique values. 

Municipal raw water supply reservoirs are often a p 
tential source of recreation and aesthetic enjoyment. Pei 
odic review of the recreational restrictions to protect wat 
quality in such reservoirs could result in provision of a1 
ditional recreational and aesthetic opportunities. (See al 
the general Introduction, p. 3-4 regarding preservati< 
of aquatic sites of scientific value.) 

Conclusions 

To preserve or enhance recreational and ae: 
the tic values: 

• water quality supportive of general recreation 
adequate to provide for the intended uses of wil 
and scenic rivers; 

• water quality supportive of general recreation 
adequate to protect or enhance uses of urba 
streams, provided that economics, Bow coll 
ditions, and safety considerations make the~ 
activities feasible; 

• special criteria are necessary to protect tb 
nation's unique recreational waters with regar 
to their particular physical, chemical, or bi<J 
fogical properties. 
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INTRODUCTION 

Modern water management techniques and a wide va
riety of available water treatment processes make possible 
the use of raw water of almost any quality to produce an 
acceptable public water supply. For this reason it is both 
possible and desirable to consider water management al
ternatives and treatment procedures in making recommen
dations on the quality of raw water needed for public 
supplies. Furthermore, these recommendations must be 
consistent with the effort and money it is reasonable to 
expect an individual, company, or municipality to expend 
to produce a potable water supply. Defining a reasonable 
effort including treatment processes involves consideration 
of present water quality, the degree of improvement in raw 
water that is attainable within the bounds of natural con
trols on water quality, and the help that can be expected 
from society in cleaning up its waters. In evaluating the 
basis for the recommendations in this Section, the Panel 
has left water management alternatives open wherever 
possible, but it has made certain arbitrary assumptions 
about the treatment process. 

The federal Drinking Water Standards for treated water 
for public supply (U.S. Department of Health, Education 
and Welfare, Public Health Service 1962, hereafter referred 
to as PHS 19626)* are under review and revision, but the 
final standards were not available to the Panel on Public 
Water Supplies at the time of publication of this Report. 
The Panel did, however, have access to the data, references, 
and rationale being considered in the revision of Drinking 
Water Standards, and these have had a major influence on 
recommendations in this report 

THE DEFINED TREATMENT PROCESS 

Surface water supplies characteristically contain sus
pended sediment in varying amounts and are subject to 
bacterial and viral contamination. Therefore, it is assumed 
that the following defined treatment, and no more, will 
be given raw surface water in a properly operated plant 
prior to human consumption. 

l. coagulation (less than about 50 milligrams per liter 

* Citations are listed at the end of the Section. They can be located 
alphabetically within subtopics or by their superior numbers which 
run consecutively across subtopics for the entire Section. 

(mg/I) alum, ferric sulfate, or copperas with alkali or aci1 
addition as necessary but V\-ithout coagulant aids or acti 
vated carbon); 

2. sedimentation (6 hours or less); 
3. rapid sand filtration (three gallons per square foe 

per minute or more); 
4. disinfection with chlorine (without consideration 

concentration or form of chlorine residual). 

The panel recognizes that on the one hand some ra1 
surface waters will meet federal Drinking Water Standard 
with no treatment other than disinfection, and that on th 
other hand almost any water, including sea water an1 
grossly polluted fresh water, can be made potable for 
price by available treatment processes already developec 
However, the defined treatment outlined above is con 
sidered reasonable in view of both the existing and generall 
attainable quality of raw surface waters, and the protectio 
made imperative by the current practice of using stream 
to transport and degrade wa:;tes. Assumption of 1he define1 
treatment process throughout this Section is not meant t, 

deny the availability, need, or practicality of other wate 
treatment processes. 

Unlike surface waters, ground waters characteristicall 
contain little or no suspended sediment and are largel 
free of and easily protected from bacterial and viral con 
tamination. (See Ground Water Characteristics below for sig 
nificant exceptions.) Therefore, no defined treatment is as 
sumed for raw ground water designated for use as a publi, 
supply, although here again this does not deny the avail 
ability, need, or practicality of treatment. Ground water 
should meet current federal Drinking Water Standards i1 
regard to bacteriological characteristics and content o 
toxic substances, thus permitting an acceptable publi1 
water supply to be produced with no treatment, providin1 
natural water quality is adequate in other respects. The 
recommendations in this section based on consideration 
other than bacterial content and toxicity apply to grounc 
waters as well as surface waters unless otherwise specified. 

WATER QUALITY RECOMMENDATIONS 

The Panel has defined water quality recommendation: 
as those limits of characteristics and concentrations of sub· 
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stances in raw waters that will allow the production of a 
safe, clear, potable, aesthetically pleasing and acceptable 
public water supply after treatment. In making these 
recommendations, the Panel recognized that most of the 
surface water treatment plants providing water for domestic 
use in the United States are relatively small, do not have 
sophisticated technical controls, and are operated by indi
viduals whose training in modern methods varies widely. 
The recommendations assume the use of the treatment 
process defined above but no more. 

Regional variations in natural water quality make it 
necessary to apply understanding and discretion when evalu
ating raw water quality in terms of the recommendations. 
Wherever water zoned for public supply fail to meet the 
recommendations in all respects, the recommendations can 
be considered the minimum goal toward which to work in 
upgrading water quality. In some instances the natural 
presence of certain constituents in raw water sources may 
make the attainment of recommended levels impractical 
or even impossible. When such constituents affect human 
health, the water cannot be used for public supply unless 
the constituent can be brought to Drinking Water Standards 
levels through a specially designed treatment process prior 
to distribution to consumers. Where health is not a factor, 
the natural level of the constituent prior to man-made ad
ditions can be considered a reasonable target toward which 
to work, although determination of "natural quality" may 
require considerable effort, expense, and time. 

The recommendations in this report should by no means 
be construed as latitude to add substances to waters where 
the e'xisting quality is superior to that called for in the 
recommendations. Degradation of raw water sources of 
quality higher than that specified should be minimized in 
order to preserve operational safety factors and economics 
of treatment. 

The Panel considered factors of safety for each of the 
toxic substances discussed, but numerical factors of safety 
have been employed only where data are available on the 
known no-effect level or the minimum effect level of the 
substances on humans. These factors were selected on the 
basis of the degree of hazard and the fraction of daily 
intake of each substance that can reasonably be assigned 
to water. 

The recommendations should be regarded as guides in 
the control of health hazards and not as fine lines between 
safe and dangerous concentrations. The amount and length 
of time by which values in the recommendations may be 
exceeded without injury to health depends upon the nature 
of the contaminant, whether high concentrations even for 
short periods produce acute poisoning, whether the effects 
are cumulative, how frequently high concentrations occur, 
and how long they last. All these factors must be considered 
in deciding whether a hazardous situation exists. 

Although some of the toxic substances considered are 
known to he associated with suspended solids in raw surface 
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waters and might thus be removed to some extent by the 
defined treatment process, the degree of removal of the 
various dissolved toxic substances is not generally known; 
and even if known, it could not be assured under present 
treatment practices. Therefore, in the interest of safety, it 
has usually been assumed here that there is no removal of 
toxic substances as a result of the defined treatment process. 

Substances not evaluated in this Section are not neces
sarily innocuous in public water supply sources. It would be 
impractical to prepare a compendium of all toxic, dele
terious, or otherwise unwelcome agents, both organic and 
inorganic, that may enter a surface water supply. In specific 
locations it may become necessary to consider substances 
not included in this section, particularly where local pol
lution suggests that a substance may have an effect on the 
beneficial use of water for public supplies. 

In summary: the recommendations in this Section for raw 

water quality for public supplies are intended to assure that the 

water will be potable-for surface water, with the defined treatment 

process; for ground water, with no treatment. For waters zoned for 

public supply but not meeting the recommendations in all respects, 

the recommendations can be considered a minimum target toward 

which efforts at upgrading the quality should be directed. In some 

instances the natural quality of raw water may make meeting 

certain recommendations impractical or even impossible. For con

stituents for which this is the case, and where health is not afactor, 

the natural quality of the water can be considered a reasonable 

target toward which to work, although determznation of "natural 

quality" m~y require considerable effort, expense, and time. Wherever 

water quality is found superior to that described zn the recommen

dations, efforts should be made to minimize its degradation. 

SAMPLING AND MONITORING 

The importance of establishing an effective sampling and 
monitoring program and the difficulties involved cannot be 
overemphasized. A representative sample of the water 
entering the raw water intake should be obtained. Multiple 
sampling, chronologically and spatially, may be necessary 
for an adequate characterization of the raw water body, 
particularly for constituents associated with suspended solids 
(Great Britain Department of the Environment 1971 ;3 

Brown et al. 1970 ;2 Rainwater and Thatcher 19604). Moni
toring plans should take into account the results of sanitary 
surveys (U.S. Department of Health, Education, and Wel
fare 1969 ;7 American Public Health Association, American 
Water Works Association, and \\Tater Pollution Control 
Federation 19711 hereafter referred to as Standard Methods 
19715) and the possibility of two types of water quality 
hazards: (I) the chronic hazard where constituent concen
trations are near the limit of acceptability much of the time, 
and (2) the periodic hazard caused by upstream release of 
wastes or accidental spills of hazardous substances into the 
stream. Samples for the determination of dissolved con
stituents only should be passed through a noncontaminat
ing filter at time of collection. 



52/Section JI-Public Water Supplies 

ANALYTICAL METHODS 

The recommendations are based on the use of analytical 
methods for raw water analysis as described in Standard 
Methods ( 1971). 5 Other procedures of similar scientific 
acceptability are continuously evolving but whatever the 
analytical procedure used, the panel assumes that it will 
conform to the statistical concepts of precision, accuracy, 
and reporting style discussed in the introduction to Standard 
Methods (1971). 5 Analytical results should indicate whether 
they apply to a filtered or unfiltered sample. 

GROUND WATER CHARACTERISTICS 

Development of water quality recommendations for 
ground water must provide for the significant differences 
between surface water and ground water. Ground water is 
generally not confined in a discrete channel. I ts quality 
can be measured in detail only with difficulty and at great 
expense. A thorough knowledge of the hydrologic char
acteristics of the ground water body can be obtained only 
after extensive study. Movement of ground water can be 
extremely slow so that contamination occurring in one part 
of an aquifer mat not become evident at a point of with
drawal for several, tens, hundreds, or even thousands of 
years. 

Wastes mix differently with ground waters than they do 
with surface waters. Where allowance for a mixing zone in 
the immediate vicinity of a waste outfall can be provided 
for in surface water standards under the assumption that 
mixing is complete within a short distance downstream, 
dispersion of waste in a ground water body may not be 
complete for many years. At the same time, the long re
tention time will facilitate bacterial or chemical reactions 
with aquifer components that result in removal or decompo
sition of a pollutant to the point where it no longer degrades 
the aquifer. Because these reactions are imperfectly known 
and cannot be predicted at the present time, it is necessary 
to monitor the movement of waste in a ground water body 
from the point of introduction outward. Bodies of ground 
water cannot be monitored adequately by sampling at the 
point of use. 

Inadvertent or careless contamination of fresh ground 
water bodies is occurring today from the leaching of ac
cumulated salts from irrigation, animal feed lots, road salt, 
agricultural fertilizers, dumps, and landfills, or from leakage 
of sewer lines in sandy soil, septic tank effluents, petroleum 
product pipelines, and chemical waste lagoons. Another 
source of contamination is the upward movement of saline 
water in improperly plugged wells and drill holes, or as the 
result of excessive withdrawal of ground water. Deep-well 
injection causes intentional introduction of wastes into saline 
ground water bodies. 

Because of their common use as private water supplies 
in rural areas, all geologically unconfined (water-table) 
aquifers could be placed in a classification comparable to 

that for raw surface waters used for public water supplies. 
Even though not all waters in these aquifers are suitable 
for use without treatment, such classification could be used 
to prohibit introduction of wastes into them. This in turn 
would restrict the use of landfills and other surface disposal 
practices. Limited use of the unsaturated zone for disposal 
of wastes would still be acceptable, provided that decompo· 
sition of organic wastes and sorption of pollutants in the 
zone of aeration were essentially complete before the drain 
water reached the water table. Bodies of artesian ground 
water in present use as public and private supplies could 
be similarly classified wherever their natural source of re· 
charge was sufficient to sustain the current yield and quality. 

Disposal of wastes in either of the above types of aquifers 
could be expressly forbidden on the basis of their classifi
cation as public water supplies. Furthermore, before dis
posal of wastes to the soil or bedrock adjacent to aquifers 
used or usable for public supply were permitted, it could 
be required that a geologic reconnaissance be made to de·· 
termine possible effects on ground water quality. 

Water quality recommcndatiions for raw ground waters 
to be used for public water supplies are more restrictive 
than water quality recommendations for raw surface water 
source because of the assumption that no treatment will be 
given to the ground waters. The distinction between surface 
and ground waters is therefore necessary for proper appli
cation of the recommendatiom. In certain cases this dis
tinction is not easily made. For example, collector wells in 
shallow river valley alluvium, wells tapping cavernous 
limestone, and certain other types of shallow wells may 
intercept water only a short distance away, or after only a 
brief period of travel, from the point at which it was surface 
water. Springs used as raw water sources present a similar 
problem. Choice of the appropriate water quality recom·· 
rnendations to apply to such raw water sources should be 
based on the individual situation. 

WATER MANAGEMENT CONSIDERATIONS 

The purpose of establishing water quality recommen·· 
elations and, subsequently, establishing water quality stand
ards is to protect the nation's waters from degradation and 
to provide a basis for improvement of their quality. These 
2ctions should not preclude the use of good water manage
ment practices. For example, it may be possible to supple
ment streamftow with ground water pumped from wells, or 
to replace ground water removed from an aquifer with 
surface water through artificial recharge. These other 
sources of water may be of lovver quality than the water 
0riginally present, but it should remain a management 
choice whether this lower quality is preferable to no water 
at all. In arid parts of the nation, water management 
practices of this sort have been applied for many years to 
partially offset the effects of "'mining" of ground water 
(i.e., its withdrawal faster than it can be recharged 
naturally). 



Furthermore, it is possible, by merely removing ground 
water from the aquifer, to degrade the quality of that 
remaining-by inducing recharge from a surface or ground 
water body of lesser quality. It does not seem reasonable 
to forbid the use of the high-quality water that is there 
because of this potential degradation. Of what value is it 
if it cannot be used? 

It would appear, then, that "degradation by choice" 
might be an alternative under certain conditions and 
within certain limits. This type of degradation is not com
parable to that resulting from disposal of wastes in the 
water body. It is simply the price exacted for using the 
water. In the case of mining without artificial recharge, 
the philosophy involved is the same as that applied to the 
mining of other nonrenewable resources such as metal 
ores or fossil fuels. Because considerations of recreation and 
aesthetics and the maintenance of fish and wildlife are 
generally not involved in this kind of management situation, 
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it is reasonable that water quality standards should provide 
for the mining and artificial recharge of bodies of ground 
water zoned for public supply. As in any water manage
ment program, it would be necessary to understand the 
hydrologic system and to monitor changes induced in the 
system by management activities. 

Preservation of water management choices can be pro
tected by water use classification. Classification of surface 
waters has not been based solely on the fact that those 
waters are being used for public supply at the present time. 
Presumably it has been based on the decision that the 
body of water in question should be usable for public 
supply with no more than the routine forms of water 
treatment, whether or not it is presently in use for that 
purpose. Conversely, failure to zone a body of water for 
public supply would not necessarily preclude its use for 
that purpose. Selective zoning could thus be used to assure 
desirable water management practices. 



ALKALINITY 

Alkalinity is a measure of the capacity of a water to 
neutralize acids. Anions of weak acids such as bicarbonate, 
carbonate, hydroxide, sulfide, bisulfide, silicate, and phos
phate may contribute to alkalinity. The species composition 
of alkalinity is a function of pH, mineral composition, 
temperature, and ionic strength. 

The predominant chemical system present in natural 
waters is the carbonate equilibria in which carbonate and 
bicarbonate ions and carbonic acid are in equilibrium 
(Standards Methods 197 l). 8 The bicarbonate ion is usually 
more prevalent. A water may have a low alkalinity but a 
relatively high pH value or vice versa, so alkalinity alone 
may not be of major importance as a measure of water 
quality. 

The alkalinity of natural waters may have a wide range. 
An alkalinity below 30 to 50 mg/I, as CaC03, may be too 
low to react with hydrolyzable coagulants, such as iron or 
aluminum salts, and still provide adequate residual alka-

linity to produce a water that is not excessively corrosive. 
Alkalinities below 25 mg/I, as CaC03, may also lead to 
corrosive waters when only chlorination is practiced, since 
there would be inadequate buffer capacity to prevent the 
pH from dropping appreciably (Weber and Stumm 1963).1 

Low alkalinity waters may be difficult to stabilize by 
calcium carbonate saturation which would otherwise pre
vent corrosion of the metallic parts of the system. 
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High alkalinity waters may have a distinctly unpleasant 
taste. Alkalinities of natural waters rarely exceed 400 to 
500 mg/I (as CaC03). 

Conclusion 

No recommendation can be made, because the 
desirable alkalinity for any water is associated with 
other constituents such :as pH and hardness. For 
treatment control, howE!ver, it is desirable that 
there be no sudden variations in the alkalinity. 



AMMONIA 

Ammonia may be a natural constituent of certain ground 
waters. In surface waters its concentration is normally 0.1 
mg/l or less as nitrogen. Higher levels are usually indicative 
of sewage or industrial contamination (McKee and Wolf 
1963). 30 

Ammonia consumes dissolved oxygen as a result of its 
biochemical oxidation to nitrite and nitrate. Reliance on 
the biochemical oxygen demand (BOD) test (Standard 
Methods 1971 33) for measuring the efficiency of sewage 
treatment and the quality of effluents has focused attention 
principally on the oxygen requirements of carbonaceous 
matter. Ammonia is therefore a common constituent of 
treated sewage, and much of the burden of satisfying the 
nitrogenous oxygen demand has, in general, been shifted 
from the sewage treatment plant to the receiving water 
(Sawyer and Bradney 1946, 32 Ludzack and Ettinger 1962,29 

Johnson and Schroepfer 1964, 2 4 Barth et al. 1966, 12 Cour
chaine 1968, 18 Barth and Dean 1970, 11 : Holden 1970,22 

Barth 197l,10 Great Britain Department of the Environment 
1971,21 Mt. Pleasant and Schlickenrieder 197131). 

Ammonia is sometimes corrosive to copper and copper 
alloys (LaQue and Copson 1963,26 Butler and Ison 196613); 

it is also a potential algal and microbial nutrient in water 
distribution systems (Larson 1939,27 Ingram and Macken
thun I 96323). 

Ammonia has a significant effect on the disinfection of 
water with chlorine. The reactions of ammonia with chlorine 
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result in the formation of chloramine compounds having 
markedly less disinfecting efficiency than free chlorine. 
Ammonia substantially increases the chlorine demand at 
water treatment plants that practice free-residual chlori
nation. Approximately 10 parts of chlorine per part of 
ammonia nitrogen are required to satisfy the ammonia 
chlorine demand (Butterfield et al. 1943, 16 Butterfield and 
Wattie 1946,15 Butterfield 1948,14 Fair et al. 1948,19 Kelly 
and Sanderson 1958,25 Clarke and Chang 1959,17 Laubusch 
197128

). It would therefore be desirable to have as low a 
level as possible in the raw water. 

However, since ammonia is present in ground water and 
in some surface water supply sources, particularly at cold 
temperatures, and since it can be removed by the defined 
treatment process with adequate chlorination, the cost of 
the treatment is the determining factor. In the previous 
edition of Water Quality Criteria (U.S. Department of the 
Interior, Federal Water Pollution Control Administration 
1968, 34 hereafter referred to as FWPCA 196820) a permis
sible level of 0.5 mg/I nitrogen was proposed. This is not a 
sacrosanct number, but it is considered to be tolerable. 

Recommendation 

Because ammonia may be indicative of pollution 
and because of its significant effect on chlorination, 
it is recommended that ammonia nitrogen in 
public water supply sources not exceed 0.5 mg/I. 



ARSENIC 

Arsenic, a metalloid that occurs ubiquitously in nature, 
can be both acutely and chronically toxic to man. Although 
no form of arsenic is known to be essential, arsenic has 
been added in small amounts to animal feed as a growth 
stimulant. For 1,577 surface water samples collected from 
130 sampling points in the United States, 87 samples showed 
detectable arsenic concentrations of 5 to 336 micrograms 
per liter (µg/l) with a mean level of64 µg/l (Kopp 1969). 50 

The chemical forms of arsenic consist of trivalent and 
pentavalent inorganic and organic compounds. It is not 
known which forms of arsenic occur in drinking water. 
Although' comb'nations of all forms are possible, it can be 
reasonably assumed that the pentavalent inorganic form is 
the most prevalent. Conditions that favor chemical and 
biological oxidation promote the shift to the pentavalent 
species; and conversely, those that favor reduction will 
shift the equilibrium to the trivalent state. 

Arsenic content in drinking water in most United States 
supplies ranges from a trace to approximately 0.1 mg/I 
(McCabe et al. 1970). 52 No adverse health effects have been 
reported from the ingestion of these waters. 

Arsenic has been suspected of being carcinogenic (Paris 
1820, 55 Sommers and McManus 1953, 60 Buchanan 1962, 38 

Frost 196 7, 45 Trelles et al. 1970, 61 Borgono and Greiber 
1972 36), but substantial evidence from human experience 
and animal studies now supports the position that arsenicals 
are not tumorigenic at levels encountered in the environ
ment (Snegireff and Lombard 1951, 58 Baroni et al. 1963, 35 

Boutwell 1963, 37 Hueper and Payne 1963, 47 Pinto and 
Bennett 1963,56 Kanisawa and Schroeder 1967,49 Milner 
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Several epidemiological studies in Taiwan (Chen and 
Wu 1962) 39 have reported a correlation between the in
creased incidence of hyperkertosis and skin cancer with 
consumption of water containing more than 0.3 mg/J 
arsenic. A similar problem has been reported in Argentina 
(Trelles et al. 1970). 61 Dermatological manifestations of 
arsenicism were noted in children of Antofagasta, Chile, 
who used a water supply containing 0.8 mg/I arsenic. A 
new water supply was provided, and preliminary data 
showed that arsenic levels in hair decreased (Borgono and 
Greiber 1972). 36 

Inorganic arsenic is absorbed readily from the gastro· 
intestinal tract, the lungs, and to a lesser extent from tht 
skin and becomes distributed throughout the body tissuei 
and fluids (Sollmann 195 7). 51 ' It is excreted via urine. 
feces, sweat, and the epithelium of the skin (Dupont et al 
1942, 44 Hunter et al. 1942, 4 ;: Lowry et al. 1942, 51 Ducofi 
et al. 1948,43 Crema 1955,40 Musil and Dejmal 1957).5 • 

During chronic exposure, arsenic accumulates mainly ir 
bone, muscle, and skin, and to a smaller degree in liver and 
kidneys. This accumulation can be measured by analysii 
of hair samples. After cessation of continuous exposure. 
arsenic excretion may last up to 70 days (DuBois and 
Ceiling 1959). 42 
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In man, subacute and chronic arsenic poisoning may be 
insidious and pernicious. In mild chronic poisoning, the 
only symptoms present are fatigue and loss of energy. The 
following symptoms may be observed in more severe intoxi
cation; gastrointestinal catarrh, kidney degeneration, ten· 
ency to edema, polyneuritis, liver cirrhosis, bone marro\.\I 
injury, and exfoliate dermatitis (DiPalma 1965, 41 Goodmau 
and Gilman 1965). 46 It has been claimed that individual! 
become tolerant to arsenic. However, this apparent effect 
is probably due to the ingestion of the relatively insoluble, 
coarse powder, since no true tolerance has been demon
strated (DuBois and Geiling l 959). 42 

The total intake of arsenic from food averages approxi
mately 900 µg/day (Schroeder and Balassa 1966).57 At a 
concentration of 0.1 mg/l and an average intake of 2 liters 
of water per day, the intake from water would uot exceed 
200 µg/day, or approximately 18 per cent of the total 
ingested arsenic. 

Recommendation 

Because of adverse physiological effects on hu
mans and because there fa inadequate information 
on the effectiveness of thE' defined treatment proc
ess in removing arsenic, it is recommended that 
public water supply sourc'.es contain no more than 
0.1 mg/I total arsenic. 



BACTERIA 

Procedures for the detection of disease-causing bacteria, 
viruses, protozoa, worms, and fungi are complex, time
consuming, and in need of further refinement to increase 
the levels of sensitivity and selectivity. Therefore, an indirect 
approach to microbial hazard measurement is required. 

Coliform bacteria have been used as indicators of sanitary 
quality in water since 1880 when Escherica coli (E. coli) and 
similar gram negative bacteria were shown to be normal 
inhabitants of fecal discharges. Although the total coliform 
group as presently recognized in the Drinking Water 
Standards includes organisms known to vary in charac
teristics, the total coliform concept merits consideration a' 
an indicator of sanitary significance, because the organisms 
are normally present in large numbers in the intestinal 
tracts of humans and other warm-blooded animals. 

Numerous stream pollution surveys over the years have 
used the total coliform measurement as an index of fecal con
tamination. However, occasional poor correlations to sani
tary significance result from the inclusion of some strains 
in the total coliform group that have a wide distribution in 
the environment and are not specific to fecal material. 
Therefore, interpretation of total coliform data from sewage, 
polluted water, and unpolluted waters is sometimes difficult 
For example, Enterobacter (Aerobacter) aerogenes and Entero
bacter cloacae can be found on various types of vegetation 
(Thomas and McQuillin 1952, 78 Fraser et al. 1956, 66 

Geldreich et al. 1964,73 Papavassiliou et al. 196775), in soil 
(Frank and Skinner 1941, 65 Taylor 1951, 77 Randall 1956, 7s 

Geldreich et al. l 962b72
), and in water polluted in the past. 

Also included are plant pathogens (Elrod 1942) 62 and other 
organisms of uncertain taxonomy whose sanitary significance 
is questionable. All of these coliform subgroups may be 
found in sewage and in polluted water. 

A more specific bacterial indicator of warm-blooded ani
mal contamination is fecal coliform, defined as those coli
form that can ferment lactose at 44.5 C to produce gas in a 
multiple tube procedure (U.S. Department of Interior, 
Federal Water Pollution Control Administration 196679 

hereafter referred to as (FWPCA 1966) 64 or acidity in the 
membrane filter procedure (M-FC medium: Geldreich 
et al. 1965). 71 Research showed that 96.14 per cent of the 
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coliform in human feces was positive by this test (Geldreich 
et al. l 962a). 70 Examination of the excrement from other 
warm-blooded animals, including livestock, poultry, cats, 
dogs, and rodents indicates that fecal coliform contribute 
93.0 per cent of the total coliform population (FWPCA 
1966), 64 Geldreich et al. 1968). 68 

At the present time, the only data available from numer
ous freshwater stream pollution studies on a correlation of 
pathogen occurrence with varying levels of fecal coliform 
are for Salmonella ( Geldreich 1970, 67 Geldreich and Bordner 
1971 69). These data indicate a sharp increase in the fre
quency of Salmonella detection when fecal coliform densities 
are above 200 per 100 milliliters (ml). For densities of l to 
200/100 ml, 41 examinations showed 31.7 per cent positive 
detection of Salmonella. For densities of201to1,000/100 ml, 
30 examinations showed 83 per cent positive detection. For 
densities of 1,000 to 2,000, 88.5 per cent positive detection 
was found in 17 examinations, and for densities above 
2,000, 97 .6 per cent positive detection was found in 123 
examinations. 

The significance is further illustrated by a bacterial 
quality study at several water plant intakes along the 
Missouri River. When fecal coliform exceeded 2,000 orga
nisms per l 00 ml, Salmonella, Poliovirus types 2 and 3, and 
ECHO virus types 7 and 33 were detected (Environmental 
Protection Agency 1971). 63 Any occurrence of fecal coli
form in water is therefore prime evidence of contamination 
by wastes of some warm-blooded animals, and as the fecal 
coliform densities increase, potential health hazards become 
greater and the challenge to water treatment more de
manding. 

A study of the bacteriological quality of raw water near 
six public intakes along the Ohio River showed that of 18 
monthly values with maximum total coliform densities in 
excess of 10,000 organisms per 100 ml, 12 were not paralleled 
by fecal coliform densities above 2,000 organisms per 100 
ml (ORSANCO Water Users Committee 1971). 74 The 
fecal coliform portion of these total coliform populations 
ranged from 0.2 to 12 per cent. Data from the Missouri 
River study showed total coliform densities at water intakes 
to be frequently in excess of 20,000 organisms per 100 ml 
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with concurrent fecal coliform densities above 2,000 (En
vironmental Protection Agency 1971). 63 This indicates less 
coliform aftergrowth, but proportionately more recent fecal 
pollution. 

The major limitation to the total coliform index is the 
uncertain correlation to the occurrence of pathogenic micro
organisms. However, fecal coliform occurrences in water 
reflect the presence of fecal contamination, which is the 
most likely source for pathogens. 

Total coliform measurements may be used as an al
ternative 1:0 fecal coliform measurements with the realization 
that such data are subject to a wide range of density 
fluctuations of doubtful sanitary significance. 

A well-operated plant using the defined treatment to 
process raw surface water meeting the recommendations 

below can be expected to me~t a value of l total coliforn 
per 100 ml with proper chlorination practice. When coli 
form counts in raw surface water approach the recommen 
dations, both pre- and post-chlorination may be requirec 
to achieve proper disinfection. 

Recommendation 

In light of the capabilities of the defined treat· 
ment process for raw surface waters and the sta· 
tistical correlations mentioned, it is recommendec 
that the geometric means of fecal coliform anc 
total coliform densities in raw surface water source! 
not exceed 2,000/100 ml and 20,000/100 ml, re· 
spectively. 



BARIUM 

Barium (Ba) ingestion can cause serious toxic effects on 
the heart, blood vessels, and nerves. Barium enters the body 
primarily through air and water, since essentially no food 
contains barium in appreciable amounts. 

The solubility product of barium sulfate indicates that 
1.3 mg/I sulfate ion limits the solubility of barium to 1.0 
mg/1. There is some evidence that barium may be ad
sorbed by oxides or hydroxides of iron and manganese 
(Ljunggren 1955). 83 For the public water supplies of the 
100 largest cities in the United States, the median barium 
concentration was 0.05 mg/I with a range of 0.01 to 0.058 
mg/I. For l,577 samples of surface waters collected in 130 
locations in the United States the barium concentration in 
l,568 samples ranged from 2 to 340 µg/l with a mean of 
43 µg/l (Kopp 1969). 82 

Barium is recognized as a general muscle stimulant, 
especially of the heart muscle (Sollmann 1957). 85 The fatal 
dose for man is considered to be from 0.8 to 0.9 grams(g) 
as the chloride (550 to 600 mg Ba). Most fatalities have 
occurred from mistaken use of barium salts incorporated in 
rat poison. Barium is capable of causing nerve block 
(Lorente and Feng 1946) 84 and in small or moderate doses 
produces transient increase in blood pressure by vaso
constriction ( Gotsev 1944). 81 

There apparently has been no study made of the amounts 
of barium that can be tolerated in drinking water, nor any 
study of the effects of long-term feeding of barium salts 
from which a standard might be derived. The present 
barium standard has been developed from the barium-in-air 
standard, 0.5 mg/cubic meter (m 3

) (American Conference 
of Governmental Industrial Hygienists 1958), 80 based on 
the retention of inhaled barium dusts, and an estimate of 
the possible adsorption from the intestines (Stokinger and 
Woodward 1958). 86 This value is 2 mg/I. The air standard 
provides no indication of the inclusion of a factor of safety. 
Therefore, it is reasonable to provide a factor of safety of 
2 for protection of heterogeneous population. 

Recommendation 

Because of the adverse physiological effects of 
barium, and because there are no data on the 
effectiveness of the defined treatment process on 
its removal, it is recommended that a limit for 
barium of 1 mg/l not be exceeded in public water 
supply sources. 

BORON 

The previous Report of the Committee on ·water Quality 
Criteria (FWPCA 1968) 87 recommended a permissible limit 
of I mg/I for boron. When a new Drinking Water Standards 
Technical Review Committee was established in 1971, it 
determined that the evidence available did not indicate 
that the suggested limit of 1 mg/I was necessary. More 
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information is required before deciding whether a specific 
limit is needed for physiological reasons. 

Whenever public water supplies are used to irrigate 
plants, boron concentrations may be of concern because 
of the element's effect on many plants. For consideration 
of the possible effect of boron on certain irrigated plants, 
see Section Von Agricultural Uses of Water (p. 341). 



CADMIUM 

Cadmium is biologically a nonessential, nonbeneficial 
element. The possibility of seepage of cadmium into ground 
water from electroplating plants was reported in 1954 when 
concentrations ranging from 0.01 to 3.2 mg/l were recorded 
(Lieber and Welsch 1954).97 Another source of cadmium 
contamination in water may be zinc-galvanized iron in 
which cadmium is a contaminant. For 1,577 surface water 
samples collected at 130 sampling points ip the United 
States, 40 samples showed detectable concentrations of 1 
to 20 µg/l of cadmium with a mean level of 9.5 µg/l. Six 
samples exceeded 10 µg/1 (Kopp 1969). 95 

Cadmium is an element of high toxic potential. Evidence 
for the serious toxic potential of cadmium is provided by: 
poisoning from cadmium-contaminated food (Frant and 
Kleeman 1941)92 and beverages (Cangelosi 1941);88 epi
demiologic evidence that cadmium may be associated with 
renal arterial ·hypertension under certain conditions 
(Schroeder 1965) ;102 epidemiologic association of cadmium 
with ltai-itai disease in Japan (Murata et al. 1970);99 and 
long-term oral toxicity studies in animals (Fitzhugh and 
Meiller 1941,91 Ginn and Volker 1944,93 Wilson and DeEds 
1950).104 

Symptoms of violent nausea were reported for 29 school 
children who had consumed fruit ice sticks containing 13-15 
mg/I cadmium (Frant and Kleeman 1941).92 This would be 
equivalent to 1.3 to 3.0 mg of cadmium ingested. 

It has been stated that the concentration and not the 
absolute amount determines the acute toxicity of cadmium 
(Potts et al. 1950).101 Also, equivalent concentrations of 
cadmium in water are considered more toxic than concen-

trations in food because of the effect of components in th 
food. 

The association of cardiovascular disease, particularl· 
hypertension, with ingestion of cadmium remains unsettled 
Although conflicting evidence has been reported for mai 
(Schroeder 1965, 102 Morgan 1969)98 and for animals (Kani 
sawa and Schroeder 1969,94 Lener and Bibr 197096), it i 
notable that hypertension has not been associated witl 
Itai-itai disease (Nogawa and Kawano 1969) .100 

In view of the cumulative retention of cadmium b; 
hepatic (liver) and renal (kidney) tissue (Decker et al 
1958, 9° Cotzias et al. 1961, 89 Schroeder and Balassa 1961 103 

and the association of a severe endemic ltai-itai diseas( 
syndrome with ingestion of as little as 600 µg/day (Yama 
gata 1970),105 Drinking Water Standards limit concentra 
tions of cadmium to 10 µg/l so that the maximum daili 
intake of cadmium from W2lter (assuming a 2 liter dail) 
consumption) will not exceed 20 µg. This is one-third th1 
amount of cadmium derived from food (Schroeder anc 
Balassa 1961).103 A no-effect level for intake and accumula· 
tion of cadmium in man has not been established. 
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Recommendation 

Because of the adverse physiolol1ical effects oj 
cadmium, and because there is inadequate infor
mation on the effect of the defined treatment 
process on removal of cadmium, it is recommended 
that the cadmium conc,mtration in public water 
supply sources not exceed 0.010 mg/I. 



CHLORIDE 

Chloride ion in high concentrations, as part of the total 
dissolved solids in water, can be detected by taste and can 
lead to consumer rejection of the water supply. In undefined 
high concentrations it may enhance corrosion of water 
utility facilities and household appurtenances (American 
Water Works Association 1971) .106 

For the public water supplies of the 100 largest cities in 
the United States, the median chloride concentration was 
13 mg/l with a range of 0 to 540 mg/l (Durfor and Becker 
1964 ). 107 

The median chloride concentrations detected by taste 
by a panel of IO to 20 persons were 182, 160, and 372 mg/I 
from sodium, calcium, and magnesium salts respectively 
(Whipple 1907).11° The median concentration identified 
by a larger panel of 53 adults was 395 mg/I chloride for 
sodium chloride (Richter and MacLean 1939). 109 When 
compared with distilled water for a difference in taste, 
the median concentration was 61 mg/1. Coffee was affected 
in taste when brewed with 210 and 222 mg/I chloride from 
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sodium chloride and calcium chloride respectively (Lock
hart et al. 1955) .108 

On the basis of taste and because of the wide range of 
taste perception of humans, and the absence of information 
on objectionable concentrations, a limit for public water 
supplies of250 mg/I chloride appears to be reasonable where 
sources of better quality water are or can be made available. 
However, there may be a great difference between a de
tectable concentration and an objectionable concentration, 
and acclimatization might be an important factor. 

Recommendation 

On the basis of taste preferences, not because of 
toxic considerations, and because the defined treat
ment process does not remove chlorides, it is 
recommended that chloride in public water supply' 
sources not exceed 250 mg/I if sources of lower 
levels are available. 



CHROMIUM 

Chromium is rarely found in natural waters. It may 
occur as a contaminant from plating wastes, blowdown 
from cooling towers, or from circulating water in refriger
ation equipment where it is used to control corrosion. It 
has been found in some foods and in air. Chromium can 
be detected in most biological systems. This does not prove 
it essential, although there is reasonable evidence that it 
does have a biological role (Mertz 1969) .119 

For 1,577 surface water samples collected at 130 sampling 
points in the United States, 386 samples showed concen
trations of I to 112 µg/I with a mean concentration of 
9. 7 µg/I for chromium (Kopp 1969) .116 

The hexavalent state of chromium is toxic to man, pro
duces lung tumors when inhaled (Machle and Gregorius 
1948,117 U.S. Federal Security Agency, Public Health Serv
ice 1953123), and readily induces skin sensitizations. Tri
valent chromium salts show none of the effects of the 
hexavalent form (Fair hall 195 7) .11 4 The trivalent form is 
not likely to be present in waters of pH 5 or above because 
of the very low solubility of the hydrated oxide. 

At present, the levels of chromate ion that can be tolerated 
by man for a lifetime without adverse effects on health are 
undetermined. It is not known whether cancer will result 
from ingestion of chromium in any of its valence forms. 
A family of four individuals is reported to have drunk 
water for a period of three years with as high as 0.45 mg/I 

chromium in the hexavalent form without known effect 
on their health, as determined by a single medical exami 
nation (Davids and Lieber 1951) .113 

Levels of 0.45 to 25 mg/I of chromium administered ti 
rats in chromate and chromic ion form in drinking wate 
for one year produced no toxic responses (MacKenzie et al 
1958) .118 However, significant accumulation in the tissues oc 
curred abruptly at concentrations above 5 mg/I. Naumov: 
(1965) 120 demonstrated that 0.033 mg of chromium fron 
potassium bichromate per kilogram (kg) of body weigh 
in dogs enhanced the secretory and motor activity of th1 
intestines. Although there does not appear to be a clear!; 
defined no-effect level, other studies ( Coun et al. 1932, 11 

Brard 1935, m Gross and Heller 1946, 115 Schroeder et al 
I 963a, 121 Schroeder et al. l 963b122) suggested that a concen 
tration of 0.05 mg/I with an average intake of 2 liters o 
water per day would avoid hazard to human health. 

Recommendation 

Because of adverse physiological effects, and be· 
cause there are insufficient data on the effect o· 
the defined treatment p•rocess on the removal o: 
chromium in the chromate form, it is recom· 
mended that public water supply sources for drink· 
ing water contain no more than 0.05 mMl tota 
chromium. 
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COLOR 

Color in public water supplies is aesthetically undesirable 
to the consumer and is economically undesirable to some 
industries. Colored substances can chelate metal ions, 
thereby interfering with coagulation (Hall and Packham 
1965130), and can reduce the capacity of ion exchange 
resins (Frisch and Kunin 1960).129 Another serious problem 
is the ability of colored substances to complex or stabilize 
iron and manganese and render them more difficult for 
water treatment processes to remove (Robinson 1963, 135 

Shapiro 1964136). 

Although the soluble colored substances in waters have 
been studied for over 150 years, there is still no general 
agreement on their structure. A number of recent studies 
have indicated that colored substances are a complex mix
ture of polymeric hydroxy carboxylic acids (Black and 
Christman l 963a, 125 l 963b, 126 Lamar and Goerlitz 1963, 133 

Christman and Ghassemi 1966, 128 Lamar and Goerlitz 
1966134) with the measurable color being a function of the 
total organics concentration and the pH (Black and Christ
man l 963a, 125 Singley et al. 1966137). 
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The removal of color can be accomplished by the defined 
process when the dosage and the pH are adjusted as func
tions of the raw water color (Black et al. 1963, 127 American 
Water Works Association Research Committee on Color 
Problems 1967).124 These relationships may not apply to 
colors resulting from dyes and some other industrial and 
processing sources that cannot be measured by comparison 
with the platinum-cobalt standards (Hazen 1892, 131 1896, 132 

Standard Methods 1971 138). Such colors should not be 
present in concentrations that cannot be removed by the 
defined process. 

Recommendation 

Because color in public water supply sources is 
aesthetically undesirable and because of the limi
tations of the defined treatment process, a maxi
mum of 75 platinum-cobalt color units is recom
mended. 



COPPER 

Copper is frequently found in surface waters and in some 
ground waters in low concentrations (less than 1 mg/l). It 
is an essential and beneficial element in human metabolism, 
and it is known that a deficiency in copper results in nu
tritional anemia in infants (Sollmann 1957).141 Because the 
normal diet provides only little more than what is required, 
an additional supplement from water may ensure an ade
quate intake. Small amounts are generally regarded as 
nontoxic; but large doses may produce emesis, and pro
longed oral administration may result in liver damage. 

For'l,577 surface water samples collected at 130 sampling 
points in the United States, 1,173 showed concentrations of 
1 to 280 µg/l with a mean concentration of 15 µg/l (Kopp 
1969).140 

Copper imparts some taste to water, but the detectable 

range varies from 1 to 5 mg/l (Cohen et al. 1960139) 

depending upon the acuity of individual taste perceptions 
Copper in public water supplies enhances corrosion o 
aluminum in particular and of zinc to a lesser degree. fl 
limit of 0.1 mg/l has been recommended to avoid corrosior 
of aluminum (Uhlig 1963) .14i 

The limit of 1 mg/l copper is based on considerations o 
taste rather than hazards to health. 

Recommendation 

To prevent taste probfoms and because there i~ 
little information on the effect of the defined treat· 
ment process on the removal of copper, it is recom· 
mended that copper in public water supply source~ 
not exceed 1 mg/I. 

64 



CYANIDE 

Standards for cyanide in water have been published by 
the World Health Organization in "International Stand
ards for Drinking Water" (1963) 148 and the "European 
Standards for Drinking Water" (1970). 149 These standards 
appear to be based on the toxicity of cyanide to fish, not 
to man. Cyanide in reasonable doses ( 10 mg or less) is 
readily converted to thiocyanate in the human body and in 
this form is much less toxic to man. Usually, lethal toxic 
effects occur only when the detoxifying mechanism is over
whelmed. The oral toxicity of cyanide for man is shown in 
the following table. 

Proper chlorination with a free chlorine residual under 
neutral or alkaline conditions will reduce the cyanide level 
to below the recommended limit. The acute oral toxicity 
of cyanogen chloride, the chlorination product of hydrogen 
cyanide, is approximately one-twentieth that of hydrogen 
cyanide (Spector 1955) .146 

On the basis of the toxic limit calculated from the 
threshold limit for air (Stokinger and Woodward 1958),147 

TABLE ll-1-0ral Toxicity of Cyanide for Man 

Dosage 

2 H. 7 mr;day .. 
10 m1. sinrle dose ... . 
19 mr;l m water .. . 

50-60 mg, 11n11e dose .. 

Response Literature citations 

. Noninjunous Smith 1944'" 
Nomnjunous Bodansky and Levy 1923'" 
Calcula1ed from the sale thresh· Stokmter and Woodward 19581" 

old limit for air 
Fatal The Merck Index or Chem1ca1s 

and Drugs 1968"' 

and assuming a 2-liter daily consumption of water contain
ing 0.2 mg/I cyanide as a maximum, an appreciable factor 
of safety would be provided. 

Recommendation 

Because of the toxicity of cyanide, it is recom
mended that a limit of 0.2 mg/l cyanide not be 
exceeded in public water supply sources. 

DISSOLVED OXYGEN 

Dissolved oxygen in raw water sources aids in the elimi
nation of undesirable constituents, particularly iron and 
manganese, by precipitation of the oxidized form. It also 
induces the biological oxidation of ammonia to nitrate, 
and prevents the anaerobic reduction of dissolved sulfate 
to hydrogen sulfide. More importantly, dissolved oxygen 
in a raw surface water supply serves as an indicator that 
excessive quantities of oxygen-demanding wastes are prob
ably not present in the water, although there can be sig
nificant exceptions to this. Therefore, it is desirable that 
oxygen in the water be at or near saturation. On the other 
hand, oxygen enhances corrosion of treatment facilities, 
distributing systems, and household appurtenances in many 
waters. 

Oxygen depletion in unmixed bodies of water can result 
from the presence of natural oxygen-demanding substances 
as well as from organic pollution. Lakes and reservoirs 
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may contain little or no oxygen, yet may be essentially free 
of oxygen-demanding wastes. This is because contact with 
the air is limited to the upper surface, and because thermal 
stratification in some lakes and reservoirs prevents oxy
genation of lower levels directly from the air. Similar con
ditions also occur in ground waters. 

Conclusion 

No recommendation is made, because the pres
ence of dissolved oxygen in a raw water supply has 
both beneficial and detrimental aspects. However, 
when the waters contain ammonia or iron and 
manganese in their reduced form, the benefits of 
the sustained presence of oxygen at or near satu
ration for a period of time can be greater than the 
disadvantages. 



FLUORIDE 

The fluoride ion has potential beneficial effects, but 
excessive fluoride in drinking water supplies produces ob
jectionable dental fluorosis that increases as a continuum 
with increasing fluoride concentration above the recom
mended control limits. In the United States, this is the only 
harmful effect resulting from fluoride found in drinking 
water (Dean 1936, 150 Moulton 1942, 158 Heyroth 1952, 155 

McClure 1953, 157 Leone et al. 1954, 156 Shaw 1954, 159 U.S. 
Department of Health, Education, and Welfare, Public 
Health Service 1959160). The fluoride concentrations exces
sive for a given community depend on climatic conditions 
because the amount of water (and consequently the amount 
of fluoride) ingested by children is primarily influenced by 
air temperature (Galagan 1953,151 Galagan and Lamson 
1953,152 Galagan and Vermillion 1957,153 Galagan et al. 
1957154). 

Rapid fluctuations in raw water fluoride ion levels would 
create objectionable operating problems for treatment 
plants serving communities that supplem~nt raw water 
fluoride concentrations. From the point of view of a water 
pollution control program any value less than that recom-
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mended would generally be acceptable at a point of do 
mestic water withdrawal. 

Recommendation 

Because of adverse physiological effects and be· 
cause the defined treatment process does nothin~ 
to reduce excessive fluoride concentrations, it ii 
:recommended that the maximum levels shown ir 
Table 11-2 not be exceeded in public water suppl~ 
sources. 

TABLE Il-2-Fluorlde Recommendation 

Annual avera1e of maximum daily air temperatures• 
fahrenhml 

80-91 
72-79 
6H1 
59-64 
511-58 
51kl4 

•Based on temperature data obtained for a minimum of live years. 

Fluoride maximum mg/I 

1.4 
1.6 
1 8 
2.0 
2.2 
2.4 



FOAMING AGENTS 

Many chemical substances occurring either naturally or 
as components of industrial or domestic waste will cause 
water to foam when agitated or when air is entrained. 
The most common foaming agent in use today is the syn
thetic anionic surfactant, linear alkyl benzene sulfonate 
(LAS). Branched alkyl benzene sulfonate (ABS) was used 
prior to 1965 as a base for synthetic detergents. Because of 
its persistent foaming properties, however, ABS was re
placed by LAS. The most objectionable property of sur
factants is their foaming capacity which can produce 
unsightly masses of foam in a stream or at the home tap. 
The surfactants also tend to disperse normally insoluble or 
sorbed substances, thus interfering with their removal by 
coagulation, sedimentation, and filtration. 

Although conversion to the more readily biodegradable 
linear alkyl sulfonates by the detergent industry has de
creased the persistence of sulfonates in aerobic waters, 
measurable concentrations of these substances still can be 
found in both surface and ground waters. Concentrations 
of anionic surfactants in water can be determined by means 
of their reaction with methylene blue dye (Standard Meth
ods 1971) .162 Concentrations of less than 0.5 mg/I, as 

methylene blue active substances (MBAS), do not cause 
foaming or present serious interference in the defined treat
ment process and are well below the inferred limit (700 
mg/I) of toxicity to humans based on tests on rats fed diets 
of LAS (Buehler et al. 1971) .161 It must be recognized that 
this procedure does not determine the total concentration 
of foaming agents, merely the concentration of materials 
that react with methylene blue, most of which are anionic 
surfactants. Although cationic and nonionic synthetic sur
factants do not respond, and not all substances that respond 
to the methylene blue process cause foaming, the methylene 
blue test is the best available measure of foaming properties. 

Recommendation 

To avoid undesirable aesthetic effects and be
cause the defined treatment process does little or 
nothing to reduce the level of foaming agents, it 
is recommended that foaming ag,ents determined 
as methylene blue active substances not exceed 
0.5 mg/l in public water supply sources. 
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HARDNESS 

Hardness is defined as the sum of the polyvalent cations 
expressed as the equivalent quantity of calcium carbonate 
(CaC03). The most common such cations are calcium and 
magnesium. In general, these metal ions in public water 
supply sources are not cause for concern to health, although 
there are some indications that they may influence the 
effect of other metal ions on some organisms (Jones l 938, 168 

Cairns, Jr. and Scheier 1958,164 Mount 1966170). Possible 
beneficial and detrimental effects on health have been 
postulated but not conclusively demonstrated (Muss 1962, 171 

Crawford and Crawford 1967,166 Crawford et al. 1968,160 

Masironi l 969, 169 Voors 1971 172). There is considerable 
variation in the range of hardness acceptable to a given 
community. Some consumers expect and demand supplies 
with a total hardness of less than 50 mg/l, expressed as 
equivalent CaCOa, while others are satisfied with total 
hardness greater than 200 mg/I. Consumer sensitivity is 
often related to the hardness to which the public has be
come accustomed, and acceptance may be tempered by 
economic considerations. 

The requirement for soap and other detergents is directl 
related to the water hardnes:~ (DeBoer and Larson 1961).11 

Of particular importance is the tendency for developmer 
of scale deposits when the water is heated. Variations i 
water hardness may be more objectionable than any give 
level. Waters with little or no hardness may be corrosiv 
to water utility facilities, depending upon pH, alkalinitJ 
and dissolved oxygen (American Water Works Associatio 
1971).163 Industrial consumers of public supplies may b 
particularly sensitive to variations in hardness. A wat( 
hardness must relate to the level normal for the supply an 
exclude hardness additions resulting in significant variatior 
or general increases. 

Conclusion 

Acceptable levels for hardness are based on con 
sumer preference. No quantitative recommen 
dation for hardness in water can be specified. 
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IRON 

Iron (Fe) is objectionable in public water supplies because 
of its effect on taste (Riddick et al. 1958, 178 Cohen et al. 
1960175), staining of plum bing fixtures, spotting of laundered 
clothes, and accumulation of deposits in distribution systems. 
Iron occurs in the reduced state (Fe++), frequently in 
ground waters and less frequently in surface waters, since 
exposure to oxygen in surface waters results in oxidation, 
forming hydrated ferric oxide which is much less soluble 
(American Water Works Association 1971).173 

Statistical analysis of taste threshold tests with iron in 
distilled water free of oxygen at pH 5.0 showed that 5 per 
cent of the observers were able to distinguish between 0.04 
mg/I ferrous iron (added as ferrous sulfate) and distilled 
water containing no iron. At 0.3 mg/1, 20 per cent were 
able to make the distinction. When colloidal ferric oxide 
was added, 5 per cent of the observers were able to dis
tinguish between 0. 7 mg/I and distilled water. Thus the 
form of iron is important. The range of sensitivities of the 
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observers was surprising, in that 5 per cent were unable to 
detect ferrous iron at a concentration of 256 mg/I in distilled 
water. The taste of iron was variously described as bitter, 
sweet, astringent, and "iron tasting." (Cohen et al. 1960).175 

Concentrations of iron less than 0.3 mg/I are generally 
acceptable in public water supplies as the characteristic 
red stains and deposits of hydrated ferric oxide do not 
manifest themselves (Hazen 1895,176 Mason 1910,177 Buswell 
1928174). This is the principal reason for limiting the con
centration of soluble iron. 

Recommendation 

On the basis of user preference and because the 
defined treatment process can remove oxidized iron 
but may not remove soluble iron (Fe++), it is recom
mended that 0.3 mg/I soluble iron not be exceeded 
in public water supply sources. 



LEAD 

Lead is well known for its toxicity in both acute and 
chronic exposures (National Academy of Sciences 1972).190 

In technologically developed countries the widespread use 
of lead multiplies the risk of exposure of the population to 
excessive lead levels (Kehoe 1960a).184 For this reason, 
constant surveillance of the lead exposure of the general 
population via food, air, and water is necessary. 

Acute lead toxicity is characterized by burning in the 
mouth, severe thirst, inflammation of the gastrointestinal 
tract with vomiting and diarrhea. Chronic toxicity produces 
anorexia, nausea, vomiting, severe abdominal pain, paraly-· 
sis, mental confusion, visual disturbances, anemia, and con
vulsions (The Merck Index of Chemicals and Drugs 1960) . 1 8~1 

For 1,577 surface water samples collected from 130 sam-· 
pling points in the United States, 11.3 per cent showed 
detectable concentrations of 0.002 to 0.140 mg/l with a 
mean of 0.023 mg/l (Kopp 1969).187 For the 100 largest 
cities in the United States, the finished waters were found 
to have a median concentration of 0.0037 mg/l and a 
maximum of 0.062 mg/I (Durfor and Becker 1964).182 Of 
the 969 water supplies in a community water supply study 
conducted in 1969 (McCabe et al. 1970),188 the lead concen
trations in finished water ready for distribution ranged from 
0 to 0.64 mg/I. Fourteen of these supplies on the average 
exceeded the 0.05 mg/I limit for lead in drinking water 
(PHS 1962).191 Of2,595 samples from distribution systems, 
37 exceeded the limit set by the Drinking Water Standards 
(PHS 1962). 191 When standing in lead pipe overnight, acidic 
soft water in particular can dissolve appreciable concen
trations of lead (Crawford and Morris 1967).181 

The average daily intake of lead via the diet was 0.3 mg 
in 1940 and rarely exceeded 0.6 mg (Kehoe et al. l 940a) .186 

Data obtained subsequent to 1940 indicated that the intake 
of lead appeared to have decreased slightly since that time 

(Kehoe 1960b,185 Schroeder and Balassa 1961).192 Whe 
under experimental conditions, the daily intake of le< 
from all sources amounted to 0.5 to 0.6 mg over one ye; 
or more, a small amount was retained in normal healt1 
adults but produced no detectable deviation from norm 
health. Indirect evidence from industrial workers expost 
to known amounts of lead for long periods was consiste1 
with these findings (Kehoe 194 7) .183 

Young children present a ~;pecial case in lead intoxicatio 
both in terms of the tolerated intake and the severity of ti 
symptoms (Chisholm 1964).180 The most prevalent sour1 
of lead poisoning of children up to three years of age h. 
been lead-containing paint still found in some older horn 
(Byers 1959,179 Kehoe 1960a.184). 

Because of the narrow gap between the quantities of lea 
to which the general population is exposed through foe 
and air in the course of everyday life, and the quantities th: 
are potentially hazardous over long periods of time, lea 
in water for human consumption must be limited to lo 
concentrations. 

A long-time intake of 0.6 mg lead per day is a level : 
which development of lead Lntoxication is unlikely and tl 
normal intake of lead from food is approximately 0 
mg/day. Assuming a 2 liter daily consumption of watt 
with 0.05 mg/l lead, the additional daily intake would t 
0.1 mg/day or 25 per cent of the total intake. 
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Recommendation 

Because of the toxicity of lead to humans an 
because there is little information on the effectivE 
ness of the defined treatment process in decreasin 
lead concentrations, it is recommended that 0.0 
rnMl lead not be exceed.ed in public water suppl 
sources. 



MANGANESE 

Manganese (Mn) is objectionable in public water supplies 
because of its effect on taste (Riddick et al. 1958, 196 Cohen 
et al. 1960194

), staining of plumbing fixtures, spotting of 
laundered clothes, and accumulation of deposits in distri
bution systems. Manganese occurs in the reduced state 
(Mn++), frequently in ground waters and less frequently 
in surface waters, since exposure to oxygen in surface 
waters results in oxidation to much less soluble hydrated 
manganese oxides (American Water Works Association 
1971 ). 193 

Concentrations of manganese less than 0.05 mg/I are 
generally acceptable in public water supplies, because the 
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characteristic black stains and deposits of hydrated man
ganese oxides do not manifest themselves. This is the 
principal reason for limiting the concentration of soluble 
manganese (Griffin 1960) .195 

Recommendation 

On the basis of user preference and because the 
defined treatment process can remove oxidized 
manganese but does little to remove soluble man
ganese (Mn++), it is recommended that 0.05 mg/I 
soluble manganese not be exceeded in public water 
sources. 



MERCURY 

Mercury (Hg) is distributed throughout the environment. 
As a result of industrial use and agricultural applications, 
significant local increases in concentrations above natural 
levels in water, soils, and air have been recorded (Wallace 
et al. 1971).209 In addition to the more commonly known 
sources of man's mercury contributions, the burning of 
fossil fuels has been reported as a source of mercury pollution 
(Bertine and Goldberg 1971,199 Joensuu 19712°2

). 

The presence of mercury in fresh and sea water was 
reported many years ago (Proust 1799,204 Garrigou 1877,201 

Willm 1879,210 Bartlet 1913197). In Germany, early studies 
(Stock and Cucuel l 934, 206 Stock 1938205) found mercury 
in tap water, springs, rain water, and beer. In all water 
the concentration of mercury was consistently less than 
one µg/l, but the beer occasionally contained up to 15 µg/l. 
A recent survey (U.S. Department of Interior, Geological 
Survey I 970)211 demonstrated that 93 per cent of U.S. 
streams and rivers sampled contained less than 0.5 µg/l of 
dissolved mercury. 

Aside from the exposure experienced in certain occu
pations, food, particularly fish, is the greatest contributor 
to the human body burden of mercury (Study Group on 
Mercury Hazards 1971).208 The Food and Drug Adminis
tration (FDA) has established a guideline of 0.5 mg/kg 
for the maximum allowable concentration of mercury in 
fish consumed by humans, but it has not been necessary 
for the FDA to establish guidelines for other foodstuffs. 

Mercury poisoning may be acute or chronic. Generally, 
mercurous salts are less soluble in the digestive tract than 
mercuric salts and are consequently less acutely toxic. For 
man the fatal oral dose of mercuric salts ranges from 20 mg 
to 30 mg (Stokinger 1963).207 Chronic poisoning from in
organic mercurials has been most often associated with 
industrial exposure, whereas that from the organic deriva
tives has been the result of accidents or environmental 
contamination. 

On the basis of their effects on man, several of the mercury 
compounds used in agriculture and industry (such as 
alkoxyalkyls and aryls) can be grouped with inorganic 
mercury to which the former compounds are usually me
tabolized. Alkyl compounds are the derivatives of mercury 
most toxic to man, producing illness from the ingestion of 
only a few milligrams. Chronic alkyl mercury poisoning is 
insidious in that it may be manifest after a few weeks or 
not until after a few years. 

It has been estimated (Bergrund and Berlin 1969)198 tha 
of the total mercury ingested, more than 90 per cent i 
absorbed via the gastrointe~tinal tract when taken in th 
form of methyl mercury; but only 2 per cent is absorbed. 
it is in the form of mercuric ion (Clarkson 1971). 200 Huma 
excreta reveal a biological half-life of methyl mercury i 
man of approximately 70 days (Study Group on Mercur 
Hazards 1971).208 

Acute mercury toxicity is characterized by severe nause;J 
vomiting, abdominal pain, bloody diarrhea, kidney damage 
and death usually within ten days. Chronic exposure i 
characterized by inflammation of mouth and gums, swellin1 
of salivary glands, excessive salivation, loosening of teetb 
kidney damage, muscle tremors, spasms of extremitie~ 
personality changes. depression, irritability, and nervous 
ness (The Merck Index of Chemicals and Drugs 1960).203 

Safe levels of ingested mercury can be estimated fron 
data presented in "Hazards of Mercury" (Study Group 01 

Mercury Hazards 1971 ). 208 From epidemiological evidence 
the lowest whole blood concentration of methyl mercur: 
associated with toxic symptoms is 0.2 µg/g, which, in turn 
corresponds to prolonged, continuous intake by man o 
approximately 0.3 mg Hg/70 kg/day. When a safety facto 
of IO is used, the maximum dietary intake should be 0.0'. 
mg Hg/person/day (30 µg/70 kg/day). It is recognize< 
that this provides a smaller factor of safety for children 
If exposure to mercury were from fish alone, the 0.03 mi 
limit would allow for a maximum daily consumption o 
60 grams (420 g/week) of fisb containing 0.5 mg Hg/kg 
Assuming a daily consumptiori of2 liters of water containin~ 
0.002 mg/I (2 µg/l) mercury, the daily intake would bt 
4 µg. If 420 g of fish per week containing 0.5 mg Hg/k~ 
plus 2 liters of water daily containing 0.002 mg/l mercuq 
were ingested, the factor of safety for a 70 kg man woulc 
be 9. If all of the mercury is not in the alkyl form, or i 
fish consumption is limited, a greater factor of safety wil 
exist. 

Recommendation 

On the basis of adversE~ physiological effects and 
because the defined watier treatment process has 
little or no effect on removing mercury at low levels, 
it is recommended that total mercury in public 
water supply sources not exceed 0.002 mg/I. 



NITRATE-NITRITE 

Serious and occasionally fatal poisonings in infants have 
occurred following ingestion of well waters shown to contain 
nitrate (N03_) at concentrations greater than IO mg/I 
nitrate-nitrogen (N). This was first associated with a tempo
rary blood disorder in infants called methemoglobinemia 
in 1945 (Comly 1945).212 Since then, approximately 2,000 
cases of this disease have been reported from private water 
supplies in North America and Europe, and about 7 to 
8 per cent of the infants affected died (Walton I951,22a 
Sattelmacher 1962,218 Simon et al. 1964219). 

High nitrate concentrations are frequently found in 
shallow wells on farms and in rural communities. These 
are often the result of inadequate protection from barn 
yard drainage and from septic tanks (U.S. Department of 
Health, Education, and Welfare, Public Health Service 
1961, 221 Stewart et al. 196 7220). Increasing concentrations 
of nitrate in streams from farm tile drainage have been 
shown in regions of intense fertilization and farm crop 
production (Harmeson et al. 1971) .214 

Many infants have drunk water with nitrate-nitrogen 
concentrations greater than 10 mg/I without developing 
the disease. Many public water supplies in the United 
States have levels of nitrate that routinely exceed the 
standard, but only one case of methemoglobinemia (Vigil 
et al. 1965)222 associated with a public water supply has 
thus far been reported. Rationale for degrees of suscepti
bility to methemoglobinemia have yet to be developed. 

The development of methemoglobinemia, largely con
fined to infants less than three months old, is dependent 
upon the bacterial conversion of the relatively innocuous 
nitrate ion to nitrite (N02-). Nitrite absorbed into the 
blood stream converts hemoglobin to methemoglobin. The 
altered pigment can then no longer transport oxygen, and 
the clinical effect of methemoglobinemia is that of oxygen 
deprivation or suffocation. Older children and adults do 
not seem to be affected, but Russian research reported 
methemoglobin in five- to eight-year-old school children 
where the water nitrate concentrations were 182 mg/I as N 
(Diskalenko 1968). 213 

Nitrite toxicity is well known, but a no-effect level has 
not been established. When present in drinking water 
nitrite would have a more rapid and pronounced effect 
than nitrate. Concentrations in raw water sources are 
usually less than 1 mg/l as N, and chlorination to a free 
chlorine residual converts nitrite to nitrate. 

Several reviews and reports (Walton 1951,223 Sattel
macher 1962,218 Simon et al. 1964,219 Winton 1970,224 
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Winton et al. 1971225) generally pointed to 10 mg/l nitrate
nitrogen in drinking water as the maximum tolerance levels 
for infants. Sattelmacher (1962) 218 showed 3 per cent of 
4 73 cases of infantile methemoglobinemia to be associated 
with levels of less than 9 mg/las N. Simon and his associates 
( 1964)219 found 4.4 per cent of 249 cases to be associated 
with levels less than 11 mg/l as N. Analyses of available 
data are hampered by the fact that samples for water 
analysis are sometimes collected weeks or months after the 
disease occurs, during which time the concentration of 
nitrate may change considerably. Hereditary defects, the 
feeding of nitrate-rich vegetables, or the use of common 
medicines may increase susceptibility to methemoglobi
nemia. Winton and his associates (1971 )225 concluded that 
"there is insufficient evidence to permit raising the recom
mended limit." 

Extensive reviews on methemoglobinemia associated with 
nitrate and nitrite have been provided by Walton (1951),223 

Miale (1967),216 and Lee (1970).215 They described the 
circumstances that contributed to the susceptibility of in
fants under three months of age to methemoglobinemia 
from nitrate. These included (a) the stomach pH in infants, 
which is higher than that of adults and can permit growth 
of bacteria that can reduce nitrate to nitrite, and (b) infant 
gastrointestinal illness that may permit reduction of nitrate 
to nitrite to occur higher in the intestinal tract. 

Methemoglobin is normally present at levels of 1 per cent 
to 2 per cent of the total hemoglobin in the blood. Clinical 
symptoms are normally detectable only at levels of about 
IO per cent. Methemoglobin in the subclinical range has 
been generally regarded as unimportant. However, 10 
children (ages 12 to 14) were observed to have shown con
ditioned reflexes to both auditory and visual stimuli, as the 
result of a drinking water source with 20.4 mg/l nitrate
nitrogen. The average methemoglobin in the blood was 
5.3 per cent (Petukhov and Ivanov 1970).217 

Recommendation 

On the basis of adverse physiological effects on 
infants and because the defined treatment process 
has no effect on the removal of nitrate, it is recom
mended that the nitrate-nitrogen concentration 
in public water supply sources not exceed 10 mg/l. 

On the basis of its high toxicity and more pro
nounced effect than nitrate, it is recommended 
that the nitrite-nitrogen concentration in public 
water supply sources not exceed 1 mg/1. 



NITRILOTRIACETATE (NTA) 

Because of its possible large-scale use, nitrilotriacetate 
(NT A) should be evaluated in light of chronic low-level 
exposure via drinking water and its potential for adversely 
affecting the health of the general population. Although 
nitrilotriacetic acid, a white crystalline powder, is insoluble 
in water, the tribasic salt is quite soluble. 

NT A has strong affinity for iron, calcium, magnesium, 
and zinc (Bailar 1956).226 Its relative affinity for toxic 
metals such as cadmium and mercury is not presently 
known, nor have its chelating properties in complex ionic 
solutions been characterized. Copper and lead concen
trations in biologically treated waste water after flocculation 
with aluminum sulfate (125 mg/l) are a function of the 
NTA present (Nilsson 1971).227 No information is available 
on the toxicity of such chelates. No cases of acute human 
poisoning by NT A have been reported. 

In the natural environment, NT A is biodegraded to C02, 

N03, and H20, with glycine and ammonia as intermediatt 
(Thompson and Duthie 1968).228 This appears to occu 
within four to five days. Degradation is accelerated b 
biological waste treatment. Conversion of NTA to nitrat 
is on a 1 to l molar basis. 

Conclusion 

No recommendation concerning NTA is made a 
this time because of the absence of data on affinit. 
for toxic metals, the absence of adequate toxicit. 
data, and the absence of demonstrable effects 01 

man, and because there is doubt about its potentfa 
use as a substitute for phosphates in detergent~ 
Toxicity information should be developed an1 
evaluated to establish a reasonable recommen 
dation prior to its use a8 a substitute. 

ODOR 

Odor and taste, which are rarely separable, are the 
primary means by which the user determines the accepta
bility of water. The absence of odor is an indirect indication 
that contaminants such as phenolic compounds are also 
absent, or nearly so. (See Phenolic Compounds, in this sec
tion, p. 80) Although odor cannot be directly correlated 
with the safety of the water supply, its presence can cause 
consumers to seek other supplies that may in fact be less 
safe. 

Many odor-producing substances in raw water supplies 
are organic compounds produced by microorganisms and 
by human and industrial wastes (Silvey 1953,232 Rosen 

1966,231 American Water VVorks Association, Committe 
on Tastes and Odors, 19/0230). The defined treatmer 
process can aid in the removal of certain odorous sul: 
stances (American Water 'A'orks Association 1971),229 bu 
it may in other cases increase the odor (Silvey et al. 1950)2; 
as by the chlorination of phenolic compounds explaine 
on p. 80. 

Recommendation 

For aesthetic reasons, public water suppl 
sources should be essen1tially free from objection 
able odor. 

OIL AND GREASE 

Oil and grease, as defined by Standard Methods ( 1971), 241 

occurring in public water supplies in any quantity cause 
taste, odor, and appearance problems (Braus et al. 1951,235 

Middleton and Lichtenberg 1960,240 Middleton l 96la,239 

American Water Works Association 1966234), can be haz
ardous to human health (The Johns Hopkins University, 
Department of Sanitary Engineering and Water Resources 
1956,237 McKee and Wolf 1963238), and are detrimental 
to the defined treatment process (Middleton and Lichten
berg 1960).240 Even small quantities of oil and grease can 

produce objectionable odors and appearance, causing re 
jection of the water supply before health or treatmer: 
problems exist (Holluta 1961,m McKee and Wolf 1963).2: 

Recommendation 

On the basis of odor and other aesthetic con 
siderations affecting us«~r preference and becaus 
oil and grease are unnatural ingredients in water 
it is recommended that public water supply source 
be essentially free from oil and grease. 
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ORGANICS-CARBON ADSORBABLE 

Organics-carbon adsorbable are composed of carbon
chloroform extract ( CCE) (Middleton 1961 b )245 and carbon
alcohol extract (CAE) (Booth et al. 1965,243 Standard 
Methods 1971 248). CCE is a mixture of organic compounds 
that can be adsorbed on activated carbon and then desorbed 
with chloroform (Booth et al. 1965). 243 Middleton and 
Rosen (1956) 246 showed the presence of substituted benzene 
compounds, kerosene, polycyclic hydrocarbons, phenyl
ether, acrylonitrile, and insecticides in CCE materials. 
CAE is a mixture of organic compounds that can be ad
sorbed on activated carbon, then desorbed with ethyl alcohol 
after the chloroform soluble organics have been desorbed 
(Booth et al. 1965).243 

Hueper and Payne (1963) 244 showed that CCE materials 
had carcinogenic properties when ingested by rats. This 
study also suggested a life-shortening effect in rats fed CAE 
materials (Federal Water Pollution Control Administration 
office memorandum 1963) .249 The CAE material also contained 
at least one synthetic organic, alkyl benzene sulfonate 
(Rosen et al. 1956) .241 

It is important to recognize that the carbon usually does 
not adsorb all organic material present, nor is all the 
adsorbed material desorbed. 

Organics-carbon adsorbable recommendations represent 
a practical measure of water quality and act as a safeguard 
against the intrusion of excessive amounts of ill-defined 
potentially toxic organic material into water. They have 
served in the past as a measure of protection against the 
presence of otherwise undetected toxic organic materials in 
drinking water. However, they provide a rather incomplete 
index of the health significance of such materials in potable 
waters. 

In 1965 Booth and his associates (1965 )243 developed a 
Carbon Adsorption Method (CAM) similar to the High
Flow CAM Sampler but with a longer contact time be-

tween the sample and the activated carbon. This sampler, 
called the Low-Flow CAM Sampler, increased organic 
adsorption and therefore overall yield of the determination. 

Since that time a more reliable collection apparatus, 
called the Mini-Sampler, has been developed (Beulow and 
Carswell 1972).242 In addition, the Mini-Sampler also used 
a type of coal-based activated carbon that enhanced organic 
collection. Further, the extraction apparatus has been 
miniaturized to be less expensive and more convenient, 
and the procedure modified to be more vigorous, thereby 
increasing desorption and organic recovery (Beulow and 
Carswell 1972).242 However, the Mini-Sampler has not 
been evaluated using raw waters at this time. Therefore, 
the Low-Flow Sampler (Booth et al. 1965)243 was used for 
establishing the recommendation. 
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Adjustment of the High-Flow Sampler data (1961 Inter
state Carrier Surveillance Program) to make them com
parable to the recent results from the Low-Flow Sampler 
show that waters with concentrations exceeding either 0.3 
mg CCE/l or 1.5 mg CAE/l may contain undesirable 
and unwarranted components and represent a generally 
unacceptable level for unidentified organic substances. 

Recommendation 

Because large values of CCE and CAE are aes
thetically undesirable and represent unacceptable 
levels of unidentified organic compounds that may 
have adverse physiological effects, and because the 
defined treatment process has little or no effect on 
the removal of these organics, it is recommended 
that organics-carbon adsorbable as measured by 
the Low-Flow Sampler (Standard Methods 1971248) 

not exceed 0.3 mg/I CCE and 1.5 mg/I CAE in 
public water supply sources. 



PESTICIDES 

Pesticides include a great many organic compounds that 
are used for specific or general purposes. Among them are 
chlorinated hydrocarbons, organophosphorus and carba
mate compounds, as well as the chlorophenoxy, and other 
herbicides. Although these compounds have been useful in 
improving agricultural yields, controlling disease vectors, 
and reducing the mass growth of aquatic plants in streams 
and reservoirs, they also create both real and presumed 
hazards in the environment. 

Pesticides differ widely in chemical and toxicological 
characteristics. Some are accumulated in the fatty tissues 
of the body while others are metabolized. The biochemistry 
of the pesticides has not yet been completely investigated. 
Because of the variability in their toxicity to man and their 
wide range of biodegradability, the different groups of 
pesticides are considered separately below. 

Determining the presence of pesticides in water requires 
expensive specialized equipment as well as specially trained 
personnel. In smaller communities, it is not routine to make 
actual quantitative determinations and identifications. 
These are relegated to the larger cities, federal and state 
agencies, and private laboratories that monitor raw waters 
at selected locations. 

CHLORINATED HYDROCARBON INSECTICIDES 

The chlorinated hydrocarbons are one of the most im
portant groups of synthetic organic insecticides because of 
their number, wide use, great stability in the environment, 
and toxicity to certain forms of wildlife and other non target 
organisms. If absorbed into the human body, some of the 
chlorinated hydrocarbons are not metabolized rapidly but 
are stored in fatty tissues. The consequences of such storage 
are presently under investigation (Report of the Secre
tary's Commission on Pesticides and Their Relationship to 
Environmental Health. U.S. Department of Health, Edu
cation, and Welfare 1969).284 The major chlorinated hydro
carbons have been in use for at least three decades, and yet 
no definite conclusions have been reached regarding the 
effect of these pesticides on man (HEW 1969).284 

Regardless of how they enter organisms, chlorinated 
hydrocarbons cause symptoms of poisoning that are similar 

but differ in severity. The severity is related to concentratio1 
of the chlorinated hydrocarbon in the nervous system 
primarily the brain (Dale et al. 1963).256 Mild intoxicatio1 
causes headaches, dizziness, gastrointestinal disturbances 
numbness and weakness of the extremities, apprehension 
and hyperirritability. In severe cases, there are muscula 
fasciculations spreading from the head to the extremities 
followed eventually by spasms involving entire muscli 
groups, leading in some cases to convulsions and death. 

Very few long term studies have been conducted wit! 
human volunteers. The highest level tested for dieldrin wa 
0.211 mg/man/day for 2 years with no observed illnes 
(Hunter and Robinson 1967,m Hunter et al. 1969).269 Sinc1 
aldrin is metabolized to dieldrin and has essentially th1 
same toxicity as dieldrin, the~e data can also be appliec 
to aldrin. 

Methoxychlor levels of 140 mg/man/day produced rn 
illness in subjects over a period of 8 weeks (Stein et al 
1965).280 The maximum level of DDT seen to have rn 
apparent ill effect was 35 mg/man/day for 2 years (Haye 
et al. 1971).265 

The dosage is one of the most important factors in ex 
trapolating to safe human exposure levels. Using tumor 
susceptible hybrid strains of mice, significantly increasec 
incidences of tumors were produced with the administratio1 
of large doses of DDT (46.4 mg/kg/day) (Innes et al 
1969).270 In a separate study in mice extending over five 
generations, a dietary level of 3 ppm of DDT produced < 

greater incidence of malignancies and leukemia beginnin! 
in the second filial and third filial generations, respectively 
and continuing in the later generations (Tarjan and Kernen) 
1969).281 These results are preliminary in nature and require 
confirmation. The findings of both of these studies conftic 
with earlier studies of the carcinogenic effect of DDT whicl 
yielded generally negative re:mlts. 

A summary of the levels of several chlorinated hydro· 
carbons that produced minimal toxicity or no effects wher 
fed chronically to dogs and rats is shown in Table II-~ 
(Lehman 1965,272 Treon and Cleveland 1955, 282 Cole un· 
published data 1966286). Limits for chlorinated hydrocarborn 
m drinking water have been calculated primarily on th( 
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TABLE 11-3-Recommended Limits for Chlorinated Hydrocarbon Insecticides 

Long-term levels with minimal or no effects 
Compound 

Species ppm in diet Reference mg/kg body Reference 
weight/ dap 

Aldrin ..... Rat 0.5 (1) 0.083 
Dog 1.0 (1) 0.02 
Man 0.003 (2), (3) 

Chlordane .. Rat 2.5 (1) 0.42 
Dog N.A. N.A. 
Man N.A. N.A. 

DDT • .. . Rat 5.0 (1) 0.83 
Dog 400.0 (1) 8.0 
Man 0.5 (4) 

Dieldrin ..... Rat 0.5 (1) 0.083 
Dog 1.0 (1) 0.02 
Man 0. 003 (2), (3) 

Elldrin Rat 5.0 (5) 0 83 
Dog 3.0 (6) 0.06 
Man N.A. N.A. 

Heptachlor .. Rat 0.5 (1) 0.083 
Dog 4.0 (1) 0.08 
Man N.A. N.A. 

Heptachlor Epo11de Rat 0.5 (1) 0.083 
Dog 0.5 (1) 0.01 
Man NA. N.A. 

Lindane . Ra. 50.0 (1) 8.3 
Dog 15.0 (1) 0.3 
Man N.A. N.A. 

Methoxychlor Rat 100.0 (1) 17.0 
Dog 4000 0 (1) 80.0 
Man 2.0 (7) 

Toxephene ... Rat 10 0 (1) 1 1 
Dog 400.0 (1) 8 0 
Man N.A. N.A. 

LEGEND:• Assume weight of rat=0.3 kl and of dog=10 kg; assume average daily food consumpbon of rat= 
0.05 kC and of dog=0.2 kg. 
b Assume nera1e wei1ht of human adult= 70 kg. 
•Assume averare daily intake of water for man=2 liters 
a Chosen as basis on which to derive recommended limit 
• Adjusted for orpnoleptic effects. 
1 Adjusted for interconversion to H. epo1ide. 
N.A. No data available. 
T Infrequent occurrence in !race quantities 

basis of the extrapolated human intake that would be 
equivalent to that causing minimal toxic effects in mammals 
(rats and dogs). For comparison, the dietary levels are con
verted to mg/kg body weight/day. Aldrin, dieldrin, endrin, 
heptachlor epoxide, and lindane had lower minimal effect 
and no-effect levels in dogs than in rats; whereas for DDT, 
methoxychlor, and toxaphene the converse was observed. 
Heptachlor was equally toxic to both species. Only data 
from studies using rats were available for chlordane. 

Such data from human and animal investigations have 
been used to derive exposure standards, as for drinking 
water, by adjusting for factors that influence toxicity such 
as inter- and intra-species variability, length of exposure, 
and extensiveness of the studies. To determine a safe ex
posure level for man, conventionally, a factor of 0.1 is 
applied to human data where no effects have been observed; 
whereas 0.01 is applied to animal data when adequate 
human data are available for corroboration. A factor of 
l /500 is generally used on animal data when no adequate 
and comparable human data are available. 

Calculated maximum safe levels 
from all sources of exposure Intake from diet Water 

Safety Factor mg/kg/day mg/man/day' mg/man/day 3 of Safe level 3 of Sale level Recommended 
(X) (8) limit (mg/I)< 

1/100 0.00083 0.0581 
1/100 0.0002 O.Ot4d 0.0007 5.0 20 0.001 
1/10 0.0003 0.021 
1/500 0.00084 0.588d 

T T 0.003• 

1/100 0.008 0.56d 
1/100 0.08 5.6 0.021 3.4 20 0.05 
1/10 0.05 3.5 
1/100 0.00083 0.0581 
1/100 0.0002 0.014d 0.0049 35.0 20 0.001 
1/10 o. 0003 0.021 
1/500 0.00166 0.1162 
1/500 0.00012 0.0084d 0.00035 4.1 20 0.0005 

1/500 0.000166 0.1162 
1/500 0.00016 0.0112d 0.00007 0.6 0.0001! 

1/500 0.000166 0.01162 
1/500 0.00002 0.0014' 0.0021 150.0 0.0001 

1/500 0.0166 1.162 
1/500 0. 0006 0.042d 0.0035 8.3 20 0.005 

1/100 0.17 11.Sd 
1/100 0.8 56.0 T T 20 1.0 
1/10 0.2 14.0 
1/500 0.0034 0. 238d 
1/500 0.016 1.12 T T 0.005' 

REFERENCES: (1) Lehman (1965)"2 
(2) Hunter & Robinson (1967)'"' 
(3) Hunter et al. (1969)2'9 

(4) Hayes et al. (in press)256 
(5) Treon et al. (1955)'" 
(6) Cole (1966)"'" 
(7) Stem el al. (1965)"" 
(8) Duggan and Corneliussen (1972)2" 

Thus the human data for aldrin, dieldrin, DDT, and 
methoxychlor are adjusted by O. l, and the corresponding 
animal data for these agents are adjusted by 0.01. The 
minimal effect levels of chlordane, endrin, heptachlor, 
heptachlor epoxide, lindane, and toxaphene are adjusted 
by I /500; since no adequate human data are available for 
comparison. These derived values are considered the maxi
mum safe exposure levels from all sources. Because these 
values are expressed as mg/kg/day, they are readjusted for 
body weight to determine the total quantity to which 
persons may be safely exposed. 

Analysis of the maximum safe levels (mg/man/day) in 
Table Il-3 reveals that these levels are not exactly the 
same when one species is compared with another. The 
choice of level on which to base a level for water requires 
selection of the lowest value from animal experimentation, 
provided that the human data are within the same order 
of magnitude and substantiate that man is no more sensitive 
to a particular agent than is the rat or the dog. 

To then calculate a limit for water it is necessary to 
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consider the exposure from other media. In the case of the 
chlorinated hydrocarbons, exposure is expected to occur 
mostly through the diet, although aerial spray of these 
agents can occasionally result in an inhalation exposure. 
Dietary intake of pesticide chemicals from 1964 to 1970 
have been determined by investigators of the Food and 
Drug Administration from "market basket" samples of 
food and water (Duggan and Corneliussen 1972) .258 The 
average intakes (mg/man/day) are listed in Table II-3. 

If the intake from the diet is compared with what are 
considered acceptable safe levels for these pesticides, it is 
apparent that only traces of chlordane, methoxychlor, and 
toxaphene are present in the diet. Less than 10 per cent of 
the maximum safe level of aldrin, DDT, endrin, heptachlor, 
or lindane are ingested with the diet. For dieldrin, approxi
mately 35 per cent of the safe level comes from the diet. 
By contrast, exposure to heptachlor epoxide via the diet 
accounts for more than the defined safe level. In general, an 
apportionment to water of20 per cent of the total acceptable 
intake is reasonable. However, the limits for chlordane and 
toxaphene were lowered because of organoleptic effects at 
concentrations above 0.003 and 0.005 mg/I, respectively 
(Cohen et al. 1961,253 Sigworth 1965278). The limit for 
heptachlor epoxide was lowered to five per cent of the safe 
level because of the relatively high concentrations in the 
diet; and, accordingly, the limit for heptachlor was lowered 
because it is metabolized to heptachlor epoxide. 

These limits reflect the amounts that can be ingested 
without harm to the health of the consumer and without 
adversely affecting the quality of the drinking water. They 
are meant to serve only in th(' event that these chemicals 
are inadvertently present in the water and do not imply 
that their deliberate addition is acceptable. 

Recommendation 

Because of adverse physiolog,ical effects on hu
mans or on the quality of the water and because 
there is inadequate information on the effect of 
the defined treatment on removal of chlorinated 
hydrocarbons, it is recommended that the limits 
for water shown in Table 11-3 not be exceeded. 

ORGANOPHOSPHORUS AND CARBAMATE 
INSECTICIDES 

The number of organophosphorus and carbamate in·
secticides has steadily increased through special uses in 
agricultural production and the control of destructive in-
sects. At present, there are perhaps 30 commonly used 
organophosphates with parathion among those potentially 
most dangerous to human health. No evidence has de-
veloped of any significant contamination of water supplies 
even in the geographical areas where the use of pesticides 
in this class has been extensive. However, because of their 
high mammalian toxicity, it is advisable to establish an 
upper limit for these pesticides in treated water supplies. 

The majority of organophosphorus insecticides in use at 

present are somewhat similar in chemical structure and 
physical and biological properties. Although their speci 
chemical compositions diaer from one another and frc 
carbamates, they all act by the same physiological med 
nism. Their presence in public water supplies as con tan 
nants would result in some deleterious biological em 
over a period of time. 

Ingestion of small quantities of either of these pesticic 
over a prolonged period results in a dysfunction of t 
cholinesterase of the nervous system (Durham and Ha) 
1962) .259 This appears to be the only important manif. 
tation of acute or chronic toxicity caused by these co1 
pounds (HEW 1969).~04 

Although safe levels of these agents have been determin 
for experimental animals 011 the basis of biochemical irn 
ca tors of injury, more knowledge is needed to make speci 
recommendations for water quality (HEW 1969) .284 

Indications of the levels that would be harmful a 
available for some organophosphorus compounds as a res1 
of studies conducted with human volunteers. Grob (1950) 
estimated that 100 mg of parathion would be lethal a1 
that 25 mg would be moderately toxic. On the other han 
Bidstrup (1950)251 estimated that a dose of IO to 20 mg 
parathion might be lethal. Edson (I 957)260 found th 
parathion ingested by man at a rate of 3 mg/day had 1 

effect on cholinesterase. Similar values were determined I 
Williams and his associates (1958).285 Moeller and Rici 
(I 962) 273 suggested that the detectable toxicity threshol 
as measured by cholinesterase depression, was 9 mg/cl; 
for parathion equivalency and 24 mg/day for malathio 
These investigators also reported that a daily dose of 7 n 
of methyl parathion was near the detectable toxicity thres 
old for this compound; but it was later found (Rider a1 
Moeller 1964)276 that 10 mg/day of methyl parathion cl 
not produce any significant inhibition of blood choli 
esterase. Therefore, 5 mg/day (0.07 mg/kg/day) of p 
rathion equivalency should be a safe intake acceptable 
the body. 

Frawley and his associates (I 963) 262 found that a depre 
sion of plasma cholinesterase occurred in human subjec 
at a dosage of 0.15 mg/kg/day of Delnav, which wou 
amount to a total dose of about 7 to 10 mg/clay ofparathi( 
depending on the body weight of the subjects. 

On the basis that carbamate and organophosphorus i 
secticides have similar toxic effects and that parathion 
one of the most toxic of these classes, the data appeared 
show that 0.07 mg/kg/day should be a safe level for ti 
human body. Assuming a daily consumption of 2 liters 
water containing cholinergic organophosphates or carb 
mates in concentrations of 0.1 mg/I, 0.2 mg/day would I 
ingested. This would provide a factor of safety of 25 f< 
parathion for a man weighi11g 70 kg. 

Recommendation 

It is recommended that the carbamate an 
organophosphorus pesticides in public water sui;: 
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TABLE II-4-Recommended Allowable Levels for Chlorophenoxy Herbicides 

lowest long-term levels with minimal or no eftet:ls Calculated maximum safe levels from all sources of exposure Water 
Compound 

Species Dose mg/kg/day• Reference Safety factor (X) mg/kg/day mi/man/day• ~ of Safe Level Rec. ltmil (mg/I)' 

2,4·D .... Rat 0.5 Lehman (1965)2" 1/500 0.001 0.01d 50 0.02 
Dog 8.0 Lehman (1965)272 1/500 0.016 1 12 

2,4,5-TP (S1lvex) Rat 2.6 Mullison (1966)2" 1/500 0.005 0.35 50 0.03 
Dog 0.9 Mullison (1966)"' 1/500 0.001 0. f4d 

2,4,5·T . Rat 4.6 Courtney et al. (1970)2" 1/1000 0.005 0.35" 
Courtney & Moore (1971)2" 0.002 

Dog 10.0 Drill & Hiratzka (1953)"' 1/1000 0.01 0. 7 

•Assume weirht of ral=0.3 kt and of dor= 10 kg; assume average daily food consumption of ral=0.05 kg and of dog=0.2 kg. 
•Assume average weirht of human adult= 70 kg. 
'Assume average daily intake of water for man=2 liters. 
•Chosen as basis on which to derive recommended level. 

ply sources not exceed 0.1 mg/I, total, because there 
is inadequate information on the effect of the de
fined treatment process on their removal. 

CHLOROPHENOXY HERBICIDES 

During the past 20 years, numerous reservoirs have been 
constructed as public water supplies for cities and com
munities in the United States. In certain areas as much as 
five per cent per year of the total volume of a reservoir may 
be lost because of the marginal growth of weeds and trees. 
This is especially common in the Southwest where water 
levels fluctuate (Silvey 1968).279 

In recent years the control of aquatic vegetation has been 
widely practiced for water supply sources in many com
munities in the U.S. Since herbicides may be used for this 
purpose, it is possible that some may find their way into 
finished water. 

Two of the most widely used herbicides arc 2 ,4-D (2 ,4-
dichlorophenoxyacetic acid), and 2 ,4, 5-TP (2 ,4, 5-tri
chlorophenoxy-propionic acid) (see Table 11-4). Each of 
these compounds is available in a variety of salts and esters 
that may have marked differences in herbicidal properties 
but are rapidly hydrolyzed to the corresponding acid in 
the body. There are additional compounds that have been 
employed from time to time, such as diquat (1, l '-ethylene-2, 
2'-dipyridylium dibromide) and endothal (disodium 3 ,6-
endoxohexa-hydrophthala te). 

Studies of the acute oral toxicity of the chlorophenoxy 
herbicides indicated that there was approximately a three
fold variation between the species studied and that the 
acute toxicity was moderate (Hill and Carlisle 1947,267 
Lehman 1951,271 Drill and Hiratzka 1953,257 Rowe and 
Hymas 1954).277 It appears that acute oral toxicity of the 
three compounds is of about the same magnitude within 
each species. In the rat, the oral LD50 for each agent was 
about 500 mg/kg. 

There are some data available on the toxicity of 2 ,4-D 
to man indicating that a daily dosage of 500 mg (about 
7 mg/kg) produced no apparent ill effects in a volunteer 
over a 21-day period (Kraus unpublished 1946).288 

Sixty-three million pounds of 2 ,4-D were produced in 
J 965. There were no confirmed cases of occupational 
poisoning and few instances of any illness due to ingestion 
(Hayes 1963,264 Nielson et al. 1965275). One case of 2 ,4-D 
poisoning in man has been reported recently (Berwick 
1970).250 

Lehman (1965) 272 reported that the no-effect level ot 
2 ,4-D is 0.5 mg/kg/day in the rat and 8.0 mg/kg/day in 
the dog. In 2-year feeding studies with the sodium and 
potassium salts of silvex, the no-effect levels were 2.6 
mg/kg/day in rats and 0.9 mg/kg/day, respectively, in 
dogs (Mullison 1966).274 

Terata and embryo toxicity effects from 2,4,5-T were 
evidenced by statistically increased proportions of abnormal 
fetuses within the litters of mice and rats (Courtney et al. 
1970).254 The rat appeared to be more sensitive to this 
effect. A dosage of 21.5 mg/kg produced no harmful effects 
in mice, while a level of 4.6 mg/kg caused minimal but 
statistically significant effects in the rat. More recent work 
has indicated that a contaminant (2, 3, 7, 8-tetrachloro
dibenzo-p-dioxin) which was present at approximately 30 
ppm in the 2 ,4 ,5-T formulation originally tested was highly 
toxic to experimental animals and produced fetal and 
maternal toxicity at levels as low as 0.0005 mg/kg. However, 
highly purified 2,4,5-T has also produced teratogenic 
effects in both hamsters and rats at relatively high dosage 
rates (FDA and NIEHS unpublished data,287 Collins and 
Williams 1971252). Current production samples of 2 ,4 ,5-T 
that contain less than 1 ppm of dioxin did not produce 
embryo toxicity or terata in rats at levels as high as 24 
mg/kg/day (Emerson et al. 1970).261 

Recommendation 

Because of possible adverse physiological effects 
and because there are inadequate data on the 
effects of the defined treatment process on removal 
of chlorophenoxy herbicides, it is recommended 
that 2,4-D not exceed 0.02 mg/I, that Silvex not 
exceed 0.03 mMl, and that 2,4,5-T not exceed 
0.002 mg/I in public water supply sources. 



pH 

The pH of a raw water supply is significant because it 
affects water treatment processes and may contribute to 
corrosion of waterworks structures, distribution lines, and 
household plumbing fixtures. This corrosion can add such 
constituents as iron, copper, lead, zinc, and cadmium to 
the water. Most natural waters have pH values within the 
range of 5.0 to 9.0. Adjustment of pH within this range is 
relatively simple, and the variety of anticorrosion pro-

cedures currently in use make it unnecessary to recomme1 
a more narrow range. 

Recommendation 

Because the defined treatment process can co] 
with natural waters within the pH range of 5.0 1 

9.0 but becomes less economical as this range 
extended, it is recommEmded that the pH of publ 
water supply sources be within 5.0 to 9.0. 

PHENOLIC COMPONDS 

Phenolic compounds are defined (Standard Methods 
1971 ) 301 as hydroxy derivatives of benzene and its condensed 
nuclei. Sources of phenolic compounds are industrial waste 
water discharges (Faust and Anderson 1968),292 domestic 
sewage (Hunter 1971),296 fungicides and pesticides (Frear 
1969),294 hydrolysis and chemical oxidation of organo·· 
phosphorus pesticides (Gomaa and Faust 1971),295 hy·· 
drolysis and photochemical oxidation of carbamate pesti-· 
cides (Aly and El-Dib 1971 ),289 microbial degradation of 
phenoxyalkyl acid herbicides (Menzie 1969),298 and natur-· 
ally occurring substances (Christman and Ghassemi 1966).291 

Some phenolic compounds are sufficiently resistant to 
microbial degradation to be transported long distances by 
water. 

Phenols affect water quality in many ways. Perhaps the 
greatest effect is noticed in municipal water systems where 
trace concentrations of phenolic compounds (usually less 
than 1.0 mg/1) affect the organoleptic properties of the 
drinking water. For example, p-cresol has a threshold order 
concentration of 0.055 mg/I, m-cresol 0.25 mg/I, and 
o-cresol 0.26 mg/l (Rosen et al. 1962).300 Phenol has a 
threshold odor concentration of 4.2 mg/l (Rosen et al. 
1962), 300 whereas the values for the chlorinated phenols are: 
2-chlorophenol, 2.0 µg/I; and 4-chlorophenol, 250 µg/I 
(Burttschell et al. 1959).290 Generally, phenolic compounds 
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are not removed efficiently by the defined treatment proce: 
Furthermore, municipal waters are postchlorinated to insu 
disinfection. If phenolic compounds are present in wate 
that are chlorinated for disinfection, chlorophenols may I 
formed. The kinetics of this reaction are such that chlor' 
phenols may not appear until the water has been di 
tributed from the treatment plant (Lee and Morris 1962).: 

2 ,4-dinitrophenol has been shown to inhibit oxidati1 
phosphorylation at concentrations of 184 and 278 mg 
(Pinchot 1967).299 

The development of criteria for phenolic compounds 
hampered by the lack of sensitive standard analytical tecl 
niques for the detection of specific phenolic compound 
Some of the more odorous compounds are the para subs1 
tuted halogenated phenols. These escape detection by tl 
methodology suggested by Standard Methods ( l 971) 301 m 

less the analytical conditions are precisely set (Faust et 2 

1971).293 

Recommendation 

Because the defined treatment process may sE 
verely increase the odor of many phenolic com 
pounds, it is recommended that public water su1 
ply sources contain no more than 1 flt/I phenoli 
compounds. 



PHOSPHATE 

Recommendations for phosphate concentrations have 
been considered but no generally acceptable recommen
dation is possible at this time because of the complexity of 
the problem. The purpose of such a recommendation would 
be twofold: 

1. to avoid problems associated with algae and other 
aquatic plants, and 

2. to avoid coagulation problems due particularly to 
complex phosphates. 

Phosphate is essential to all forms of life. In efforts to 
limit the development of objectionable plant growths, phos
phate is often considered the most readily controllable 
nutrient. Evidence indicates (a) that high phosphate con
centrations are associated with eutrophication of waters 
manifest in unpleasant algal or other aquatic plant growths 
when other growth-promoting factors are favorable; (b) 
that aquatic plant problems develop in reservoirs or other 
standing waters at phosphate values lower than those critical 
in flowing streams; (c) that reservoirs and other standing 
waters will collect phosphates from influent streams and 
store a portion of these within the consolidated sediments; 
and (d) that initial concentrations of phosphate that stimu
late noxious plant growths vary with other water quality 
characteristics, producing such growths in one geographical 
area but not in another. 

Because the ratio of total phosphorus (P) to that form of 
phosphorus readily available for plant growth is constantly 
changing and ranges from two to 1 7 or more times greater, 
it is desirable to establish limits for total phosphorus rather 
than to the portion that may be available for immediate 
plant use. Most relatively uncontaminated lake districts are 
known to have surface waters that contain 10 to 30 µg/l 
total phosphorus as P; in some waters that are not obviously 
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polluted, higher values may occur. Data collected by the 
Federal Water Pollution Control Administration, Division 
of Pollution Surveillance, indicate that total phosphorus 
concentrations exceeded 50 µg/l (P) at 48 per cent of the 
stations sampled across the nation (Gunnerson 1966). 302 

Some potable surface water supplies now exceed 200 µg/l 
(P) without experiencing notable problems due to aquatic 
growths. Fifty micrograms per liter of total phosphorus 
(as P) would probably restrict noxious aquatic plant 
growths in flowing waters and in some standing waters. 
Some lakes, however, would experience algal nuisances at 
and below this level. 

Critical phosphorus concentrations will vary with other 
water quality characteristics. Turbidity and other factors 
in many of the nation's waters negate the algal-producing 
effects of high phosphorus concentrations. When waters are 
detained in a lake or reservoir, the resultant phosphorus 
concentration is reduced to some extent over that in influent 
streams by precipitation or uptake by organisms and subse
quent deposition in fecal pellets or the bodies of dead 
organisms. At concentrations of complex phosphorus on the 
order of 100 µg/l, difficulties with coagulation are experi
enced (U.S. Department of the Interior, Federal Water 
Pollution Control Administration 1968). 303 (See the dis
cussion of Eutrophication and Nutrients in Section I for a 
more complete description of phosphorus associations with 
the enrichment problem.) 

Recommendation 

No recommendation can be made because of the 
complexity of relationships between phosphate 
concentrations in water, biological productivity, 
and resulting problems such as odor and filtration 
difficulties. 



PHTHALATE ESTERS 

Large quantities ofphthalate esters are used as plasticizers 
in plastics. Phthalates in water, fish, and other organisms, 
represent a potential but largely unknown health problem. 
They have been implicated in growth retardation, accumu
lation, and chronic toxicity, but little conclusive infor
mation is available (Phthalates are discussed in Section III, 

Freshwater Aquatic Life and Wildlife.) Because there 
insufficient information on 1heir specific effects on man, 1 

scientifically defensible recommendation can be made 
this time concerning conceritrations of phthalate esters 
public water supply sources. 

PLANKTON 

The quality of public water supplies may be drastically 
affected by the presence of planktonic organisms. Plankton 
may be defined as a community of motile or nonmotile 
microscopic plants and animals that are suspended in water. 
The species diversity and density of the plankton com-· 
munity are important water quality characteristics that 
should be monitored in all public water supplies. Several 
methods for counting plankton have been improvised. 
Many reports count plankton as number of organisms per 
aliquot of sample rather than biomass. Since various species 
of algae are much larger than other species, plankton 
counts that simply enumerate cells, colonies, or filaments do 
not indicate accurately the true plankton content of the 
water (Standard Methods 1971). 305 

Plankters are primarily important in public water supply 
sources for their contribution to taste and odor problems, 
pH alteration, or filter clogging. To aid operators in in
terpreting plankton data, the algae counted should be 
listed under applicable categories that show the predomi
nance or absence of certain groups of organisms at any 
given time. The categories used should include green algae, 
blue-green algae, diatoms, flagellated forms, Protozoa, 
microcrustaceans and Rotifera, as well as related Protista. 

Data from plankton counts can be very useful to water 
treatment operators (Silvey et al. 1972). 304 Counts of blue-· 
green algae which exceed 50 per cent of the total plankton 

community usually indicate potential taste and odor prol 
lems. So long as the green algae comprise 75 per cent , 
the total plankton count, it is not likely that serious tas 
and odor problems will arise. The diatom population of tl 
plankton community is also important. During some diato: 
blooms, the pH of the water increases enough to require tl 
addition of more alum or iron than would normally l 
used to achieve the desired pH in the distribution sys ten 
Some blooms of planktonic green algae cause the pH ' 
the water to rise from 7.6 to as high as 10. There are a1 
parently no plankters that tend to reduce pH or remm 
minerals in sufficient quantities to alter conditions. 

The role which plankton plays in the productivity of 
lake or reservoir is important. The relationship betwee 
productivity and respiration may frequently be used as 
pollution index. In many instances, plankton studies a1 
more revealing than bacterial studies. A ratio of produi 
tivity to respiration amounting to one or more indica1• 
that the algae are producing more oxygen than is beir 
consumed by the bacteria. If the ratio drops below one fc 
significant periods, an undesirable condition exists that m:i 
cause problems with anaerobic organisms. For further di 
cussions of productivity and [ts relation to water qualit: 
see Section I on Recreation and Aesthetics, Section III o 
Fresh Aquatic Life and Wildlife, and Section IV on Marir 
Aquatic Life and Wildlife. 
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POLYCHLORINATED BIPHENYLS (PCB) 

Polychlorinated biphenyls (PCB) consist of a mixture of 
compounds only slightly soluble in water; highly soluble 
in fats, oils, and non polar liquids; and highly resistant to 
both heat and biological degradation. PCB have a wide 
variety of industrial uses, primarily as insulating fluid in 
electrical and heat transfer equipment (Interdepartmental 
Task Force 1972). 311 

Exposure to PCB is known to cause skin lesions (Schwartz 
and Peck (1943) 320 and to increase liver enzyme activity 
that may have a secondary effect on reproductive processes 
(Risebrough et al. 1968, 317 Street et al. 1969, 321 Wassermann 
et al. 1970325). It is not clear at this time whether the effects 
are due to PCB or its contaminants, the chlorinated di
benzofurans that are highly toxic (Bauer et al. 1961, 307 
Schulz 1968, 319 Verrett 1970324). It is also not known whether 
the chlorinated dibenzofurans are produced by degradation 
of PCB as well as during its manufacture. 

The occurrence of PCB in our waters has been docu
mented repeatedly (New Scientist 1966, 315 Holmes et al. 
1967, 310 Risebrough et al. 1968, 317 Jensen et al. 1969, 312 

Koeman et al. 1969, 313 Schmidt et al. 1971, 318 Veith and 
Lee 19 71 323). They have been associated with sewage 
effluents (Holden 1970, 309 Schmidt et al. 1971 318) and rain
water (Tarrant and Tatton 1968), 322 as well as releases and 
leakage. Failures of closed systems using PCB have caused 
some of the more well known releases (Kuratsune et al. 
1969, 314 Duke et al. 1970308

). It has been reported that the 
defined treatment process does little or nothing to remove 
PCB (Ahling and Jensen 1970).306 

An epidemiological study on severe poisoning by rice oil 
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contaminated with polychlorinated biphenyls in 1968 indi
cated that about 0.5 grams ingested over a period of ap
proximately one month was sufficient to cause the Yusho 
disease. Many of those affected showed no signs of relief 
after about three years (Kuratsune et al. 1969).314 Price 
and Welch (1971) 316 have estimated on the basis of 194 
samples that 41 to 45 per cent of the general population of 
the U.S. may have PCB levels of 1.0 mg/kg or higher 
(wet weight) in adipose tissue. Therefore, it appears that 
PCB may accumulate in the body. On this basis it can be 
calculated that a daily intake of 0.02 mg would require 
about 70 years to be toxic. Applying a factor of safety of 
10 would permit a daily intake of 0.002 mg, and assuming 
a two liter per day intake, suggests a permissible concen
tration in water to be 0.001 mg/I. 

However, evaluation of the retention and accumulation 
of PCB from water instead of oil in humans is highly desir
able. A study on rats with a single oral dose of 170 mg/kg 
showed urinary excretion (of PCB) to be limited, while 
70 per cent of the dose was found in the feces during an 
eight week period (Yoshimura et al. 1971). 326 Information 
on PCB in the diet would also be helpful. 

Conclusion 

Because too little is known about the levels in 
waters, the retention and accumulation in hu
mans, and the effects of very low rates of ingestion, 
no defensible recommendation can be made at this 
time. 



RADIOACTIVITY 

The effects of radiation on human beings are viewed as 
harmful, and any unnecessary exposure to radiation should 
be avoided. The U.S. Federal Radiation Council* (196la)329 
provided guidance for federal agencies to limit exposure of 
individuals to radiation from radioactive materials in the 
environment. The following statement by the U.S. Federal 
Radiation Council (1960) 328 is considered especially perti-· 
nent in applying the recommendations of this report: 

There can be no single permissible or acceptable level 
of exposure without regard to the reason for permitting 
the exposure. It should be general practice to reduce 
exposure to radiation, and positive effort should be 
carried out to fulfill the sense of these recommen
dations. It is basic that exposure to radiation should 
result from a real determination of its necessity. 

The U.S. Federal Radiation Council criteria (1960, 328 
1961a329) have been used in establishing the limits for radio
activity recommended here. It should be noted that these 
guidelines apply to normal peacetime operations. They are 
predicated upon three ranges of daily intake of radio
activity as seen in Table Il-5. 

The recommended radionuclide intake derives from the 
sum of radioactivity from air, food, and water. Daily 
intakes were prescribed with the provision that dose rates 
be averaged over a period of one year. The range for 
specific radionuclides recommended by the U.S. Federal 
Radiation Council (1961b) 330 are shown in the following 
tables: 

TABLE 11-5-Ranges of Transient Rates of Intake (pCi/day) 
for use in Graded Scale of Action• 

Ranre I Ran1e II Ranp Ill 

Rad1um·226. . . . . 0-2 2-20 20-200 
lodine·131b ..... 0-10 10-100 100-1000 
Slronbum·90 . . 0-20 20-200 200-2000 
Strontium-89 ... ... 0-200 200-2000 2000-20,000 

• See Tabla 11-6. 
b In the case of iodine· 131, the suitable saftlple would indllde only small children. For adults, the radiation protec· 

tion guide for the thyroid would not be e-ded .lly rates of inlltll lligherJ1y a factor of 10 than those applicable 
to small children. 

* The functions of the U.S. Federal Radiation Council have been 
transferred to EPA, Office of Radiation Programs. 

TABLE Il--6-Gmded Scale of Action 

Ranges of transient rates of daily intake 

Range I . 
Range ff .. 
Range lff 

Graded scale of action 

. Periodic confirmatory surveillance as necessary 
. . Quantitative surveillance and routine control 

Evaluation and application of additional control measures as nee 
sary 

For each range, a measure of control was defined, whic 
represented a graded scale of control procedureB. 

The U.S. Federal Radiation Council (196lb) 330 furthi 
defined the action to be taken by stating that "Routir 
control of useful applications of radiation and atom 
energy should be such that expected average exposures < 

suitable samples of an exposed population group will nc 
exceed the upper value of Range II." Furthermore, the 
recommended, with respect to Range III, that "Contr< 
actions would be designed to reduce the levels to Range I 
or lower, and to provide staoiJity at lower levels." 

It has not been considered necessary to prescribe criteri 
for iodine-131 or strontium-89 for surface waters. lodine-13 
has never been a problem in water supplies and does nc 
appear likely to be, and strontium-89 levels should not I; 

significant if strontium-90 levels are kept satisfactorily lov 
Using the midpoint of Ran1~e I, Table 11-5, for transier 
rates of intake recommended by the U.S. Federal Radiatio 
Council, and assuming a 2 liter per day consumption, th 
radium-226 limit is 0.5 Pc/day and strontium--90 limit 
5 Pc/day. These levels are no1 currently being exceeded i 
any surface water supply in the United States, although 
number of ground water supplies have more than 0.5 pCi1 

of radium-226. 
Because tritium (hydrogen-3) may be discharged fror 

nuclear power reactors and fuel reprocessing plants, an 
because it would not be detected in normal analysis c 
water samples, it has been considered desirable to includ 
a limit on this low energy radionuclide. The Federal Radi 
ation Council has not provided guidance on tritium intakt 
A tentative limit of 3,000 pCi/l of tritium has been propose' 
for the revised edition of Drinking Water Standards. Thi 
relatively conservative limit has been suggested because c 

84 



uncertainty in the potential genetic effects of tritium in
corporated into body tissues as tritiated water. It is a 
generally attainable level based on data from the Environ
mental Protection Agency Tritium Surveillance System. 
These data indicate that of 70 United States cities surveyed 
in 1970, none had an ·annual average tritium activity in 
tap water exc~eding 3,000 pCi/l, the highest annual average 
value being 1,900 pCi/l. Levels in surface water collected 
downstream from nuclear facilities showed only two of 34 
locations having tritium activity exceeding 3,000 pCi/l. 
Precipitation samples taken during 1970 at locations within 
the United States indicated less than 700 pCi/1. 

Although a large number of other radionuclides may be 
present in water, it has not been considered necessary to 
include specific limits for other than the three mentioned 
above. If other nuclides are likely to be present, it is recom
mended that permissible limits be held to 1/150 of the limit 
for continuous occupational exposure set by the Inter
national Commission on Radiological Protection ( 1960). 327 

Gross radioactivity limits provide screening techniques 
and guides to an increased level of radiochemical analysis. 
If the gross alpha and gross beta concentrations in a sample 
are less than certain minimum concentrations, no additional 
radiochemical or radiophysical analyses are required. 

Gross Alpha Radioactivity Gross alpha limits or 
investigation levels are keyed to the concentratio11 limit for 
radium-226 (the alpha emitter with the most restrictive 
intake limit). A typical scheme is the following: 

TABLE II-7-Typical Scheme of Gross Alpha Concentration 

Gross Alpha concentration (pCi/I) Required action 

(1) Nol exceeding 0.5 pCi/I . . .. . . .. . ... None 
(b) Greater thin o. 5 but not exceeding 5 pCl/I. . . . . . Radiochemical analysis for radium·226 
(c) Greater thin 5 pCi/I.... .. ...................... ComprehlDlive radiochemical anaylsis 

Gross Beta Radioactivity Two beta emitting radio
nuclides with the most restrictive maximum permissible 
concentrations are lead-210 and radium-228. However, 
since it is extremely unlikely that either radionuclide will 
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TABLE II-8-Gross Beta Radioactivity to Strontium-90 and 
Isotopes of Radioiodine 

Gross Beta concentrabon excluding Potas~um-40 Required action 

(a) Nol grealer lhln 5 pC1/I. . . None (with knowledge that lead-210 and radium-228 
are essentially absent) 

(b) Greater than 5, but Im than 50 pCi/I . Analym for strontium-90, iodine·129, and 1odine·131 
(c) Greater than 50 pCi/I. . Comprehen11ve radiochemical analysis 

ever be present in a significant concentration in a raw 
water source, the investigation levels for gross beta radio
activity are keyed to strontium-90 and isotopes of radio
iodine. 

The radionuclide concentration limits proposed in the 
above tables should not be considered as absolute maxima 
that, if exceeded, constitute grounds for rejection of a 
drinking water supply source. Instead, the concentration 
limits should be considered guidelines that should not be 
exceeded unless there is good reason. The constraints that 
should be imposed are based on: (I) a determination by the 
appropriate regulatory agencies that the higher level of 
radioactivity is as low as can be practicably achieved, and 
(2) quantitative surveillance of all intake pathways to 
demonstrate that total dose to a suitable sample of the 
exposed population is within Radiation Protection Guide
lines levels. To permit variances in radionuclide concen
trations in water depending on concentrations in other 
environmental media and dietary habits is consistent with 
the guidance and recommendations of the U.S. Federal 
Radiation Council, the National Council on Radiation 
Protection and Measurement, and the International Com
mission on Radiological Protection. 

Recommendation 

Because the defined treatment process has un
certain effects on the removal of soluble radio
nuclides and because of the effects of radiation on 
humans, it is recommended that the limits related 
to the ~uidelines presented above be accepted in 
the context of the discussion for application to 
sources of public water supply. 



SELENIUM 

The toxicity of selenium resembles that of arsenic and 
can, if exposure is sufficient, cause death. Acute selenium 
toxicity is characterized by nervousness, vomiting, cough, 
dyspnea, convulsions, abdominal pain, diarrhea, hypo
tension, and respiratory failure. Chronic exposure leads to 
marked pallor, red staining of fingers, teeth and hair, 
debility, depression, epistaxis, gastrointestinal disturbances, 
dermatitis, and irritation of the nose and throat. Both 
acute and chronic exposure can cause odor on the breath 
similar to garlic (The Merck Index of Chemicals and Drugs 
1968). 336 The only documented case of selenium toxicity 
from a water source, uncomplicated with selenium in the 
diet, concerned a three-month exposure to well water con
taining 9 mg/I (Beath 1962). 331 

Although previous evidence suggested that selenium was 
carcinogenic (Fitzhugh et al. 1944), 332 these observations 
have not been borne out by subsequent data (Volganev 
and Tschenkes 196 7). 346 In recent years, selenium has 
become recognized as a dietary essential in a number of 
species (Schwarz 1960, 341 Nesheim and Scott 1961, 338 Old
field et al. 1963 339). 

Elemental selenium is highly insoluble and requires oxi
dation to selenite or selenate before appreciable quantities 
appear in water (Lakin and Davidson 196 7). 335 There is 
evidence that this reaction is catalyzed by certain soil 
bacteria (Olson 196 7). 340 

No systematic investigation of the forms of selenium in 
excessive concentrations in drinking water sources has been 
carried out. However, from what is known of the solubilities 
of the various compounds of selenium, the principal in
organic compounds of selenium would be selenite and 
selenate. The ratio of their individual occurrences would 
depend primarily on pH. Organic forms of selenium oc
curred in seleniferous soils and had sufficient mobility in 
an aqueous environment to be preferentially absorbed over 
selenate in certain plants (Hamilton and Beath 1964). 334 

However, the extent to which these compounds might occt 
in source waters is essentially unknown. Toxicologic exam 
nation of plant sources of selenium revealed that seleniur 
present in seleniferous grains "'as more toxic than inorgani 
selenium added to the diet (Franke and Potter 1935). 333 

Intake of selenium from foods in seleniferous areas (Smit 
1941), 342 may range from 600 to 6,340 µg/day, which aF 
proach estimated levels related to symptoms of seleniur 
toxicity in man based on urine samples (Smith et a 
1936, 343 Smith and Westfall 1937 344). If data on seleniur 
in foods (Morris and Levander 1970) 337 are applied to th 
average consumption of foods (U.S. Department of Agri 
culture, Agriculture Research Service, Consumer and Foo1 
Economics Research Division 1967), 340 the normal dietar 
intake of selenium is about 200 µg/day. 

If it is assumed that two liters of water are ingested pe 
day, a 0.01 mg/I concentration of total selenium woul1 
increase the normal total dietary intake by 10 per ce11 
(20 µg/day). Considering the range of selenium in forn 
associated with symptoms of toxicity in man, this woul< 
provide a safety factor of from 2. 7 to 29. A serious weaknes 
in these calculations is that their validity depends on ai 
assumption of equivalent toxicity of selenium in food arn 
water, in spite of the fact that a considerable portion o 
selenium associated with plants is in an organic form 
Adequate toxicological data tlnat specifically examine th1 
organic and the inorganic selenium compounds are no 
available. 
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Recommendation 

Because the defined tri~atment process has littl' 
or no effect on removing selenium, and becaus' 
there is a lack of data on its toxic effects on human! 
when ingested in water, it is recommended tha1 
public water supply sources contain no more tha11 
0.01 mg/I selenium. 



SILVER 

Silver is a rather rare element with a low solubility of 
0.1 to 10 mg/I depending upon pH and chloride concen
tration (Hem 1970). 348 Data from 1,577 samples collected 
from 130 sampling points in the United States showed 
detectable (O. l µg/l) concentrations in 104 samples ranging 
from 1.0 to 38 µg/l with a median of 2.6 µg/l (Kopp 
1969). 352 

The principal effect of silver in the body is cosmetic. It 
causes a permanent grey discoloration of skin, eyes, and 
mucous membranes. The amounts of colloidal silver re
quired to produce this condition (argyria, argyrosis), which 
would serve as a basis for determining the water standard, 
are not known; but the amount of silver from injected 
agarsphenamine that produces argyria is any amount 
greater than one gram of silver in the adult (Hill and 
Pillsbury 1939, 349 1957 350). It is also reported that silver, 
once absorbed, is held indefinitely in the tissues (Aub and 
Fairhall 1942). 347 

A study that provided analyses of samples of human 
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tissues from 30 normal adult males showed three to contain 
silver in minute amounts. Comparison of the mean daily 
concentrations of silver in successive daily samples of urine, 
feces, and food (0.088 mg/day) showed essentially no ab
sorption of the intake from food (Kehoe et al. l 940b). 351 

Studies of the metabolism of silver in the rat showed only 
about 2 per cent of the element entered the blood from the 
gastrointestinal tract and that the biological half life was 
about 3 days (Scott 1949). 353 However, this work was done 
with carrier free silver and may not be representative of the 
behavior of larger amounts of element. It docs suggest, 
however, that ingested silver is not likely to be completely 
stored in the body. 

Conclusion 

Because silver in waters is rarely detected at 
levels above 1 µg,/l, a limit is not recommended for 
public water supply sources. 



SODIUM 

Sodium salts are ubiquitous in the water environment. 
These minerals are highly soluble, and their concentrations 
in natural waters show considerable variation, regionally 
and locally. In addition to natural sources of sodium salts, 
other sources are sewage, industrial effiuents, and deicing 
salts. Sodium concentrations in ground waters may also 
vary with well depth, and often reach higher levels of 
concentration than in surface waters. Removal of sodium 
is costly and is not common in public water supply treat
ment. 

Of the 100 largest public water supplies in the U.S., most 
of which are surface supplies, the median sodium content 
was 12 mg/I with a range of 1.1 mg/I to 177 mg/I (Durfor 
and Becker 1964). 355 For a healthy individual, the intake 
of sodium is discretionary and influenced by food selection 
and seasoning. The intake of sodium may average 6 g/day 
without adverse effects on health (Dahl 1960). 354 

Various restricted sodium intakes are recommended by 
physicians for a significant portion of the population, in
cluding persons suffering from hypertension, edema associ
ated with congestive cardiac failure, and women with 
toxemias of pregnancy (National Research Council, Food 
and Nutrition Board 1954). 356 The sodium intake from 
sources other than water recommended for very restricted 
diets is 500 mg/day. Diets for these individuals permit 
20 mg/! sodium in drinking water and water used for 
cooking. If the public water supply has a sodium content 
exceeding this limit, persons on a very restricted sodium 
diet must use distilled or deionized water. 

For a larger portion of the population who use a moder
ately restricted diet, 1,000 mg/day is the recommended 
sodium intake limit (National Research Council, Food and 

Nutrition Board 1954). 356 Under this limit, water containir 
a higher concentration of sodium could be used if tl 
sodium intake from the sources other than water were nc 
increased above that of the very restricted diet. Then, tr 
daily intake of sodium from water (20 mg/l for very n 
stricted diets) could be increased by the additional 500 rn 
(250 mg /1) intake permitted. in the moderately restricte 
diet, thus allowing a significant portion of the populatio 
to use public water supplies with higher sodium cancer 
trations. On this basis water containing more than 270 mg1 

sodium should not be used for drinking water by thm 
using the moderately restricted sodium diet, and wat~ 
containing more than 20 mg/l sodium should not be use 
by those using the very restricted sodium diet. 

The response of people who should restrict their sodiur 
intake for health reasons is a continuum varying wit 
intake. The allocation of the difference in dietary intak 
allowed by the very restricted and the moderately restricte1 
diets to drinking water would be an arbitrary decision 
Furthermore, waters conta[n:[ng high concentrations c 
sodium (greater than 270 mg/l) are likely to be too high] 
mineralized to be considered desirable from aesthetic stand 
points aside from health con:;iclerations. 

Treatment of an entire public water supply to remov, 
sodium is quite costly. Home treatment for drinking wate 
alone for those needing low sodium water can be done a 
relatively modest cost, or low sodium content bottled wate 
can be used. 

Recommendation 

In view of the above discussion no limit is recom· 
mended for sodium. 
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SULFATE 

The public water supplies of the 100 largest cities in the 
United States were found to contain a median sulfate con
centration of26 mg/l, and a maximum of 572 mg/l (Durfor 
and Becker 1964). 357 Greater concentrations were present 
in many ground water supplies for smaller communities 
in the Midwest (Larson 1963). 358 Sulfate ions in drinking 
water can have a cathartic effect on occasional users, but 
acclimatization is rapid. If two liters of water are ingested 
per day, the equivalent sulfate concentrations for laxative 
doses of Glauber salt and Epsom salt are 300 mg/l and 
390 mg/I, respectively (Peterson 1951, 361 Moore 1952 360). 

Data collected by the North Dakota State Department 
of Health on laxative effects of mineral quality in water 
indicated that more than 750 mg/I sulfate had a laxative 
effect, and less than 600 mg/I did not (Peterson 1951). 361 

If the water was high in magnesium, the effect took place 
at lower sulfate concentrations than if other cations were 
dominant. A subsequent interpretation showed that laxative 

effects were experienced by sensitive persons not accustomed 
to the water when magnesium was about 200 mg/I, and 
by the average person when magnesium was 500-1000 mg/I 
(Moore 1952). 360 

The median of sulfate concentrations detected by taste 
by a panel of 10 to 20 persons was 23 7, 3 70, and 419 mg/l 
for sodium, calcium, and magnesium salts, respectively 
(Whipple 1907). 362 Coffee brewed with 400 mg/I sulfate 
added as magnesium sulfate was affected in taste (Lockhart 
et al. 1955). 359 

Recommendation 

On the basis of taste and laxative effects and 
because the defined treatment process does not 
remove sulfates, it is recommended that sulfate 
in public water supply sources not exceed 250 mg/1 
where sources with lower sulfate concentrations 
are or can be made available. 

TEMPERATURE 

Temperature affects the palatibility of water by intensi
fying taste and odor through increased volatility of the 
source compound (Burnson 1938). 366 Any increase in tem
perature may stimulate growth of taste and odor producing 
organisms (Kofoid 1923, 872 Thompson 1944, 378 Silvey et al. 
1950377) but tends to decrease the survival time of infectiom 
organisms (Peretz and Medvinskaya 1946, 376 Rudolfs et al. 
1950376). The standard treatment process is also affected 
by temperature or temperature changes in the steps of 
coagulation (Velz 1934, 379 Maulding and Harris 1968, 373 

American Water Works Association 1971 363), sedimentation 
(Camp et al. 1940, 368 Hannah et al. 1967370), filtration 
(Hannah et al. 1967370), and chlorination (Ames and Smith 
1944, 364 Butterfield and Wattie 1946 367). 
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Temperature changes usually are caused by using water 
as a coolant, as a carrier of wastes, or for irrigation 
(Brashears, Jr. 1946, 365 Moore 1958,374 Eldridge 1960, 369 

Hoak 1961 371). Surface water temperatures vary with the 
seasons, geographical location, and climatic conditions. The 
same factors along with geological conditions affect ground 
water temperatures. 

Recommendation 

No temperature change that detracts from the 
potability of public water supplies and no temper
ature change that adversely affects the standard 
treatment process are suggested guidelines for 
temperature in public water supply sources. 



TOTAL DISSOLVED SOLIDS 

(Filterable Residue) 

High total dissolved solids (TDS) are objectionable be-
cause of possible physiological effects, mineral taste, and 
economic consequences. Limited research (Bruvold 1967 380) 

indicated that consumer acceptance of mineralized waters 
decreased in direct proportion to increased mineralization. 
This study covered a range of TDS values of 100 to 1,200 
mg/I; one at 2,300 mg/I TDS. For high levels of minerali
zation, there may also be a laxative effect, particularly 
upon transients. High concentrations of mineral salts, par
ticularly sulfate and chloride, arc also associated with costly 
corrosion damage in water systems (Patterson and Banker 
1968 381). 

Because of the wide range of mineralization of natural 
water, it is not possible to establish a single limiting value. 
The measurement of specific conductance provides an indi
cation of the amount of TDS present. The relationship of 
specific conductance to TDS will vary depending upon the 
distribution of the major constituent elements present. For 
any given water a relatively uniform relationship will exist. 
Where sufficient data exist to establish a correlation between 

the two measurements, specific conductance may be usit 
as a substitute for the TDS measurement. In very gener, 
terms, a specific conductance of 1,500 micro-mhos is a1 
proximately equivalent to 1,000 mg/I TDS (Standa1 
Methods 1971). 383 

Because drinking water containing a high concentratic 
of TDS is likely to contain an excessive concentration 1 
some specific substance thai: would be aesthetically obje1 
tionable to the consumer, the 1962 Drinking Water Stam 
ards (PHS 1962) 382 included a limit for TDS of 500 mg/ 
if other less mineralized sources were available. Althoug 
waters of higher concentrations are not generally clesirabl1 
it is recognized that a considerable number of suppli< 
with dissolved solids in excess of the 500 mg/l limit are use 
without any obvious ill effects. Therefore, instead of recon 
mending a general dissolved solids limit, specific recommeI 
dations are made in this report for individual substances c 

importance in drinking water sources, such as chloride an 
sulfate. 

TURBIDITY 

The recommendation for acceptable levels of turbidity 
in water must relate to the capacity of the water treatment 
plant to remove turbidity adequately and continuously at 
reasonable cost. Water treatment plants are designed to 
remove the kind and quantity of turbidity to be expected 
in ez.ch water supply source. Turbidity can reduce the 
effectiveness of chlorination by physically protecting micro
organisms from direct contact with the disinfectant (Sander
son and Kelly 1964,384 Tracy et al. 1966). 386 

Customary methods (Standard Methods 1971) 385 for 
measuring and reporting turbidity do not adequately 
measure those characteristics harmful to public water supply 
and water treatment processing. A water with 30 turbidity 
units may coagulate more rapidly than one with 5 or 10 
units. Conversely, water with 30 turbidity units sometimes 
may be more difficult to coagulate than water with 100 
units. The type of plankton, clay, or earth particles, their 

size, and electrical charges, are more important determinin 
factors than the turbidity units. Sometimes clay added t 
very low turbidity water will improve coagulation. 

Turbidity in water should be readily removable b 
coagulation, sedimentation, and filtration; it should not b 
present to an extent that will overload the water treatmen 
plant facilities; and it should not cause unreason able treat 
ment costs. In addition, turbidity should not frequent!· 
change or vary in characteristics to the extent that sue] 
changes cause upsets in water treatment plant processes. 

Conclusion 
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No recommendation i:s made, because it is no 
possible to establish a turbidity recommendatiot 
in terms of turbidity units; nor can a turbidit~ 

recommendation be exi:•ressed in terms of mg/ 
"undissolved solids" or "nonfilterable solids." 



URANYL ION 

The 1968 edition of Water Quality Criteria (FWPCA 
1968) 387 included a limit for uranyl ion (UQ2++) of 5mg/l, 
because a 1965 Public Health Service Drinking Water 
Standards Review Committee had tentatively decided to 
include it in the next revision of the Drinking Water Stand
ards. This value was selected because it is below the ob
jectionable taste and appearance levels as well as the 
chemically toxic concentration. 

Further investigation of raw water quality data indicated 
that uranium does not occur naturally in most waters 

above a few micrograms per liter (U.S. Geological Survey 
1969, 388 EPA office memorandum 1971 389

). 

Recommendation 

The taste, color, and gross alpha recommen
dations will restrict the uranium concentration to 
levels below those objectionable on the basis of 
toxicity. For these reasons, no specific limit is pro
posed for uranyl ion. 

VIRUSES 

Many types of viruses are excreted in the wastes of 
humans and animals (Berg 1971 392), and somt; have been 
implicated in diseases (Berg 1967 391). There are·viruses that 
alternate between animal hosts (Kalter 1967) 403 and those 
that can infect genetically distant hosts (Maramorosch 
1967). 407 Because almost any virus can be transmitted from 
host to host through water (Mosley 1967), 409 any amount 
of virus detectable by appropriate techniques in surface 
water supplies constitutes a hazard (Berg 1967). 391 

While it is believed that all human enteric viruses have 
the potential to cause illness in man, not all have been 
etiologically associated with clinical illness. A number of 
waterborne local outbreaks attributed to virus affecting 
approximately 800 people have occurred in the United 
States, but no obvious large scale spread of a viral disease 
by the water route is known to have occurred (Mosely 
1967).409 Although virus transmission by water has been 
suggested for poliomyelitis, gastroenteritis, and diarrhea, 
the most convincing documentation exists for infectious 
hepatitis (Mosley 1967). 409 Twelve outbreaks of infectious 
hepatitis have been attributed to contaminated drinking 
water in the United States between 1895 and 1971, and 
most of these have been linked to private systems. 

Berg (1971) 392 suggests that waterborne viral disease need 
not occur at the epidemic level in order to be of significance. 
Small numbers of virus units could produce infection with
out causing overt disease, and infected individuals could 
then serve as sources of larger amounts of virus. 
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The interpretation of virus data presents other problems 
in addition to those posed by epidemiological evaluation. 
There is evidence that one virulent virus unit can be suffi
cient to infect man if it contacts susceptible cells (Plotkin 
and Katz 1967), 411 but in an intact host, this is complicated 
by various defenses (Beard 1967). 390 The interpretation of 
data is further complicated by aberrations in survival curves 
for virus thought to be caused by clumping. The statistical 
treatment of virus data has been discussed by Berg et al. 
(1967), 393 Chang (1967, 395 1968 396

), Clark and Niehaus 
(1967),399 Sharp (1967), 412 and Berg (1971). 392 

The route of enteric viral contamination of surface waters 
is from human feces through the effluents of sewage treat
ment plants as well as contamination from raw sewage. 
Enteric virus densities in human feces have been estimated 
by calculation and sampling. Clarke and his associates 
(1962) 400 suggested that human feces contained approxi
mately 200 virus units per gram per capita and 12X 10 6 

coliform bacteria per gram per capita, or 15 enteric virus 
units per 106 coliforms. Combining these calculations with 
observed data, they estimated that sewage contained 500 
virus units per 100 ml, and contaminated surface waters 
contained less than 1 virus unit per 100 ml. These numbers 
are subject to wide variation and change radically during 
an epidemic. 

The removal capabilities of various sewage treatment 
processes have been examined individually and in series 
both in the laboratory and in the field (Chin et al. 1967, 398 



92/Section JI-Public Water Supplies 

TABLE Il-9-Average Time in Days for 99.9 Per Cent 
Reduction in Original Titer of Indicated Microorganisms 

at Three Temperatures 

Microorganism Clean water Moderately polluted water Sewage 
28 c 20 c 4C 28 c 20 c 4C 28 c 20 c 4 c 

Pohovirus 1 .. 17 20 27 11 13 19 17 23 110 
ECH07 12 16 26 5 7 15 28 41 130 
ECHO 12 5 12 33 5 19 20 32 60 
Coxsackie A9 . <8 <8 10 8 20 6 No data 12 
A. aerogenes 6 8 15 15 18 44 10 21 56 
E. coll ......... 6 7 10 5 5 11 12 20 48 
s recalis .... 8 17 9 18 57 14 26 48 

c•arke et al. 1962"" 

Clark and Niehaus 1967, 399 England et al. 1967, 402 Lund 
and Hedstrom 1967, 404 Malherbe 1967, 405 Malherbe and 
Strickland-Cholmley 1967, 406 Berg l 97 l392). These studies 
indicated that while some sewage treatment processes 
showed virus removal potential in laboratory tests and field 
evaluation, there was no indication that consistent adequate 
virus removal, that is no detectable virus, was accomplished 
by present sewage treatment practices (Berg 1971). 392 How-

ever, the apparent limited survival time for viruses in watt 
can be affected by factors, such as temperature and adsoq 
tion that protects viruses; and the proximity of water use 
may make survival for only a short period of time sufficie1 
to transmit virulent virus (Prier and Riley 1967). 410 

Table II-9 gives virus and bacterial survival data ft 
clean, moderately contaminated, and sewage water. 

The removal capabilitie:~ of various water treatme1 
processes are presented in Table II-10. 

Conventional water treatment processes are variable i 
their virus removal efficacy and questionable in their pe 
formance under field conditions (Berg 1971, 392 Spro1 
1972413). 

Disinfection by chlorination was reviewed recently f( 

its virus inactivation efficacy (Morris 1971). 408 Only undi 
sociated hypochlorous acid (HOCl) was considered effectil 
in virus inactivation. Approximately 25 mg/l chloramin 
100 mg/l hypochlorite or 0.5 to 1.0 mg/l HOC! wi1 
30-minute contact times wen required to cause adequa 
viral inactivation in potable water. The amount of chlori1 
required to achieve these conditions varied with the p. 
and the amount of nitrogen present. 

TABLE II-10-Removal of Viruses from Water and Wastewater by Biological, Physical, and Chemical Treatment Procedur 

Treatment (1) 

Primary selling 
Activated sludge 

Menstruum tested (2) 

Primary emuent 
Acbvated sludge emuent 

Carbon adsorption (0. 5 gal per min per sq fl) Trickling filter emuent 
Ca(OH)2 coagulation (500 mg per 1) Activated sludge effluent 
Al'(S04)' coagulation (25 mg per I) River water 
feCl3 coagulation (25 mg per I) . . River water 

• Added to the test experimentally. 
'When volatile solids were al least 400 mg per I. 
'When good floe formation occurred. 
Berg 1971"' 

Retenllon time, in hours (l) 

3 
6.11-8. 4 
6.11-7.5 

Considerable progress on virological method development 
has been made in the past decade. However, virology tech
niques have not yet been perfected to a point where they 
can be used routinely for monitoring water for viruses. There 
is a need for virus data on relative numbers, better tech
niques, relative die-off rates, and correlation with existing 
indicators, as well as methods for direct determination. 

Virus• (4) Virus removed, as a percentage (5) Reference (6) 

Poliovirus 1 11-3 Clarke et al. 1961"' 
Coxsackievirus A9 96-99 Clarke et al. 1961"' 
Poliovirus 1 88-94' Clarkeet al. 1961••1 

.Phage T·2 35 Sproul et al. 1967414 

. Poliovirus 1 98.5-99. 9 Berg et al. 1968'" 
Coxsackievirus A2 95-99' Chang et al. 1958"' 
Coxsackievirus A2 92-94' Chang et al. 1958"' 

Conclusion 

In view of the uncertain correlation of virus oc 
currence with existing indicators, the absence c 
adequate monitoring techniques, and the gener~ 
lack of data, scientifically defensible criteria canno 
be recommended at this. time. 



ZINC 

Zinc is an essential and beneficial element in human 
metabolism. The activity of insulin and several body en
zymes is dependent on zinc. The daily adult human intake 
averages IO to 15 mg; for preschool children it is 0.3 mg/kg. 
(Vallee 195 7). 420 

Zinc is a widely used metal and may be dissolved from 
galvanized pipe, hot water tanks, or from yellow brass. 
It may also be present in some corrosion prevention addi
tives and in industrial wastes. The solubility of zinc is 
variable, depending upon pH and alkalinity. 

In 1,577 samples from 130 locations on streams between 
Octa ber 1962 and September 196 7, zinc was detected 
(2 µg/1) in 1,207 samples with a range of 2 to 1,183 µg/l 
and a mean of 64 µg/l (Kopp 1969). 419 

Individuals drinking water containing 23.8 to 40.8 mg/I 
of zinc experienced no known harmful effects. Communities 
have reported using water containing 11 to 27 mg/I of 
zinc without harmful effects (Bartow and Weigle 1932, 416 

Anderson et al. 1934415). Another report stated that spring 

water containing 50 mg/I of zinc was used for a protracted 
period without harm (Hinman, Jr. 1938418). 

Statistical analysis of taste threshold tests with zinc in 
distilled water showed that 5 per cent of the observers were 
able to distinguish between 4.3 mg/I zinc (added as zinc 
sulfate) and water containing no zinc salts (Cohen et al. 
1960417). When added as zinc nitrate and as zinc chloride, 
the detection levels were 5.2 and 6.3 mg/I zinc, respectively. 
When zinc sulfate or zinc chloride was added to spring 
water with 460 mg/I dissolved solids, the detection levels 
for 5 per cent of the observers were 6.8 and 8.6 mg/I zinc, 
respectively. 

Recommendation 

Because of consumer taste preference and be
cause the defined treatment process may not re
move appreciable amounts of zinc from the source 
of the supply, it is recommended that the zinc 
concentrations in public water supply sources not 
exceed 5 mg/I. 
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INTRODUCTION 

The biota of a natural aquatic ecosystem is the result of 
evolutionary processes in the course of which a delicate 
balance and complex interactions were established among 
various kinds of organisms and between those organisms 
and their environment. Some species can live in a wide 
range of environmental conditions and are found in many 
different systems throughout the world. Other species are 
restricted and their distribution is limited to certain habitats 
or in some cases to only one. Frequently, it is the latter 
group of species that have been most useful to man. Minor 
changes in their environments, especially if such changes 
are rapid, may upset the ecological balance and endanger 
the species. 

Man has the ability to alter-to impair or improve-his 
environment and that of other organisms. His use of water 
to dispose of wastes of a technological society and his other 
alterations of aquatic environments have degraded his water 
resources. Water pollutants may alter natural conditions 
by reducing the dissolved oxygen content, by changing the 
temperature, or by direct toxic action that can be lethal or, 
more subtly, can affect the behavior, reproduction, and 
physiology of the organisms. Although a substance may 
not directly affect a species, it may endanger its continued 
existence by eliminating essential sources of food and 
metabolites. Furthermore, conditions permitting the sur
vival of a given organism at one stage of its life may be 
intolerable at another stage. 

This Section evaluates criteria and proposes recommen
dations that reflect scientific understanding of the relation
ships between freshwater aquatic organisms and their en
vironment. Anything added to or removed from natural 
waters will cause some change in the system. For each use 
of water there are certain water quality characteristics that 
should be met to ensure the suitability of the water for 
that use. 

The following general recommendations apply to a wide 
variety of receiving systems and pollutants: 

• More stringent methods of control or treatment, or 
both, of waste inputs and land drainage should be 
applied to improve water quality as the demand for 
use increases. 

• In recogmt10n of the limitations of water quality 
management programs, consideration should be 
given to providing reserve capacity of receiving 
waters for future use. 

• Bioassays and other appropriate tests, including field 
studies, should be made to obtain scientific evidence 
on the effect of wastewater discharges on the en
vironment. Test procedures are recommended in 
this report. 

• A survey of the receiving system to assess the impact 
of waste discharges on the biological community 
should be made on a regular basis, particularly prior 
to new discharges. Such surveys especially should 
cover the seasons most critical to the biological com
munity. Background laboratory data should include 
bioassays using important local aquatic organisms 
and associated receiving waters. In addition to the 
more comprehensive surveys, some form of bio
monitoring in the receiving system should be carried 
out routinely. A suggested list of ecological consider
ations is included in the section on Biological 
Monitoring. 

• One of the principal goals is to insure the mainte
nance of the biological community typical of that 
particular locale or, if a perturbed community exists, 
to upgrade the receiving system to a quality which 
will permit reestablishment of that community. 

COMMUNITY STRUCTURE AND PROTECTION OF 
SIGNIFICANT SPECIES 

The natural aquatic environment includes many kinds of 
plants and animals that vary in their life history and in 
their chemical and physical requirements. These organisms 
are interrel'1ted in many ways to form communities. Aquatic 
environments are protected out ofrecreational and scientific 
interest, for aesthetic enjoyment, and to maintain certain 
organisms of special significance as a source of food. There 
are two schools of thought as to how this can be accom
plished. One is to protect the significant species, the as
sumption being that by so doing, the entire system is pro
tected. The other approach is to protect the aquatic com-
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munity, the assumption being that the significant species 
are not protected unless the entire system is maintained. 

Community Structure 

Because chemical and physical environments are con
tinually changing-sometimes gradually and sometimes 
catastrophically-many species are necc-ssary to keep the 
aquatic ecosystems functioning by filling habitats vacated 
because of the disappearance of other species. Likewise, 
when one kind of organism becomes extremely abundant 
because of the disappearance of one or more species, 
predator species must be available to feed on the over
abundant species and keep it from destroying the function
ing of the community. In a balanced ecosystem, large 
populations of a single species rarely maintain themselves 
over a long time because predators quickly reduce their 
number. 

Therefore, the diverse characteristics of a habitat are 
necessary to the maintenance of a functioning ecosystem 
in the process of evolution. In the fossil record are found 
many species that were more common at one time than 
they are today and others that have been replaced entirely. 
If it were not for diverse gene pools, such evolutionary 
replacement would not have been possible. 

Some aquatic environments present unusual extremes 
in their chemical and physical characteristics. They support 
highly specialized species that function as ecosystems in 
which energy flows and materials cycle. If these species 
are not present and functioning in this manner, such areas 
may become aesthetically distasteful, as has occurred for 
example in the alkaline flats of the West and the acid bogs 
of the Northeast, Midwest. and East. 

Rare habitats support rare organisms that become extinct 

or endangered species if their habitats are impaired 
eliminated. In the aquatic world there are many speci 
of algae, fish, and invertebrates that are maintained 011 

in such rare, fragile habitats. Man must understand the 
if he is to appreciate the process of evolution and t 

trend of ecological change that brings about drastic alt( 
ations to fauna and flora. 

Protection of Significant Ac1uatic Species 

An essential objective of freshwater quality recomme 
dations is the protection of fish and other aquatic organist 
for sport or commercial harvesting. This does not im1: 
that all other aquatic specie8 will be subject to potent] 
extinction, or that an unaltered environment is the goal 
be attained in all cases. The average person is usua 
interested in only a small number of aquatic species, pri 
cipally fish; but it remains necessary to preserve, in certa 
unique or rare areas, a diversified environment both I 
scientific study and for maiintaining species variety. 

It is sometimes difficult to justify protection of isolat, 
organisms not used by man unless it can be document, 
that they are ultimately essential to the production 
desirable biota. In some imtances it may be that a critic 
sensitive species, irreplaceable in the food web of anotl~ 
more important species, is one known only to the biologi 
In such instances, protection of the "less important" sen 
tive species could justifiably determine the water quali 
recommendation. 

Because no single recommendation can protect all i1 
portant sport and commercial species unless the me 
sensitive is protected, a number of species must be co 
sidered. The most sensitive species provide a good estima 
of the range of sensitivity of all species. 



ASSIMILATIVE CAPACITY OF FRESHWATER RECEIVING SYSTEMS 

Waste discharges do not just go into water but rather 
into aquatic ecosystems. The capacity of such a system to 
receive and assimilate waste is determined by the physical, 
chemical, and biological interactions within the system. 
Thus the response is a function of the characteristics of 
both the ecosystem and the nature and quantity of the 
waste. Understanding the unique characteristics of each 
ecosystem will enable wise users to develop means to obtain 
maximum beneficial use with minimal damage to the system. 
Each aquatic ecosystem is sufficiently unique to require 
professional ecological advice to define the problems as
sociated with waste discharge into a particular ecosystem. 
Such a procedure has not been customary in the past, and 
this has led to some unfortunate consequences, but the 
practice is becoming increasingly prevalent. 

Aquatic systems receive from natural and man-made 
sources a variety of organic and inorganic materials. These 
materials through physical, chemical, and biological inter
action are transported, rendered, converted, respired, in
corporated, excreted, deposited and thus assimilated by the 
system. However, not all systems can receive and assimilate 
the same quantity or kinds of waste materials. The capacity 
of each system to transform waste without damage to the 
system is a function of the complexity of environmental 
factors. 

Physical factors such as flow velocity, volume of water, 
bottom contour, rate of water exchange, currents, depth, 
light penetration, and temperature, govern in part the 
ability of a system to receive and assimilate waste materials. 

This ability is a function of the reaeration capability of the 
system, the physical rendering of wastes, and other physical, 
chemical, and biological factors. Most flowing systems have 
a greater reaeration capacity than standing waters. Fur
thermore, flowing systems are open systems with continual 
renewal of water, whereas standing waters are closed sys
tems and act as traps for pollutants. 

Temperature plays a vital role in the rate of chemical 
reactions and the nature of biological activities in fresh
water and in governing the receiving and assimilative ca
pacity of a system. Most temperate lakes are thermally 
stratified part of the year, except when there arc small 
differences between surface and bottom temperatures in 
the spring and fall. As a consequence little exchange occurs 
between layers during the period of stratification. In 
organically enriched lakes and reservoirs, depletion of 
soluble oxygen typically occurs in the bottom layer because 
there is little or no photosynthesis and little mixing with the 
oxygen-rich surface layer. As a result, substances are re
leased from the sediments because certain compounds have 
a much greater solubility in a reduced state. 

The unique chemical characteristics of water govern in 
part the kinds and quantities of waste a system may receive. 
Some of the important chemical characteristics are hard
ness, alkalinity, pH (associated with the buffering capacity), 
and nutrients such as carbon, nitrogen, and phosphorus. 
Because of synergistic or antagonistic interaction with re
ceiving water, the effects of a waste on a wide variety of 
receiving systems are hard to predict. 
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MIXING ZONES 

When a liquid discharge is made to a receiving system., 
a zone of mixing is created. Although recent public, ad-· 
ministrative, and scientific emphasis has focused on mixing; 
zones for the dispersion of heated discharges, liquid wastes 
of all types are included in the following considerations. 
(For a further discussion of Mixing Zones sec Appendix 
II-A.) 

DEFINITION OF A MIXING ZONE 

A mixing zone is a region in which a discharge of quality 
characteristics different from those of the receiving water 
is in transit and progressively diluted from the source to the 
receiving system. In this region water quality characteristics 
necessary for the protection of aquatic life are based on 
time-exposure relationships of organisms. The boundary of 
a mixing zone is where the organism response is no longer 
time-dependent. At that boundary, receiving system water 
quality characteristics based on long-term exposure will 
protect aquatic life. 

Recommendation 

Although water quality characteristics in mixing 
zones may differ from those in receiving systems, 
to protect uses in both regions it is recommended 
that mixing zones be free of substances attributable 
to discharges or wastes as follows: 

• materials which form objectionable deposits; 
• scum, oil and floating debris; 
• substances producing objectionable color, odor, 

taste, or turbidity; 
• conditions which produce objectionable growth 

of nuisance plants and animals. 

GENERAL PHYSICAL CONSIDERATIONS 

The mass emission rates of the most critical constituents 
and their relationship to the recommended values of the 
material in the receiving water body are normally the 
primary factors determining the system-degradation po-· 

tential of an effluent. Prior to establishment of a rnixir 
zone the factors described in \V aste Capacity of Receivir 
Waters (Section IV, pp. 228-232) and Assimilative Capa1 
ity (This Section, p. 111) should be considered and a c1, 
cision made on whether the system can assimilate the di 
charge without damage to beneficial uses. Necessary da1 
bases may include: 

• Discharge consideratLOJ1s-flow regime, volume, cl1 
sign, location, rate of mixing and dilution, plurr 
behavior and mass-emission rates of constituen 
including knowledge of their persistence, toxicit· 
and chemical or physical behavior with time. 

• Receiving system considerations-water quality, 11 
cal meteorology, flow regime (including low-flo 
records), magnitude of water exchange at point , 
discharge, stratification phenomena, waste capaci1 
of the receiving system including retention tim 
turbulence and speed of flow as factors affectir 
rate of mixing and passage of entrained or migratir 
organisms, and morphology of the receiving systc1 
as related to plume behavior, and biological ph1 
nomcna. 

Mathematical models ba.sed in part on the above co1 
siderations are available for a variety of ecosystems an 
discharges. (See Appendix I 1-A.) All such mathematic 
models must be applied with care to each particular di 
charge and the local situation. 

Recommendation 

To avoid potential biological damage or intei 
ference with other uses of the receiving system 
is recommended that mixing zone characteristi' 
be defined on a case-by-case basis after determ 
nation that the assimilative capacity of the r( 
ceiving system can safoly accommodate the di! 
charge taking into consideration the physica 
chemical, and biological[ characteristics of the dh 
charge and the receiving system, the life histor 
and behavior of organisms in the receiving systen 
and desired uses of the waters. 
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GENERAL BIOLOGICAL CONSIDERATIONS 

Organisms in the water hody may be divided into two 
groups from the standpoint of protection within mixing 
zones: (I) nonmobile bcnthic or sessile organisms; (2) weak 
and strong swimmers. 

I. Nonmobile benthic or sessile organisms in mixing 
zones may experience long or intermittent exposures ex
ceeding recommended values for receiving systems and 
therefore their populations may be damaged or eliminated 
in the local region. Minimum damage to these organisms 
is attained by minimizing exposure of the bottom area to 
concentrations cxceedin.g levels resulting in harm to these 
organisms from long-term exposure. This may be accom
plished by discharge location and design. 

The mixing zone may repre'wnt a living space denied the 
subject organisms and this space may or may not be of 
significance to the biological community of the receiving 
system. \Vhen planning mixing zones, a decision should be 
made in each case whether the nonmohile henthic and 
sessile organisms are to he protected. 

Recommendation 

To protect populations of nonmobile benthic 
and sessile organisms in mixing zones it is recom
mended that the area of their habitat exposed to 
water quality poorer than recommended receiving 
system quality be minimized by discharge location 
and design or that intermittent time-exposure 
history relationships be defined for the organisms' 
well-being. 

2. Biological considerations to protect planktonic and 
swimming organisms are related to the time exposure history 
to which critical organisms are subjected as they are carried 
or mo\·c through a mixing zone. The integrated time 
exposure history must not cause deleterious effects, including 
post-exposure effects. In populations of important species, 
effects of total time exposure must not be deleterious either 
during or after exposure. 

\Vcak swimmers and drifting organisms may be entrained 
into discharge plumes and carried through a mixing zone. 
In determining the time exposure history and responses of 
the organisms, the possibility of delayed effects, such as 
death, disease, and increased vulnerability to predation, 
should be investigated. 

Strong swimmers are capable of moving out of, staying 
out of, or remaining in a mixing zone. \Vater quality 
characteristics which protect drifting organisms should also 
protect migrating fish moving through mixing zones. How
ever, there are some discharges that attract animals into 
discharge channels and mixing zones where they are vul
nerable to death or shock due to short-term changes in 
water quality, such as rapid temperature fluctuations. This 
vulnerability should be recognized and occurrences that 
expose it should be guarded against (see Chlorine, page 189). 

Mixing Zones/113 

Some free-swimming species may avoid mixing zones and 
as a consequence the reduced living space may limit the 
population. 

Free-swimming species may be attracted to a discharge. 
Chronic low-level exposure to toxicants may cause death 
or affect growth, reproduction or migratory instincts, or 
result in excessive body-burdens of toxicants hazardous for 
human consumption. 

Recommendation 

To protect drifting and both weak and strong 
swimming organisms in mixing zones it is recom
mended that scientifically valid data be developed 
to demonstrate that the organisms can survive 
without irreversible damage, the integrated time
exposure history to be based on maximum expected 
residence time so that deleterious effects on popu
lations of important species do not occur. 

MEETING THE RECOMMENDATIONS 

In mixing zones the exposure of organisms to stress is of 
greater intensity but usually of shorter duration than in 
the receiving waters, assuming no attraction by the dis
charge. The objective of mixing zone water quality recom
mendations is to provide time exposure histories which 
produce negligible or no effects on populations of critical 
species in the receiving system. This objective can be met 
by: (a) determination of the pattern of exposure in terms 
of time and concentration in the mixing zone due either to 
activities of the organisms, discharge schedule, or currents 
affecting dispersion; and (h) determination that delayed 
effects do not occur. 

Protection would be achieved if the time of exposure met 
the relationship T IET(x) :<;:I where T is the time of the 
organism's exposure in tht> mixing zone to a specified 
concentration, and ET(x) is the effective time of exposure 
to the specified concentration, C, which produces (x) per cent 
response in a sample of the organisms, including delayed 
effects after extended observation. The per cent response, 
(x), is selected on the basis of what is considered negligible 
effects on the total population and is then symbolized 
ET(25), ET(5), ET(O.l), etc. 

Because concentrations vary within mixing zones, a more 
suitable quantitative statement than the simple relationship 
T /ET(x) :<;:I is: 

Tl T2 T3 ---- -+----- -+-- ----··· 
ET(x) at C1 ET(x) at C2 ET(x) at C3 

Tn +------<! 
ET(x) at Cn -

where the time of exposure of an organism passing through 
the mixing zone has been broken into increments, Ti, T2, Ta, 
etc. The organism is considered to be exposed to concen-
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tration C1 during the time interval T1, to concentration C2 

during the time interval T 2, etc. The sum of the individual 
ratios must then not exceed unity. (See caveat below, 
Short Time Exposure Safety Factors.) 

Techniques for securing the above information, appli
cation to a hypothetical field situation, comments, caveats, 
and limitations are expressed in Appendix II-A, Mixing 
Zones, Development of Integrated Time Exposure Data, 
p. 403. Tabular data and formulae for summation of short
term effects of heated discharges on aquatic life are provided 
in the Heat" and Temperature discussion, page 151. 

SHORT TIME EXPOSURE SAFETY FACTORS 

This concept of summation of short-term effects and 
extrapolation is an approach which tests the applicability 
of present bioassay methodology and precision and may 
not be universally applicable to all types of discharges. 
Conservatism in application should be practiced. When 
developing the summation of short-term thermal effects 
data, a safety factor of two degrees centigrade is incorpo
rated. In development of summation of short-term toxicity 
effects data, a safety factor exists if a conservative physio
logical or behavioral response is used with effective time of 
exposure. However, when mortality is the response plotted, 
an application factor must be incorporated to provide an 
adequate margin of safety. This factor can most easily be 
applied by lowering the sum of the additive effects to some 
fraction of 1 so that the sum of T1/(ET(x) at C1) • • • + 
Tn/(ET(x) at Cn) then equals 0.9, or less. The value must 
be based on scientific knowledge of tht; organism's behavior 
and response to the contaminants involved. 

Recommendation 

When developing summation of short-term ex
posure effects it is recommended that safety 
factors, application factors, or conservative physio
logical or behavioral responses be incorporated 
into the bioassay or extrapolation procedures to 
provide an adequate margin of safety. 

OVERLAPPING MIXING ZONES 

If mixing zones are contiguous or overlap, the formula 
expressing the integrated time exposure history for single 
plumes should be adjusted. Synergistic effects should be 
investigated, and if not found, the assumption may be made 
that effects of multiple plumes are additive. 

Recommendation 

When two plumes are contiguous or overlap and 
synergistic effects do not occur, protection for 
aquatic life should be provided if the sum of the 
fractions of integrated time exposure effects for 
each plume total .::;o.5. Alternatively, protection 
should be provided if the sum of the fractions for 

both plumes (or more than two contiguous o 
overlapping plumes) is :::; 1. (See caveat above, Shor 
Time Exposure Safety Factors.) 

INTERIM GUIDELINE 

In the event information on summation effects of tli 
integrated time exposure history cannot be satisfactoril 
provided, a conservative single figure concentration can I: 
used for all parts of the mixing zone until more detaile 
determinations of the time-eJ<. posure relationships are d< 
veloped. This single, time-dependent median lethal concer 
tration should be subject to the caveats found throughm 
this Section and Appendix rI-A regarding delayed effec 
and behavioral modifications. Because of the variables ir 
volved, the single value must be applied in the light < 
local conditions. For one situation a 24-hour LC50 migl 
be adequate to protect aquatic life. In another situation 
96-hour LC50 might provide inadequate protection. 

CONFIGURATION AND LC1CATION OF MIXING ZONE 

The time-dependent three dimensional shape of a di: 
charge plume varies with a multitude of receiving syster 
physical factors and the discharge design. While time el 
posure water quality characteristics within mixing zorn 
are designed to protect aquatic life, thoughtful placemer 
of the discharge and planned control of plume behavic 
may increase the level of ecmystem protection, e g., floatin 
the plume on the surface to protect the deep water of 
channel; discharging in midstream or offshore to prote< 
biologically-important littoral areas; piping the efilucr 
across a river to discharge on the far side because fis 

historically migrate on the near side; or piping the di 
charge away from a stream mouth which is u.sed by rn 
grating species. Such engineering modifications can som< 
times accomplish what is necessary to meet biologic; 
requirements. 

Onshore discharges generally have more potential fc 
interference with other uses than offshore discharges. Fe 
example the plume is more liable to impinge on the bottor 
in shallow areas of biological productivity and be closer t 

swimming and recreation areas. 

PROPORTIONAL RELATIONSHIP OF MIXING ZONES 
TO RECEIVING SYSTEMS 

Recommendations for mixing zones do not protect again. 
the long-term biological effects of sublethal condition 
Thus water quality requirements necessary to protect a 
life stages and necessary functions of aquatic organisrr 
such as spawning and larval development, are not provide 
in mixing zones, and it is essential to insure that adequa1 
portions of every water body are free of mixing zones. Tb 
decision as to what portion and areas must be retained ' 
receiving water quality values is both a social and scientifi 



decision. In reaching this decision, data input should in
clude current and projected information on types and 
locations of intakes and discharges; percentage of shoreline 
necessary to provide adequate spawning, nursery, and 
feeding areas; and other desired uses of the water. 

Recommendation 

It is recommended that the total area or volume 
of a receiving system assigned to mixing zones be 
limited to that which will: (1) not interfere with 
biological communities or populations of impor
tant species to a degree which is damaging to the 
ecosystem; (2) not diminish other beneficial uses 
disproportionately. 

ZONES OF PASSAGE 

In river systems, reservoirs, lakes, estuaries, and coastal 
waters, zones of passage are continuous water routes of 
such volume, area, and quality as to allow passage of free
swimming and drifting organisms so that no significant 
effects are produced on their populations. 

Transport of a variety of organisms in river water and 
by tidal movements in estuaries is biologically important 
in a number of ways; e.g., food is carried to the sessile 
filter feeders and other nonmobile orgapisms; spatial distri
bution of organisms and reinforcement of depauperate 
populations is enhanced; embryos and larvae of some fish 
species develop while drifting. Anadromous and cata
dromous species must be able to reach suitable spawning 
areas. Their young (and in some cases the adults) must be 
assured a return route to their growing and living areas. 
Many species make migrations for spawning and other 
purposes. Barriers or blocks which prevent or interfere with 
these types of essential transport and movement can be 
created by water of inadequate chemical or physical quality. 

Mixing ,('ones/l 15 

Water quality in the zone of passage should be such that 
biological responses to the water quality characteristics of 
the mixing zone are no longer time-dependent (see Defini
tion of Mixing Zone on page 112). However, where a zone of 
passage is to be provided, bioassays determining time
exposure responses in the mixing zone should include addi
tional requirements to assess organism behavior. In the 
mixing zone discussion above it is assumed that entrainment 
in the plume will be involuntary. However, if there is at
traction due to plume composition, exposure in the plume 
could be very much longer than would be predicted by 
physical modeling. If avoidance reactions occur, migration 
may be thwarted. Thus, concentrations in both the mixing 
zone and the zone of passage should be reduced before dis
charge to levels below those at which such behavioral 
modifications affect the populations of the subject organisms. 

Modern techniques of waste water injection such as 
diffusers and high velocity jets may form barriers to free 
passage due to responses of organisms to currents. Turbu
lence of flows opposing stream direction may create traps 
for those organisms which migrate upstream by orientation 
to opposing currents. These organisms may remain in the 
mixing zone in response to currents created by the discharge. 

Recommendation 

Because of varying local physical and chemical 
conditions and biological phenomena, no single
value recommendation can be made on the per
centage of river width necessary to allow passage of 
critical free-swimming and drifting organisms so 
that negligible or no effects are produced on their 
populations. As a guideline no more than % the 
width of a water-body should be devoted to mixing 
zones thus leaving at least ~~ free as a zone of 
passage. 



BIOLOGICAL MONITORING 

Monitoring of aquatic environments has traditionally in
cluded obtaining physical and chemical data that are used 
to evaluate the effects of pollutants on living organisms. 
Biological monitoring has received less emphasis than 
chemical or physical monitoring, because biological assess
ments were once not as readily amenable to numerical 
expression and tended to he more time consuming and 
more expensive. This is no longer true. Aquatic organisms 
can serve as natural monitors of environmental quality and 
should be included in programs designed to provide con
tinuous records of water quality, became they integrate 
all of the stresses placed on an aquatic system and reflect 
the cornlJined effect. Chemical-physical assessments identify 
individual components, so the two types of assessments are 
mutually supporting rather than mutually exclusive. 

A biological monitoring program is essentidl in de
termining the synergistic or antagonistic interactions of 
components of waste discharges and the resulting effects on 
living organisms. However, biological monitoring does not 
replace chemical and physical monitoring; each program 
provides information supplemental to the others. 

PROGRAMS 

An ideal biological monitoring program has four com
ponents· ( 1) field surveys, (2) in-plant biological monitoring, 
(3) bioassays, and ( 4) simulation techniques. Obviously no 
biological monitoring program is routine, nor does it neces
sarily have to include all of the above components. However, 
each of the components provides valuable and useful 
inform a ti on. 

FIELD SURVEYS 

Field surveys are needed to obtain adequate data on 
biological, chemical, and physical water quality to de
termine the nature of the system and the possible adverse 
effects of waste discharges on beneficial uses of the system. 
Two methods for continuously monitoring the effects of 
pollution on a receiving water have been described. Patrick 
et al. ( 1954) 6* described the use of diatoms as natural moni
tors of various types of pollution. Various species of shellfish, 

especially oysters suspended in trays, have been describec 
as an effective method of monitoring pollution (Galtsof 
et al. 194 7). 4 Field surveys should be carried out at suitable 
intervals depending on local conditions. For example, ir 
determining the impact of a new or relocated municipa 
or industrial discharge, it is desirable to perform th< 
following functions : 

• survey the stream as a part of the site selection pro 
cedure; 

• continue the field survey prior to construction t< 
determine existing water quality: ;:i.t this time it i 
also useful to make bi oassays using simulated plan 
wastes and representative organisms from the re 
ceiving systems, and to establish biomonitorini 
stations; 

• monitor the effects of construction; 
• carry out bioassays usi~1g actual plant wastes anc 

effluents after the plant is in operation, and makc 
field surveys to determine any changes from pre 
construction results. 

BODY BURDENS OF TOXICANTS 

Body burdens of toxicants that can be concentrated b~ 
biota should be measured regularly. These data can providc 
early warning before concentrations in water become readilJ 
available and can provide warnings of incipient effects ir 
the biota being monitored. 

IN-PLANT BIOLOGICAL M01NITORING 

Present information systems do not provide data rapidl1 
enough to be of use in environmental management, becausc 
the constituents of a waste stream are likely to vary fron 
hour to hour and from day w day. Potentially harmfu 
materials should be detected before they enter the receivin1 
water and before substantial damage has been done to the 
ecosystem. 

* Citations are listed at the end of the Section. They can be locatec 
alphabetically within subtopics or by their superior numbers whicl 
run consecutively across subtopics for the entire Section. 
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Several potentially useful methods for rapid in-plant 
monitoring are being explored (Sparks et al. 1969, 7 Waller 
and Cairns 19698), and one rapid in-stream method is now 
operational (Cairns et al. 1968,2 Cairns and Dickson 1971 3). 

These in-plant methods use changes in heart rate, respi
ration, and movements of fish within a container to detect 
sublet hal concentrations of toxicants in a waste discharge. 
Continual information on toxicity of a waste should enable 
sanitary engineers to identify those periods likely to produce 
the most toxic wastes and to identify those components of 
the production process that contribute significantly to 
toxicity. This could be accomplished with bioassays as 
they are currently used, but rarely are enough samples 
taken over a period of time sufficient to give the range of 
information that would be available with continually oper
ating bioassay techniques. 

BIOASSAYS 

Of equal importance to the river surveys and the in-plant 
and in-stream monitoring systems is the availability of 
toxicity information based on a predictive bioassay. The 
bioassay provides valuable information pertaining to the 
effects of potential or contemplated discharges on aquatic 
life. Acute bioassays are useful as a shortcut or predictive 
method of estimating safe concentrations by use of suitable 
application factors for many pollutants, as recommended 
throughout this Report. 

However, determining only the acute lethal toxicity of 

Biological Monitoring/117 

wastes is no longer adequate. Good health and an ability 
to function vigorously are as important for aquatic eco
systems as they are for humans. The former end point of 
bioassays, viz., death, has been supplanted by more subtle 
end points such as the protection of respiration, growth, 
reproductive success, and a variety of other functional 
changes (Cairns 1967).1 Acute toxicity determinations are 
being supplemented by long-term tests often involving an 
entire life cycle. The latter require more time and expense 
than short-term tests, but they provide better predictive 
information about biologically safe concentrations of various 
toxicants. Bioassays of organisms other than fish are be
coming increasingly common because of the realization 
that elimination of the lower organisms can also have serious 
consequences. 

SIMULATION TECHNIQUES 

The fourth component now available to provide ecological 
information is the use of scale models. Models are used to 
study major ecological or environmental problems by simu
lating prospective new uses. Engineering scale models are 
common, but ecological scale models or environmental 
simulation systems are not yet as commonly used. Experi
mental streams and reservoirs have been constructed to 
predict toxicity of waste discharges, determine factors re
sponsible for productivity of aquatic communities, and 
answer questions about plant site location (Haydu 1968, 5 

Warren and Davis 1971 9). 



BIOASSAYS 

Bioassays are used to evaluate a given pollutant in terms 
of existing water quality. Most pollution problems involve 
discharges of unknown and variable composition where 
more than one toxicant or stress is present. In evaluating 
criteria for specific toxicants, consideration must be given 
to other environmental influences such as dissolved oxygen, 
temperature, and pH. 

Harmful effects of pollutants can be described by one or 
more of the following terms: 

acute-involves a stimulus severe enough to bring 
about a response speedily, usually within four days 
for fish. 

subacute-involves a stimulus less severe than an 
acute stimulus, producing a response in a longer 
time; may become chronic. 

chronic-involves a lingering or continuous stimu
lus; often signifying periods of about one-tenth of 
the life span or more. 

lethal-causes death by direct action. 
sublethal-insufficient to cause death. 
cumulative-brought about, or increased in strength, 

by successive additions. 

Two broad categories of effect (Alderdice 1967)10 may 
be distinguished: acute toxicity which is usually lethal, and 
chronic toxicity which may be lethal or sublethal. 

MEASURES OF TOXICITY 

Most of the available toxicity data are reported as the 
median tolerance limit (TLm or TL50) or median lethal 
concentration (LC50). Either symbol signifies the concen
tration that kills 50 per cent of the test organisms within a 
specified time span, usually in 96 hours. The customary 
96-hour (four-day) time period is recommended as adequate 
for most routine tests of acute toxicity with fish. A threshold 
of acute toxicity will have been attained within this time 
in the majority of cases (Sprague 1969). 43 This lethal threshold 
concentration is usually noticeable in the data. Sometimes 
mortality continues, and tests of a week or longer would be 
necessary to determine the threshold. The lethal threshold 

concentration should be reported if it is demonstrated 
because it is better for comparative purposes than th 
arbitrary 96-hour LC50. Absence of any apparent threshol< 
is equally noteworthy. 

The median lethal concentration is a convenient referenc 
point for expressing the acute lethal toxicity of a givei 
toxicant to the average or typical test animal. Obviously i 
is in no way a safe concentration, although occasionall· 
the two have been confused. Safe levels, which permi 
reproduction, growth, and all other normal life-processe 
in the fish's natural habitat, usually are much lower tha1 
the LC50. In this book, the recommended criteria ar 
intended to be safe levels. 

Substantial data on long-term effects and safe levels ar 
available for only a few toxicants. Information is now ac 
cumulating on the effect of toxicants on reproduction, a 
important aspect of all long-term toxicity tests. Other infor 
mation is being gathered on sublethal effects on growfr 
performance, avoidance reactions, and social behavior c 
fish. Also important is the sensitivity of organisms at variou 
life stages. Many organisms are most sensitive in the larva 
nymphal, molting, or fry stage; some are most sensitive i 
the egg and sperm stage. 

It would be desirable if a single, universal, rapid, bic 
logical test could be used to measure directly subleth< 
effects of a pollutant. Data on sublethal responses of fis 
have been used, such as respiratory rates and "coughing, 
swimming speed, avoidance behavior, and specific physic 
logical and biochemical changes in various organisms; an, 
histological studies have been made. A review of thes 
(Sprague 1971 ) 45 shows that no single test is meaningful fo 
all kinds of pollutants. Therefore, it is recommended th;o 
routine assessment and prediction of safe levels be made b 
carrying out bioassays for acute lethal toxicity and multipl) 
ing the lethal concentration by a suitable application factoi 
The application factors used and recommended here hav 
been derived principally from chronic or sublethal labora 
tory experiments or from well documented field studies c 
polluted situations. 

Acceptable concentrations of toxicants to which organism 
are exposed continually must be lower than the highe 
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concentrations that may be reached occasionally but briefly 
without causing damage. Both maximum short-time con
centrations and the more restrictive range of safe concen
trations for continuous exposure are useful. The recommen
dations in this Report are those considered safe for con
tinuous exposure, although in some cases there has also 
been an indication of permissible higher levels for short 
periods. 

In field situations and industrial operations, average 
24-hour concentrations can be determined by obtaining 
composite or continuous samples. After 24 hours, the 
sample may be mixed and analyzed. The concentration 
found will represent the average concentration. Samples 
obtained this way are more reproducible and easier to 
secure than the instantaneous sample of maximum concen
trations. However, average concentrations are of little sig
nificance if fish are killed by a sharp peak of concentration, 
and for that reason maximum concentrations must also 
be considered. 

METHODS FOR BIOASSA YS 

Although there are many types of assays, two are m 
general use: 

1. the static bioassay in which the organisms are held 
in a tank containing the test solution, and 

2. the continuous flow or flow-through bioassay in 
which the test solution is renewed continually. 

The difference between the two types is not always great, 
but one can have clear advantages over the other. 

An outline of methods for routine bioassays has been 
given in "Standard Methods for the Examination of Water 
and Wastewater" (American Public Health Association, 
American Water Works Association, Water Pollution Con
trol Federation, 1971, 11 hereafter referred to as Standard 
Methods 1971 48). Cope (196 l )21 described bioassay re
porting, and Cairns (1969)20 presented a rating system 
for evaluating the qua] ity of the tests. Sprague (1969, 43 

1970, 44 l 97 l 45) reviewed research to develop more incisive 
testing methods. Their findings are utilized in this Report. 

Procedure for acute bioassay with fish is now relatively 
standardized and usually incorporates: 

• a series of replicate test containers, each with a 
different but constant concentration of the toxicant; 

• a group of similar fish, usually 10, in each container; 
• observations of fish mortality during exposures that 

last between one day and one week, usually four 
days; and 

• final results expressed as LC50. 

Other factors that are required for good bioassay pr4ctice 
are briefly summarized in the references mentioned above. 
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CHECKLIST FOR PROCEDURES 

Species 

A selected strain of fish or other aquatic organisms of 
local importance should be used in bioassays conducted 
for the purpose of pollution monitoring. Preferably it 
should be a game or pan fish, which are usually among the 
more sensitive. Ability to duplicate experiments is enhanced 
by the use of a selected strain of test organisms (Lennon 
1967).31 A selected strain can also help to determine the 
difference between toxicants more reliably, and to detect 
discrepancies in results due to apparatus. A National Re
search Council subcommittee chaired by Dr. S. F. Snicszko 
is currently preparing a report, Standards and gu1delines for 

the breedzng, care, and management of laborator_p animals-Fish, 

which will be useful in this area. Susceptibility to toxicants 
among different species of fish is generally less than might 
be expected-sometimes no greater than when a single 
species is tested in different types of water. For example, 
trout and certain coarse fishes were equally resistant to 
ammonia when tests continued for several days to give the 
less sensitive species time to react (Ball l 967a) ;13 and even 
for zinc, the coarse fishes were no more than 3.8 times as 
resistant as trout (Ball l 967b) .14 Recommendations for the 
selected test fish will often provide protection to other 
aquatic animals and plants. There arc exceptions to this 
generalization: for example, copper is quite damaging to 
algae and mollusks, and insecticides are especially dangerous 
to aquatic arthropods. Sufficient data exist to predict these 
situations. When they are expected, bioassays should be 
run with two kinds of invertebrates and two kinds of algae 
(Patrick et al. 1968). 41 

In the case of important bodies of water, there is good 
reason to test several kinds of aquatic organisms in addition 
to fish. Patrick ct al. (I968) 4 I made a comparative study of 
the effects of 20 pollutants on fish, snails, and diatoms and 
found that no single kind of organism was most sensitive 
in all situations. The short-term bioassay method for fish 
may also be used for many of the larger invertebrate ani
mals. A greater volume of test water and rate of flow, or 
both, may be required in relation to weight of the animals 
since their metabolic rate is higher on a weight basis. 

Larvae of mollusks or crustaceans can be good test ani
mals. The crustacean Daphnia is a good test animal and was 
widely used in comparative studies of toxicants by Ander
son (1950). 12 Rec~tly Biesinger and Christensen (unpub
lished data, 197 l) 52 have carried out tests on the chronic 
effects of toxicants on growth, survival, and reproduction 
of Daphnia magna. Because of the rapid life cycle of Daphnia, 

experiments on chronic toxicity can be completed in about 
the same time as an acute toxicity test with fish. 

Patrick et al. (1968) 41 have shown that diatoms, snails 
and fish exposed for roughly comparable periods of time 
and in similar environmental conditions very often have 
similar LCSO's, but at other times these may differ greatly. 
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However, for some toxicants diatoms were most sensitive; 
for others, fish; and for others, snails. When one is comparing 
data of this type, one questions whether a LC50 for a diatom 
population in which a number of divisions have occurred 
during the test period is comparable to that obtained for 
fish and snails in which no reproduction has occurred during 
the test period. In the sense that there are 50 per cent fewer 
cells in the LC50 concentration than there are in the diatom 
control culture, the test is somewhat equivalent to a test 
of acute toxicity that results in 50 per cent fewer surviving 
fish in the LC50 than in the control container. Also loss of 
ability to grow and divide might be just as fatal to a micro
bial population as death of a substantial number of its 
members would be to a fish population. 

\-Vhen the absolute time for the test is considered, there 
are also reasons for believing that exposure of diatoms to a 
toxicant through several generations might not constitute 
a chronic test, because it is quite possible that for toxicants 
to accumulate in a cell may require a period of exposure 
much more lengthy than that encompassed in the average 
test which only spans a few generations. This would be 
particularly true when the organisms were dividing rapidly 
and the additional protoplasm diluted the material being 
accumulated. 

Dilution Water 

Toxicants should be tested in the water that will receive 
the pollutant in question. In this way all modifying factors 
and combined toxicities will be present. It is not advisable 
to use tap water for dilution, because it may contain chlorine 
and other harmful materials such as copper, zinc, or lead 
from plumbing systems. Routine dechlorination does not 
insure complete removal of chlorine. 

Variations in physical and chemical characteristics of 
water affect toxicity of pollutants. Effects of five environ
mental entities on the lethal threshold of ammonia were 
illustrated a decade ago (Lloyd 1961b). 3·1 Hardness of water 
is particularly important in toxicity of metals. Hydrogen 
ion concentration is an important modifying factor for 
ammonia and cyanide. Higher kmperatures sometimes 
increase toxicity of a pollutant, but recent work shows that 
phenol, hydrogen cyanide, ammonia, and zinc may be 
more toxic at low temperatures (United Kingdom Ministry 
of Technology 1969). 50 Dissolved oxygen levels that are 
below saturation will increase toxicity, and this is predictable 
(Lloyd 196la; 33 Brown 1968).16 

The supply of dilution water must be adequate to main
tain constant test conditions. In both static and continuous 
flow tests, a sufficiently large volume of test water must be 
used, and it must be replaced or replenished frequently. 
This is to provide oxygen for the organism and dilution of 
metabolic wastes, to limit changes in temperature and pH, 
and to compensate for degradation, volatilization, intake, 
and sorption of the toxicant. In static tests, there should be 
two or three liters of water per gram of fish, changed daily, 

or increased proportionally in volume for the number of 
days of the test. In continuous flow tests, the flow must 
provide at least two or three liters of water per gram of fish 
per day, and it must equal test-volume in five hours or 
Jess, giving 90 per cent replacement in half a day or less. 

Acclimation 

Acclimatizing the test or~~anism to the specific water 
before the bioassay begins may have marked effect upon 
1 he outcome. Abrupt changes in quality of the water should 
be avoided. Time for acclimat]on of the organisms to the 
conditions of the diluent water should be as generous as 
possible, dependent on life span. At least two weeks is 
recommended for fish. 

Test Methods 

Test methods must be adequately described when the 
results arc given. Several bioassay procedures are listed in 
Table 111-1. Adequate and appropriate control tests must 
always be run (Sprague 1969). 43 Survival of the control 
organisms is a minimum indication of the quality of the 
test organisms. In addition, levels of survival and health 
in holding tanks should be indicated and the conclusions 
recorded. 

TABLE Ill-1-Recommended Literature Sources for Bioassay 
and Biomonitoring Procedures with Various Aquatic 

Organisms 

Kmd of organism Type of response A11propriate s1tuabons for use Reference 

Fish and Macroinverte- 96·hour lethal concen· To measure lethal toxicity of a Standard Methods 1971" 
brat es !ration w.ute of known or unknown 

composition. To serve as a 
foundation for extrapo1atin1 
to presumably sale concentra-
tiuns. To monitor mdustnal 
emuents. 

Fish and macromverte· Lethal threshold con· For research applications to Sprague 1969," 1970" 
brat es centrabon ducument lethal thresholds. 

Fish and inverle· Incipient lethal tem· For research to determine Fry 1947," Brett 1952" 
brates peratures & ultimate lethal temperature ranges ol 

incipient lethal tern- a given species. 
peratures 

fish Respiratory movements Quii:k (I ·day) indication ol Schaumburg et al. 1967" 
as acute sublethal p<1ss1b1e sublethal effects. 
response Fur research and monitoring. 

Fish (i.e., fathead min· Reproduction, growth, Chmnic tests lor research on Mount 1968," Mount & 
nows, brook !Jou!, and survna\ sale concentrations. Stephan 1967," 
bluegill) Brunrs 1969,1• McKim 

& Benoit 1971," Eaton 
197024 

Daphnia Survival, growth, and R1p1d completion of chrome Anderson 1950,1' Ille· 
reproduction teds ror restinr special sus· sinpr & Chrislensen 

ceptib1lity ol crusticeans (UnpubUshed dalll)" 
Diatoms Survival, rrowth, and A nnsitive, rapid, chronic test Patrick 1968•• 

reproduction lor research, prediction, or 
monitonnr• 

Marine crusticean, Survival, growth, and A sens1bve, rapid, chronic test Woelke 1967•t 
larvae mollusks development through fo1r research. prediction. or 

immature slllges monitormca 

• requires an operator with some specialized biolo&ical lraininr. 



Dissolved Oxygen 

The problem of maintaining dissolved oxygen concen
trations suitable for aquatic life in the test water can be 
difficult. The suggestions on test volume and replacement 
times (see Dilution Water above) should provide for ade
quate oxygen in most cases. However, with some pollutants, 
insufficient oxygen may be present in the test water because 
a biochemic~l and a chemical oxygen demand (BOD and 
COD) may consume much of the available dissolved oxygen. 
Aeration or oxygenation may degrade or remove the test 
material. Devices for maintaining satisfactory dissolved 
oxygen in static tests have been proposed and used with some 
degree of effectiveness, and are described in Doudoroff 
et al. (1951). 22 

Concentrations 

Periodic measurements of concentration of the toxicant 
should be made at least at the beginning and encl of the 
bioassay. If this is not possible, introduced concentrations 
may be stated alone, but it should be realized that actual 
concentrations in the water may become reduced. 

In the flow-through type of bioassay, a large quantity of 
test water can be made up and used gradually. More often 
a device is used to add toxicant to a flow of water, and the 
mixture is discharged into the test container, using apparatus 
such as "dipping bird" closers described by B:ungs and 
Mount (196 7) .19 Other devices have been developed by 
Stark (1967), 47 and Mount and \Varner (1965), 39 using 
the closer technique. 

Evaluation of Results 

Mortality rates at the longest exposure time should be 
plotted on a vertical probit scale against concentrations of 
toxicants on a horizontal logarithmic scale. The concen
tration which causes 50 per cent mortality can be read and 
used as LC50. Errors in LC50 can be estimated using the 
simple nomograph procedures described by Litchfield and 
Wilcoxon ( 1949). 32 A more refined estimate of error may 
be made using the methods of Finney (1952),25 which can 
be programmed for a computer. 

The value of the results would be improved if the LC50's 
were estimated (by the above procedures) at frequent 
exposure times such as 1, 2, 4, 8±1, 14±2, 24, 48, 72, 
and 96 hours. A toxicity curve of time versus LC50 could 
then be constructed on logarithmic axes. The lethal thresh
old concentration could then be estimated in many cases 
(Sprague 1969) 43 to provide a more valid single number 
for description of acute toxicity than the arbitrary 96-hour 
LC50. 

For some purposes, such as basic research or situations 
where short exposures are of particular concern, it would 
be desirable to follow and plot separately the mortality of 
the group of fish in each tank. In this way, the median 
lethal time can be estimated for a given concentration. 
Methods for doing this are given in Appendix II-A. 
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APPLICATION FACTORS 

Short-term or acute toxicity tests do not indicate concen
trations of a potential toxicant that are harmless under 
conditions of long-term exposure. Nevertheless, for each 
toxicant there is obviously a numerical value for the ratio 
of the safe concentration to the acutely lethal concentration. 
Such values are called application factors. In some cases 
this safe-to-lethal ratio is known with reasonable accuracy 
from experimental work, as in the examples given in Table 
111-2. However, for most toxicants, the safe level has not 
been determined, and must be predicted by some approxi
mate method. In these cases, the assumption has been 
made in this Report, that the numerical value of the safc
to-lethal ratio, the application factor, is constant for related 
groups of chemicals. Values for the ratio will be recom
mended. The safe level of a partirnlar toxicant can then 
be estimated approximately by carrying out an acute lJio
assay to determine the lethal concentration, then multi
plying this by the suggested application factor. An appli
cation factor does not make allowance for unknown factors. 
It is merely a fractional or decimal factor applied to a 
lethal concentration to estimate the safe concentration. 

Ideally, an application factor should be determined for 
each waste material in question. To do this, it is necessary 
first to determine the lethal concentration of the waste 
according to the bioassay procedures outlined above. To 
obtain the application factor, the safe concentration of the 
same waste must be determined for the same species i>y 
thorough research on physiological, biochemical, and be
havioral effects, and by studying growth, reproduction, 
and production in the laboratory and field. The safe-to
lcthal ratio obtained could then be used as an application 
factor in a given situation, by working from the measured 
LC50 of a particular kind of waste to predict the safe 
concentration. 

TABLE III-2-Ratios between the safe concentration and the 
lethal concentration which have been determined experi
mentally for potential aquatic pollutants. Sources of data 
are given in the sections on the individual pollutants. 

Material Speaes of animal Safe.to-lethal rallo 

LAS Fathead minnow (P1mephales promelas) Between 0.14 and D.28 
(~about 0.21) 

Chlorine Fathead minnow 0.16 
Gammarus 0.16 

Sulfides Fathead minnow and white sucker (Catostomus commersoni) 0.1± 
Walleye pike (St1zostedion Y1treum v.) 0 22± 

Copper. Several species of fish dose lo 0.1 
Trivalent chromium Fathead m'innow 0.037 
Hexavalenl chromium Fathead minnow 0.03 

Brook trout (Salve11nus font1nalis) 0.012 
Rainbow trout (Salmo ga1rdnen) 0.04 

Malathion Fathead minnow and bluegill (Lepom1s machrochirus) 0.03 
Carbary! Fish species 0.02 
Nickel. ... Fathead minnow 0.02 
Lead Rainbow and Brook trout <0.02 
Zinc Fathead minnow 0.005 
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In this approach, a 96-hour LC50 is determined for the 
pollutant using water from the receiving stream for dilution. 
The test organisms selected should be among the most 
sensitive species, or an important local species at a sensitive 
life stage, or a species whose relative sensitivity is known. 
This procedure takes into consideration the effects of local 
water quality and the stress or adverse effects of wastes 
already present in the stream. The LC50 thus found is 
then multiplied by the application factor for that waste to 
determine its safe concentration in the specific stream or 
section of stream. Such bioassays should be repeated at 
least monthly or when chan(\"cS in process or rate of waste 
discharge arc observed. 

For example, if the 96-hour LC.JO is 0.5 milligrams per 
liter (mg/I) and the concentration of the waste found to be 
safe is 0.01 mg/ 1, the ratio would be: 

Safe Concentration 0.01 

96-hour LC50 0.50 50 

In this instance, the safe-to-lethal ratio is 0.02. It can be 
used as an application factor in other situations. Then, in 
a given situation involving this waste, the safe concentration 
in the receiving stream would be found by multiplying the 
four-day LC50 by 0.02. 

This predictive procedure based on lethal concentrations 
is useful, because the precise safe level of many pollutants 
is not known because of the uncertainty about toxicity of 
mixed effluents and the difference in sensitivity among fish 
and fish food organisms. Henderson (195 7) 27 and Tarzwcll 
(1962) 49 have discussed various factors involved in de
veloping application factors. Studies by Mount and Stephan 
(1967),:rn Brungs (1969), 18 Mount (1968), 37 McKim and 
Benoit (I 971), 3n and Eaton (1970) 21 in which continuous 
exposure was used, reveal that the safe-to-lethal ratio that 
permits spawning ranges over nearly two orders of magni
tude. Exposure will not be constant in most cases, and 
higher concentrations usually can be tolerated for short 
periods. 

Lethal threshold concentrations, which may require more 
than 96-hour exposures, may be beneficially used (Sprague 
1969) 4 :i to replace 96-hour LC50 in the above procedures, 
and there is a trend today to use such threshold concen
trations (Eaton 1970) .24 

At present, safe levels have been determined for only a 
few wastes, and as a result only a few application factors are 
known. Because the determination of safe levels of pollutants 
is an involved process, interim procedures for estimating 
tolerable concentrations of various wastes in receiving waters 
must be used. To meet this situation, three universal appli
cation factors selected on the basis of present knowledge, 
experience, and judgment are recommended at the end of 
this section. Where toxicants have a nonpersistent nature 
(a half life of less than 4 days) or noncumulative effects, 
an application factor of 0.1 of the 96-hour LC50 should 
not be exceeded at any time or place after mixing with the 

receiving waters. The 24-hour average of the concentratim 
of these toxicants should not exceed 0.05 of the LC50 i 
aquatic life is to be protected. For toxic materials whicl 
arc persistent or cumulative the concentrations should no 
exceed 0.05 of the 96-hour LC50 at any time or place, anc 
the 24-hour average concentration should not exceed 0.0 
of the 96-hour LC50 in order to protect aquatic life. It i 
proposed that these general application factors be applie< 
to LC50 values determined in the manner described abov« 
to set tolerable conccntratiorn of wastes in the rece1vm1 
stream. 

MIXTURES OF TWO OR MIJRE TOXICANTS 

The toxicity of a mixture of pollutants may be estimatec 
by expressing the actual concentration of each 1.oxicant a 
a proportion of its lethal thre~;hold concentration ( usuall· 
equal to the 96-hour LC50) and adding the resultin: 
numbers for all the toxicant~:. If the total is 1.0 or greater 
the mixture will be lethal. 

The system of adding different toxicants in this way i 
based on the premise that their lethal actions arc additive 
Unlikely as it seems, this simple rule has been found ti 
govern the combined lethal action of many pairs and mix 
tures of quite dissimilar toxicants, such as copper am 
ammonia, and zinc and phenol in the laboratory (Herber 
and Vandyke 1964,29 .Jordan and Lloyd 1964, 30 Brow1 
et al. 1969). 17 The rule holds true in field studies (Herber 
1965,28 Sprague ct al. 1965). 41

' The method of addition i 
useful and reasonably accurate for predicting thresholds c 
lethal effects in mixtures. 

There is also evidence of a lower limit for additive leth;i 
effects. For ammonia and certain other pollutants, level 
below 0.1 of the lethal concentration do not seem to con 
tribute to the lethal action of a mixture (Brown et al. 1969, 1 

Lloyd and Orr 1969). :i 5 This lower cutoff point of Cl.l c 
the LC50 should be used when it is necessary to assess th 
lethal effects of a mixture of toxicants. 

SUBLETHAL EFFECTS 

Sublethal or chronic effects of mixtures are of great im 
portance. Sublethal concemrations of different toxican1 
should be additive in effect. Here again, it would be e;; 
pected that for any given toxicant there would be some Im 
concentration that would have no deleterious effect on a1 
organism and would not contribute any sublethal toxicit 
to a mixture, but there is little research on this subjec1 
Biesinger and Christensen (unpublished data 19'7 l ), 52 con 
eluded that subchronic concentrations of 21 toxicants wcr 
close to being additive in causing chronic effects on repro 
duction in Daphnia. Copper and zinc concentrations c 
about 0.01 of the LC50 are additive in causing avoiclanc 
reactions (Sprague et al. 1965). 46 On the other hand, some 
what lower metal concentrations of about 0.003 of the LC51 
do not seem to be additive in affecting reproduction of fisl 



(Eaton unpublished data 1971). 53 Perhaps there is a lower 
cutoff point than 0.01 of the LC50 for single pollutants 
contributing to sublethal toxicity of a mixture. 

As an interim solution, it is recommended that the con
tribution of a single pollutant to the sublethal toxicity of a 
mixture should not be counted if it is less than 0.2 of the 
recommended level for that pollutant. Applying this to a 
basic recommended level of 0.05 (see the Recommendation 
that follows) of the LC50 would yield a value of 0.01 of the 
LC50, corresponding to the possible cutoff point suggested 
above. 

It is expected that certain cases of joint toxicity will not 
be covered by simple addition. The most obvious exception 
would be when two toxicants combine chemically. For 
example, mixed solutions of cyanides and metals could 
cause addition of toxicity or very different effects if the 
metal and cyanide combined (Doudoroff ct al. 1966). 23 A 
thorough understanding of chemical reactions is necessary 
in these cases. 

For further discussions of bioassays and the difficulties 
posed in assessing sublethal effects of toxicants on organisms, 
see Section IV, pp. 233-237. 

Recommendations for the Use of Application Factors to 
Estimate Safe Concentrations of Toxic Wastes in Receiving 
Streams 

Where specific application factors have been determined 
for a given material, they should be used instead of the safe 
concentration levels of wastes given below: 

(a) Concentration of materials that are nonpersistent 
or have noncumulative effects should not exceed 0.1 of 
the 96-hour LC50 at any time or place after mixing with 
the receiving waters. The 24-hour average of the concen
tration of these materials should not exceed 0.05 of the 
LC50 after mixing. 

(b) For toxicants which are persistent or cumulative, 
the concentrations should not exceed 0.05 of the 96-hour 
LC50 at any time or place, nor should the 24-hour average 
concentration exceed 0.01 of the 96-hour LC50. 

(c) When two or more toxic materials are present at 
the same time in the receiving water, it should be assumed 
unless proven otherwise that their individual toxicities arc 
additive and that some reduction in the permissible concen
trations is necessary. The amount of reduction required is 
a function of both the number of toxic materials present 
and their concentrations in respect to the permissible con
centrations. The following relationship will assure that the 
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combined amounts of the several substances do not exceed 
a permissible concentration: 

Ca Cb Cn 
-+-+···+-<LO 
La Lb Ln -

This formula may be applied where Ca, Cb, ... Cn are the 
measured or expected concentrations of the several toxic 
materials in the water, and L., Lb, ... Ln are the respective 
concentrations recommended or those derived by using 
recommended application factors on bioassays done under 
local conditions. Should the sum of the several fractions 
exceed 1.0, a local restriction on the concentration of one 
or more of the substances is necessary. 

C and L can be measured in any convenient chemical 
unit as proportions of the LCSO or in any other desired way, 
as long as the numerator and denominator of any single 
fraction are in the same units. To remove natural trace 
concentrations and low nonadditive concentrations from 
the above formula, any single fraction which has a value 
less than 0.2 should be removed from the calculation. 

Example: 

Small quantities of five toxicants arc measured in a 
stream as follows: 

3 micrograms/liter (µg/l) of zinc; 3 µg/l of phenol; 
3 µg/l of un-ionized ammonia as calculated from 
Figure 111-10 (see Ammonia, p. 186); I µg/l of 
cyanide; and 1 µgiI of chlorine. 

A bioassay with zinc sulphate indicates that the 96-
hour LC50 is 1.2 mg II. The application factor for 
zinc is 0.005; therefore, the allowable limit is 0.005 X 
1.2 = 0.006 mg ii. Initial bioassays with phenol, am
monia, and cyanide indicate that the recommended 
values arc the safe concentrations stated in other sec
tions of the Report, not the fractions of LC50; so the 
limits are 0.1 mg II, 0.02 mg/], and 0.005 mg/I. The 
permissible limit for chlorine (page 189) is 0.003 mg/I. 
Therefore, the total toxicity is estimated as follows for 
zinc, phenol, ammonia, cyanide, and chlorine, re
spectively: 

O.OO~+Q.003 +Q.003 + 0.001 +Q.001 
0.006 0.1 0.02 0.005 0.003 

=0.5+0.03+0.15+0.2+0.33 

The second and third terms, i.e., phenol and ammonia, 
should be deleted since they arc below the minimum 
of 0.2 for additive effects. This leaves 0.5+0.2+0.33 = 
1.03, indicating that the total sublethal effect of these 
three toxicants is slightly above the permissible level 
and that no higher concentration of any of the three 
is safe. Thus none can be added as a pollutant. 



PHYSICAL MANIPULATION OF THE ENVIRONMENT 

Numerous activities initiated to maximize certain uses of 
water resources often adversely affect water quality and 
minimize other uses. These activities have caused both 
benefit and harm in terms of environmental quality. The 
common forms of physical alteration of watersheds are 
channelization, dredging, filling, shoreline modifications 
(of lakes and streams), clearing of vegetation, rip-rapping, 
diking, leveling, sand and gravel removal, and impounding 
of streams: 

Channelization is widespread throughout the United 
States, and many studies have been conducted documenting 
its effects. Channelization usually increases stream gradient 
and flow rates. The quiet areas or backwaters are either 
eliminated or cut off from the main flow of the stream, the 
stream bed is made smooth, thus reducing the habitats 
available to benthic organisms, and surrounding marshes 
and swamps are more rapidly drained. The steeper gradient 
increases velocity allowing the stream to carry a greater 
suspended load and causing increased turbidity. The rate 
of organic waste transformation per mile is usually reduced, 
and destruction of spawning and nursery areas often occurs. 
Trautman (1939), 67 Smith and Larimore (1963), 6•1 Peters 
and Alvord (1964), 64 Welker (1967), 69 Martin (1969), 63 

and Gebhards (I 970) 58 have discussed the harmful effects 
of channelization on some fish populations and the effect 
on stimulation of less desirable species. 

Dredging undertaken to increase water depth often 
destroys highly productive habitats such as marshes (Mar
shall 1968, 62 Copeland and Dickens 1969). 56 The spoils 
from dredging activities are frequently disposed of in other 
shallow sites causing further loss of productive areas. For 
example, Taylor and Saloman (1968) 66 reported that since 
1950 there has been a 20 per cent decrease in surface area 
of productive Boca Ciega Bay, Florida, due to fill areas. 
It has become common practice to fill in marshy sites near 
large metropolitan areas (e.g., San Francisco Bay, Jamaica 
Bay) to provide for airport construction and industrial 
development. 

In addition to the material that is actually removed by 
the dredging process, a considerable amount of waste is 
suspended in the water resulting in high turbidities (Mackin 

1961). 61 If the dredged sedi.wents are relatively nontoxi1 
gross effects on motile aquatic life may not be noticeabl1 
but benthic communities m2·.y be drastically affected by tr 
increased redeposition of silt (Ingle 1952). 59 

In many instances either high nutrient or toxic sedimen 
are suspended or deposited during the dredging proces 
This action may kill aquatic organisms by exposure to tr 
toxicants present or by the depletion of dissolved oxyge 
concentrations, or both. Brown and Clark ( 1968) 54 note 
a dissolved oxygen reduction of 16 to 83 per cent whe 
oxidizable sediments were resuspended. In many cases di 
turbed sediments containini~ high nutrient concentratim 
may stimulate undesirable forms of phytoplankton c 
Cladophora. Gannon and Beeton ( 1969) 57 categorized harbc 
sediments in five groups. T!·1ose most severely pollute 
were toxic to various animals and did not stimulate growl 
of phytoplankton. Other sediments were toxic but stimt 
lated plant growth. The least polluted sediments were n< 

toxic and stimulated growth of phytoplankton but n< 

Cladophora. 
Three basic aspects must be considered in evaluating tr 

impact of dredging and disposal on the aquatic enviro1 
ment: (I) the amount and naiture of the dredgings, (2) tr 
nature and quality of the environments of removal an 
disposal, and (3) the ecological responses. All vary wide] 
in different environments, and it is not possible to identil 
an optimal dredging and disposal system. Consequent]· 
the most suitable program must be developed for eac 
situation. Even in situations where soil is deposited i 
diked enclosures or used for fill, care must be taken 1 

monitor overflow, seepage, and runoff waters for toxic an 
stimulatory materials. 

Artificial impoundments may have serious environment: 
impact on natural aquatic ecosystems. Dams and otht 
artificial barriers frequently block migration and ma 
destroy large areas of specialized habitat. Aquatic organisn 
are frequently subjected to physical damage if they ai 

allowed to pass through or over hydroelectric power uni 
and other man-made objects when properly designe 
barriers are not provided. At large dams, especially thrn 
designed for hydroelectric power, water drawn from tr 
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pool behind the dam is frequently taken from great depths, 
resulting in the release to the receiving stream of waters 
low in dissolved oxygen and excessively cold. This can be a 
problem, particularly in areas where nonnative fish are 
stocked. 

Cutting down forests, planting the land in crops, and 
partially covering the surface of a watershed by building 
roads, houses, and industries can have detrimental effects 
on water ways. Wark and Keller (I 963) 68 showed that in 
the Potomac River Basin (Washington, D.C.) reducing the 
forest cover from 80 per cent to 20 per cent increased the 
annual sediment yield from 50 to 400 tons per square mile 
per year. The planting of land in crops increased the sedi
ment yield from 70 to 300 tons per square mile per year, 
or a fourfold increase as the land crops increased from I 0 
per cent to 50 per cent. Likens et al. (1970) 60 showed that 
cutting down the forest in the Hubbard Brook area (Ver-
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mont) caused substantial changes in the streams. The sedi
ment load increased fourfold over a period from May 1966 
to May 1968. Furthermore, the particulate matter drained 
from the deforested watershed became increasingly in
organic in content, thus reducing the value of the sediment 
as a food source. The nutrient content of the water was also 
affected by cutting down the forests. The nitrate concen
tration increased from 0.9 mg/l prior to the cutting of 
vegetation to 53 mg/I two years later. Temperatures of 
streams in deforested areas were higher, particularly during 
the summer months, than those of streams bordered bv 
forests (Brown and Krygier 1970).55 

Prior to any physical alterations of a watershed, a 
thorough investigation should be conducted to determine 
the expected balance between benefits and adverse environ
mental effects. 



SUSPENDED AND SETTLEABLE SOLIDS 

Suspended and settleable solids include both inorganic 
and organic materials. Inorganic components include sand,. 
silt, and clay originating from erosion, mining, agriculture, 
and areas of construction. Organic matter may be com-· 
posed of a variety of materials added to the ecosystem from 
natural and man-made sources. These inorganic and organic 
sources are discussed in the Panel Report on Marine 
Aquatic Life and Wildlife (Section IV), and the effects of 
land-water relationships are described in the report on 
Recreation and Aesthetics (Section I). 

SOIL AS A SOURCE OF MINERAL PARTICLES 

Soil structure and drainage patterns, together with the 
intensity and temporal distribution of rainfall that directly 
affect the kind and amount of protective vegetative cover, 
determine the susceptibility of a soil to erosion. Where 
rain occurs more or less uniformly throughout the year, 
protective grasses, shrubs, or trees develop (Leopold, et al. 
1964). 7 8 Where rainfall occurs intermittently, as in arid 
areas, growth of protective plants is limited thus allowing 
unchecked erosion of soils. 

Wetting and drying cause swelling and shrinking of clay 
soils and leave the surface susceptible to entrainment in 
surface water flows. Suspended soil particle concentrations 
in rivers, therefore, are at their peak at the beginning of 
flood flows. Data on the concentration of suspended matter 
in most of the significant streams of the United States are 
presented in the U.S. Geological Survey Water Supply 
Papers. 

Streams transport boulders, rocks, pebbles, and sand by 
intermittent rolling motions, or by intermittent suspension 
and deposition as particles are entrained and later settled 
on the bed. Fine particles are held in suspension for long 
periods, depending on the intensity of the turbulence. Fine 
silt particles, when dispersed in fresh waters, remain almost 
continuously suspended, and suspension of dispersed clay 
mineral particles may be maintained even by the thermally 
induced motions in water. These fine mineral particles are 
the soil materials of greatest significance to the turbidity 
values of a particular water. 

The suspended and settleable solids and the bed of a wa11 
body must be considered as interrelated, interacting par1 
For example, Langlois (1941) 77 reported that in Lake Er 
the average of 40 parts per million (ppm) of suspende 
matter in the water was found to change quickly to mo1 
than 200 ppm with a strong wind. He further explaine 
that this increase is attributed to sediments resuspended 1: 
wave action. These sediments enter from streams or frrn 
shoreline erosion. 

Suspended clay mineral particles are weakly cohesive i 
fresh river waters having either unusually low dissolved sa 
concentrations or high concentrations of multivalent cation 
Aggregations of fine particles form and settle on the bed 1 
form soft fluffy deposits when such waters enter a lake c 
impoundment. However, clay mineral particles are di. 
persed or only weakly cohesive in most rivers. 

EFFECTS OF SUSPENDED PARTICLES IN WATER 

The composition and concentrations of suspended part 
cles in surface waters are important because of their effec 
on light penetration, tempera1ure, solubility products, an 
aquatic life (Cairns 1968). n The mechanical or abrasiv 
action of particulate material is of importance to the high< 
aquatic organisms, such as mussels and fish. Gills may I; 
clogged and their proper functions of respiration an 
excretion impaired. Blanketing of plants and sessile anima 
with sediment as well as the blanketing of importar 
habitats, such as spawning sites, can cause drastic change 
in aquatic ecosystems. If sedimentation, even of ine1 
particles, covers substantial amounts of organic materia 
anaerobic conditions can occur and produce noxious gase 
and other objectionable characteristics, such as low dis 
solved oxygen and decreases in pH. 

Absorption of sunlight by natural waters is strong]· 
affected by the presence of suspended solids. The intensit~ 
of light (/) at any distance along a light ray (L) is, for ; 
uniform suspension, expressed by the formula: 

/=/o -kcL, 

where / 0 is the intensity just below the water surface (L = 0) 
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k is the extinction coefficient for the suspended solids, and 
c is the concentration of suspended solids. L can be related 
to the water depth by the zenith angle, i, the angle of 
refraction, r, and the index of refraction of water, 1.33, by 
Snell's rule: 

. sm z 
Sln r=--

1.33 

The depth, D, is L cos r. Refraction makes the light path 
more nearly vertical under water than the sun's rays, 
except when the sun's rays are themselves normal to the 
water surface. 

The growth of fixed and suspended aquatic plants can 
be limited by the intensity of sunlight. An example of the 
decrease in the photic zone was calculated for San Francisco 
Bay (Krone 1963), 76 where k was l.18Xl0 3 square centi
meters per gram. For a typical suspended solids concen
tration of 50X10-5 grams per cubic centimeter, for an 
algae requiring 20 foot candles or more for its multipli
cation, and under incident sunlight of 13,000 foot candles 
the photic zone did not exceed I. I meters. A reduction in 
suspended solids concentration to 20 X 10-5 g/ cm 3 increased 
the maximum depth of the photic zone to 2.8 meters. 

Because suspended particles inhibit the penetration of 
sunlight, water temperatures are affected, and increasing 
turbidity results in increasing absorption near the water 
surface so that turbid waters warm more rapidly at the 
surface than do clearer waters. Warming and the accom
panying decrease in density stabilize water and may inhibit 
vertical mixing. Lower oxygen transfer value from air to 
water results when surface waters are heated. This action 
combined with inhibited vertical mixing reduces the rate of 
oxygen transfer downward. Still or slowly moving water is 
most affected. 

The rate of warming, dT / dt, at any distance from the 
surface along a light path, L, in water having uniform 
suspended material is 

dT = -[lkc]-kcL 
dt pC 

where p is the water density and C is the specific heat of 
the water. This equation shows that an increase in suspended 
sediment concentration increases the rate of warming near 
the surface and decreases exponentially with depth. The 
biological significance of this relationship is in the effect on 
time of formation, vertical distribution of thermal stratifi
cation, and stability of the upper strata. Increasing tur
bidity could change the stratification patterns of a lake and 
thus change the temperature distribution, oxygen regime, 
and composition of the biological communities. 

ADSORPTION OF TOXIC MATERIALS 

Suspended mineral particles have irregular, large surface 
areas, with electrostatic charges. As a consequence, clay 
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minerals may sorb cations, anions, and organic compounds. 
Pesticides and heavy metals may be absorbed on suspended 
clay particles and strongly held with them. The sorption 
of chemicals by suspended matter is particularly important 
if it leads to a buildup of toxic and radioactive materials 
in a limited area with the possibility of sudden release of 
these toxicants. One such example has been reported by 
Benoit et al. (1967). 70 Gannon and Beeton (1969) 75 reported 
that sediments with the following characteristics dredged 
from various harbors on the Great Lakes were usually toxic 
to various organisms: COD 42,000 mg/I, volatile solids 
4,000 mg/I, ammonia 0.075 mg/g, phosphate-P 0.65 mg/g. 

The capacity of minerals to hold dissolved toxic materials 
is different for each material and type of clay mineral. An 
example illustrates the magnitudes of sorptive capacities: 
the cation exchange capacity (determined by the number 
of negatively charged sites on clay mineral surfaces) ranges 
from a few milliequivalents per hundred grams (me/100 g) 
of mineral for kaolinite clay to more than JOO me/100 g for 
montmorillonite clay. Typical estuarial sediments, which are 
mixtures of clay, silt, and sand minerals, have exchange 
capacities ranging from 15 to 60 me/100 g (Krone 1963). 76 

The large amounts of such material that enter many 
estuaries and lakes from tributary streams provide continu
ally renewed sorptive capacity that removes materials such 
as heavy metals, phosphorus, and radioactive ions. The 
average new sediment load flowing through the San Fran
cisco Bay-Delta system, for example, has a total cation 
exchange capacity of a billion equivalents per year. 

The sorptive capacity effectively creates the large assimi
lative capacity of muddy waters. A reduction in suspended 
mineral solids in surface waters can cause an increase in 
the concentrations of dissolved toxic materials contributed 
by existing waste discharges. 

EFFECTS ON FISH AND INVERTEBRATES 

The surface of particulate matter may act as a substratum 
for microbial species, although the particle itself may or 
may not contribute to their nutrition. When the presence 
of particulate matter enables the environment to support 
substantial increased populations of aquatic microorganisms, 
the dissolved oxygen concentration, pH, and other char
acteristics of the water are frequently altered. 

There are several ways in which an excessive concen
tration of finely divided solid matter might be harmful to 
a fishery in a river or a lake (European Inland Fisheries 
Advisory Commission, EIF AC 1965). 73 These include: 

• acting directly on fish swimming in water in which 
solids are suspended, either killing them or reducing 
their growth rate and resistance to disease; 

• preventing the successful development of fish eggs 
and larvae; 
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• modifying natural movements and migrations of fish; 
• reducing the food available to fish; 
• affecting efficiency in catching the fish. 

With respect to chemically inert suspended solids and to 
waters that are otherwise satisfactory for the maintenance of 
freshwater fisheries, EIF AC (1965) 73 reported: 

• there is no evidence that concentrations of suspended 
solids less than 25 mg/I have any harmful effects 
on fisheries ; 

• it should usually be possible to maintain good or 
moderate fisheries in waters that normally contain 
25 to 80 mg/I suspended solids; other factors being 
equal, however, the yield of fish from such waters 
might be somewhat lower than from those in the 
preceding category; 

• waters normally containing from 80 to 400 mg/JI 
suspended solids are unlikely to support good fresh·· 
water fisheries, although fisheries may sometimes 
be found at the lower concentrations within this 
range; 

• only poor fisheries are likely to be found in waters 
that normally contain more than 400 mg/I suspended 
solids. 

In addition, although several thousand parts per million 
suspended solids may not kill fish during several hours or 
days exposure, temporary high concentrations should be 
prevented in rivers where good fisheries are to be main
tained. The spawning grounds of most fish should be kept 
as free as possible from finely divided solids. 

While the low turbidities reported above reflected values 
that should protect the ecosystem, Wallen (I 95 I )80 reported 
that fish can tolerate higher concentrations. Behavioral 
reactions were not observed until concentrations of tur
bidity neared 20,000 mg/l, and in one species reactions did 
not appear until turbidities reached 100,000 mg/I. Most 
species tested endured exposures of more than l 00,000 mg/I 
turbidity for a week or longer, but these same fishes finally 
died at turbidities of 175,000 to 225,000 mg/I. Lethal 
turbidities caused the death of fishes within 15 minutes to 
two hours exposure. Fishes that succumbed had opercular 
cavities and gill filaments clogged with silty clay particles 
from the water. 

In a study of fish and macroinvertebrate populations 
over a four-year period in a stream receiving sediment from 
a crushed limestone quarry, Gammon (1970)74 found that 
inputs that increased the suspended solids load less than 
40 mg/I (normal suspended solids was 38 to 41 mg/I and 
volatile suspended solids 16 to 30 mg/I) resulted in a 25 
per cent reduction in macroinvertebrate density in the 
stream below the quarry. A heavy silt input caused increases 
of more than 120 mg/l including some decomposition of 
sediment, and resulted in a 60 per cent reduction in density 

of macroinvertebrates. Population diversity indices we 
unaffected because most Epecies responded to the sar 
degree. The standing crop cf fish decreased dramatical 
when heavy sediment occurred in the spring; but fish r 

mained in pools during the summer when the input w 

heavy and vacated the pools only after deposits of seclime 
accumulated. After winter floods removed sediment d 
posits, fish returned to the pools and achieved levels of . 
per cent of the normal standing crop by early June. 

Not all particulate matter affects organisms in the san 
way. For example, Smith, et al. (1965) 79 found that ti 
lethal action of pulp-mill fiber on walleye fingerlin 
(Stizostedzon vitreum vitreum) and fathead minnows (Pimejiha. 
promelas) was influenced by 1he type of fiber. In 96-ho 
bioassays, mortality of the minnows in 2,000 ppm suspe 
sions was 78 per cent in conifer grounclwood, 34 per ce 
in conifer kraft, and 4 per cent in aspen grounclwood. Hi[ 
temperatures and reduced dissolved oxygen concentratio 
increased the lethal action of fiber. 

Buck (I 956) 71 studied the growth of fish in 39 farm porn 
having a wide range of turbidities. The ponds were clean: 
of fish and then restocked with largemouth black ba 
(Micropterus salmoides), bluegill (Lepomzs macrochzrus), ar 
reclear sunfish (Lepomis mzcrolophus). After two growir 
seasons the yields of fish were 

• clear ponds (less than 25 mg/l 161.5 lb/acre 
suspended solids) 

• intermediate (25-100 mg/I 94.0 lb/acre 
suspended solids) 

• muddy (more than 100 mg/l 29.3 lb/acre 
suspended solids) 

The rate of reproduction was also reduced by turbidit~ 
and the critical concentration for all three species appeare 
to be about 75-100 mg/I. In the same paper, Buck reporte 
that largemouth black bass (Afzcropterus salmoides), crappie 
(Pomoxzs), and channel catfish (Jctalurus punctatus) grew mor 
slowly in a reservoir where the water had an averag 
turbidity of 130 mg/l than in another reservoir where th 
water was always clear. 

Floating materials, including large objects as well as ver 
fine substances, can adversely affect the activities of aquati 
life. Floating logs shut out sunlight and interfere particular] 
with surface feeding fish. Logs may also leach various type 
of organic acids clue to the action of water. If they hav 
been sprayed with pesticide.s or treated chemically, thes· 
substances may also leach into the water. As the logs floa 
downstream their bark often disengages and falls to thi 
bed of the stream, disturbing benthic habitats. Aquatic liJ~ 
is also affected by fine substances, such as sawdust, peelings 
hair from tanneries, wood fibers, containers, scum, oil 
garbage, and materials from untreated municipal and in 
clustrial wastes, tars and greases, and precipitated chemicals 



Recommendations 

• The combined effect of color and turbidity should 
not change the compensation point more than 
10 per cent from its seasonally established norm, 
nor should such a change place more than 10 
per cent of the biomass of photosynthetic orga
nisms below the compensation point. 
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• Aquatic communities should be protected if the 
following maximum concentrations of suspended 
solids exist: 

High level of protection 25 mg/I 
Moderate protection 80 mg/I 
Low level of protection 400 mg/I 
Very low level of protection over 400 mg/I 



COLOR 

The true color of a specific water sample is the result of 
substances in solution; thus it can be measured only after 
suspended material has been removed. Color may be of 
organic or mineral origin and may be the result of natural 
processes as well as manufacturing operations. Organic 
sources include humic materials, peat, plankton, aquatic 
plants, and tannins. Inorganic substances are largely me
tallic, although iron and manganese, the most important 
substances, are usually not in solution. They affect color as 
particles. Heavy-metal complexes are frequent contributors 
to the color problem. 

Many industries (such as pulp and paper, textile, refining, 
chemicals, dyes and explosives, and tanning) discharge 
materials that contribute to the color of water . .Conventional 
biological waste treatment procedures are frequently in
effective in removing color. On the other hand, such treat
ment processes have caused an accentuation of the level 
of color during passage through the treatment plant. 
Physicochemical treatment processes are frequently pre
ferable to biological treatment if color removal is critical 
(Eye and Aldous 1968, 81 King and Randall 197083). 

The tendency for an accentuation of color to occur as a 
result of complexing of a heavy metal with an organic sub
stance may also lead to problems in surface waters. A rela
tively color-free discharge from a manufacturing operation, 
may, upon contact with iron in a stream, produce a highly 
colored water that would significantly affect aquatic lifr 
(Hem 1960,82 Stumm and Morgan 196286). 

The standard platinum-cobalt method of measuring color 
is applicable to a wide variety of water samples (Standard 

Methods 1971).85 However, industrial wastes frequen 
produce colors dissimilar to the standard platinum-cob 
color, making the comparison technique of limited vah 
The standard unit of color in water is that level produc 
by 1 mg/l of platinum as chloroplatinate ion (Standa 
Methods 1971).85 Natural color in surface waters ran[ 
from less than one color unit to more than 200 in higf 
colored bodies of wa tcr (Nordell 1961). 84 

That light intensity at which oxygen production in pho 
synthesis and oxygen corn:umption by respiration of t 

plants concerned are equal is known as the compcmati 
point, and the depth at which the compensation point c 

curs is called the compensation depth. For a given body 
water this dC'pth varies with several conditions, includi 
season, time of day, the ex1 ent of cloud cover, condi1ion 
the water, and the taxonomic composition of the flora 
valved. As commonly used, 1:he compensation point ref, 
to that intensity of light which is such that the plan 
oxygen production during 1 he day will be .'mfficient 
balance the oxygen consump1 ion during the whole 24-hc 
period (Welch 1952).87 

Recommendation 

The combined effect of color and turbidity shou 
not change the compensation point more than 
per cent from its seasonally established norm, n 
should such a change place more than 10 per ce1 
of the biomass of photosynthetic organisms belc 
the compensation poin1t. 

130 



DISSOLVED GASES 

DISSOLVED OXYGEN 

Oxygen requirements of aquatic life have been extensively 
studied. Comprehensive papers have been presented by 
Doudoroff and Shumway (1967),89 Doudoroff and Warren 
(1965),91 Ellis (1937), 93 and Fry (1960).94 (Much of the 
research on temperature requirements also considers oxygen, 
and references cited in the discussion of Heat and Temper
ature, p. 151, are relevant here.) The most comprehensive 
review yet to appear has been written by Doudoroff and 
Shumway for the l''ood and Agriculture Organization 
(FAO) of the United Nations (1970).90 This FAO report 
provides the most advanced summary of scientific research 
on oxygen needs of fish, and it has served as a basis for most 
of the recommendations presented in this discussion. In 
particular, it provided the criteria for citing different levels 
of protection for fish, for change from natural levels of 
oxygen concentration, and for the actual numerical values 
recommended. Much of the text below has been quoted 
verbatim or condensed from the FAO report. Its recommen
dations have been modified in only two ways: the insertion 
of a floor of 4 mg/l as a minimum, and the suggestion that 
natural minima be assumed to be equal to saturation 
levels if the occurrence of lower minima cannot be definitely 
established. Doudoroff and Shumway covered oxygen con
centrations below the floor of 4 mg/l; however, the 4 mg/l 
floor has been adopted in this report for reasons explained 
below. 

levels of Protection 

Most species of adult fish can survive at very low concen
trations of dissolved oxygen. Even brook trout (Salvelinus 

fontinalis) have been acclimated in the laboratory to less 
than 2 mg/l of 02. In natural waters, the minimum concen
tration that allows continued existence of a varied fish 
fauna, including valuable food and game species, is not 
high. This minimum is not above 4 mg/l and may be much 
lower. 

However, in evaluating criteria, it is not important to 
know how long an animal can resist death by asphyxiation 
at low dissolved oxygen concentrations. Instead, data on 
the oxygen requirements for egg development, for newly 

hatched larvae, for normal growth and activity, and for 
completing all stages of the reproductive cycle are pertinent. 
Upon review of the available research, one fact becomes 
clear: any reduction of dissolved oxygen can reduce the 
efficiency of oxygen uptake by aquatic animals and hence 
reduce their ability to meet demands of their environment. 
There is evidently no concentration level or percentage of 
saturation to which the 0 2 content of natural waters can 
!Jl' reduced without causing or risking some adverse effects 
on the reproduction, growth, and consequently, the pro
duction of fishes inhabiting those waters. 

Accordingly, no single, arbitrary recommendation can 
be set for dissolved oxygen concentrations that will be 
favorable for all kinds of fish in all kinds of waters, or even 
one kind of fish in a single kind of water. Any reduction in 
oxygen may be harmful by affecting fish production and 
the potential yield of a fishery. 

The selection of a level of protection (Table III-3) is a 
socioeconomic decision, not a biological one. Once the 
level of protection is selected, appropriate scientific recom
mendations may be derived from the criteria presented in 
this discussion. 

Basis for Recommendations 

The decision to base the recommendations on 02 con
centration minima, and not on average concentrations, 
arises from various considerations. Deleterious effects on 
fish seem to depend more on extremes than on averages. 
For example, the growth of young fish is slowed markedly 
if the oxygen concentration falls to 3 mg/1 for part of the 
day, even if it rises as high as 18 mg/I at other times. It 
could be an inaccurate and possibly controversial task to 
carry out the sets of measurements required to decide 
whether a criterion based on averages was being met. 

A daily fluctuation of 0 2 is to be expected where there is 
appreciable photosynthetic activity of aquatic plants. In 
such cases, the minimum 0 2 concentration will usually be 
found just before daybreak, and sampling should be done 
at that time. Sampling should also take into account the 
possible differences in depth or width of the water body. 
The guiding principle should be to sample the places where 
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aquatic organisms actually live or the parts of the habitat 
where they should be able to live. 

Before recommendations are proposed, it is necessary to 
evaluate criteria for the natural, seasonal 02 minimum 
from which the recommendations can be derived. Natural 
levels are assumed to be the saturation levels, unless scie n
tific data show that the natural levels were already low in 
the absence of man-made effects. 

Certain waters in regions of low human populations can 
still be adequately studied in their natural or pristine con
dition. In these cases the minimum 02 concentration at 
different seasons, temperatures, and stream discharge vol
umes can be determined by direct observation. Such ob
served conditions can also be useful in estimating seasonal 
minima in similar waters in similar geographical regions 
where natural levels can no longer be observed because of 
waste discharges or other man-made changes. 

In many populated regions, some or all of the streams 
and lakes have been altered. Direct determination of 
natural minima may no longer be possible. In these cases 
the assumption of year-round saturation with 02 is made 
in the absence of other evidence. 

Supersaturation of water with dissolved oxygen may 
occur as the result of photosynthesis by aquatic vegetation. 
There is some evidence that this may be deleterious to 
aquatic animals because of gas bubble disease (see Total 
Dissolved Gases, p. 135). 

Despite the statements in previous paragraphs that there 
is no single 02 concentration which isfavorable to all species 
and ecosystems, it is obvious that there arc, nevertheless, 
very low 02 concentrations that are unfavorable to almost 
all aquatic organisms. Therefore, a floor of 4 mg/l is 
recommended except in situations where the natural level 
of dissolved oxygen is less than 4 mg/I in which case no 
further depression is desirable. The value of 4 mg/l has 
been selected because there is evidence of subacute or 
chronic damage to several fish below this concentration. 
Doudoroff and Shumway (1970) 90 review the work of 
several authors as given below, illustrating such damage. 
Fathead minnows (Pimephales promelas) held at 4 mg/l 
spawned satisfactorily; only 25 per cent of the resultant 
fry survived for 30 days, compared to 66 per cent survival 
at 5 mg/1. At an oxygen level of 3 mg/I, survival of fry 
was even further reduced to 5 per cent (Brungs 1972101 

personal communication). Shumway et al. (1964) 98 found that 
the dry weight of coho salmon (Oncorhynchus kisutch) alevins 
(with yolk sac removed) was reduced by 59 per cent when 
they had been held at 3.8 mg/l of oxygen, compared to 
weights of the controls. The embryos of sturgeon (Acipenser) 
suffered complete mortality at oxygen concentrations of 
3.0 to 3.5 mg/I, compared to only 18 per cent mortality at 
5.0 to 5.5 mg/I (Yurovitskii 1964). 100 Largemouth bass 
(Micropterus salmoides) embryos reared at 25 C showed sur
vival equal to controls only at oxygen levels above 3.5 mg/l 
(Dudley 1969).92 Efficiency of food conversion by juvenile 

bass was nearly independent of 02 at 5 mg/1 and higl 
but growth rate was reduced by 16.5 per cent at 4 m: 
and 30 per cent at 3 mg/l (Stewart et al. 1967).99 Sim 
reductions in growth of underyearling coho salmon 
curred at the same 0 2 concentrations (Herrmann et 
1962).95 Although many other experiments have sh( 
little or no damage to performance of fish at 4 mg/1. 
lower, the evidence given above shows appreciable efl~ 

on embryonic and juvenile mrvival and growth for scvc 
species of fish sufficient to justify this value. 

Warm- and Coldwater Fisllies 

There are many associa1 ions and types of fish fa1 
throughout the country. Dissolved oxygen criteria for C< 

water fishes and warmwater game fishes are conside 
together in this report. There is no evidence to sug1 
that the more sensitive warmwater species have lower 
requirements than the more sensitive coldwater fishes. ~ 

difference in 02 requirements is probably not greater ti 
the difference of the solubility of 02 in water at the m< 
mum temperatures to which these two kinds of fish 
normally exposed in summer (Doudoroff and Shumv 
1970).90 In warmwatcr reg[ons, however, the variety 
fishes and fish habitats is relatively great, and there 
many warmwater species that arc exceedingly toleran1 
02 deficiency. 

Unusual Waters 

There arc certain types of waters that naturally have l 
oxygen content, such as the "black waters" draining swar 
of the Southeastern United States. (Other examples inch 
certain deep ocean waters and eutrophic waters that supp 
heavy l>iomass, the respiration of which reduces 0 2 cont 
much of the time.) A spec[al situation prevails in the d• 
layers (hypolimnion) of some lakes. Such layers do not 1 

with the surface layers for extended periods and may h. 
reduced 02, or almost none. Fish cannot live in the d• 
layers of many such lakes during a large part of the yi: 
although each lake of this kind must be considered a 
special case. However, the recommendation that no oxyg 
consuming wastes should be released into the deep lay 
still applies, since there may be no opportunity for reaerat 
for an entire season. 

Organisms Other Than Fish 

Most research concerning oxygen requirements for fre 
water organisms deals with fish; but since fish depend ur 
other aquatic species for food, it is necessary to consic 
the 02 requirements of the~e organisms. This Section ma 
the assumption that the 02 requirements of other comp< 
ents of the aquatic community are compatible with I 
(Doudoroff and Shumway l970).90 There are certain exec 
tions where exceedingly important invertebrate organis 
may be very sensitive to low 0 2, more sensitive than the f 
species in that habitat (Douc!oroff and Shumway 1970 



The situation is somewhat more complicated for inverte
brates and aquatic plants, inasmuch as organic pollution that 
causes reduction of 02 also directly increases food material. 
However, it appears equally true for sensitive invertebrates 
as for fish that any reduction of dissolved 02 may have de
leterious effects on their production. For example, Nebeker 
( 1972)97 has found that although a certain mayfly (Ephemera 
simulans) can survive at 4.0 mg/I of oxygen for four days, 
any reduction of oxygen below saturation causes a decrease 
in successful transformation of the immature to the adult 
stage. 

Salmonid Spawning 

For spawning of salmonid fishes during the season when 
eggs are in the gravel, there are even greater requirements 
for 0 2 than those given by the high level of protection. 
(See Table III-3 for description of levels.) This is because 
the water associated with the gravel may contain less oxygen 
than the water in the stream above the gravel. There is 
abundant evidence that salmon id eggs are adversely affected 
in direct proportion to reduction in 0 2• The oxygen criteria 
for eggs should he about half way between the nearly 
maximum and high levels of protection. 

TABLE Ill-3-Guidelines for Selecting Desired Type and 
Level of Protection of Fish Against Deleterious Effects of 

Reduced Oxygen Concentrations 

level of protection 

Nearly Maximum• 

High 

Moderate 

low 

Intended type of protection 

For virtually unimpaired product1V1ty and 
unchanged quality of a fishery. 

Not likely to cause appreciable change in 
the ecosystem, nor material reducbon of 
fish production. Some impairment is 
risked, but appreciable damage is not to 
be expected at these levels of oxygen. 

Fisheries should persist, usually with no 
se11ou1 impairment, but with some de· 
crease m producbon. 

Should permit the per11stence of sizeable 
populations ot tolerant species and sue· 
cessful passage of most migrants0• Much 
reduced production or ehnunabon of sen· 
s1t1ve fiih is likely. 

Possible application 

Approp11ate for conservation areas, parks, and 
water bodies of high or umque value. Re
quires, practically speakmg, that little or no 
deoxygenatmg wastes be added to natural 
waters. Nor must there be any act1V1bes 
such as unfavorable land use which would 
reduce 02 le•els. 

Could be appropriate for fisheries or aquallc 
ecosystems of some importance, which 
should not be impaired by other uses of 
water. 

Could be used for fisheries which are valued, 
but must co-exist with major induitnes or 
dense human population 

Appropriate for fishenes that have some com
mercial or recreational value, but are so 
unimportant compared with other water 
uses, that their maintenance cannot be a 
major ob1ective of pollution control. 

This type of protection should however, pro
vide for survival of sensitive species m adult 
or subadult life stages for short periods 
dunng the year, if oxygen levels at other 
times are sat11factory for growth, reproduc
tion, etc. 

• Note that there could be a higher level of protection that would require oxygen to be near natural level at all times, 
whereas nearly ma>imum 1111uim only that 0•11en should not fall below the lowest le~el characteristic of the season. 

'Bui will not protect mi11atin2 salmonids, which would require it leash Moderate level of protection, for zones of 
passa21. 
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Interaction with Toxic Pollutants or Other Environmental 
Factors 

It is known that reduced oxygen levels increase the 
tox1c1ty of pollutants. A method for predicting this inter
action has been given by Brown (1968), 88 and a theoretical 
background by Lloyd ( 1961). 96 The disposal of toxic pol
lutants must be controlled so that their concentrations will 
not be unduly harmful at prescribed acceptable levels of 
0 2, temperature, and pH. The levels of oxygen recom
mended in this Section are independent of the presence of 
toxic wastes, no matter what the nature of the interaction 
between these toxicants and 0 2 deficiencies. Carbon dioxide 
is an exception, because its concentration influences the 
safe level of oxygen. The recommendations for 02 are 
valid when the C0 2 concentration is within the limits 
recommended in the section on C02. 

Application of Recommendations 

As previously stated, the recommendations herein differ 
in two important respects from those widely used. First, 
they arc not fixed values independent of natural conditions. 
Second, they offer a choice of different levels of protection 
of fishes, the selection of any one of which is primarily a 
socioeconomic decision, not a biological one. 

Table IIl-4 presents guidelines for the protection of 
fishes at each of four levels. Each column shows the level 
to which the dissolved 0 2 can be reduced and still provide 
the stated level of protection for local fisheries. The values 
can be derived from the equations given in the recommen
dations. These equations have been calculated to fit the 
curves shown in the figure on page 264 of Doudoroff and 
Shumway (1970),90 which serve as the basis of the recom
mendations. To use Table IIl-4, the estimated natural 
seasonal minimum should first be determined on the basis 
of available data or from expert judgment. This may be 
taken to be the minimum saturation value for the season, 
unless there is scientific evidence that losses of 02 levels 
prevailed naturally. The word "season" here means a 
period based on local climatic and hydrologic conditions, 
during which the natural thermal and dissolved 02 regime 
of a stream or lake can be expticted to be fairly uniform. 
Division of the year into equal three-month periods, such 
as December-February, March-May, is satisfactory. How
ever, under special conditions, the designated seasons could 
be periods longer or shorter than three months, and could 
in fact be taken as individual months. The selected periods 
need not be equal in length. 

v\!hen the lowest natural value for the season has been 
estimated, the desired kind and level of protection should 
then be selected according to the guidelines in Table IIl-3. 
The recommended minimum level of dissolved oxygen may 
then be found in the selected column of Table III-4, or as 
given by the formula in the recommendation. 
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TABLE Ill-4-Example of Recommended Minimum 
Concentrations of Dissolved Oxygen 

Estimated natural Recommended minimum concentrations of 02 for 
seasonal minimum Corresponding temperature of selected levels of protection 
concentrabon of oxnen-saluraled fresh waler ------------
01nen in water 

9 
10 
12 
14 

(a) (a) 
46C(a) (115FXa) 
36C (96.8F) 
27. 5C (81. 5F) 
21C (69.8F) 
16C (60.8F) 
7.7C (45.SF) 
1. 5C (34. 7F) 

Hearly 
maximal 

10 
12 
14 

Hiah Moderate Low 

4. 7 4.2 4.0 
5.6 4.8 4 0 
6.4 5.3 4.0 
7.1 5.8 4.3 
7. 7 6.2 4.5 
8.2 6.5 4.6 
8.9 6.8 4.8 
9.3 6.8 4.9 

• Included to cover waters that are naturally somewhat deficient in Q,, A saturation value of 5 mg/I might be 
found in warm springs or very saline waters. A saturation value of 6 mg/I would apply to warm sea water (32 C= 
90 F). 

Note: The desired kmd and level ol protection of a aiven body of water should first be selected (across head ol 
lllble). The estimated seasonal minimum concentration ol dissolved oxygen under natural condibons should then be 
determined on the basis of available dab, and located in the left hand column of the lllble. The recommended mini
mum concentration of oxygen for the season is then taken from the lllble. All values are in m1lhgrams of o, per 
ter. Values for natural seasonal minima other than those listed are given by the formula and qualificabons m the 

section on recommendations. 

Examples 

• It is desired to give moderate protection to trout 
(Salvelznus jontinalis) in a small stream during the 
summer. The maximum summer temperature is 20 C 
(68 F); the salt content of th'e water is low and has 
negligible effect on the oxygen saturation value. The 
atmospheric pressure is 760 millimeters (mm) Hg. 
Oxygen saturation is therefore 9.2 mg/I. This is as
sumed to be the natural seasonal minimum in the 
absence of evidence of lower natural concentrations. 
Interpolating from Table III-4 or using the recom
mended formula, reveals a minimum permissible con
centration of oxygen during the summer of 6.2 mg/I. 
If a high level of protection had been selected, the 
recommendation would have been 7 .8 mg/l. A low 
level of protection, providing little or no protection 
for trout but some for more tolerant fish, would require 
a recommendation of 4.5 mg/I. Other recommen
dations would be calculated in a similar way for other 
seasons. 
• It is decided to give moderate protection to large
mouth bass (Micropterus salmoides) during the summer. 
Stream temperature reaches a maximum of 35 C: 
(95 F) during summer, and lowest seasonal saturation 
value is accordingly 7.1 mg/I. The recommendation 
for minimum oxygen concentration is 5.4 mg/I. 
• For low protection of fish in summer in the same 
stream described above (for largemouth bass), the 
recommendation would be 4.0 mg/I, which is also the 
floor value recommended. 
• It is desired to protect marine fish in full-strength 
sea water (35 parts per thousand salinity) with a maxi-· 
mum seasonal temperature of 16 C (61 F). The satu
ration value of 8 mg/I is assumed to be the natural dis
solved oxygen minimum for the season. For a high level 
of protection, the recommendation is 7 .1 mg/I, for a 
moderate level of protection it is 5.8 mg/I, and for a 
low level of protection it is 4.3 mg/I. 

It should be stressed that the recommendations are 
minimum values for any time during the same season. 

Recommendations 

(a) For nearly maximal protection of fish a~ 

other aquatic life, the minimum dissolved oxyg 
in any season (defined previously) should not 
less than the estimated natural seasonal minimu 
concentration (defined previously) characteristic 
that body of water for the same season. In es 
mating natural minima, it is assumed that wah 
are saturated, unless there is evidence that th 
were lower in the absence of man-made inftuenc« 

(b) For a high level of protection of fish, t 
minimum dissolved oxygen concentration in ai 

season should not be less than that given by ti 
following formula in which M =the estimat, 
natural seasonal minimum concentration cha 
acteristic of that body of water for the same seaso 
as qualified in (a): 

Criterion*= 1.4lM-0.0476M2 -1.11 

(c) For a moderate level of protection of fish, ti 
minimum dissolved oxygen concentration in at 
season should not be less than is given by ti 
following formula with qualifications as in (b): 

Criterion*= 1.08M -0.0415M2 - 0.202 

(d) For a low level of protection of fish, t1 
minimum 02 in any season should not be less th:i 
given by the following formula with qualificati01 
as in (b): 

Criterion* =0.67~tM-0.0264M2 +0.577 

(e) A floor value of 4 mg/I is recommended exce1 
in those situations where the natural level of di 
solved oxygen is less than 4 mg/I, in which case r 
further depression is desirable. 

(f) For spawning grounds of salmonid fishe 
higher 02 levels are required as given in the follov 
ing formula with qualifications as in (b): 

Criterion*= 1.19M-0.0242M2 -0.418 

(g) In stratified eutrophic and dystrophic lake 
the dissolved oxygen requirements may not appl 
to the hypolimnion and such lakes should be cor 
sidered on a case by case basis. In other stratifie 
lakes, recommendations: (a), (b), (c), and (d) appl~ 
and if the oxygen is below 4 mg,/l, recommendatio 
(e) applies. In unstratified lakes recommendatio11 
apply to the entire circulating water mass. 

(i) All the foregoing recommendations apply t 
all waters except waters dEisignated as mixing zonE 

*All values are instantaneous, and final value should be express< 
to two significant figures. 



(see section on Mixing Zones p. 112). In locations 
where supersaturation occurs, the increased levels 
of oxygen should conform to the recommendations 
in the discussion of Total Dissolved Gases, p. 139. 

TOT AL DISSOLVED GASES (SUPERSATURATION) 

Excessive total dissolved gas pressure (supersaturation) is 
a relatively new aspect of water quality. Previously, super
saturation was believed to be a problem that was limited to 
the water supplies of fish culture facilities (Shelford and 
Allee 1913) .135 Lindroth (1957) 126 reported that spillways 
at hydroelectric dams in Sweden caused supersaturation, 
and recently Ebel (1969) 112 and Beiningen and Ebel (1968) 103 

established that spillways at dams caused gas bubble disease 
to be a limiting factor for aquatic life in the Columbia and 
Snake Rivers. Renfro (1963) 133 and others reported that 
excessive algal blooms have caused gas bubble disease in 
lentic water. DeMont and Miller (m press) 110 and Malous 
et al. (1972) 127 reported gas bubble disease among fish and 
mollusks living in the heated effluents of steam generating 
stations. Therefore, modified dissolved gas pressures as a 
result of dams, eutrophication, and thermal discharges 
present a widespread potential for adversely affecting fish 
and aquatic invertebrates. Gas bubble disease has been 
studied frequently since Gorham ( 1898, 119 1899120) pub
lished his initial papers, with the result that general knowl
edge of the causes, consequences, and adverse levels are 
adequate to evaluate criteria for this water quality char
acteristic. 

Gas bubble disease is caused by excessive total dissolved 
gas pressure but zt is not caused by the dissolved nitrogen gas 
alone (Marsh and Gorham 1904, 128 Shelford and Allee 
1913, 135 Englehorn 1943, 115 Harvey et al. l 944a, 121 Doudoroff 
1957,m Harvey and Cooper 1962).123 Englehorn (1943) 115 

analyzed the gases contained in the bubbles that were 
formed in fish suffering from gas bubble disease and found 
that their gas composition was essentially identical to air. 
This was confirmed by Shirahata (1966). 136 

Etiologic Factors 

Gas bubble disease (GBD) results when the uncompen
sated total gas pressure is greater in the water than in the 
air, but several important factors influence the etiology of 
GBD. These factors include: exposure time and physical 
factors such as hydrostatic pressure; other compensating 
forces and biological factors such as species or life stage 
tolerance or levels of activity; and any other factors that 
influence gas solubility. Of these factors perhaps none are 
more commonly misunderstood than the physical roles of 
total dissolved gas pressure* and hydrostatic pressure. The 
following discussion is intended to clarify these roles. 

* In this Section gas tension will be called gas pressure and total 
gas tension will be called total dissolved gas pressure (TDGP). This 
is being done as a descriptive aid to readers who are not familiar with 
the terminology and yet need to convey these principles to laymen. 
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Each component gas in air exerts a measurable pressure, 
and the sum of these pressures constitutes atmospheric or 
barometric pressure, which is equivalent per unit of surface 
area at standard conditions to a pressure exerted by a 
column of mercury 760mm high or a column of water 
about 10 meters high (at sea level, excluding water vapor 
pressure). The pressure of an individual gas in air is called 
a partial pressure, and in water it is called a tension; both 
terms are an acknowledgement that the pressure of an indi
vidual gas is only part of the total atmospheric pressure. 
Likewise, each component gas will dissolve in water inde
pendently of all other gases, and when at equilibrium with 
the air, the pressure (tension) of a specific dissolved gas is 
equivalent to its partial pressure in the air. This relationship 
is evident in Table 111-5 which lists the main constituents 
of dry air and their approximate partial pressures at sea 
level. 

When supersaturation occurs, the diffusion pressure im
balance between the dissolved gas phase and the atmos
pheric phase favors a net transfer of gases from the water to 
the air. Generally this transfer cannot be accomplished fast 
enough by diffusion alone to prevent the formation of gas 
bubbles. However, a gas bubble cannot form in the water 
unless gas nuclei are present (Evans and Walder 1969, 116 

Harvey et al. l 944b122) and unless the total dissolved gas 
pressure exceeds the sum of the compensating pressures such 
as hydrostatic pressure. Additional compensating pressures 
include blood pressure and viscosity, and their benefits 
may be significant. 

Gas nuclei arc probably unavoidable in surface water 
or in animals, because such nuclei are generated by any 
factor which decreases gas solubility, and because extreme 
measures are required to dissolve gas nuclei (Evans and 
Walder 1969; 116 Harvey ct al. 1944b). 122 Therefore, hydro
static pressure is a major preventive factor in gas bubble 
disease. 

The effect of hydrostatic pressure is to oppose gas bubble 
formation. For example, one cannot blow a bubble out of 
a tube immersed in water until the gas pressure in the tube 
slightly exceeds the hydrostatic pressure at the end of the 
tube. Likewise a bubble cannot form in water, blood, or 

TABLE Ill-5-Composition of Dry Air and Partial Pressures 
of Selected Gases at Sea Level 

N2 
02 
Ar. 
C02 
Ne 
He 

Gas Molecular• percentap Times almoS11he11c pressure 
in dry air 

78.084 X760 mm Hg 
20.946 
0.934 
0.033 
0.00181 
0.00052 

• GlueCklul (1951"'). 
• Al standard conditions 11cludin1 corrections for water vapor pmsure. 

Individual gash pressure in air or 
water at sea level 

=593.438 mm H1 
159.189 " 

7.098 " 
0.250 " 
0.0138 " 
0.0039 " 

759. 9927 111m Hr 
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tissue until the total gas pressure therein exceeds the sum of 
atmospheric pressure (760mm Hg) plus hydrostatic pressure 
plus any other restraining forces. This relationship is 
illustrated in Figure IIl-1 which shows, for example, that 
gas bubbles could form in fresh water to a depth of about 
one meter when the total dissolved gas pressure is equal to 
l. l 0 atmospheres; but they could not form below that 
point. 

Excessive total dissolved gas pressure relative to ambient 
atmospheric pressure, therefore, represents a greater threat 
to aquatic organisms in the shallow but importantly pro
ductive littoral zone than in the deeper sublittoral zone. 
For example, if fish or their food organisms remain within a 
meter of the surface in water having a total dissolved gas 
pressure of 1.10 atmospheres, they arc theoretically capable 
of developing gas bubble disease, especially if their body 
processes further decrease gas solubility by such means as 
physical activity, metabolic heat, increased osmolarity, or 
decreased blood pressure. 

Hydrostatic pressure only opposes bubble formation; it 
does r,tot decrease the kinetic energy of dissolved gas mole
cules except at extreme pressures. If this were not the case, 
aerobic animal life would be eliminated at or below a water 
depth equivalent to the pressure of oxygen, because there 
would be no oxygen pressure to drive 0 2 across the gill 
membrane and thence into the blood. For a more detailed 
discussion of this subject, the reader is referred to Van 
Liere and Stickney's (1963) 138 and Randall's (l 970a)m 
excellent reviews. 

GJ'> Bubble<; C.rnnot } orm 
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FIGURE III-1-Relationship JJf Total Dissolved Gas Pressure 
to H-ydrostatic Pressure in Preventing Gas Bubble Formation 

A final example will clarify the importance of total c 
solved gas pressure. Eutrophic lakes often become sup 
saturated with photosynthetic dissolved oxygen, and s1, 
lakes commonly approach (or exceed) 120 per cent 
saturation values for oxygen. But this only represents 
additional dissolved gas pressure of about 32mm l 
(0 2 = 159.19 mm HgX0.2°=31.83 mm Hg) which equal~ 

760 mm Hg+3!.83 mm Hg ---- ---------------- -;-- -= 1.04 l atmospheres of tot< 
760 mm Hg 

dissolved gas pressure 

This imbalance apparently cm be compensated in part 
metabolic oxygen consumption, blood pressure, or bo 
On the other hand, a 1.000-fold increase in the ne 
saturation level would on!)' increase the total dissolved r 
pressure by about 1.8 mm Hg or: 

1.8 mm Hg+ 760 mm Hg 
------ --'--- ---- -- '- = 1.002 atmospheres 

760 mm Hg 

This would not cause gas bulJble disease. 
The opposite situation can occur in spring water, wht 

dissolved oxyg'<'.n pressure is low and dissolved nitrogen a 
other gas pressures are high. In an actual case (Schneic 
personal communzcatum), 144 dissolved nitrogen was reported 
be 124 per cent of its air saturation value, whereas oxyg 
was 46 per cent of it~ air saturation value; total gas presst 
was l .046 of dry atrnosphe1·ic pressure. Fish were living 
this water, and although they probably suffered frc 
hypoxia, they showed no symptoms of gas bubble diseast 

How dissoh'ed gases come out of solution and fm 
bubbles (cavitate) is a ba si:: physical and physiologic 
topic which is only summarized here. Harvey et al. ( l 944b ~ 
determined that bubble forrna tion is promoted by bounda 
zone or surface interfaces which reduce surface tension a1 
thereby decrease the dissolv·:·d gas pressure required J 
cavitation. For this reason, Dne usually sees gas bubb 
forming first and growing fa~;test on submersed interfac1 
such as tank walls, sticks, or the external surfaces of aqua 
life. 

Gas nuclei are apparently required for bubble formatio 
and these are considered to be ultra micro bubbles (Eva 
and Walder i 969).11h These nuclei apparently represent ' 
equilibrium between the extremely high compressive eneq 
of surface tension and the preHsure of contained gases. Lai 
of gas nuclei probably accounts for instances when extreme 
high but uncompensated dissolved gas pressures failed 
cause bubble formation (Pease and Blinks 1947,130 Her 
mingsen 1970) .124 Gas nuclei1 are produced by anything th 
decreases gas solubility or surface tension (Harvey et z 
l 944b, 122 Hills 1967,125 Evans and Walder 1969) n 6 and tht 
can be eliminated at least temporarily by extremely hi@ 
pressure which drives them back into solution (Evans an 
Walder 1969).116 

Possible causes of gas nuclei formation in organisms i1 
elude negative pressures in skeletal or cardiac muscle duri11 



pronounced activity (Whitaker et al. 1945), 141 eddy currents 
in the blood vascular system, synthetic or biologically pro
duced surface-active compounds, and possible salting-out 
effects during hemoconcentration (as in saltwater adap
tation). Once a bubble has formed, it grows via the diffusion 
of all gases into it. 

Many factors influence the incidence and severity of gas 
bubble. disease. For example, the fat content of an animal 
may influence its susceptibility. This has not been studicd 
in fish, but Boycott and Damant (1908), 106 Behnke (1942), 102 

and Gersh et al. (1944) 117 report that fat mammals are 
more susceptible than lean mammals to the "bends" in 
high-altitude decompression. This may be particularly sig
nificant to non-feeding adult Pacific salmon which begin 
their spawning run with considerable stored fat. This may 
also account in part for differences in the tolerances of 
different age groups or fish species. Susceptibility to gas 
bubble disease is unpredictable among wild fish, particularly 
when they arc free to change their water depth and lcvd of 
activity. 

Gas Bubble Disease Syndrome and Effects 

Although the literature documents many occurrences of 
gas lmbble disease, data are usually missing for several 
important physical factors, such as hydrostatic pressure, 
barometric pressure, relative humidity, salinity, temper
ature, or other factors leading to calculation of total dis
solved gas pressure. The most frequently reported parameter 
has been the calculated dissolved nitrogen (N 2) concen
tration or its percentage saturation from which one can 
estimate the pressure of inert gases. Thus the reported N 2 

values provide only a general indication of the total dis
solved gas pressure, which unfortunately tends to convey 
the erroneous concept that N 2 is the instigative or only sig
nificant factor in gas bubble disease. 

Gas bubbles probably form first on the external surfaces 
of aquatic life, where total hydrostatic pressure is least and 
where an interface exists. Bubbles within the body of ani
mals probably form later at low dissolved gas pressures, 
because blood pressure and othc:r factors may provide ad
ditional resistance to bubble formation. However, at high 
dissolved gas pressure ( > 1.25 atm) bubbles in the blood 
may be the first recognizable symptom (Schneider personal 
commumcatwn). 144 In the case of larval fishes, zooplankton, 
or other small forms of aquatic life, the effect of external 
bubbles may be a blockage of the flow of water across the 
gills and asphyxiation or a change in buoyancy (Shirahata 
1966) .136 The latter probably causes additional energy 
expenditure or floatation, causing potentially lethal exposure 
to ultraviolet radiation or potential predation. 

The direct internal effects of gas bubble disease include a 
variety of symptoms that appear to be related primarily to 
the level of total dissolved gas pressure, the exposure time, 
and the in vivo location of lowest compensatory pressure. 
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The following is a resume of Shirahata's (1966)136 results. 
As the uncompensated total dissolved gas pressure increases, 
bubbles begin to appear on the fish, then within the skin, 
the roof of the mouth, within the fins, or within the ab
dominal cavity. Gas pockets may also form behind the eye
ball and cause an exophthalmic "pop-eyed" condition. 
Probably gas emboli in the blood are the last primary 
symptoms to develop, because blood pressure and plasma 
viscosity oppose bubble formation. At some as yet undefined 
point, gas emboli become sufficiently large and frequent 
to cause hemostasis in blood vessels, which in turn may 

cause extensive tissue damage or complete hemostasis by 
filling the heart chamber with gas. The latter is the usual 
direct cause of death. 

Exophthalmus or "pop-eye" and eye damage can be 
caused by several factors other than gas bubble disease 
and one should be duly cautious when tempted to diagnose 
gas bubble disease based solely on these criteria. \Vhilc the 
above symptoms can be caused by excessive dissolved gas 
pressure (\'\Testgarcl 1964). 140 they can also lie caused by 
malnutrition, abrasion, and possibly by infection. Unfortu
natdy there is no known definitive way to distinguish be
tween latent eye damage caused by previous exposure to 
excessive dissolved gas pressure and other causes. 

Secondary, latent, or sublethal effects of gas bubble 
disease in fish include promoting other diseases, necrosis, or 
other tissue changt'S, hemorrhages, blindness, and repro
ductive failure (Harvey and Cooper 1962, 123 \Vestgard 

1964, 140 Pauley and Nakatani 1967, 1211 and Bouck ct al. 
1971) .10 ;, There is no known evidence that su persatura ti on 
causes a nitrogen narcosis in fish (such as can he experienced 
by scuba divers), as this requires high dissolved gas pressures 
probably above IO atm. However, one can expect that fish 
afflicted with gas bubble disease or the above secondary 
effects might have their normal behavior al tercd. 

There is no definitive evidence that fishes can detect 
supersaturation (Shelford and Allee 1913),13 ;, or that they 
actively avoid it by seeking hydrostatic pressure compen
sation (Ebel 1969) .112 However, the potential capacity to 
avoid supersaturation or to compensate by sounding is 
limitc:d among anadrmnous species by the nc:cessity of 
ascending their home river and by dams with relatively 
shallow fish ladders. This may also apply to other species 
that reproduce in or otherwise live in shallow-water niches. 
Physiological adaptation to supersaturation seems unlikely, 
and this contention is supported by the preliminary studies 
of Coutant and Genoway (1968). 109 

Interaction between gas bubble disease and other stresses 
is highly likely but not clearly established. Fish were more 
susceptible to a given level of total dissolved gas pressure 
when wounded (Egusa 1955). 114 The thermal tolerance of 
Pacific salmon was reduced when N 2 levels were 125 to 
180 per cent in the case of juveniles (Ebel et al. 1971), 113 

and when N2 levels were > 118 per cent in the case of adults 
(Coutant and Genoway 1968).109 Chemicals or other factors 
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that influence body activity or cardiovascular activity may 
also influence blood pressure (Randall 1970b),132 and this 
would be expected to influence the degree to which the dis-
solved gas pressure is in excess, and hence the tolerance to 
gas bubble disease. 

Variation in biological response is a prominent aspect of 
gas bubble disease, which should not be surprising in view 
of the numerous influential factors. Some of this variation 
might be explained by physiological differences between 
life stages or species, degree of fatness, blood pressure, 
blood viscosity, metabolic heat, body size, muscular ac-
tivity, and blood osmolarity. For example, susceptibility to 
gas bubble disease may be inversely related to blood (or 
hemolymph) pressure. There is wide variation in blood 
pressure between life stages, between fish species, and he-
tween invertebrate species. Based on aortic blood pressures 
alone, one can hypothesize that largemouth bass (A1zcropterus 
salmozdes) might be more susceptible to gas bubble disease 
than chinook salmon ( Oncorhynchus tshaurytscha) if other fac
tors are equal. This contention is also supported by the 
observations that gas hubbies form in the blood of bullfrogs 
more easily than in rats (Berg et al. 1945), 104 possibly 
because of differences in blood pressure (Brand et al. 
1951) _107 

Tolerance to supersaturation also varies between body 
sizes or life stages; Shirahata (1966) 136 relates this, in part, 
to an increase in cardiac and skeletal muscle activity. 
Larger fish were generally more sensitive to supersaturation 
than were smaller fish in most studies (Wiebe and McGavock 
J 932, 142 Egusa 1955, 114 Shirahata 1966, 136 Harvey and 
Cooper 1962). 123 Wood (1968) 143 has the opposite view, but 
he provides no supporting evidence. Possibly larger fish are 
more susceptible to gas bubble disease in part because they 
can develop greater metabolic heat than smaller fish. In 
this regard, Carey and Teal (1969) 108 reported that large 
tuna may have a muscle temperature as much as 10 C above 
the water temperature. 

Data are quite limited on the tolerance of zooplankters 
and other aquatic invertebrates to excessive dissolved gas 
pressure. Evans and \Nalder (1969) 116 demonstrated that 
invertebrates can develop gas bubble disease. Unpublished 
observations by Nebeker* demonstrate that Daplmia sp. and 
Gammarus sp. are susceptible to gas bubble disease. On the 
other hand, it is widely known that some aquatic inverte
brates arc capable of dicl migrations that may expose them 
to a considerable change in dissolved gas pressure; but 
apparently these organisms can tolerate or otherwise handle 
such changes. In view of the paucity of data, nothing firm 
can be said regarding the general tolerance of invertebrates 
to supersaturation. 

*A. V. Nebeker, Western Fish Toxicology Station, U.S. Environ-
mental Protection Agency, 200 S. W. 35th Street, Corvallis, Oregon, 
97330. 

Analytical Considerations 

The apparatus and method of Van Slyke et al. (1934) 1 

are still the standard analytical tools for most gas analyse 
Scholander et al. (1955) 134 and others have developed simil< 
methods with modifications to accomodate their speci; 
needs. More recently, Swinnerton et al. (1962) 137 publishc 
a gas analysis method that utilizes gas-liquid chromato1 
raphy. However, both of these basic methods have drav 
backs, because they either require special expertise or do rn 
otherwise meet the field needs of limnologists and fisheri• 
or pollution biologists. 

A new device by Weiss* measures the differential g; 
pressure between the air and the water within fiftee 
minutes. This portable device is simple to operate, easy an 
inexpensive to build, and gives direct readings in mm H: 
Unpublished data by vVeiss show that this instrument h; 
an accuracy comparable to the Van Slyke and the chr1 
matographic procedures. The instrument consists of a g; 
sensor (150 ft. coil of small diameter, thin-walled, silicor 
rubber tube) connected to a mercury manometer. Tt 
sensor is placed underwater where the air in the tubir 
equilibrates with the dissolved gases in the water. Tt 
resulting gas pressure is read directly via the mercm 
manometer which gives a pos[tive value for supersaturate 
water and a negative value for water that is not ful 
saturated. 

Total Dissolved Gas Pressure Criteria 

Safe upper limits for dissolved gases must be based on d 
total dissolved gas pressure~: (sum of all gas tensions) an 
not solely on the saturation value of dissolved nitrogen g; 
alone. Furthermore, 5uch limits must provide for the safe1 
of aquatic organisms that inhabit or frequent the shallo 
littoral zone, where an existing supersaturation could 1 
worsened by heating, photosynthetic oxygen procluctio 
or other factors. There is lii:tle information on the chron 
sublethal effects of gas bubble disease and almost all ti 
research has been limited to species of the family Salmonida 
Likewise, gas tolerance data are unavailable for zooplankte 
and most other aquatic invertebrates. Therefore, it is nece 
sary to judge safe limits from data on mortality of select< 
salmonid fishes that were held under conditions apprm 
mating the shallow water of a hypothetical littoral zon 
These data are: 

1. Shir aha ta ( 1966)136 reported that advanced fry • 
rainbow trout (Salmo gairdneri) experienced 10 per ce1 
mortality when N 2 was about 111 per cent of its saturatic 
value. He concludes that, " ... the nitrogen contents whic 
did not cause any gas disease were ... less than 110 pi 
cent to the more advanced fry." 

*Dr. Ray Weiss, University of California, Scripps. Institute 
Oceanography, Geological Research Division, P. 0. Box 109, LaJoll 
California 9203 7. 



2. Harvey and Cooper (1962)123 reported that fry of 
sockeye salmon ( Oncorhynchus nerka) suffered latent effects 
(necrosis and hemorrhages) for some time after normal gas 
levels were said to have been restored. 

3. Coutant and Genoway (1968) 109 reported that sexu
ally precocious spring chinook salmon (Oncorhynchus tshawyt
scha) weighing 2 to 4 kg, experienced extensive mortality 
in six days when exposed at or above 118 per cent of N2 
sat'1ration; these salmon experienced no mortality when 
N2 was below l 10 per cent of saturation. 

Whether or not other species or life stages of aquatic life 
mily be more or less sensitive than the above salmonids 
remains to be proven. In the meantime, the above refer
ences provide the main basis for establishing the following 
total dissolved gas recommendations. 

Recommendations 

Available data for salmonid fish suggest that 
aquatic life will be protected only when total dis
solved gas pressure in water is no greater than 110 
per cent of the existing atmospheric pressure. Any 
prolonged artificial increase in total dissolved gas 
pressure should be avoided in view of the incom
plete body of information. 

CARBON DIOXIDE 

Carbon dioxide exists in two major forms in water. It 
may enter into the bicarbonate buffering system at various 
concentrations depending on the pH of the water. In ad
dition, "free" carbon dioxide may also exist, and this com
ponent affects the respiration of fish (Fry 1957).151 Because 
of respiratory effects, free carbon dioxide is the form con
sidered most significant to aquatic life. 

The concentration of free carbon dioxide, where oxygen
demanding wastes are not excessive, is a function of pH, 
temperature, alkalinity, and the atmospheric pressure of 
carbon dioxide. Doudoroff (1957)147 reported that concen
trations of free carbon dioxide above 20 mg/l occur rarely, 
even in polluted waters; and Ellis (1937)150 found that the 
free carbon dioxide content of Atlantic Coast streams ranged 
between zero and 12 mg/I. Ellis (1937) 150 and Hart (1944) 152 

both reported that in 90 to 95 per cent of the fresh waters 
in the United States that support a good and diverse fish 
population the free carbon dioxide concentrations fall below 
5 mg/1. 

An excess of free carbon dioxide may have adverse effects 
on aquatic life. Powers and Clark (1943)156 and Warren 
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( 1971) 157 reported that fish are able to detect and to respond 
to slight gradients in carbon dioxide tension. Brinley 
(1943)146 and Hoglund (1961)154 observed that fish may 
avoid free carbon dioxide levels as low as 1.0 to 6.0 mg/l. 

Elevated carbon dioxide concentrations may interfere 
with the ability of fish to respire properly and may thus 
affect dissolved oxygen uptake. Doudoroff and Katz 
(I 950)148 and Doudoroff and Shumway (1970) 149 reported 
that where dissolved oxygen uptake interference does occur, 
the free carbon dioxide concentrations which appreciably 
affect this are higher than those found in polluted waters. 
In bioassay tests using ten species of warmwater fish, Hart 
(1944) 152 found that the gizzard shad (Dorosoma cepedzanum) 
was the most sensitive and was unable to remove oxygen 
from water 50 per cent saturated with dissolved oxygen in 
the presence of 88 mg/I of free carbon dioxide. The less 
sensitive, largemouth bass (Micropterus salmoides) was unable 
to extract oxygen when the carbon dioxide level reached 
175 mg/l. Below 60 mg/I of free carbon dioxide, most 
species of fish had little trouble in extracting dissolved 
oxygen from the water. 

High concentrations of free carbon dioxide cause pro
nounced increases in the minimum dissolved oxygen require
ment of coho salmon (Oncorhynchus kzsutch), but these fish 
acclimatized rapidly to carbon dioxide concentrations as 
high as 175 mg/I at 20 C when the dissolved oxygen level 
was near saturation (McNeil 1956).155 

Basu ( 1959)145 found that for most fish species, carbon 
dioxide affected the fishes' ability to consume oxygen in a 
predictable manner. He further indicated that temperature 
affected carbon dioxide sensitivity, being less at higher water 
temperatures. 

The ability of fish to acclimatize to increases in carbon 
dioxide concentrations as high as 60 mg/I with little effect 
has been indicated by Haskell and Davies (1958). 153 

Doudoroff and Shumway ( 1970)149 indicate that the ability 
of fish to detect low free carbon dioxide concentrations, the 
presence of low carbon dioxide levels in most waters, and 
the ability of fish to acclimatize to carbon dioxide in the 
water probably prevent this constituent from becoming 
a major hazard. 

Recommendation 

Concentrations of free carbon dioxide above 20 
mg/I occur rarely. Fish acclimatize to increases in 
carbon dioxide levels as high as 60 mg/I with little 
effect. However, fish are able to detect and respond 
to slight gradients and many avoid free carbon 
dioxide levels as low as 1.0 to 6.0 mg/I. 



ACIDITY, ALKALINITY, AND pH 

NATURAL CONDITIONS AND SIGNIFICANCE 

Acidity in natural waters is caused by carbon dioxide, 
mineral acids, weakly dissociated acids, and the salts of 
strong acids and weak bases. The alkalinity of a water is 
actually a measure of the capacity of the carbonate-· 
bicarbonate system to buffer the water against change in 
pH. Technical information on alkalinity has recently been 
reviewed by Kemp (1971). 162 

An index of the hydrogen ion activity is pH. Even 
though pH determinations are used as an indication of 
acidity or alkalinity or both, pH is not a measure of either. 
There is a relationship between pH, acidity, and alkalinity 
(Standard Methods 1971) :164 water with a pH of 4.5 or 
lower has no measurable alkalinity, and water with a pH 
of 8.3 or higher has no measurable acidity. In natural 
water, where the pH may often be in the vicinity of 8.3, 
acidity is not a factor of concern. In most productive fresh 
waters, the pH falls in a range between 6.5 and 8.5 (except 
when increased by photosynthetic activity). Some regions 
have soft waters with poor buffering capacity and naturally 
low pH. They tend to be less productive. Such conditions 
are found especially in dark colored waters draining from 
coniferous forests or muskegs, and in swampy sections of 
the Southeast. For a variety of reasons, some waters may 
exhibit quite extreme pH values. Before these are considered 
natural conditions, it should be ascertained that they have 
not actually resulted from man-made changes, such as 
stripping of ground cover or old mining activities. This is 
important because the recommendations refer to estimated 
natural levels. 

TOXICITY TO AQUATIC LIFE 

Some aquatic organisms, especially algae, have been 
found to live at pH 2 and lower, and others at pH IO and 
higher; however, such organisms are relatively few. Some 
natural waters with a pH of 4 support healthy populations 
of fish and other organisms. In these cases the acidity is 
due primarily to carbon dioxide and natural organic acids, 
and the water has little buffering capacity. Other natural 
waters with a pH of 9.5 also support fish but are not usually 
highly productive. 

The effects of pH on aquatic life have been reviewed i 
detail in excellent reports by the European Inland Fisheri1 
Advisory Commission (1969) 160 and Katz (1969). 161 I1 
terpretations and summaries of these reviews are given i 
Table III-6. 

ADVERSE INDIRECT EFFECTS OR SIDE EFFECTS 

Addition of either acids or alkalies to water may l 
harmful not only by producing acid or alkaline condition 
but also by increasing the tox:icity of various componen 
in the waters. For example, acidification of water m;J 
release free carbon dioxide. This exerts a toxic action ac 
ditional to that of the lower pH. Recommendations for pl 
are valid if carbon dioxide is less than 25 mg/! (see tl:
discussion of Carbon Dioxide, p. 139). 

A reduction of about 1.5 pH units can cause a thousanc 
fold increase in the acute toxicity of a metallocyanic 
complex (Doudoroff et al. 1966) .159 The addition of stro11 
alkalies may cause the forma1 ion of undissociated NH40H c 
un-ionized NH3 in quantities that may be toxic (Lloy 
1961,163 Burrows 1964).158 Many other pollutants m;i 
change their toxicity to a le:;ser extent. It is difficult 1 
predict whether toxicity will increase or decrease for 
given direction of change in pH. 

Weakly dissociated acids and bases must be considere 
in terms of their toxicities, as well as their effects on pl 
and alkalinity. 

The availability of many nutrient substances varies wit 
the hydrogen ion concentration. Some trace metals becoff 
more soluble at low pH. At higher pH values, iron tenc 
to become unavailable to some plants, and hence the pre 
duction of the whole aquatic community may be affectec 

The major buffering system in natural waters is th 
carbonate system that not only neutralizes acid!! and bast 
to reduce the fluctuations in pH, but also forms a reservo' 
of carbon for photosynthesis. This process is indispensablt 
because there is a limit on the rate at which carbon dioxid 
can be obtained from the atmosphere to replace that in th 
water. Thus the productivity of waters is closely correlate 
to the carbonate buffering system. The addition of miner< 
acids preempts the carbonate buffering capacity, and th 

140 



TABLE III-6-A Summary of Some Effects of pH on 
Freshwater Fish and Other Aquatic Organisms 

pH Known enects 

11 5-12.0 Some caddis flies (Trichoptera) survive but emergence reduced. 
11 0-11 5 Rapidly lethal to all species of fish. 
10 5-11. O Rapidly lethal to salmonlds. The upper hmit is lethal to carp (Cypri nus carpio), goldfish (Carassius 

auratus), and pike. Lethal lo some sloneflies (Plecoplera) and dragonflies (Odonata). Cadd1s 
fly emergence reduced. 

10. 0-10. 5 Withstood by salmomds for short penods but eventually lethal. Exceeds tolerance of bluegills 
(Lepomis macroch1rus) and probably goldfish. Some typical stoneflies and mayflies (Ephemera) 

survive with reduced emergence. 
9. 5-10. 0 Lethal to salmomds over a prolonged penod of time and no viable fishery for coldwater species. 

Reduces populations of warmwater fish and may be harmful to development stages. Causes 
reduced emergence of some stonefhes. 

9. 0-9. 5 Likely to be harmful to salmomds and perch (Perea) 1f present for a considerable length of time 
and no viable fishery for coldwater species. Reduced populations of warmwater fish. Carp avoid 
these levels. 

8.5-9.0 Approaches tolerance limit of some salmonids, whitefish (Coregonus), catfish (lctaluridae), and 
perch. Avoided by goldfish. No apparent enects on invertebrates. 

8. 0-8. 5 Mot1hty of carp sperm reduced. Partial mortahty of burbot (Lola Iota) eggs. 
7.0-8.0 Full fish production. No known harmful enects on adult or immature fish, but 7.0 is near low hm1t 

for Gammarus reproduction and perhaps for some other crustaceans. 
6. 5-7. 0 Not lethal to fish unless heavy metals or cyanides that are more toxic at low pH are present. 

Generally full fish production, but for fathead minnow (P1mephales promelas), frequency of 
spawning and number of eggs are somewhat reduced. Invertebrates except crustaceans relatively 
normal, including common occurrence of mollusks Microorganisms, algae, and h<gher plants 
essentially normal. 

6.0-6. 5 Unhkely to be to11c to fish unless free carbon dioxide 1s present in excess of 100 ppm. Good aquatic 
populations with vaned species can exist with some exceptions. Reproduction of Gammarus and 
Daphma prevented, perhaps other crustaceans. Aquatic plants and microorganisms relatively 
normal except fungi frequent. 

5. 5-6 0 Eastern brook trout (Salvelinus fontinahs) survive at over pH 5.5. Rainbow trout (Salmo ga1rdneri) 
do not occur. In natural situations, small populations of relatively few species of fish can be 
found. Growth rate of carp reduced. Spawning of fathead minnow significantly reduced. Mollusks 
rare. 

5. 0-5. 5 . Very restncled fish populat10ns but not lelhal to any fish species unless C02 is high (over 25 ppm), 
or water contains iron salts. May be lethal to eggs and larvae of sens1t1Ye fish species. Prevents 
spawning of fathead minnow. Benth1c invertebrates moderately diverse, with certain black flies 
(S1muhidae), mayflies (Ephemerella), stoneflies, and midges (Ch1ronomidae) present in numbers. 
Lethal to other invertebrates such as the mayfly. Bactenal species diversity decreased; yeasts 
and sulfur and iron bactena (Thiobac1llus-Ferrobac1llus) common. Algae reasonably diverse and 
higher plants will grow. 

4.5-5.0 . No viable fishery can be maintained. Likely to be lethal to eggs and fry of salmomds. A salmomd 
population could not reproduce. Harmful, but not necessanly lethal to carp. Adult brown trout 
(Salmo trutta) can survive in peat waters. Benth1c fauna restricted, mayflies reduced. Lethal lo 
several typical stonef11es. Inhibits emergence of certain cadd1s fly, stonefly, and midge larvae. 
Diatoms are dominant algae. 

4.0-4.5 Fish populations limited; only a few species surY1ve. Perch, some coarse fish, and pike can acch· 
mate to this pH, but only pike reproduce. Lethal lo fathead minnow. Some cadd1s fhes and dragon· 
fhes found m such habitats; certain midges dominant. Flora restncted. 

3. 5-4. 0 Lethal lo salmonids and bluegills. Limit of tolerance of pumkinseed (Lepom1s gibbosus), perch, 
pike, and some coarse fish. All flora and fauna severely restricted m number of species. Cattail 
(Typha) is only common higher plant 

3.0-3.5 Unlikely that any fish can survive for more than a few hours. A few kinds of invertehrates such as 
certam midges and afderftles, and a few species of algae may be found at this pH range and lower 

original biological productivity is reduced in proportion to 
the degree that such capacity is exhausted. Therefore, the 
minimum essential buffering capacity and tolerable pH 
limits are important water quality considerations. 

Because of this importance, there should be no serious 
depletion of the carbonate buffering capacity, and it is 
recommended that reduction of alkalinity of natural waters 
should not exceed 25 per cent. 
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Recommendations 

Suggested maximum and mm1mum levels of 
protection for aquatic life are given in the following 
recommendations. A single range of values could 
not apply to all kinds of fish, nor could it cover the 
different degrees of graded effects. The selection of 
the level of protection is a socioeconomic decision, 
not a biological one. The levels are defined in Table 
111-3 (see the discussion of Dissolved Oxygen). 

Nearly Maximum Level of Protection 

• pH not less than 6.5 nor more than 8.5. No 
change greater than 0.5 units above the esti
mated natural seasonal maximum, nor be
low the estimated natural seasonal mini
mum. 

High Level of Protection 

• pH not less than 6.0 nor more than 9.0. No 
change greater than 0.5 units outside the 
estimated natural seasonal maximum and 
minimum. 

Moderate Level of Protection 

• pH not less than 6.0 nor more than 9.0. No 
change greater than 1.0 units outside the 
estimated natural seasonal maximum and 
minimum. 

Low Level of Protection 

• pH not less than 5.5 nor more than 9.5. No 
change greater than 1.5 units outside the 
estimated natural seasonal maximum and 
minimum. 

Additional Requirements for All Levels of Protection 

• If a natural pH is outside the stated range of 
pH for a given level of protection, no further 
change is desirable. 

• The extreme range of pH fluctuation in any 
location should not be greater than 2.0 units. 
If natural fluctuation exceeds this, pH should 
not be altered. 

• The natural daily and seasonal patterns of 
pH variation should be maintained, although 
the absolute values may be altered within 
the limits specified. 

• The total alkalinity of water is not to be de
creased more than 25 per cent below the 
natural level. 



DISSOLVED SOLIDS AND HARDNESS 

Surface water at some time and place may contain a 
trace or more of any water-soluble substance. The signifi
cance and the effects of small concentrations of these sub
stances are discussed separately throughout this Report. 
The presence and relative abundance of these constituents 
in water is influenced by several factors, including surface 
runoff, geochemistry of the watershed, atmospheric fallout 
including snow and rainfall, man-created effluents, and 
biological and chemical processes in the water itself. Many 
of these dissolved materials are essential to th~ life processes 
of aquatic organisms. For a general discussion of the chem·· 
istry of fresh water the reader is referred to Hutchinson 
(1957) 167 and Ruttner (1963). 172 

A general term describing the concentration of dissolved 
materials in water is total dissolved solids. The more con·· 
spicuous constituents of total dissolved solids in natural 
surface waters include carbonates, sulfates, chlorides, phos
phates, and nitrates. These anions occur in combination 
with such metallic cations as calcium, sodium, potassium., 
magnesium, and iron to form ionizable salts (Reid 1961).170 

Concentrations and relative proportions of dissolved ma·· 
terials vary widely with locality and time. Hart et aL 
(1945)166 reported that in the inland waters of the United 
States which support a mixed biota, 5 per cent have a dis·· 
solved solids concentration under 72 mg/I; about 50 per 
cent under 169 mg/l; and 95 per cent under 400 mg/l. 
Table III-7 provides information on ranges and median 
concentrations of the major ions in United States streams. 

The quantity and quality of dissolved solids are major 
factors in determining the variety and abundance of plants 
and animals in an aquatic system. They serve as nutrients 
in productivity, osmotic stress, and direct toxicity. A major 
change in quantity or composition of total dissolved solids 
changes the structure and function of aquatic ecosystems. 
Such changes are difficult to predict. 

Concentrations of dissolved solids affecting freshwater 
fish by osmotic stress are not well known. Mace (1953) 169 

and Rounsefell and Everhart (1953) 171 reported that the 
upper limit may range between 5,000 and 10,000 mg/I total 
dissolved solids, depending on species and prior acclimati-· 
zation. The literature indicates that concentrations of total 

dissolved solids that cause osmotic stress in adult fish a: 
higher than the concentrations existing in most fresh wate 
of the United States. Many dissolved materials are toxic . 
concentrations lower than i:hose where osmotic: effect e2 

be expected. (See Toxic Substances, p. 172, and Acidit 
Alkalinity, and pH, p. 140.) 

Hardness of surface waters is a component of total di 
solved solids and is chiefly attributable to calcium ar 
magnesium ions. Other ions such as strontium, bariur 
manganese, iron, copper, zinc, and lead add to hardne~ 
but since they are normally present in minor concentratio1 
their effect is usually minimal. Generally, the biologic 
productivity of a water is dinctly correlated with its han 
ness. However, while calcium and magnesium contribu 
to hardness and productivity, many other elements (whc 
pre5ent in concentrations which contribute a substanti 
measure of hardness) reduce biological productivity ar 
are toxic. Hardness. per se has no biological significan1 
because biological effects are a function of the spccii 
concentrations and combinations of the clements present 

The term "hardness" serves a useful purpose as a gencr 
index of water type, bufferilng capacity, and productivit 
Waters high in calcium and magnesium ions (hard wate 
lower the toxicity of many metals to aquatic life (Brm' 
1968;165 Lloyd and Herbert 1962).168 (See Figure IIl-9 
the discussion of Metals, p. I 78.) However, the ter 
"hardness" should be avoided in delineating water quali 

TABLE III-7-Major Dissolved Constituents of River Wate 
Representing About 90 Perc,mt of Total Stream Flow in ti 

Unit,!d States 

Consbtuent 

Total dissolved solids 
Bicarbonate (HCO,) 
Sulfate (SO,) 
Chloride (Cl) 
Calcium (Cl) 
Marnesium (Mt) 
Sodium and potassium (Na and K) 

Source: After Hart et al. (1945)16' 

Median m1/I 

169 
90 
32 
9 

28 
7 

10 

Range m1/I 

72-400 
40-180 
11-90 
3-110 

15-52 
3.5-14 

6-85 



requirements for aquatic life. More emphasis should be 
placed on specific ions. 

Recommendation 

Total dissolved materials should not be changed 
to the extent that the biological communities 
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characteristic of particular habitats are signifi
cantly changed. When dissolved materials are al
tered, bioassays and field studies can determine 
the limits that may be tolerated without en
dangering the structure and function of the 
aquatic ecosystem. 



OILS 

Losses of oil that can have an adverse effect on water 
quality and aquatic life can occur in many of the phases of 
oil production, refining, transportation, and use. Pollution 
may be in the form of floating oils, emulsified oils, or solution 
of the water soluble fraction of these oils. 

The toxicity of crude oil has been difficult to interpret 
since crude oil may contain many different organic com
pounds and inorganic elements. The composition of such 
oils may· vary from region to region, and petroleum products 
produced can be drastically different in character in line 
with their different intended uses (Purdy 1958) .198 The 
major components of crude oil can be categorized as ali·· 
phatic normal hydrocarbons, cyclic paraffin hydrocarbons, 
aromatic hydrocarbons, naphtheno-aromatic hydrocarbons, 
resins, asphaltcncs, heteroatomic compounds, and metallic 
compounds (Bestougeff 1967).175 The aromatic hydro-· 
carbons in crude oil appear to be the major group of acutely 
toxic compounds (Blumer 1971, 176 Shelton 1971) .199 

Because the biological effects of oils and the relative 
merits of control measures are discussed in detail in 
Section IV (p. 257) of this Report, only effects of special 
interest or pertinence to fresh water are discussed here. 
The effects of floating oil on wildlife are discussed on p. 196. 

OIL REFINERY EFFLUENTS 

Copeland and Dorris ( 1964) 180 studied primary pro·· 
ductivity and community respiration in a series of oil 
refinery effluent oxidation ponds. These ponds received 
waste waters which had been in contact with the crude oil 
and various products produced within the refinery. Surface 
oils were skimmed. In the series of oxidation ponds, pri
mary productivity and community respiration measure
ments clearly indicated that primary producers were limited 
in the first ponds, probably by toxins in the water. Oxidation 
ponds further along in the series typically supported algal 
blooms. Apparently degradation of the toxic organic com-· 
pounds reduced their concentration below the threshold 
lethal to the algae. Primary productivity was not greater 
than community respiration in the first ponds in the series. 
Minter (I 964) 195 found that species diversity of phyto-

plankton was lowest in the first four ponds of the series , 
ten. A "slug" of unknown toxic substance drastically I" 

duced the species diversity in all ponds. Zooplanktc 
volumes increased in the Jarter half of the pond serie 
presumably as a result of decreasing toxicity. Benthic fam 
species diversity in streams receiving oil refinery effluen 
was low near the outfall and progressively increased dow1 
stream as biological assimilation reduced the concentratic 
of toxins (Wilhm and Dorris 1966, 206 Harrel et al. 196 7, 
Mathis and Dorris 1968191

). 

Long-term, continuous-flow bioassays of biologicaJ 
treated oil refinery effluents indicated that complex r 
fineries produce effluents which contain cumulative toxi1 
of substances that cause accumulative deleterious effec 
(Graham and Dorris 1968).182 Subsequent long-term coi 
tinuous-flow bioassays of biologically treated oil refine1 
effluents indicated that passage of the effluent through ac1 
vated carbon columns does not remove the fish toxicant 
Of the fathead minnows (P1mphales promelas) tested, h.o 
were killed in 14 days, and only 10 per cent :mrvived '. 
days (Burks 1972207 persona/ communication). Trace organ 
compounds identified in extracts from the effluent were 
homologous series of aliphatic hydrocarbons (CnH22 throuf 
C18H 38) and isomers of cresol and xylenol. Since the solub 
fractions derived from oil refineries are quantitatively, ar 
to some extent qualitatively, different from those deriv( 
from oil spills, care must be taken to differentiate betwe( 
these two sources. 

FREE AND FLOATING OIL 

Free oil or emulsions may adhere to the gills of fis 
interfering with respiration and causing asphyxia. Withi 
limits, fish are able to combat this by defensive muc01 
secretions (Cole 1941) .179 Free oil and emulsions may lik1 
wise coat aquatic plants and destroy them (McKee an 
Wolf 1963).193 

Fish and benthic organisms may be affected by solub 
substances extracted from the oils or by coating fr01 
emulsified oils. Water soluble compounds from crude < 
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manufactured oils may also contain tainting substances 
which affect the taste of fish and waterfowl (Krishnawami 
and Kupchanko I 969) .189 

Toxicity tests for oily substances provide a broad range 
of resul~s which do not permit rigorous safety evaluations. 
The variabilities are due to differences in petroleum prod
ucts tested, non-uniform testing procedures, and species 
differences. Most of the research on the effects of oils on 
aquatic life has used pure compounds which exist only in 
low percentages in many petroleum products or crude oils. 
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Table llI-8 illustrates the range of reported toxicities. For 
halo-, nitro-, or thio-derivatives, the expected toxicity 
would be greater. 

Because of the basic difficulties in evaluating the toxicity, 
especially of the emulsified oils, and because there is some 
evidence that oils may persist and have subtle chronic 
effects (Blumer 1971),176 the maximum allowable concen
tration of emulsified oils should be determined on an indi
vidual basis and kept below 0.05 of the 96-hour LC50 for 
sensitive species. 

TABLE lll-8-Toxicity Ranges 

Chemical ppm. cone. Enect 

Amhne. 379 none 
Benzene ... 31 96 hr LC50 

22 96 hr LC50 
32 96 hr LC50 

Crnot ... 10 96 hr LC50 
Cyelohexane .. 30 96 hr LC50 

31 96 hr LC50 
33 
48 

Ethylbenzene 40 
29 
73 
78 

Hepae 4924 48 hr LC50 
lsopnne 75 96 hr LC50 

39 
180 
140 

,, .. 
Ne,~acid 5.6 

6.6-7. 5 
lllpfllllURe 165 48 hr LC50 
TDIUIAI. 126() 

44 96 hr LC50 
24 ..... 
62 " .. 
66 " .. 

llalolla. 91 40 hr LC50 
40 96 hr LCSC 

Cllt11nt ml '2 14,500 96 hr LC50 
Dtmt full 167 48 hr LC50 
BWarDil 2417 
Bunker C 011 . 1700 168 hr LC50 

SEDIMENTED OIL 

Ludzack et al. (1957) 190 found that the sediment in the 
Ottawa River in Ohio downstream from a refinery consisted 
of up to I 7.8 per cent oil. Hunt (I 957) 187 and Hartung and 
Klingler (l 968) 185 reported on the occurrence of sedimented 
oil in the Detroit River. North et al. (1965) 196 found sedi
mented oils after an oil pollution incident in marine coves 
in Baja California. Forbes and Richardson (1913) 181 re
ported 2.5 per cent oils in the bottom deposits of the Illinois 
River. McCauley (I 964 )192 reported finding oily bottom 
deposits after oil pollution near Boston. Thus, while the 
reports may be scattered, the evidence is clear that the 

Species lnvest1gator 

Daphnta magna Anderson 194411 .. 
P1mepha1es promelas Ptckenng & Henderson 19661" 
Lepom 1s macrochirus 
Carassius auratus 
Lepom1s macrochirus Cairns & Sche1er 19591n 
P1mephales prome1as Pickering & Henderson 1966191 
Lepom11 macroch11us 
Carassius auratus 
leb1stes rehculatus " 
P1mephales promelas 
lepom1s macrochirus 
Carassius auratus 
leb1stes ret1culatus 
Gambus1a affm1s Wallen et al. 1957205 

P1mephales promelas P1ckenng & Henderson 1955197 
lepom1s macroch1rus 
Carassius auratus 
leb11tes ret1culatus 
lepom1s macrochirus Cairns & Scheier 1958177 
Physa heterostropha 
Gambus1a aftints Wallen et al 1957200 

Punephales promelas Pickenng & Henderson 19661" 
lepom1s macroch11us " 
Caras11us auratus 
leb1stes reticulatus 
Alosa sap1d1ss1ma Tagatz 19612" 
Sal mo ga1 rdnen Me1nck et al. 19561" 
Salmo gairdnen Turnbull et al 1954'"' 
Alosa sapid1ss1mia Taga!z 1961203 
Alosa sapidiss1ma " 
Salmo salar Sprague and Carson manuscript 1970'°' 

existence of sedimented oils in association with oil pollution 
is widespread. 

There is an increasing body of evidence indicating that 
aliphatic hydrocarbons are synthesized by aquatic organisms 
and find their way into sediments in areas which have little 
or no history of oil pollution (Han et al. 1968,183 Avigan 
and Blumer 1968174). Hydrocarbons have been reported in 
the recent sediments of lakes in Minnesota (Swain 1956)202 

and the Gulf of Mexico (Stevens et al. 1956) .201 

Areas which contain oily sediments usually have an im
poverished benthic fauna; it is not clear to what extent oil 
contributes to this, because of the presence of other pol
lutants (Hunt 1962).188 However, there are recurring reports 
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of a probable relationship between sedimented oils and 
altered benthic communities. Sedimented oils may act as 
concentrators for chlorinated hydrocarbon pesticides (Har
tung and Klingler 1970), 186 but the biological implications 
indicate that additional study is required. 

Because of the differences in toxicities of sedimented oils 
and because of limited knowledge on quantities which are 
harmful to aquatic life, it is suggested that the concentration 
of hexane extractable substances (exclusive of elemental 
sulfur) in air-dried sediments not be permitted to increase 
above 1,000 mg/kg on a dry weight basis. 

Recommendations 

Aquatic life and wildlife should be protected 
where: 
• there is no visible oil on the surface; 
• emulsified oils do not exceed 0.05 of the 96-hour 

LC50; 
• concentration of hexane extractable substances 

(exclusive of elemental sulfur) in air-dried sedi
ments does not increase above 1,000 mg/kg on a 
dry weight basis. 



TAINTING SUBSTANCES 

Discharges from municipal wastewater treatment plants, 
a variety of industrial wastes and organic compounds, as 
well as biological organisms, can impart objectionable taste, 
odor, or color to the flesh of fish and other edible aquatic 
organisms. Such tainting can occur in waters with concen
trations of the offending material lower than those recog
nized as being harmful to an animal (Tables HI-9 and 
III-IO). 

BIOLOGICAL CAUSES OF TAINTING 

Thaysen (1935)231 and Thaysen and Pentelow (1936)232 

demonstrated that a muddy or earthy taste can be imparted 
to the flesh of trout by material produced by an odiferous 
species of Actinomyces. Lopinot ( 1962)224 reportl,".d a serious 
fish and municipal water supply tainting problem on the 
Mississippi River in Illinois during a period when actino
mycetes, Oscillatoria, Scenedesmus, and Actinastrum were abun
dant. Oscillatoria princeps and 0. agardhi in plankton of a 
German lake were reported by Cornelius and Bandt 
( 1933)213 as causing off-flavor in lake fish. Aschner ct al. 
(1967)210 concluded that the benthic alga, 0. tenu1s, in 
rearing ponds in Israel was responsible for imparting such 
a bad flavor to carp ( Cyprinus carpw) that the fish were 
unacceptable on the market. Henley's (1970)221 investigation 
of odorous metabolites of Cyanophyta showed that Anahaena 
circinalzs releases geosmin and indicated that this material 
was responsible for the musty or earthy odor often char
acteristic of water from reservoirs with heavy algal growths 
in summer and fall. 

Oysters occasionally exhibit green coloration of the gills 
due to absorption of the blue-green pigment of the diatom, 
Navtcula, (Ranson 1927).225 

TAINTING CAUSED BY CHEMICALS 

Phenolic compounds are often associated with both water 
and fish tainting problems (Table III-9). However, Albers
meyer ( 195 7)208 and Albersmeyer and Erichsen (1959) 209 

found that, after being dephenolated, both a carbolated oil 
and a light oil still imparted a taste to fish more pronounced 
than that produced by similar exposures to naphthalene 

and methylnaphthalene (phenolated compounds). They 
concluded that other hydrocarbons in the oils were more 
responsible for imparting off-flavor than the phenolic ma
terials in the two naphthalenes tested. 

Refineries (Fetterolf l 962),215 oily wastes (Zillich 1969),236 

and crude oil (Galtsoff et al. 1935)219 have been associated 
with off-flavor problems of fish and shellfish in both fresh
water and marine situations (Westman and Hoff 1963).234 

Krishnawami and Kupchanko (1969)223 demonstrated that 
rainbow trout (Sa/mo gairdneri) adsorbed enough compounds 
from a stream polluted with oil slicks and oil refinery 
effluents to exhibit a definite oily taste and flavor. In waters 
receiving black liquor from kraft pulp mills, the gills and 
mantles of oysters developed a gray color (Galtsoff et al. 
194 7) .218 The authors also found this condition in oysters 
grown in waters receiving domestic sewage. Newton 
( 1967)237 confined trout in live-cages and correlated in ten-

TABLE Ill-9-Wastewaters Found to have Lowered the 
Palatability of Fish Flesh 

Concentrat1on in 
Wastewater source waler aftecbng Species Reference 

palatability of fish 

2, 4·0 mfg. plant 50-100 mg/I Trout Shumway 1966"' 
Coal-coking 0. 02-0.1 mg/I Freshwater fish Bandt 1955'" 
Coal-tar 0.1 mg/I Freshwater fish Bandt 1955'" 
Kraft process (untreated) 1-23 by vol. Salmon Shumway and Chadwick 

1971229 

Kraft process (treated) !H2% by vol. Salmon Shumway and Palensky, un· 
published data"' 

Kraft and neutral sulfite Trout Newton 1967"' 
process 

Municipal dump runon Channel catfish Thomas and Hicks 1971"' 
(lctalurus punctatus) 

Municipal untreated sewage Channel catfish Thomas and Hicks 1971"' 
(2 locations) 

Municipal wastewater Channel catfish Thomas and Hicks 1971'" 
treatment plants ( 4 locations) 

Municipal wastewater 11-133 by vol. Freshwater fish Shumway and Palensky, un· 
treatment plant (Primary) published data"' 

Municipal wastewater 20-26% by vol. Freshwater fish Shumway and Palensky, UR· 

treatment plant (Secondary) published data"' 
Oily wastes Trout Z1llich 19692" 

Refinery Trout Fetterolf 1962'1' 
Sewage containing phenols 0.1 mg/I Freshwater fish Bandt 1955211 
Slaughterhouses (2 locations) .. Channel catfish Thomas and Hicks 1971"' 
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TABLE III-JO-Concentrations of Chemical Compounds in 
Water That Can Cause Tainting of the Flesh of Fish and 

Other Aquatic Organisms 

acetophenone 
acrylonitnle 
cresol 
m-cresol 
o-cresol 
p-cresol 

Chemical 

cresyl1c acid (meta para) 
N-butyl mercaptan 
o-sec. bulylphenol 
p-lert. bulylpheno\ 
o-chlorophenol 
p-chlorophenol 
2. 3·d1chlorophenol 
2. 4-dichlorophenol 
2. 5-dichlorophenol 
2, 6-d1chlorophenol 
2-methyl, 4-chlorophenol 
2-methyl, 6-chlorophenol 
o-phenylphenol 
2, 4, 6-trichlorophenol 
phenol 
phenols m polluted river 
d1phenyl oxide 
{3, {3-d1chlorodiethyl ether 
o-dichlorobenzene 
elhylbenzene 
ethanelh1ol 
ethylacrylale 
formaldehyde 
kerosene 
kerosene plus kaolin 
isopropylbenzene 
naphtha 
naphthalene 
naphthol 
2-naphlhol 
d1methylamme 
11-methylstyrene 
011, emuls1f1able 
pyndme 
pyrocatechol 
pyrogallol 
qumohne 
p-qumone 
styrene 
toluene 
outboard motor fuel, as exhaust 
1uaiacol 

•Reference key: 
a Bandt 1955211 
b Boetius 1954"2 
c English etal. 1963'14 

Estimated threshold level m water 
(mg/I) 

0.5 
18 
0.07 
0.2 
0.4 
0 12 
0.2 
0.06 
0.3 
0.03 
0.0001to0.015 
0.01to0.05 
0 084 
o 001 to O 014 
0 023 
0.035 
0 075 
0 003 
1 
0.003 to 0.05 
1lo10 
0.02 to 0.15 
0.05 
0.09 lo 1.0 
0 25 

<0 25 
0.24 
0.6 

95 
0.1 

<D.25 
0.1 

0.5 
0.3 
7 
0 25 

>15 
5 to 28 
o 8 to 5 

20 lo 3{J 

o 5 to 1 
0.5 
D.25 
0.25 
2 6 gal/acre-foot 
0.082 

Reference• 

b, d, e 
d, g, e 
g 
d, f, g 

g 
d, e 

d 
d, g 
d 
d 

a, g 
a, g 

C, h 
g 

d Fetterolf 196421• published the results of A. W. Winston, Jr. of the Dow Chemical Company. The data are 
also available m an undated mimeographed release of the company 

e Schulze 1961227 
f Shumway 19662" 
1 Shumway, D. L. and J. R. Palensky,'" unpublished data (1971). 
h Surber, el al. 1965"0 
i Westman and Hoff 1963"' 

sity of off-flavor with proximity to the discharge of a paper 
mill using both the neutral sulfite and kraft processes. 

Shellfish have the ability to concentrate and store metals 
at levels greater than the concentrations in the water (see 
Section I, pp. 36-37, and Section IV, p. 240). Oyster flesh 
can become green-colored from copper accumulation. The 

copper content of normal-colored oyster flesh from uncon
taminated areas varied from 0.170 to 0.214 mg copper per 
oyster, or from 8.21 to 13.77 mg per 100 grams dry weight 
'.Galtsoff and \Vhipple 1931,220 Galtsoff 1964217 ). Oysten 
growing in adjacent areas slight\ contaminated with copper 
:;alts had green-colored flesh and contained from 1.27 tc 
2.46 mg copper per oyster, o·r from 121 to 271 rng per I OC 
grams dry weight. 

If an effluent containing a .., ariety of components is as
sociated with a tainting problem, identification of the taint
producing component or components is necessary for effi
cient isolation and removal in waste treatment. For ex
ample, Shumway (l 966)228 exposed salmon to various con
centrations of wastes and wa,ite components discharged 
from a plant producing pesticides. Although concentratiorn 
of the combined wastes at about 50 to I 00 mg/I were found 
10 impart objectionable flavor to test fish, one of the major 
components of the plant waste, 2 ,4-dichlorophenol, wa5 
found capable of impairing flavor at exposure levels ol 
about l to 3 µg/1. 

A preliminary laboratory :;tudy (English et al. 1963)214 

'howcd that outboard motor exhaust damages the quality 
of water in several ways, the ffost noticeable of which are 
unpleasant taste and odor in 1 he water and off-flavoring 
of fish flesh. A later field study (Surber et al. l 965) 23c 

dctcnnincd the threshold level of tainting of fish in pond 
<me! lake waters to lie abou1 2.6 gal/acre-foot of fuel a:; 
t xhaust, accumulating over a 2-rnonth period. The gasoline 
used was regular grade., and the lubricating oil (Y2 pint/ gal) 
was a popular brand of packaged outboard motor oil. 

UPTAKE AND LOSS OF FLAVOR-IMPAIRING 
MATERIALS 

Experiments involving method and rates of uptake and 
bss of flavor-impairing materials by aquatic organisms 
have been reported by few investigators. From data avail-
a blc it is obvious that rates are highly variable. Thaysen 
and Pentelow (l 936Y 32 exposed trout to extract from 
odoriferous Actinomycrs. They showed that fish exposed to 
10 ppm of extract acquired an off-flavor in one hour.. 
The exposed fish were also removed and held in uncontami-· 
nated water for periods up to five days. The level of tainting, 
which showed no diminution after 27 hours, became less 
marked after 2 to 3 clays, and no tainting could be detected 
after 5 days in fresh water. 

Shumway and Palensky (unpublished data) 239 exposed trout 
to three separate concentrations of each of the following 
chemicals, o-cresol, 2 ,4-dichlorophenol, pyridine, and 
n-butylmercaptan, for periods up to 168 hours. With all 
four chemicals, maximum off-flavor generally occurred in 
33.5 hours or less. In a few exc{:ptions, a gradual increase 
in off-flavor appeared to occur with increasing time up to 
168 hours, although the magnitude of increase in off-flavor 
with time was minor in nature. In tests with o-chlorophenol, 



Boetius (1954)212 reported that eels required up to 11 days 
exposure before flavor impairment was detected. The time 
required to impair flavor was found to be related to the 
exposure concentration, with low concentrations requiring 
longer exposure periods. 

Shumway (1966) 228 found that the flesh of salmon exposed 
experimentally to industrial wastes containing mainly phe
nols acquired maximum off-flavor in 35 hours or less, with 
much of the tainting occurring within the first 6 hours. 
After the salmon were transferred to uncontaminated water, 
most of the acquired off-flavor was lost within 20 hours, 
although some off-flavor remained up to 72 hours. 

In other tests, Shumway and Palensky (unpublished data) 239 

observed flavor impairment in trout after 24-hour exposure 
to 2 ,4-dichlorophenol. After only 33.5 hours in uncontami
nated water, the flavor of the trout had returned to the 
preexposure level, with most of the reduction in off-flavor 
occurring within 6.5 hours. 

Korschgen et al. (1970) 222 transferred carp (Cyprinus 
carpio) to uncontaminated ponds from two sites, one of 
which received effluents from a major municipality and one 
of which received little or no effluent. Retention up to 18 
days in the holding ponds failed to improve the flavor of the 
carp from the contaminated site. These authors also re
ported that channel catfish (Ictalurus punctatus) transferred 
from the Ohio River to control water lost about half of 
their off-flavor in 7 days and nearly all of it in 21 days. 

IDENTIFICATION OF CAUSES OF OFF-FLA VO RED 
ORGANISMS 

Determination that a tainting problem exists, or identifi
cation of a taint-causing material, involves field or labora
tory exposure periods and organoleptic tests. When properly 
conducted, these tests are reliable but time-consuming. 
Wright (1966)235 reported on the use of gas chromatography 
in conjunction with organoleptic tests. The chromatographic 
scans were compared with scans of industrial process waste 
streams to identify the taint-producing wastes. Gas chro
matographic techniques are employed routinely in food 
technology laboratories investigating flavor and odor prop
erties (Rhoades and Millar 1965). 226 

EXPOSURE AND ORGANOLEPTIC TESTS 

Field exposure tests (bioassays) are used to determine 
the existence or the magnitude of a tainting problem in a 
water body. Fish or other edible aquatic life are held for a 
period of time in cages at selected locations in and around 
a suspected problem area or waste discharge and eventually 
evaluated for flavor. Laboratory bioassays are normally 
utilized to determine the tainting potential of wastes, waste 
components, or specific chemicals. Although either static 
or continuous-flow bioassays can be used in laboratory tests, 
continuous-flow systems are considered far superior to static 
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tests. Exposure bioassays are followed by the organoleptic 
evaluation of the flesh of the test organisms. 

In their studies of tainted organisms, investigators have 
used a number of different bioassay and flavor-evaluation 
procedures, some of which have produced poorly defined 
results. The following guidelines are based primarily on the 
successful procedures of Shumway and Newton (personal 
communications). 238 

Test Fish 

The flesh of the fish to be exposed should be mild and 
consistent in flavor. For convenience in holding and taste 
testing, fish weighing between 200 and 400 grams are de
sirable, although smaller or larger fish arc acceptable. 
Largemouth bass (Micropterus salmoides), yellow perch (Perea 
jlavescens), channel catfish, bluegill (Lepomis macrochirus), 
trout, salmon flatfishes (Pleuronectiformes), and others have 
proven to be acceptable test fish. 

Exposure Period 

In general, test fish should be exposed for a period not 
less than 48 hours. Shorter or longer exposures will be 
advisable in some situations, although possible stress, disease, 
and mortality resulting from longer retention of test fish 
and maintenance of holding facilities may negate advantages 
of long exposure. 

Exposure Conditions 

The following conditions are desirable m laboratory 
bioassays: 

Dissolved oxygen ....... near saturation 
Temper a turc . . . . . . . . .. l 0-15 C for salmonids, and 

20-25 C for warmwater fish 
pH .................... 6.0-8.0, or pH of receiving 

water 
Light. ................. intensity held at a low level 
Water ................. uncontaminated, or quality 

of the receiving water; never 
distilled water 

Preparation of Test Fish and Evaluation 

Exposed fish and control fish, either fresh or fresh-frozen 
and subsequently thawed, are individually double-wrapped 
in aluminum foil, placed in an oven and cooked at about 
375 F for 15 to 30 minutes, as size requires. Large fish may 
be portioned for cooking. No seasoning of any kind is 
added. Portions of .the cooked fish may be placed in small 
coded cups and served warm to the judges for flavor evalu
ation. A known "reference" may be provided to aid judges 
in making comparisons. A minimum of ten experienced 
judges, each seated in an isolation booth or similar area, 
smell, taste, and score each sample. This method offers 
tighter control of variables and conforms more to off-flavor 
evaluations conducted in food laboratories than the more 
informal procedure below. 
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An alternative method is to place the cooked fish, still 
partially wrapped in foil to preserve the heat and flavor, 
on a large table. The judges start concurrently and work 
their way around the table, recording aroma and flavor. 
If a judge tastes more than six samples during a test, a 
lessening of organoleptic acuity may occur. 

When investigating the potential of a substance to pro
duce taint, a word-evaluation scale for intensity of off-flavor 
ranging from no off-flavor to extreme off-flavor, has proven 
successful with trained, experienced judges. Numerical 
values from 0 to 6 are applied to the word scale for deri
vation of off-flavor indices and statistical evaluation. 

When using the above method, less experienced judges 
tend to over-react to slight off-flavor. For this reason, in 
less formal tests evaluating the effect of a substance on the 
palatability of the organism, an hedonic scale accompanied 
by word-judgments describing palatability is appropriate, 
i.e., 0-excellent, 1-very good, 2-good, 3-fair, 4-just 
acceptable, 5-not quite acceptable, 6-very poor, inedible, 
and 7-extremely poor, repulsive. Scores of the judges on 
each sample are averaged to determine final numerical or 
word-judgment values. 

To determine whether there are acceptability differences 
between controls and test organisms, a triangle test may be 
used in which two samples are alike and one is different. 
Judges are asked to select the like samples, to indicate the 

degree of difference, and to rate both the like and the odd 
samples on a preference scale. 

STATISTICAL EVALUATION 

The triangle test is particularly well adapted to statistical 
analysis, but the organoleptic testing necessary is more 
extensive than when h~donic scales are used. 

Application of the two-way analyses of variance to 
hedonic-scale data is an acceptable test, but professional 
assistance with statistical procedures is desirable. Reliance 
on the word-judgment system is sufficient for general infor
mation purposes. 

Recommendations 

• To prevent tainting of fish and other edible 
aquatic organisms, it is recommended that sub
stances which cause tainting should not be pres
ent in water in concellltrations that lower the 
acceptability of such organisms as determined 
by exposure bioassay and organoleptic tests. 

• Values in Tables III-~~ and 111-10 are recom
mended as guidelines in determining what con
centrations of wastes and substances in water 
may cause tainting of the flesh of fish or other 
aquatic organisms. 



HEAT AND TEMPERATURE 

Living organisms do not respond to the quantity of heat 
but to degrees of temperature or to temperature changes 
caused by transfer of heat. The importance of temperature 
to acquatic organisms is well known, and the composition 
of aquatic communities depends largely on the temperature 
characteristics of their environment. Organisms have upper 
and lower thermal tolerance limits, optimum temperatures 
for growth, preferred temperatures in thermal gradients, 
and temperature limitations for migration, spawning, and 
egg incubation. Temperature also affects the physical 
environment of the aquatic medium, (e.g., viscosity, degree 
of ice cover, and oxygen capacity. Therefore, the com
position of aquatic communities depends largely on tem
perature characteristics of the environment. In recent 
years there has been an accelerated demand for cooling 
waters for power stations that release large quantities of 
heat, causing, or threatening to cause, either a warming of 
rivers, lakes, and coastal waters, or a rapid cooling when the 
artificial sources of heat are abruptly terminated. For these 
reasons, the environmental consequences of temperature 
changes must be considered in assessments of water quality 
requirements of aquatic organisms. 

The "natural" temperatures of surface waters of the 
United States vary from 0 C to over 40 C as a function of 
latitude, altitude, season, time of clay, duration of flow, 
depth, and many other variables. The agents that affect 
the natural temperature are so numerous that it is unlikely 
that two bodies of water, even in the same latitude, would 
have exactly the same thermal characteristics. Moreover, a 
single aquatic habitat typically does not have uniform or 
consistent thermal characteristics. Since all aquatic or
ganisms (with the exception of aquatic mammals and a 
few large, fast-swimming fish) have body temperatures that 
conform to the water temperature, these natural variations 
create conditions that are optimum at times, but are 
generally above or below optima for particular physio
logical, behavioral, and competitive functions of the species 
present. 

Because significant temperature changes may affect the 
composition of an aquatic or wildlife community, an 
induced change in the thermal characteristics of an eco-

system may be detrimental. On the other hand, altered 
thermal characteristics may be beneficial, as evidenced in 
most fish hatchery practices and at other aquacultural 
facilities. (See the discussion of Aquaculture in Section IV.) 

The general difficulty in developing suitable criteria for 
temperature (which would limit the addition of heat) lies 
in determining the deviation from "natural" temperature a 
particular body of water can experience without suffering 
adverse effects on its biota. \iVhatever requirements are 
suggested, a "natural" seasonal cycle must be retained, 
annual spring and fall changes in temperature must be 
gradual, and large unnatural clay-to-day fluctuations 
should be avoided. In view of the many variables, it seems 
obvious that no single temperature requirement can be 
applied uniformly to continental or large regional areas; 
the requirements must be closely related to each body of 
water and to its particular community of organisms, 
especially the important species found in it. These should 
include invertebrates, plankton, or other plant and animal 
life that may be of importance to food chains or otherwise 
interact with species of direct interest to man. Since thermal 
requirements of various species differ, the social choice of 
the species to be protected allows for different "levels of 
protection" among water bodies as suggested by Doucloroff 
and Shumway (1970)272 for dissolved oxygen criteria. (See 
Dissolved Oxygen, p. 131.) Although such decisions clearly 
transcend the scientific judgments needed in establishing 
thermal criteria for protecting selected species, biologists can 
aid in making them. Some measures useful in assigning 
levels of importance to species are: ( 1) high yield to com
mercial or sport fisheries, (2) large biomass in the existing 
ecosystem (if desirable), (3) important links in food chains 
of other species judged important for other reasons, and 
(4) "endangered" or unique status. If it is desirable to 
attempt strict preservation of an existing ecosystem, the 
most sensitive species or life stage may dictate the criteria 
selected. 

Criteria for making recommendations for water tem
perature to protect desirable aquatic life cannot be simply a 
maximum allowed change from "natural temperatures." 
This is principally because a change of even one degree from 
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an ambient temperature has varying significance for an 
organism, depending upon where the ambient level lies 
within the tolerance range. In addition, historic tempera
ture records or, alternatively, the existing ambient tempera
ture prior to any thermal alterations by man are not always 
reliable indicators of desirable conditions for aquatic 
populations. Multiple developments of water resources also 
change water temperatures both upward (e.g., upstream 
power plants or shallow reservoirs) and downward (e.g., 
dcepwater releases from large reservoirs), so that "ambient" 
and "natural" are exceedingly difficult to define at a given 
point over periods of several years. 

Criteria for temperature should consider both the multiple 
thermal requirements of aquatic species and requirements 
for balanced communities. The number of distance requin·
ments and the necessary values for each require periodic 
reexamination as knowledge of thermal effects on aquatic 
species and communities increases. Currently definable 
requirements include: 

• maximum sustained temperatures that are con
sistent with maintaining desirable levels of pro
ductivity; 

• maximum levels of metabolic acclimation to warm 
temperatures that will permit return to ambient 
winter temperatures should artificial sources of 
heat cease; 

• temperature limitations for survival of brief exposures 
to temperature extremes, both upper and lower; 

• restricted temperature ranges for various stages of 
reproduction, including (for fish) gonad growth and 
gamete maturation, spawning migration, release of 
gametes, development of the embryo, commence
ment of independent feeding (and other activities) 
by juveniles; and temperatures required for meta
morphosis, emergence, and other activities of lower 
forms; 

• thermal limits for diverse compositions of species of 
aquatic communities, particularly where reduction 
in diversity creates nuisance growths of certain 
organisms, or where important food sources or 
chains are altered; 

• thermal requirements of downstream aquatic life 
where upstream warming of a cold-water source will 
adversely affect downstream temperature require
ments. 

Thermal criteria must also be formulated with knowledge 
of how man alters temperatures, the hydrodynamics of the 
changes, and how the biota can reasonably be expected to 
interact with the thermal regimes produced. It is not 
sufficient, for example, to define only the thermal criteria 
for sustained production of a species in open waters, because 
large numbers of organisms may also be exposed to thermal 
changes by being pumped through the condensers and 
mixing zone of a power plant. Design engineers need 

particularly to know the biological limitations to their 
design options in such instances. Such considerations may 
~eveal nonthermal impacts of cooling processes that may 
outweigh temperature effects., such as impingement of fish 
upon intake screens, mechanical or chemical damage to 
zooplankton in condensers, or effects of altered current 
patterns on bottom fauna in a discharge area. The environ
mental situatiom of aquatic organisms (e.g., where they 
are, when they are there, in what numbers) must also be 
understood. Thermal criteria for migratory species should 
be applied to a .certain area only when the species is actually 
there. Although thermal effects of power stations are 
currently of great interest, other less dramatic causes of 
temperature change including deforestation, stream chan-· 
nelization, and impoundment of flowing water must be 
recognized. 

DEVELOPMENT OF CRITERIA 

Thermal criteria necessary for the protection of species or 
communities are discussed separately below. The order of 
presentation of the different criteria does not imply priority 
for any one body of water. The descriptions define preferred 
nethods and procedures for judging thermal requirements, 
and generally do not give numerical values (except in 
Appendix II-·C). Specific values for all limitations would 
cquire a biological handbook that is far beyond the scope 
of this Section. The criteria may seem complex, but they 
r·~present an extensively developed framework of knowledge 
about biological responses. (A sample application of these 
criteria begins on page 166, l:s~ of Temperature Criteria.) 

TERMINOLOGY DEFINED 

Some basic thermal rcsporn:e' of aquatic organisms will 
be referred to repeatedly and are defined and reviewed 
briefly here. Effects of heat on organisms and aquatic 
communities have been revicwec'. periodically (e.g., Bullock 
1955,259 Brett 1956;253 Fry 1947,276 1964,278 1967;279 Kinne 
1970296). Some effects have been analyzed in the context of 
thermal modification by power plants (Parker and Krenkel 
1969 ;308 Krenke! and Parker 1969 ;298 Cairns 1968 ;261 Clark 
1969 ;263 and Coutant l 970c269 ). Bibliographic information 
is available from Kennedy and lvfihursky (1967),2'l 4 Raney 
and Menzel (1969),3L3 and from annual reviews published 
bv the \Vater Pollution Control Federation (Coutant 
1968, m 1969, 266 l 970a,267 l 97 l270). 

Each species (and often each distinct life-stage of a species) 
has a characteristic tolerance range of temperature as a 
consequence of acclimations ('internal biochemical adjust
ments) made while at previous holding temperature (Figure 
III-2; Brett 1956253

). Ordinarily., the ends of this range, or 
tbe lethal thresholds, are defined by survival of 50 per cent 
of a sample of irnlividuals. Lethal thresholds typically are 
referred to as "incipient lethal temperatures," and tem
perature beyond these ranges would be considered "ex-



treme." The tolerance range is adjusted upward by ac
climation to warmer water and downward to cooler water, 
although there is a limit to such accommodation. The 
lower end of the range usually is at zero degrees centigrade 
(32 F) for species in temperate latitudes (somewhat less for 
saline waters), while the upper end terminates in an 
"ultimate incipient lethal temperature" (Fry et al. 1946281). 

This ultimate threshold temperature represents the "break
ing point" between the highest temperatures to which an 
animal can be acclimated and the lowest of the extreme 
temperatures that will kill the warm-acclimated organism. 
Any rate of temperature change over a period of minutes 
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FIGURE III-3-Median resistance times to high tempera
tures among young chinook (Oncorhynchus tshawytscha) 
acclimated to temperatures indicated. Line A-B denotes 
rising lethal threshold (incipient lethal temperatures) with 
increasing acclimation temperature. This rise eventually 
ceases at the ultimate lethal threshold (ultimate upper 
incipient lethal temperature), line B-C. 

to a few hours will not greatly affect the thermal tolerance 
limits, since acclimation to changing temperatures requires 
several days (Brett 1941) .201 

At the temperatures above and below the incipient lethal 
temperatures, survival depends not only on the temperature 
but also on the duration of exposure, with mortality oc
curring more rapidly the farther the temperature is from 
the threshold (Figure III-3). (See Coutant 1970a267 and 

0 
t:_ _ __..::_.._ ___ _l, ____ L-___ _.__ ___ __, l 970b268 for further discussion based on both field and 

20 25 laboratory studies.) Thus, organisms respond to extreme 5 10 15 

Acchmation temperature-Centigrade 

After Brett 1960 254 

FIGURE III-2-Upper and lower lethal temperatures for 
young sockeye salmon (Oncorhynchus nerka) plotted to 
show the zone of tolerance. Within this zone two other zones 
are represented to illustrate (I) an area beyond which growth 
would be poor to none-at-all under the influence of the loading 
effect of metabolic demand, and (2) an area beyond which 
temperature is likely to inhibit normal reproduction. 

high and low temperatures in a manner similar to the 
dosage-response pattern which is common to toxicants, 
pharmaceuticals, and radiation (Bliss 193 7). 249 Such tests 
seldom extend beyond one week in duration. 

MAXIMUM ACCEPTABLE TEMPERATURES FOR 
PROLONGED EXPOSURES 

Specific criteria for prolonged exposure (I week or longer) 
must be defined for warm and for cold seasons. Additional 
criteria for gradual temperature (and life cycle) changes 
during reproduction and development periods are dis
cussed on pp. 162-165. 
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SPRING, SUMMER, AND FALL MAXIMA FOR 
PROLONGED EXPOSURE 

Occupancy of habitats by most aquatic organisms 1s 
often limited within the thermal tolerance range to tern-· 
peratures somewhat below the ultimate upper incipient 
lethal temperature. This is the result of poor physiological 
performance at near lethal levels (e.g., growth, metabolic 
scope for activities, appetite, food conversion efficiency), 
interspecies competition, disease, predation, and other 
subtle ecological factors (Fry 1951 ;277 Brett 1971 256). This 
complex limitation is evidenced by restricted southern and 
altitudinal distributions of many species. On the other hand, 
optimum temperatures (such as those producing fastest 
growth rates) are not generally necessary at all times to 
maintain thriving populations and are often exceeded in 
nature during summer months (Fry 1951 ;277 Cooper 1953 ;264 

Beyerle and Cooper 1960 ;246 Kramer and Smith 1960297
). 

Moderate temperature fluctuations can generally be 
tolerated as long as a maximum upper limit is not exceeded 
for long periods. 

A true temperature limit for exposures long enough to 
reflect metabolic acclimation and optimum ecological per
formance must lie somewhere between the physiological 
optimum and the ultimate upper incipient lethal tempera
tures. Brett (1960) 254 suggested that a provisional long
term exposure limit be the temperature greater than opti
mum that allowed 75 per cent of optimum performance. 
His suggestion has not been tested by definitive studies. 

Examination of literature on performance, metabolic 
rate, temperature preference, growth, natural distribution, 
and tolerance of several species has yielded an apparently 
sound theoretical basis for estimating an upper temperature 
limit for long term exposure and a method for doing this 
with a minimum of additional research. New data will 
provide refinement, but this method forms a useful guide 
for the present time. The method is based on the general 
observations summarized here and in Figure III-4(a, b, c). 

I. Performances of organisms over a range of tempera
tures arc available in the scientific literature for a variety of 
functions. Figures III-4a and b show three characteristic 
types of responses numbered 1 through 3, of which types 1 
and 2 have coinciding optimum peaks. These optimum 
temperatures are characteristic for a species (or life stage). 

2. Degrees of impairment from optimum levels of 
various performance functions are not uniform with in
creasing temperature above the optimum for a single species. 
The most sensitive function appears to be growth rate, for 
which a temperature of zero growth (with abundant food) 
can be determined for important species and life stages. 
Growth rate of organisms appears to be an integrator of all 
factors acting on an organism. Growth rate should probably 
be expressed as net biomass gain or net growth (McCormick 
et al. 1971)302 of the population, to account for deaths. 

3. The maximum temperature at which several species 

are consistently found in nature (Fry 1951 ;277 Narv1 
1970) 306 lies near the average of the optimum temperatw 
and the temperature of zero net growth. 

4. Comparison of patterns in Figures III-4a and 
among different species ind'icates that while the trends a: 
similar, the optimum is closer to the lethal level in son 
species than it is in sockeye salmon. Invertebrates exhibit 
pattern of temperature effects on growth rate that is ve1 
similar to that of fish (Figure Ill-4c). 

The optimum temperature may be influenced by rate' 
feeding. Brett et al. (1969) 2

·'7 demonstrated a shift in opt 
mum toward cooler temperatures for sockeye salmon wht 
ration was restricted. In a similar experiment with chann 
catfish, Andrews and Stickne;1 ( 1972)242 could see no sue 
shift. Lack of a general shift in optimum may be due 1 

compensating changes in activity of the fish (Fry jmson 
observation). 326 

These observatiom suggest that an average of the opt 
mum temperature and the temperature of zero net growt 
[(opt. temp. + z.n.g. temp)/2] would be a useful estimate 1 
a limiting weekly mean temperature for resident organism 
providing the peak temperntures do not exceed valui 
recommended for short-term exposures. Optimum growl 
rate would generally be reduced to no lower than 80 per cer 
of the maximum if the limiting temperature is as average 
above (Table 111-11 ). This range of reduction from opt 
mum appears acceptable, although there are no quantit; 
tive studies available that would allow the criterion to \: 
based upon a specific level of impairment. 

The criteria for maximum upper temperature must allo' 
for seasonal changes, became different life stages of man 
species will have different thermal requirements for ti~ 

average of their optimum and zero net growths. Thus 
juvenile fish in May will be likely to have a lower maximu1 
acceptable temperature than will the same fish in July, an 
this must be reflected in the ther·mal criteria for a watcrbod~ 

TABLE III-11-Summary of Some Upper Limiting 
Temperatures in C, (for p(•riods longer than one week) 
Based Upon Optimum Temperatures and Temperatures 

of Zero Net Growth. 

opt+z.n.g. 3ol 
Species Optimum Zero net Reference --- opbmu1 

~rowth 2 

·---· 

Catostomus commersoni (while sucker) 27 29.6 28.3 86 
Coregonus arled1i (cisco or Jake herring) 16 21.2 McCormick el al. 18.6 82 

1971302 
lctalurus punctatus (channel catfish) 30 35. 7 Strawn 1970120 32.8 94 

30 35. 7 Andrews and Sbckney 32.8 88 
19722

" 

lepomis macroch1 rus (bluegill) (year II) 22 28.5 Mccomish 197po1 25.3 82 
Micropterus salmoides (largemouth bass) 27.5 34 Strawn 1961'" 30.8 83 
Notropis atherinoides (emerald shiner) 27 33 30.5 83 
Salvelinus fontinalis (brook trout) 15.4 18.8 17.1 80 

*National Water QuahlJ Laboratory, Duluth, Minn., ur1pubhshed data.'" 
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While this approach to developing the maximum sus
tained temperature appears justified on the basis of available 
knowledge, few limits can be derived from existing data in 
the literature on zero growth. On the other hand, there is a 
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research necessary to provide missing data. Techniques for 
determining incipient lethal temperatures are standardized 
(Brett 1952) 252 whereas those for zero growth are not. 

A temperature that is one-third of the range between the 
optimum temperature and the ultimate incipient lethal 
temperature that can be calculated by the formula 

. ultimate incipient lethal temp.-optimum temp. 
optimum temp.+ 

3 

(Equation I) 

yields values that are very close to (optimum temp. + 
z.n.g. temp.)/2. For example, the values are, respectively, 
32. 7 and 32.8 C for channel catfish and 30.6 and 30.8 for 
largemouth bass (data from Table III-8 and Appendix II). 
This formula offers a practical method for obtaining allow-
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FIGURE III-4c-M. mercenaria: The general relationship 
between temperature and the rate of shell growth, based on 
field measurements of growth and temperature. 
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able limits, while retaining as its scientific basis the require
ments of preserving adequate rates of growth. Some limits 
obtained from data in the literature are given in Table 
III-12. A hypothetical example of the effect of this limit on 
growth of largemouth bass is illustrated in Figure III-5. 

Figure III-5 shows a hypothetical example of the effects 
of the limit on maximum weekly average temperature on 
growth rates of juvenile largemouth bass. Growth data as a 
function of temperature are from Strawn 1961 319 ; the ambi
ent temperature is an averaged curve for Lake Norman, 
N. C., adapted from data supplied by Duke Power Com
pany. A general temperature elevation of 10 F is used to 
provide an extreme example. Incremental growth rates 
(mm/wk) are plotted on the main figure, while annual ac
cumulated growth is plotted in the inset. Simplifying as
sumptions were that growth rates and the relationship of 
growth rate to temperature were constant throughout the 
year, and that there would be sufficient food to sustain 
maximum attainable growth rates at all times. 

The criterion for a specific location would be determined 
by the most sensitive life stage of an important species 
likely to be present in that location at that time. Since 
many fishes have restricted habitats (e.g., specific depth 
zones) at many life stages, the thermal criterion must be 
applied to the proper zone. There is field evidence that fish 
avoid localized areas of unfavorably warm water. This has 
been demonstrated both in lakes where coldwater fish 
normally evacuate warm shallows in summer (Smith 
1964) 318 and at power station mixing zones (Gammon 
1970;282 Merriman et al. 1965). 304 In most large bodies of 
water there are both vertical and horizontal thermal 
gradients that mobile organisms can follow to avoid un
favorable high (or low) temperatures. 

The summer maxima need not, therefore, apply to 
mixing zones that occupy a small percentage of the suitable 
habitat or necessarily to all zones where organisms have 
free egress to cooler water. The maxima must apply, how
ever, to restricted local habitats, such as lake hypolimnia or 
thermoclines, that provide important summer sanctuary 
areas for cold-water species. Any avoidance of a warm area 
not part of the normal seasonal habitat of the species will 
mean that less area of the water body is available to support 
the population and that production may be reduced. Such 
reduction should not interfere with biological communities 
or populations of important species to a degree that is 
damaging to the ecosystem or other beneficial uses. Non
mobile organisms that must remain in the warm zone will 
probably be the limiting organisms for that location. Any 
recommendation for upper limiting temperatures must be 
applied carefully with understanding of the population 
dynamics of the species in question in order to establish 
both local and regional requirements. 
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FIGURE III-5-A hypothetical example of the effects of the limit on maximum weekly 
average temperature on growth rates of juvenile largemouth bass. Growth data as a junction 
of temperature are from Strawn 1961; the ambient temperature is an averaged Ctfrve for Lake 
Norman, N.C., adapted from data supplied by Duke Power Company. A general temperature 
elevation of 10 F is used to provide an extreme example. Incremental growth rates (mm/wk) 
are plotted on the main figure, while annual accumulated growth is plotted in the inset. 
Simplifying assumptions were that growth rates and the relationship of growth rate to tem
perature were constant throughout the year, and that there would be sufficient food to sus
tain maximum attainable growth rates at all times. 
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TABLE III-12-Summary of Some Upper Limiting Temperatures for Prolonged Exposures of Pis hes Based on Optimum Tern 
peratures and Ultimate Upper Incipient Lethal Temperatures (Equation I). 

Optimum Ultimate upper incipient Maximum weekly average 
Species Function Re,,,rence lethal temperature Reference temperature (Eq 1) 

c F c F 

Catostomus commersom (white sucker) 27 80.6 growth unpubl., NWOL'" 29.3 84.7 Hart 1947285 27.8 82 
Coregonus arted11 (Cisco or 1ake herring) 16 60.8 growth McCormick et al. f!111'02 25. 7 78.3 Edsall and Colby 1970"' 19.2 66.6 
lctalurus punctatus (channel catfish) 30 86 grnwth Strawn 1970;3" 1 Andrews and Stickney 38.0 100.4 Allen and Strawn 1968'"0 32. 1 90.9 

1971"' 
Lepom1s macrochirus (bluegill) (yr II) 22 71.6 growth Mccomish 1971 301 33.8 92.8 Hart 1952"' 25.9 78.6 

Anderson 19592"' 

Micropterus dolom1eu (smallmouth bass) 26.3 83 growth Horning and Peamn 1972201 35.0 95.0 Horning and Pearson 1972291 29.9 85 8 
28.3 83 growth Peek 196530• 

ave 27.3 81.1 
M1cropterus salmo1des (largemouth bass)(fry) 27.5 81.5 growth Strawn 1961319 36.4 97.5 Hart 195228' 30.5 86. 7 
Notrop1s atherino1des (emerald shiner) 27 80.6 growth unpubl., NWQL3" 30. 7 81.3 H art 1952"' 28.2 82.8 
Oncorhynchus nerka (sockeye salmon) 15.0 59.0 growth Brett et al. 1969'" 25.0 11.0 Brett t952'" 18.3 64.9 

15.0 59.0 other functions Brett 1971'" 
(juveniles) 15.0 max. swimming 

Pseudopleuronectes Amencanus (winter 
flounder) 18.0 64.4 growth Brett 1970'" 29.1 84.4 Hoff and Westman 19662" 21.8 71.2 

Sa1mo lrutta (brown trout) 8 to 17 54.5 growth Brett 1970'" 23.5 74.3 B1shai 1960247 16 2 61 2 
ave 12.5 

Salvelinus font1 nails (brook trout) 15.4 59. 1 growth unpubl, NWQL'" 25.5 77.9 F1y, Hart and Walker, 1946"' 18.2 64.8 
13.0 55.4 growth Baldwin 1957"' 
15 59 metabolic Graham 1949"' 

ave 14 5 58.1 scope 
Salvebnus namaycush (lake trout) 16 60. 8 scope for acti vily Gibson and Fry 1954283 23.5 mbson and Fry 1954"' 18.8 65.8 

(2 metabol'sm) 
17 62.6 swimming speed 

ave 16.5 61.1 

Heat added to upper reaches of some cold rivers can be 
retained throughout the river's remaining length (J aske 
and Synoground 1970).292 This factor adds to the natural 
trend of warming at distances from headwaters. Thermal 
additions in headwaters, therefore, may contribute sub
stantially to reduction of cold-water species in downstream 
areas (Mount 1970). 305 Upstream thermal additions should 
be evaluated for their effects on summer maxima at down
stream locations, as well as in the immediate vicinity of 
the heat source. 

Recommendation 

Growth of aquatic organisms would be main
tained at levels necessary for sustaining actively 
growing and reproducing populations if the maxi
mum weekly average temperature in the zone in
habited by the species at that time does not exceed 
one-third of the range between the optimum tem
perature and the ultimate upper incipient lethal 
temperature of the species (Equation 1, page 157), 
and the temperatures above the weekly average do 
not exceed the criterion for short-term exposures. 
This maximum need not apply to acceptable mix
ing zones (see proportional relationships of mixing 
zones to receiving systems, p. 114), and must be 
applied with adequate understanding of the normal 
seasonal distribution of the important species. 

WINTER MAXIMA 

Although artificially produced temperature elevatior 
during winter months may actually bring the temperatm 
closer to optimum or preferred temperature for importar 
species and attract fish (Trembley 1965), 321 metaboli 
acclimation to these higher levels can preclude safe retur 
of the organism to ambient temperatures should ti~ 

artificial heating suddenly cease (Pennsylvania Fish Con 
mission 1971 ;310 Robinson 1970) 316 or the organism I: 
driven from the heat area. For example, sockeye salmo 
(Oncorhynchus nerka) acclimated to 20 C suffered 50 percer 
mortality in the laboratory when their temperature w< 
dropped suddenly to 5 C (Brett 1971 :256 see Figure III-3 
The same population of fish w[thstood a drop to zero whe 
acclimated to 5 C. The lower limit of the range of therm< 
tolerance of important species must, therefore, be mair 
tained at the normal seasonal ambient temperature 
throughout cold seasons, unless special provisions are mad 
to assure that rapid temperature drop will not occur or tha 
organisms cannot become acclimated to elevated tempera 
tures. This can be accomplished by limitations on tempera 
ture elevations in such areas as discharge canals and mixin: 
zones where organisms may reside, or by insuring tha 
maximum temperatures occur only in areas not accessibl 
to important aquatic life for lengths of time sufficient ti 
allow metabolic acclimation. Such inaccessible areas wouh 
include the high-velocity zones of diffusers or screened dis 



charge channels. This reduction of maximum temperatures 
would not preclude use of slightly warmed areas as sites for 
intense winter fisheries. 

This consideration may be important in some regions at 
times other than in winter. The Great Lakes, for example, 
are susceptible to rapid changes in elevation of the thermo
cline in summer which may induce rapid decreases in 
shoreline temperatures. Fish acclimated to exceptionally 
high temperatures in discharge canals may be killed or 
severely stressed without changes in power plant opera
tions (Robinson 1968). 314 Such regions should take special 
note of this possibility. 

Some numerical values for acclimation temperatures and 
lower limits of tolerance ranges (lower incipient lethal 
temperatures) are given in Appendix Il-C. Other data must 
be provided by further research. There are no adequate 
data available with which to estimate a safety factor for no 
stress from cold shocks. Experiments currently in progress, 
however. suggest that channel catfish fingerlings are more 
susceptible to predation after being cooled more than 5 to 
6 C (Coutant, unjJUblished data). 324 

The effects of limiting ice formation in lakes and rivers 
should be carefully observed. This aspect of maximum 
winter temperatures is apparent, although there is insuffi
cient evidence to estimate its importance. 

Recommendation 

Important species should be protected if the 
maximum weekly average temperature during win
ter months in any area to which they have access 
does not exceed the acclimation temperature 
(minus a 2 C safety factor) that raises the lower 
lethal threshold temperature of such species above 
the normal ambient water temperatures for that 
season, and the criterion for short-term exposures 
is not exceeded. This recommendation applies es
pecially to locations where organisms may be at
tracted from the receiving water and subjected to 
rapid thermal drop, as in the low velocity areas of 
water diversions (intake or discharge), canals, and 
mixing zones. 

SHORT-TERM EXPOSURE TO EXTREME TEMPERATURE 

To protect aquatic life and yet allow other uses of the 
water, it is essential to know the lengths of time organisms 
can survive extreme temperatures (i.e., temperatures that 
exceed the 7-day incipient lethal temperature). Both 
natural environments and power plant cooling systems can 
briefly reach temperature extremes (both upper and lower) 
without apparent detrimental effect to the aquatic life 
(Fry 1951 ;277 Becker et al. 1971). 245 

The length of time that 50 per cent of a population will 
survive temperature above the incipient lethal temperature 
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can be calculated from a regression equation of experi
mental data (such as those in Figure III-3) as follows: 

log (time) =a+b (temp.) (Equation 2) 

where time is expressed in minutes, temperature in degrees 
centigrade and where a and b are intercept and slope, 
respectively, which are characteristics of each acclimation 
temperature for each species. In some cases the time
temperature relationship is more complex than the semi
logarithmic model given above. Equation 2, however, is 
the most applicable, and is generally accepted by the 
scientific community (Fry 1967) .279 Caution is recom
mended in extrapolating beyond the data limits of the 
original research (Appendix Il-C). The rate of temperature 
change does not appear to alter this equation, as long as the 
change occurs more rapidly than over several days (Brett 
1941 ;201 Lemke 1970). 300 Thermal resistance may be 
diminished by the simultaneous presence of toxicants or 
other debilitating factors (Ebel et al. 1970,273 and summary 
by Coutant 1970c).269 The most accurate predictability can 
be derived from data collected using water from the site 
under evaluation. 

Because the equations based on research on thermal 
tolerance predict 50 per cent mortality, a safety factor is 
needed to assure no mortality. Several studies have indi
cated that a 2 C reduction of an upper stress temperature 
results in no mortalities within an equivalent exposure 
duration (Fry et al. 1942;280 Black 1953).248 The validity 
of a two degree safety factor was strengthened by the results 
of Coutant (l 970a).267 He showed that about 15 to 20 
per cent of the exposure time, for median mortality at a given 
high temperature, induced selective predation on thermally 
shocked salmon and trout. (This also amounted to reduction 
of the effective stress temperature by about 2 C.) Un
published data from subsequent predation experiments 
showed that this reduction of about 2 C also applied to the 
incipient lethal temperature. The level at which there is no 
increased vulnerability to predation is the best estimate of a 
no-stress exposure that is currently available. No similar 
~afety factor has been explored for tolerance of low tem
peratures. Further research may determine that safety 
factors, as well as tolerance limits, have to be decided 
independently for each species, life stage, and water quality 
~ituation. 

Information needed for predicting survival of a number 
of species of fish and invertebrates under short-term condi
tions of heat extremes is presented in Appendix II-C. This 
information includes (for each acclimation temperature) 
upper and lower incipient lethal temperatures: coefficients 
a and b for the thermal resistance equation; and information 
on size, life stage, and geographic source of the species. 
It is clear that adequate data are available for only a small 
percentage of aquatic species, and additional research is 
necessary. Thermal resistance information should be 
obtained locally for critical areas to account for simul-
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taneous presence of toxicants or other debilitating factors, 
a consideration not reflected in Appendix II -C data. More 
data are available for upper lethal temperatures than for 
lower. 

The resistance time equation, Equation 2, can be 
rearranged to incorporate the 2 C margin of safety and also 
to define conditions for survival (right side of the equation 
less than or equal to 1) as follows: 

time 
(Equation 3) l? 

1oru+b<temp.+2ll 

Low levels of mortality of some aquatic organisms are not 
necessarily detrimental to ecosystems, because permissible 
mortality levels can be established. This is how fishing or 
shellfishing activities are managed. Many states and inter
national agencies have established elaborate systems for 
setting an allowable rate of mortality (for sport and com
mercial fish) in order to assure needed reproduction and 
survival. (This should not imply, however, that a form of 
pollution should be allowed to take the entire harvestable 
yield.) Warm discharge water from a power plant may 
sufficiently stimulate reproduction of some organisms (e.g., 
zooplankton), such that those killed during passage through 
the maximally heated areas are replaced within a few hours, 
and no impact of the mortalities can be found in the open 
water (Churchill and Wojtalik 1969;262 Heinle 1969).288 

On the other hand, Jensen (1971 )293 calculated that even 
five percent additional mortality of 0-age brook trout 
(Salvelinus Jontinalis) decreased the yield of the trout fishery, 
and 50 per cent additional mortality would, theoretically. 
cause extinction of the population. Obviously, there can be 
no adequate generalization concerning the impact of shor1.
term effects on entire ecosystems, for each case will be 
somewhat different. Future research must be directed 
toward determining the effects of local temperature stresses 
on population dynamics. A complete discussion will not be 
attempted here. Criteria for complete short-term protection 
may not always be necessary and should be applied with an 
adequate understanding of local conditions. 

Recommendation 

Unless there is justifiable reason to believe it 
unnecessary for maintenance of populations of a 
species, the right side of Equation 3 for that 
species should not be allowed to increase above 
unity when the temperature exceeds the incipient 
lethal temperature minus 2 C: 

time 
1 ?-----

lOfa+b(temp.+2)] 

Values for a and bat the appropriate acclimation 
temperature for some species can be obtained from 
Appendix 11-C or through additional research if 
necessary data are not available. This recommen-

dation applies to all locations where organisms ' 
be protected are expos1~d, including areas withi 
mixing zones and water diversions such as pow 
station cooling water. 

REPRODUCTION AND DEVELOPMENT 

The sequence of events relating to gonad growth ai 
gamete maturation, spawning migration, release of garnet, 
development of the egg and embryo, and commenceme 
of independent feeding repre:;ents one of the most comp! 
phenomena in nature, both for fish (Brett 1970)205 ai 
invertebrates (Kinne 1970) .2 i 6 These events are genera 
the most thermally sensitive of all life stages. Otl1er envirc 
mental factors, such as light and salinity, often seasonal 
nature, can also profoundly affect the response to tempe1 
ture (Wiebe 1968). 313 The general physiological state oft 
organisms (e.g., energy reserves), which is an integration 
previous history, has a strong effect on reproductive pott 
tial (Kinne 1970).296 The er·atic sequence of failures a 
successes of different year classes of lake fish attests to t 

unreliability of natural conditions for providing optim1, 
reproduction. 

Abnormal, short-term temperature fluctuations appear 
be of greatest significance in reduced production of juven 
fish and invertebrates (Kinne, 1963). 295 Such therrr 
fluctuations can be a prom ir:ent consequence of water l 

as in hydroelectric power (rapid changes in river flow rate 
thermal electric power (thermal discharges at fluctuat[ 
power levels), navigation (irregular lock releases), a 
irrigation (irregular water diversions and wasteway 1 

leases). Jaske and Synoground (1970) 292 have document 
such temperature changes due to interacting thermal a 
hydroelectric discharges on the Columbia River. 

Tolerable limits or variations of temperarnre chan 
throughout development, and particularly at the m 
sensitive life stages, differ among species. There is 
adequate summary of data on such thermal requireme 
for successful reproduction. The data are scattered throu 
many years of natural history observations (however, : 
Breder and Rosen 1966250 for a recent compilation of soi 
data; also see Table 111~13). High priority must be assign 
to summarizing existing information and obtaining tl 
which is lacking. 

Uniform elevations of temperature by a few degri 
during the spawning period, while maintaininrs short-te. 
temperature cycles and seasonal thermal patterns, appt 
to have little overall effect on the reproductive cycle 
resident aquatic species, other than to advance the timi 
for spring spawners or delay it for fall spawners. Such sh; 
are often seen in nature, although no quantitative measu 
ments of reproductive success have been made in t 

connection. For example, thriving populations of ma 
fishes occur in diverse streams of the Tennessee Valley 
which the date of the spawning temperature may vary ir 
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TABLE 111-13-Spowning Requirements of Some Fish, Arranged in Ascending Order of Spawning Temperatures 

(Adapted from Wojtalik, T. A., unpublished manuscript)* 

Fishes Temp.(C) Spawninr site Ranre in 1111wni111 depth Daily IPIW•inr time Eqsite lncullll(oa ,.. 

dlys (Temp. C) 

S1u1er 
Stizosledion e1n1den11. . . 5.0 Shanow cnvel bars HIHI Michl Bottom 25 (5.0) 
Walleye 
S. vitreum vitreum .. 1.0 Gravel, rubble, bOtllders on blr 3-101eet Day, ni&hl Bottom 
Lonrnose pr 
Lepisosteus osseus .. 10.8 Flooded shallows Flooded shallows Day Weeds 6 (20.0) 
White bass 
Morone chrysops 11.7 Sand & rock shores 2-121eet Day, lone but np. nicht Surt1ce 2 (15.6) 
Least darter 
Etheostoma m1cropere1 ... .......... 12.0 
Spotted sucker 
Minytrema mel1nops . . . . . . . .. . . .. . . . . . . . . 12.8 
While sucker 
catostomus commersoni ...........................• 12.0-13.0 Streams or blrs D1,,nichl Bottom ................ 
Silvery minnow 
Hybo1n1thus nuchalls ............. 13.0 Coves Day Bottom ................. 
Banded pycmo sunfish 
Elassoma zonatum ..... 13.!l-16.7 
White crappie 
Pomoxis annui1ris 14.0-16.0 Submerred materials in shallows Day Bottom 1 (21. 1-23.2) 
Fathead minnow 14.4 
Pimephalts pl'omelas ..... 25.0 Shallows Nr. surllCI Day Undersidl no.tine alljects 
Birmouth buftalo 
lctiobus cypri nellus .. 15.6-18.3 Shallows Day Bottom 9-10 (18. 7) 
Lar1emouth bass 
Micropterus salmoidn . ....... .. 15.6 Shallows near bank 30 incbes Day Bottom 5 (18.9) 
Common shiner 
Notropis cornutus .. 15.6-18.3 Small cnve1 streams Day Bottom 
Gohlen shiner 
Nolem11onus crysolaucas ....... 15.6 Bays & shoals, weeds Day Weeds 4 (15.6+) 
Green sunfish 
Lepom1s cyanallus . . .... .... . 15.6 Bank, shalows Inches to 1 )4 IHI Day Bottom ............. 
Paddltftsh 
Polyodon spathula ............. . .. ... ········ 16.0 Over cnvel lrlrs Nr. surllce Nicht, day Bollom 
Blackside darter 
Percin1 maculala ........ .... .............. 16.5 
Gizzard shad 
Dorosom1 cepad1anum . . . . . . . . . . . . . . . . . . . . . 16.7 
Smallmouth b11s 
Micropterus dolomieui. . .. . . . . . . . . . . . .. . . .... 18.1 Gravel rock short 3-20 IHI Day Bottom 1 (15.0) 

Spotted blss 
Micropterus punctulltus. .. . . . . . ........ 11.8 Small strums, blr Day Bottom 4-5 (20.0) 
Johnny darter 
Etheostoma nirrum .................. 18.0 
Dran11 spotted sunftsh 
Lepomis humilis ... .... . . . . ··········· ... 11.3 
Smallmouth buftalo 
lctiobus bub1lus . . . .. ................ 18.9 
Black buft1lo 
I. nicer .. ......... .......... ........ 18.9 
carp 
Cyprinus carpio 19.0 Flooded shallows Nr. surl1C8 Day ni&hl Bottom "(16.7) 
Blulllff 
Lepomis macrochirus.. .. . .. . . ...... 19.4 Weeds, shallows 2-filHI Day Bottom 1)-2-3 (22.2) 
Redbreast sunfish 
L. auritis . ................ .............. 20.0 
Channel catfish 20.0 
lctalurus punctatus ...... 26.7 Bank e1Yity <101111 Day, ni&hl Bottom 9-10 (15.0) 
Whita catflsb 
I. CllUS . . . . . . . . . . 20.0 Sand rrml blr <101HI Day Bottom 6-1 (23.9-29.4) 
Pumpkinseed 
Lepomis 11bbosus ... ........... 20.0 Bank shallows <51HI Day Bottom 3 (27.1) 
Bliek crappie 
Pomoxis ni1romaculltus ...... . . . . . . . . . . . . . . . 20.0 
Brook silverside 
Labidesthes sicculu1. . . . . . . . . . .•... . . . . . . . . . 20.0 Over cmel SarflCI DIJ Wtld1,llolta11 
Brown bullhead ..... . . . . . . . . . . . . . . 
lctalurus nebulosus ............. 21.1 ShlRows, weeds Inches lo 61111 Wtlds, boltall 5 (25.0) 
Threadfln shad 
Dorosoma patenense . ................ 21.1 Shlllow 1nd open wlllr Surllcl Day Bottom 3 (26.1) 
Warmouth 
Lepomis 1ulosus . . . 21.0 Bank shallows <51eet Day Bottom 1 )-2 (25. 0-26)1) 
River redhO!ll 
Moxcdoma e1rin1tum. .. . .. .. .. 21.1-24.4 Rimes, strums DQ Botto• ............... 
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TABLE 111-13-Spawning Requirements of Some Fish, Arranged in Ascending Order of Spawning Temperatures-Contin 

Fishes Temp. (C) Spawning site Range in spawning depth Daily spawning lime Egg site lncubabon pe 
days (Temp. 

Blue catfish 
lctalurus furcatus. . . . . . . . . . . 
Flathead catfish 
Pylodicl1s olimis .... 
Redear sunfish 

22.2 

22.2 

lepom1s microlophus 23.0 Quiet, various Inches to 10 feet 
lon1ear sunfish 
L. megalotis 23.3 
Freshwater drum 
Apiodinotus grunniens 23.0 
River carpsucker 
Carpo1des carpio. 23.9 
Spotted bullhead 
lctalurus serracanthus 26.7 
fellow bullhead 
I. natalis Quiet, shallows 1 Y,-4 leet 

* T. A. Wojtalik, Tennessee Valley Authority, Muscle Shoals, Alabama.'" 

given year by 22 to 65 days. Examination of the literature 
shows that shifts in spawning dates by nearly one month 
are common in natural waters throughout the U.S. Popula
tions of some species at the southern limits of their dis
tribution are exceptions, e.g., the lake whitefish (Coregonus 
clupeaformis) in Lake Erie that require a prolonged, cold 
incubation period (Lawler 1965)299 and species such as 
yellow perch (Percaflavescens) that require a long chill period 
for egg maturation prior to spawning (Jones, unpublished 
data). 327 

This biological plasticity suggests that the annual spring 
rise, or fall drop, in temperature might safely be advanced 
(or delayed) by nearly one month in many regions, as long 
as the thermal requirements that are necessary for migra
tion, spawning, and other activities are not eliminated and 
the necessary chill periods, maturation times, or incubation 
periods are preserved for important species. Production of 
food organisms may advance in a similar way, with little 
disruption of food chains, although there is little evidence to 
support this assumption (but see Coutant 1968 ;265 Coutant 
and Steele 1968 ;271 and Nebeker 1971). 307 The process is 
similar to the latitudinal differences within the range of a 
given species. 

Highly mobile species that depend upon temperature 
synchrony among widely different regions or environments 
for various phases of the reproductive or rearing cycle (e.g., 
anadromous salmonids or aquatic insects) could be faced 
with dangers of dis-synchrony if one area is wanned, but 
another is not. Poor long-term success of one year class of 
Fraser River (British Columbia) sockeye salmon ( Oncorhyn
chus nerka) was attributed to early (and highly successful) 
fry production and emigration during an abnormally warm 
summer followed by unsuccessful, premature feeding 
activity in the cold and still unproductive estuary (Vernon 
1958). 322 Anadromous species are able, in some cases, (see 
studies of eulachon (Thaleichthys pacijicus) by Smith and 

Bottom li-10 (18.9) 

Saalfeld 1955) 317 to modify their migrations and spawn 
to coincide with the proper temperatures whenever < 

wherever they occur. 
Rates of embryonic development that could lead to r 

mature hatching are determined by temperatures of 
microhabitat of the embryo. Temperatures of the mic 
habitat may be quite different from those of the remain 
of the waterbody. For example, a thermal effluent at 
temperature of maximum water density (approxima1 
4 C) can sink in a lake whose surface water temperat 
is colder (Hoglund and Spigarelli, 1972).290 Incubat 
eggs of such species as lake trout (Salvelinus namaycush) < 

various coregonids on the lake bottom may be intermitter 
exposed to temperatures warmer than normal. Hatch 
may be advanced to dates that are too early for surviva 
the fry in their nursery areas. Hoglund and Spiga1 
1972,290 using temperature data from a sinking plume 
Lake Michigan, theorized that if lake herring (Coregc 
artedii) eggs had been incubated at the location of on<' 
their temperature sensors, the fry would have hate! 
seven days early. Thermal limitations must, therefore, ap 
at the proper location for the particular species or life st; 
to be protected. 

Recommendations 

After their specific limiting temperatures a 
exposure times have been determined by stud 
tailored to local conditions, the reproductive ~ 
tivity of selected specfos will be protected in ar' 
where: 
• periods required for gonad growth and gam« 

maturation are preserved; 
• no temperature difl'erentials are created tl1 

block spawning migr:ations, although some del 
or advancement of timing based upon local co 
ditions may be tolerated; 



• temperatures are not raised to a level at which 
necessary spawning or incubation temperatures 
of winter-spawning species cannot occur; 

• sharp temperature changes are not induced in 
spawning areas, either in mixing zones or in 
mixed water bodies (the thermal and geographic 
limits to such changes will be dependent upon 
local requirements of species, including the 
spawning microhabitat, e.g., bottom gravels, 
littoral zone, and surface strata); 

• timing of reproductive events is not altered to 
the extent that synchrony is broken where repro
duction or rearing of certain life stages is shown 
to be dependent upon cyclic food sources or other 
factors at remote locations. 

• normal patterns of gradual temperature changes 
throughout the year are maintained. 

These requirements should supersede all others 
during times when they apply. 

CHANGES IN STRUCTURE OF AQUATIC COMMUNITIES 

Significant change in temperature or in thermal patterns 
over a period of time may cause some change in the com
position of aquatic communitic5 (i.e., the species represented 
and the numbers of individuals in each species). This has 
been documented by field studies al power plants (Trembley 
1956-1 %0)'121 and by laboratory investigations (Mcintyre 
l 9h8). "110 Allowing temperature changes to alter significantly 
the community structure in natural water,; may be detri
mental, even though species of direct importance to man 
arc not eliminated. 

The limits of allowable change in species diversity due to 
temperature change-; should not differ from those applicable 
to any other pollutant. This general topic is treated in 
detail in reviews by others (Brookhaven National Lab. 
l 969) 2 jB and is discussed in Appendix II-B, Community 
Structure and Diversity Indices, p. 408. 

NUISANCE ORGANISMS 

,\Iteration of aquatic communities by the addition of heat 
may occasionally result in growths of nuisance organisms 
provided t liat other environmental conditions essential to 
such growths (e.g., nutrients) exist. Poltoracka (1968) 311 

documcnlt'd the growth stimulation of plankton in an 
artificially heated small lake; Trembley (1965°21

) re
ported dense growths of attached algae in the discharge 
canal and shallow discharge plume of a power ;,tation (where 
the algae broke ioose periodically releasing decomposing 
organic matter to the receiving water). Other instances of 
algal growths in effluent channels of power stations were 
reviewed by Coutant (l970c). 269 

Changed thermal patterns (e.g., in stratified lakes) may 
greatly alter the sea50nal appearances of nuisance algal 
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growths even though the temperature changes are induced 
by altered circulation patterns (e.g., artificial destratifica
tion). Dense growths of plankton have been retarded in 
some instances and stimulated in others (Fast 1968;275 and 
unpublished data 1971). 325 

Data on temperature limits or thermal distributions in 
which nuisance growths will be produced are not presently 
available due in part to the complex interactions with other 
growth stimulants. There is not sufficient evidence to say 
that any temperature increase will necessarily result in 
increased nuisance organisms. Careful evaluation of local 
conditions is required for any reasonable prediction of 
effect. 

Recommendation 

Nuisance growths of organisms may develop 
where there are increases in temperature or alter
ations of the temporal or spatial distribution of 
heat in water. There should be careful evaluation 
of all factors contributing to nuisance growths at 
any site before establishment of thermal limits 
based upon this response, and temperature limits 
should be set in conjunction with restrictions on 
other factors (see the discussion of Eutrophication 
and Nutrients in Section I). 

CONCLUSIONS 

Recommendations for temperature limits to protect 
aquatic life consist of the following two upper limits for any 
time of the year (Figure III-6). 

1. One limit consists of a maximum weekly average 
temperature that: 

(a) in the warmer months (e.g., April through 
October in the North, and March through 
November in the South) is one third of the range 
between the optimum temperature and the 
ultimate upper incipient lethal temperature for the 
most sensitive important species (or appropriate 
life stage) that is normally found at that location at 
that time; or 

(b) in the cooler months (e.g., mid-October to mid
April in the North, and December to February in 
the South) is that elevated temperature from which 
important species die when that elevated tem
perature is suddenly dropped to the normal 
ambient temperature, with the limit being the 
acclimation temperature (minus a 2 C safety 
factor), when the lower incipient lethal tempera
ture equals the normal ambient water temperature 
(in some regions this limit may also be applicable 
in summer) ; or 

(c) during reproduction seasons (generally April-June 
and September-October in the North, and March
May and October-November in the South) is that 
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temperature that meets specific site requirements 
for successful migration, spawning, egg incubation, 
fry rearing, .and other reproductive functions of 
important species; or 

(d) at ·a specific site is found necessary to preserve 
normal species diversity or prevent undesirable 
growths of nuisance organisms. 

2. The second limit is the time-dependent maximum 
temperature for short exposures as given by the species
specific equation: 

time 
l ~-----

101a+b<temp.+2)J 

Local requirements for reproduction should supersede 
all other requirements when they are applicable. Detailed 
ecological analysis of both natural and man-modified 
aquatic environments is necessary to ascertain when these 
requirements should apply. 

USE OF TEMPERATURE CRITERIA 

A hypothetical electric power station using lake water I 
cooling is illustrated as a typical example in Figure III
This discussion concerns the application of thermal critei 
to this typical situation. 

The size of the power station is l,000 megawatts elect: 
(MW.) if nuclear, or 1,700 MW. if fossil-fueled (oil, co. 
gas); and it releases 6.8 billion British Thermal Un 
(BTU) per hour to the aquatic environment. This size 
representative of power stations currently being install~ 
Temperature rise at the condensers would be 20 F wi 
cooling water flowing at the rate of 1,520 cubic feet/secrn 
(ft3 /sec) or 682,000 gallons/minute. Flow could be i 
creased to reduce temperature rise. 

The schematic Figure 111-i' is drawn with two alternati 
discharge arrangements to illustrate the extent to whi1 
design features affect thermal impacts upon aquatic Ii 
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Warm condenser water can be carried from the station to 
the lake by (a) a pipe carrying water at a high flow velocity 
or (b) a canal in which the warm water flows slowly. There 
is little cooling in a canal, as measurements at several 
existing power stations have shown. Water can be released 
to the lake by using any of several combinations of water 
velocity and volume (i.e., number of outlets) or outlet 
dimensions and locations. These design features largely 
determine the configuration of the thermal plumes illus
trated in Figure Ill-7 resulting from either rapid dilution 
with lake water or from slow release as a surface layer. The 
isotherms were placed according to computer simulation 
of thermal discharges (Pritchard 1971) 312 and represent a 
condition without lake currents to aid mixing. 

Exact configuration of an actual plume depends upon 
many factors (some of which change seasonally or even 
hourly) such as local patterns of currents, wind, and bottom 
and shore topography. 

Analytical Steps 

Perspective of the organisms in the water body and of the 
pertinent non-biological considerations (chemical, hy
drological, hydraulic) is an essential beginning. This 
perspective requires a certain amount of literature survey 
or on site study if the information is not well known. T""o 
steps are particularly important: 

1. identification of the important species and com
munity (primary production, species diversity, etc.) that are 
relevant to this site; and 

2. determination of life patterns of the important species 
(seasonal distribution, migrations, spawning areas, nursery 
and rearing areas, sites of commercial or sport fisheries). 
This information should include as much specific informa
tion on thermal requirements as it is possible to obtain 
from the literature. 

Other steps relate the life patterns and environmental 
requirements of the biota to the sources of potential thermal 
damage from the power plant. These steps can be identified 
with specific areas in Figure 111-7. 

Aquatic Areas Sensitive to Temperature Change 

Five principal areas offer potential for biological damage 
from thermal changes, labeled A-Eon Figure 111-7. (There 
are other areas associated with mechanical or chemical 
effects that cannot be treated here; see the index.) 

Area A The cooling water as it passes through the intake, 
intake piping (A1), condensers, discharge piping 
(A2) or canal (A'2), and thermal plume (Aa or 
A'3), carrying with it si;nall organisms (such as 
phytoplankton, zooplankton, invertebrate larvae, 
and fish eggs or larvae). Organisms receive a 
thermal shock to the full 20 F above ambient 

temperature with a duration that depends UI 
the rate of water flow and the temperature di 
in the plume. 

Area B Water of the plume alone that entrains b1 
small and larger organisms (including small fi 
as it is diluted i'.B or B'). Organisms rece 
thermal shocks from temperatures ranging fr, 

the discharge to the ambient temperature, 
pending upon where they are entrained. 

Area C Benthic environment where bottom organi; 
(including fish eggs) can be heated chronically 
periodically by the thermal plume (C or C') 

Area D The slightly warmed mixed water body (or la 
segment of it) where all organisms experienc· 
slightly warmer average temperature (D). 

Area E The discharge canal in which resident or seaso 
populations reside at abnormally high tempe 
tures (E). 

Cooling Water Entrainment 

It is not adequate to consider only thermal criteria 
water bodies alone when large numbers of aquatic organis 
may be pumped through a power plant. The probabil 
of an organism being pumped through will depend ur 
the ratio of the volume of cooling water in the plant to 1 

volume in the lake (or to the volume passing the plant i1 
river or tidal fresh water:. Tidal environments (be 
freshwater and saline) offer greater potential for entra 
ment than is apparent, s::nce the same water mass v 
move back and forth past the plant many times during 1 

lifetime of pelagic residence time of most organisr 
Thermal shocks that could be experienced by organis 
entrained at the hypothetical power station are shown 
Figure IIl-8. 

Detrimental effects of ther::nal exposures received duri 
entrainment can be judged by using the followmg equati 
for short-term exposures to extreme temperatures: 

, . time 
General cnterion. 1 > ------- --

- l Qla+b(temp.+2)] 

Values for a and bin the equation for the species of aqua 
organisms that are likely to be pumped with cooling wa 
may be obtained from Appendix II, or the data may 
obtained using the methcxls of Brett ( 1952). 252 The prevaili 
intake temperature would determine the aeclimati 
temperature to be selected from the table. 

For example, juvenile largemouth bass may frequent t 
near-shore waters of this lake and be drawn into the intal 
To determine whether the hypothetical thermal dischar~ 
(Figure IIl-7) would be detrimental for juvenile bass, t 
following analysis can be made (assuming, for examp 
that the lake is in Wisconsin where these basic data for b; 
are available): 

Criterion for juvenile bass (Wisconsin) when inta 
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FIGURE Ill-8-Time Course of Temperature Change in Cooling Water Passing Through the Example Power Station with 
Two Alternate Discharges. The Canal ls Assumed to Flow at a Rate of 3 Ft. Per Sec. 

temperature (acclimation) is 70 F (21.l l C). (Data 
from Appendix II-C). 

time 1;::: ---------
1O[34.3649-0. 9 7 8 9 (temp .+2)] 

Canal 

Criterion applied to entrainment to end of discharge 
canal (discharge temperature is 70 F plus the 20 degree 
rise in the condensers or 90 F (32.22 C). The thermal 
plume would provide additional exposure above the 
lethal threshold, minus 2 C (29.5 C or 85. l F) of more 
than four hours. 

60 1;::: ---------
10 [34. 364 9-0. 9 7 89(32 .22+2)] 

l ;:::8.15 

Conclusion: 

Juvenile bass would not survive to the end of the 
discharge canal. 

Dilution 

Criterion applied to entrainment in the system em-

ploying rapid dilution. 

l.2 
1 >---------

-10[34.3649-0.9789(32.22+2.0)) 

I>~ 
- 7.36 

Travel time in piping to discharge is assumed to be 
1 min., and temperature drop to below the lethal 
threshold minus 2 C (29.5 C or 85.1 F) is about l 0 sec. 
(Pritchard, 1971).:nz 

Conclusion 

Juvenile bass would survive this thermal exposure: 

1 ;:::0.1630 

By using the equation in the following form, 

log (time) =a+b (temp.+2) 

the length of time that bass could barely survive the 
expected temperature rise could be calculated, thus 
allowing selection of an appropriate discharge system. 
For example: 

log (time) =34.3649-0.9789 (34.22) 
log (time) =0.8669 

time =7.36 
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This would be about 1,325 feet of canal flowing at 
3 ft/sec. 

It is apparent that a long discharge canal, a nonrecircu
lating cooling pond, a very long offshore oioe, or delayed 
dilution in a mixing zone (such as the one promoting surface 
cooling) could prolong the duration of exposure of pumped 
organisms and thereby increase the likelihood of damage to 
them. Precise information on the travel times of the cooling 
water in the discharge system is needed to conduct this 
analysis. 

The calculations have ignored changing temperatures in 
the thermal plume, because the canal alone was lethal, and 
cooling in the plume with rapid dilution was so rapid that 
the additional exposure was only for 10 seconds (assumed to 
be at the discharge temperature the whole time). There 
may be other circumstances under which the effect of 
decreasing exposure temperature in the plume may be 
of interest. 

Effects of changing temperatures in the plume can be 
estimated by summing the effects of incremental exposures 
for short time periods (Fry et al. 1946281

). For example, the 
surface cooling plume of Figures III-7 and 111-8 could be 
considered to be composed of several short time spans, each 
with an average temperature, until the temperature had 
dropped to the upper lethal threshold minus 2 C for the 
juvenile bass. Each time period would be calculated as if 
it were a single exposure, and the calculated values for all 
time periods would be summed and compared with unity, 
as follows: 

time1 time2 
}Qh+-b(temp.1+2)] + l(i[:~+bCf:emp. 2+2)] + 

time" ... -------·~-
10 [a+b(temp .n+2)] 

The surface cooling plume of Figure Ill-6 (exclusive of 
the canal) could be considered to consist of 15 min at 
89. 7 F (32.06 C), 15 min at 89.2 F (31. 78 C), 15 min at 
88.7 F (31.4 C), 15 min at 88.2 F (31.22 C), 15 min at 
87.8 F (31.00 C), until the lethal threshold for 70 F acclima·
tion minus 2 C (85. l F) was reached. The calculation would 
proceed as follows: 

15 
1 ~ 10 [34. 3649-0. 9 7 8 9 (32. 06+2)] 

15 
+ 10[34.3649-0.9789(31.78+2)] + ... 

In this case, the bass would not survive through the first 
15-minute period. In other such calculations, several steps 
would have to be summed before unity was reached (if not 
reached, the plume would not be detrimental). 

Entrainment in the Plume 

Organisms mixed with the thermal plume during dilution 
will also receive thermal shocks, although the maximum 
temperatures will generally be less than the discharge 

temperature. The number of organisms affected to so11 
degree may be significantly greater than the numb( 
actually pumped through the plant. The route of maximu 
thermal exposure for each plume is indicated in Figu 
IIl-7 by a dashed line. This route should be analyzed 
determine the maximum reproducible effect. 

Detrimental effects of these exposures can also be judg1 
by using the criterion for short-term exposures to extre11 
temperatures. The analytical steps were outlined above f 
estimating the effects on organisms that pass through tl 
thermal plume portions of the entrainment thermal patter 
There would have been no mortalities of the largemou 
bass from entrainment in the plume with rapid dilution, di 
to the short duration of exposure (about 10 seconds). A1 
bass that were entrained in the near-shore portions of ti 
larger plume, and remained m it, would have died in 1( 
than 15 minutes. 

Bottom Organisms Impacted by the Plume 

Bottom communities of invertebrates, algae, root< 
aquatic plants, and many incubating fish eggs can I 
exposed to warm plume water, particularly in shallo 
environments. In some circumstances the warming can I 
continuous, in others it can be intermittent due to chang 
in plume configuration with changes in currents, winds, 1 

other factors. Clearly a thermal plume that stratifies ar 
occupies only the upper part of the water column will ha1 
least effect on bottom biota. 

Several approaches are meful in evaluating effects on ti 
community. Some have predictive capability, while othe 
are suitable largely for identifying effects after they ha1 
occurred. The criterion for short-term exposures identifo 
relatively brief periods of detrimental high temperatun 
Instead of the organism passing through zones of elevat( 
temperatures, as in the previous examples, the organism 
sedentary, and the thermal pulse passes over it. Developir 
fish eggs may be very sensitive to such changes. A bri 
pulse of high temperature that kills large numbers of org 
nisms may affect a bottom area for time periods far long 
than the immediate exposure time. Repeated sublethal e 
posures may also be detrimental, although the process 
more complex than straight-forward summation. Analy~ 
of single exposures proceeds exactly as described for plun 
entrainment. 

The criterion for prolonged exposures is more general 
applicable. The maximum tolerable weekly average ten 
perature may be determined by the organisms present an 
the phase of their life cycle. In May, for example, t1 
maximum heat tolerance temperature for the communi1 
may be determined by incubating fish eggs or fish fry on tr 
bottom. In July it may be determined by the importa1 
resident invertebrate species. A well-designed thermal di 
charge should not require an extensive mixing zone whei 
these criteria are exempted. Special criteria for reproducfo 
processes may have to be applied, although thermal di 



charges should be located so that zones important for 
reproduction-migration, spawning, incubation-are not 
used. 

Criteria for species diversity provide a useful tool for 
identifying effects of thermal changes after they have 
occurred, particularly the effects of subtle changes that are 
a result of community interactions rather than physiological 
responses by one or more major species. Further research 
may identify critical temperatures or sequences of tem
perature changes that cannot be exceeded and may thereby 
provide a predictive capability as well. (See Appendix 
11-B.) 

Mixed Water Body (or major region thereof) 

This is the region most commonly considered in es
tablishing water quality standards, for it generally includes 
the major area of the water body. Here the results of thermal 
additions arc observed as small temperature increases over a 
large area (instead of high temperatures locally at the dis
charge point), and all heat sources become integrated into 
the normal annual temperature cycle (Figure 111-6 and 
Figure I II - 7 insert). 

Detrimental high temperatures in this area (or parts of 
it) arc defined by the criteria for maximum temperatures 
for prolonged exposure (warm and cool months) for the 
most sensitive species or life stage occurring there, at each 
time of year, and by the criteria for reproduction. 

For example, in the lake with the hypothetical power 
station, there may be 40 principal fish species, of which half 
are considered important. These species have spawning 
temperatures ranging from 5 to 6 C for the sauger (Stizo
stedion ranadense) to 26. 7 C for the spotted bullhead (Ictalurus 
serracantlzus). They also have a similar range of temperatures 
required for egg incubation, and a range of maximum 
temperatures for prolonged exposures of juveniles and 
adults. The requirements, however, may be met any time 
within normal time spans, such as January l to 24 for sauger 
spawning, and March 25 to April 29 for smallmouth bass 
spawning. Maximum temperatures for prolonged exposures 
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may increase steadily throughout a spring period. To 
predict effects of thermal discharges the pertinent tempera
tures for reproductive activities and maximum temperatures 
for each life stage can be plotted over a 12-month period 
such as shown in Fig. 111-6. A maximum annual tempera
ture curve can become apparent when sufficient biological 
data are available. Mount (1970) 305 gives an example of 
this type of analysis. 

Discharge Canal 

Canals or embayments that carry nearly undiluted 
condenser cooling water can develop biological communities 
that are atypical of normal seasonal communities. Interest 
in these areas does not generally derive from concern for a 
balanced ecosystem, but rather from effects that the altered 
communities can have on the entire aquatic ecosystem. 

The general criteria for nuisance organisms may be 
applicable. In the discharge canals of some existing power 
stations, extensive mats of temperature-tolerant blue-green 
algae grow and periodically break away, adding a decom
posing organic matter to the nearby shorelines. 

The winter criterion for maximum temperatures for 
prolonged exposures identifies the potential for fish kills due 
to rapid decreases in temperature. During cold seasons 
particularly, fish are attracted to warmer water of an 
enclosed area, such as a discharge canal. Large numbers 
may reside there for sufficiently long periods to become 
metabolically acclimated to the warm water. For any 
acclimation temperature there is a minimum temperature 
to which the species can be cooled rapidly and still survive 
(lower incipient lethal temperature). These numerical 
combinations, where data are available, are found in 
Appendix 11-C. There would be 50 per cent mortality, for 
example, if largemouth bass acclimated in a discharge 
canal to 20 C, were cooled to 5.5 C or below. If normal 
winter ambient temperature is less than 5.5 C, then the 
winter maximum should be below 20 C, perhaps nearer 
15 C. If it is difficult to maintain the lower temperatures, 
fish should be excluded from the area. 



TOXIC SUBSTANCES 

ORGANIC MERCURY 

Until recently, mercury most commonly entered the 
aquatic environment by leaching from geological formations 
and by water transport to streams and lakes. Since the 
industrial revolution, however, increasing amounts of mer
cury have been added to the aquatic environment with 
waste products from manufacturing processes or through 
improper disposal of industrial and consumer products. In 
addition, large quantities of mercury enter the environment 
when ores are smelted to recover such metals as copper, 
lead, and zinc (Klein 1971), 343 and when fossil fuels arc 
burned. Whereas the maximum amount of mercury released 
by weathering processes is approximately 230 metric tons 
per year worldwide, the amount released by the burnin8~ 
of coal is on the order of 3000 tons per year; and a further 
quantity, probably comparable to 3000 tons, is emitted 
from industrial processes (Joensuu 1971).341 

In urban and industrial areas consumer products con
taining mercury are often disposed of in sewer systems. 
These mercury discharges, though individually small, can
not be considered insignificant, because cumulatively they 
add large quantities of mercury to the water courses that 
receive these effluents. On the average, the mercury concen-· 
tration in sewage effluent is one order of magnitude greater 
than its concentration in the water course that receives it 
(D'ltri unpublzshed data 1971). 359 Based on Klein and Gold
berg's 1970344 report of mercury concentrations in samples 
of ocean sediments near municipal sewer out-falls, it can 
be calculated that in an urban area from 400 to 500 pounds 
of mercury per million population are discharged to re
ceiving waters every year. The uses of mercury are varied, 
and its consumption is fairly large. The National Academy 
of Sciences (1969) 347 reported the consumption of mercury 
by user category. 

World attention focused on the environmental mercury 
problem when human beings were poisoned by eating 
contaminated fish and shell fish during the middle and late 
1950's in Minamata, Japan. Since the first occurrence of 
"Minamata disease" in 1953, 121 cases resulting in 46 
deatbs have~ confirmed. t.n the Minamata area with an 

additional 47 confirmed cases and 6 deaths in near! 
Niigata (Takeuchi 1970). 352 

In Sweden in the l 950's, conservationists charged th 
the abundance of methylmercury in the environment w 

causing severe poisoning in seed-eating birds and the 
predators (Johncls et al. 1967). 342 These poisonings cou 
be related to the use of methylmercury in seed drcssin§ 
When these seed dressings were prohibited, levelo. of mcrcu 
declined substantially in seed-eating animals. At about ti 
same time, investigators foCJnd high levels of mercury 
fish in waters off Sv\eden, pnctically all of it in the for 
of methylmercury. 

Biological Methylation 

Some microbes are capa 1Jlc of biologically synthesizir 
methylmercury from mercury ions (Jensen and Jernd[ 
1969; 339 \Vood et al. 1969; 358 Dunlap 1971 ;333 Fagcrstro 
and Jcrneli::iv !971). 3:A At low concentrations, the formatic 
of dimethylmercury is favored in the methyl trarnfer reactir 
but at higher concentrations of mercury, the major produ 
appears to be monomethylmercury. In any particular ec1 
system, the amounts of mono- and dirnethylmercury con 
pounds arc determined by the presence of microbial specie 
the amount of organic pollution loading, the mercury co1 
centration, temperature, and pH (Wood et al. 1969). 3;,g 

Biological Magnification 

Aquatic organisms concentrate methylmcrcury in the 
bodies either directly from the water or through the foe 
chain (Johnels et al. 1967;:!42 Hanncrz 1968;3'6 Hasseln 
1968, 338 Miettincn et al. J 970 346). Northern pike (Es1 
luczus) and rainbow trout (Salmo gairdneri) are able to a 
similate and concentrate methylmercury directly into the 
muscle tissues from ingested food (Miettinen ct al. 1970).:i 
In general, mercury in organisms eaten by fish increases < 

each trophic level of the food chain (Hamilton 1971). a 

The magnitude of the bioaccumulation of mercury is de 
termined by the species, its exposure, feeding habit 
metabolic rate, age and size, quality of the water, and tr 
degree of mercury pollution in the water. Rucker an 

l i'2 



Amend ( 1969) 349 established that rainbow trout contained 
mercury levels of 4.0 and 17.3 µg/g in their muscle and 
kidney tissue after being exposed to 60 µgll of ethylmcrcury 
for one hour a day over 10 days. Fresh water phytoplankton, 
macrophytcs, and fish arc capable of biologically magnifying 
mercury concentrations from water !000 times (Chapman 
et al. 1968). 330 .J ohnels et al. (196 7) 342 reported a mercury 
concentration factor from water to pike of 5000 or more. 
J ohnels et al. ( 1967) 342 had previously shown that when 
mercury levels in pike muscle were below 0.2 µg g, the 
level was relatively constant irrespective of weight, but 
above 0.2 µg/g, the concentration of mercury tended to 
increase with increasing age and weight. 

Experiments in progress al the National \Vatcr Quality 
Laboratory in Duluth, .Minnesota, (Mount unj1ub!ished 
data 1971) 361 indicate that when brook trout (Salvelinus 
font mah r) arc held in water containing 0.05 µg/l of methyl
mcrcury for 2 months they can accumulate more than 
0.5 µg g of mercury. This is a magnification of 10,000 
times. In the same experiments, exposure to 0.03 µg/l for 
5 months resulted in continuing accumulation in fish tissue 
with no indication of a plateau. In a group of fish held at 
one µg 1, some organs contained 30 µgig. Some fresh water 
invcrtelirates have also liccn reported to have a 10,000 
rnagnifica ti on (Hanncrz 1968). rn, 

Although the mechanisms by which mercury accumulates 
and concentrates have not been fully explained, at least 
three factors are invoked: the metabolic rate of individual 
fish; differences in the selection of food as fish mature; 
and the epithelial surface of the fish (\Vobcser et al. 1970; 357 

Hanncrz 1968). 3:lli The rate at which fish lose methyl
mcrcury also has considerable effect on magnification of 
mercury in the tissues. Ivfiettincn ct al. have shown in a 
series of papers (1970) 34 fi that the loss of methylmercury is 
both fast and slow in fishes. The fast loss occurs early, while 
mercury is being redistributed through the body, and lasts 
only a few weeks. The subsequent loss from established 
binding sites follows slowly; a half-life is estimated to be 
on the order of 2 years. These rates mean that fishes, and 
perhaps other lower vertebrates, reduce their content of 
mcthylmcrcury many times more slowly than do the higher 
terrestrial vertebrates. Man, for example, is usually con
sidered to excrete half of any given mercury residue in 
about 80 days. Extremely low rates of loss have also been 
shown in different species of aquatic mollusks and crayfish 
(Cambarus) (Nelson 1971). 318 

Excessive mercury residues in the sediments arc dissipated 
only slowly. Lofroth ( 1970) 340 estimated that aquatic habi
tats polluted with mercury continue to contaminate fish for 
as long as l 0 to 100 years after pollution has stopped. 

Mercury in Fresh Waters 

Mercury measured in the water of selected rivers of the 
United States ranged from less than 0.1 µg/l to 17 µg/l. 
Two-thirds of the rivers contained 0.1 µg/l or less (Wallace 
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et al. 1971). 355 The value ofO.l µg/l is also reported as the 
earliest reliable estimate of mercury levels in uncontami
nated fresh water (Swedish National Institute of Public 
Health 1971). 351 Some rivers tested by the Swedish Institute 
were as low as 0.05 µg/l, which was also the average mercury 
level in some salt waters. 

Toxicity of Organic Mercury in Water 

The chemical form of methylmercury administered to 
fish makes little difference in its toxic effect (Miettinen et 
al. 1970). 346 The mcthylmercury bound to sulfhydryl groups 
of proteins, as it would be in nature, is just as toxic as the 
free unbound ionic form. 

Fish are able to survive relatively high concentrations of 
organomercurials for a short time with few ill effects. For 
example, fry of steel head trout (Sa/mo gazrdneri) and 
fingerlings of sockcyc salmon ( Oncor~ynclzus nerka) arc able 
to survive in 10 mg/l of pyridyl mercuric acetate for one 
hour with no toxic effects (Rucker and \Vhipple 1951). 350 

The LC50 of pyridyl mercuric acetate for some freshwater 
fish ranges from 390 µg/l to 26,000 µg/ l for exposures be
tween 24 and 72 hours (Willford 1966; 3" 6 Clemmens and 
Sneed 1958, 331 1959). 332 

As the exposure times lengthen, 10\ver concentrations of 
mercury arc kthal. On the basis of 120-hour bioassay tests 
of three species of minnows, Van Horn and Balch (1955)354 

determined that the minimum lethal concentrations of 
pyridyl mercuric acetate, pyridyl mercuric chloride, phenyl 
mercuric acetate, and ethyl mercuric phosphate averaged 
250 µgll. 

Recent experiments at the National Water Quality Lab
oratory (Mount, personal rommunicatzon 1971) ssn indicated 
that 0.2 µgi l of mcthylmercury killed fathead minnows 
(PimejJhales promelas) within 6 to 8 weeks. Toxicity data from 
this same laboratory on several other species including 
Gammarus, Daplmia, top minnow (Fundulus sp.) and brook 
trout (Salvelznus fontmalzs) indicated that none was more 
sensitive than the fathead minnow. 

Northern pike seem to be more sensitive. \\Then they 
were reared in water containing O. l µg/l of methylmcrcury 
for a season and then placed in clean water, they underwent 
continuing mortality. Scattered mortality from this source 
could ordinarily not be detected in nature, because the 
affected fish became uncoordinated and probably would 
have been eaten by predators (Hannerz 1968, 336 quoted by 
Nelson 1971 348

). 

Some species of plankton arc particularly sensitive. 
Studies of the effect of mercury on phytoplankton species 
confirmed that concentrations as low as O. l µg/l of selected 
organomercurial fungicides decreased both the photosynthe
sis and the growth of laboratory cultures of the marine 
alga Nztzschia delicatissum, as well as of some fresh water 
phytoplankton species (Harriss et al. 1970). 337 Ethyl
mercury phosphate is lethal to marine phytoplankton at 
60 µg/l, and levels as low as 0.5 µg/l drastically limit their 
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growth (Ukeles 1962). 353 There is insufficient information 
about the thresholds for chronic toxicity. 

Tissue Levels and Toxicity 

There is almost no information on the concentrations of 
mercury in the tissues of aquatic organisms that are likely 
to cause mortality of the organisms themselves. Fish and 
shellfish found dead in Minamata contained 9 to 24 µg/g 
of mercury on the usual wet-weight basis; presumably some 
of these levels were lethal (Nelson 1971). 348 Miettinen et al. 
(1970) 346 showed that pike which had been experimentally 
killed by methylmercury contained from 5 to 9.1 µg/g and 
averaged o.4 and 7 .4 micrograms of methylmercury per 
gram of muscle tissue. 

Discussion of Proposed Recommendations 

At the present time there arc not sufficient data available 
to determine the levels of mercury in water that are safe 
for aquatic organisms under chronic exposure. There have 
not been, for example, any experiments on the effects of 
chronic exposure to mercury on reproduction and growth 
of fish in the laboratory. Since experiments on sublethal 
effects are lacking, the next most useful information is on 
lethal effects following moderately long exposures of weeks 
or months. The lowest concentration shown to be lethal to 
fish is 0.2 µg/l of methylmcrcury which is lethal to fathead 
minnows (Pimephales promelas) in six weeks. Because 0.2 µg/1 
ofmcthylmercury has been shown to be lethal, it is suggested 
that this concentration of mercury not be exceeded at any 
time or place in natural waters. Since phytoplankton arc 
more sensitive, the average concentration of methylmercury 
in water probably should not exceed 0.05 µg/l for their 
protection. This recommended average is approximately 
equal to the supposed natural concentrations of mercury 
in water; hence little mercury can be added to the aquatic 
environment. The National Water Quality Laboratory 
(Mount, unpublished data 1971) 361 found that exposure of 
trout to 0.05 µg/l of mcthylmercury for 3 months resulted 
in concentrations of 0.5 µg/g, the Food and Drug Adminis
tration guideline for the maximum level for edible portions 
of fish flesh. 

These concentrations of mercury or methylmercury in 
water are very low and difficult to measure or differentiate 
without special equipment and preparation. These low 
concentrations can also only be measured as total mercury. 
Since sediments may contain 10,000 times the amount of 
mercury in water, suspended solids in water can seriously 
affect the values found in analyses of water for mercury 
(Jernelov 1972). 340 Because of these difficulties and because 
the real danger of mercury pollution results from a biological 
magnification, recommendations for mercury residues in 
tissues of aquatic organisms should be developed. This 
would make monitoring and control not only more effective 
and certain but also more feasible technically. Unfortu
nately, data are not yet available on the residue levels that 

are safe for the aquatic organisms themselves and fc 
organisms higher in the food chain, such as predatory fis 
or fish-eating birds. It is known that concentrations of 5 t 

10 µg/g are found in some fish that died of methylmercur 
poisoning, and that 0.01 to 0.2 µg/g is apparently a usw 
background level in freshwater fish. Because data are lackin 
for safe residue levels in aquatic food chains, it is suggeste 
that the Food & Drug Adrn.nistration guideline level c 
0.5 µg/g of total mercury in edible portions of freshwatt 
fish used as human food be the guideline to protect predat01 
in aquatic food chains. 

Hence, mercury residues .should not exceed 0.5 µg/g i 
any aquatic organisms. If levels approaching this are founc 
there should be total elimination of all possible sources c 
mercury pollution. 

No distinction has been drawn between organic and ir 
organic forms of mercury in these discussions bee a use of th 
possibility of biological transformation to the organic pha~ 
in aquatic habitats. Since the form of mercury in wat( 
cannot be readily determined, the recommendations ar 
primarily based upon methylmcrcury but expressed as tot< 
mercury. 

Recommendations 

Selected species of fish and predatory aquati 
organisms should be protected when the followin 
conditions are fulfilled: (1) the concentration o 
total mercury does not E~xceed a total body burde1 
of 0.5 µg/g wet weight iin any aquatic organism 
(2) the total mercury concentrations in unfiltere1 
water do not exceed 0.2 µg/1 at any time or plac€ 
and (3) the average total mercury concentration ii 
unfiltered water does not exceed 0.05 µg/J. 

PHTHALATE ESTERS 

The occurrence of dialkyl phthalate residues has bee 
established in various segments of the aquatic environmcr 
of North America. Phthalate ester residues occur principall 
in samples of water, sedim(nt, and aquatic organisms i 
industrial and heavily populated areas (Stalling 1972). 31 

In fish di-n-butyl phthalate residues ranged from 0 to 50 
µg/kg, and di-2-ethylhcxyl phrhalate residues were as hig 
as 3,200 µg/kg. No well-documented information exists o 
the fate of phthalate compounds in aquatic environment: 

Phthalatc c~tcrs arc wide! y used as plasticizers, particu 
larly in polyvinyl chloride (PVC) plastics. The mm 
common phthalatc ester plasticizer is di-2-ethylhexyl phthal 
ate. Di-n-butyl phthalate has been used as an insect repdlen 
(Frear 1969) 362 and in pesticide formulations to retan 
volatilization (Schoof et al. 1963). m Production of diocty 
phthalatc ester placticizcrs was estimated to be 4. J 0X10 8 lb 
in 1970 (Neely I 970). 363 Total phthalate ester producti01 
was reported to be 8.40 X 10 8 lbs in 1968, of which 4 .40 X JO 
lbs were dioctyl phthalatc esten (Nematollahi et al. 1967). 36 

Production of phthalic anhydride was estimated to b. 



7.60X10 8 lbs in 1970 (Neely 1970). 363 PVC plastic formula
tions may contain 30 to 60 parts per hundred of phthalate 
ester plasticizer (Nematollahi et al. 1967). 364 

Toxicity 

Studies to determine the acute or chronic toxicity effects 
of phthalate esters or other plasticizers on aquatic organisms 
have only recently been undertaken (Stalling 1972). 366 For 
example, the acute toxicity of di-n-butyl phthalatc to fish 
is extremely low compared to pesticides (Table III-14). 

Daplznia magna were exposed to 0. I µg/I of 14C di-n-butyl 
phthalate and the organisms accumulated chemical residues 
of 600 µg/kg within 10 days, or a 6,000-fold magnification 
(Saunders, unpublished data I 971). 367 However, after transfer 
of the Daphnia to uncontaminated water, approximately 
50 per cent of the di-n-bu tyl phthalate was excreted in three 
days. It was recently found that a concentration of 3 µg/l 
of di-2-ethylhexyl phthalatc significantly reduced the growth 
and reproduction of Daphma magna (Sanders unpublished 

data 1971). 367 

The acute toxicity of phthalatc esters appears to be rela
tively insignificant, but these compounds may he detri
mental to aquatic organisms at low chronic concentrations. 

Recommendation 

Until a more detailed evaluation is made of toxi
cological effects of phthalate esters on aquatic eco
systems, a safety factor of 0.1 has been applied to 
data for Daphnia magna toxicity, and a level not 
to exceed 0.3 µg/l should protect fish and their 
food supply. 

POL YCHLORINA TED BIPHENYLS 

Polychlorinated biphenyls (PCB) have been found in fish 
and wildlife in many parts of the world and at levels that 
may adversely affect aquatic organisms (Jensen ct al. 
1969; 376 Holmes et al. 196 7; 375 Koeman et al. 1969; 378 
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TABLE III-14-Acute Toxicity of Di-n-butyl Phthalate to 
Four Species of Fish and Daphnia Magna. 

Species Temperature 

Fathead minnow (Pimephales promelas) 
Bluegill (Lepom1s macrochirus) 
Channel catfish (lctalurus punctatus) 
Rainbow trout (Salmo gairdnen) 
Daphnia magna 

24 hr 

1230 
3720 

LC50 in µg/I 

48 hr 

1490 
731 

2910 

96 hr 

1300 (Stalling)"' 
731 (Stalling)'" 

2910 (Stalling)'" 
6470 (Sanders)"' 

> 5000 (Sanders)'" 

Risebrough et al. 1968). 386 The environmental occurrence, 
uses, and present toxicological aspects of PCB were recently 
reviewed by Peakall and Lincer ( 1970), 384 Gustafson 
(1970), 372 Risebrough ( 1970), 387 and Reynolds ( 1971). 385 

Biphenyls may have 1 to 10 attached chlorine atoms, 
making possible over 200 compounds (Gustafson 1970). 372 

PCB occur as residues in fish, and presumably also in water, 
as mixtures of chlorinated biphenyl isomers as shown in 
Table II I-15 (Stalling and Johnson, unpublished data 1970, 396 

Stalling in press392). 

Analysis of PCB has been accomplished by gas chromatog
raphy after separation of PCB from pesticides. A separation 
method has been described by Armour and Burke (1970) 369 

and modified by Stalling and Huckins ( 1971). 391 A method 
using separation on a charcoal column has shown good 
reproducibility (Frank and Rees, personal communication). 395 

No standardized gas-liquid chromatography method has 
been proposed for the analysis of mixtures of PCB in en
vironmental samples. The solubility of these formulations 
in water has not been precisely determined, hut it is in the 
range of 100 to 1,000 µg/l (Papageorge 1970). 383 Since 
PCB have gas chromatographic characteristics similar to 
many organochlorine pesticides, they can cause serious 
interference in the gas chromatographic determination of 
chlorinated insecticides (Risebrough et al. 1968). 381; 

The Monsanto Company, the sole manufacturer of PCB 

TABLE III-JS-Composition of PCB Residues in Selected Fish Samples from the 1970 National Pesticide Residue 
Monitoring Program 

PCB Residue as Aroclor ®type (µg/g whole body) 
River locabon Species 

1232 1248 1254 1260 Total 

Ohm Cmcmnat1, O. Carp Cyprinus carp10 10 75 42 6.0 133 
Ohm Cincmnat1, 0. White crappie Pox1mus annularus 16 17 27 5.6 66 
Ohm Marietta, 0. Channel catfish lctalurus punctatus 38 23 11 4.9 77 
Ohio Marietta, O. Channel catfish 16 5.1 13 4.6 38 
Yazoo Redwood, Miss. Smallmouth buffalo lctiobus bubalus 72 1.4 73 
Hudson. Poughkeepsie, N.Y. Goldfish Carassius auratus 9 173 32 213 
Allegheny Natrona, Pa. Walleye Stezostedion Yllreum v. 5.2 25 4.6 35 
Delaware Camden, N.J. While perch Roccus americanus 8.0 6.8 3.9 19 
Cape Fear Elizabeth Town, N.C. G11zard shad Porosoma cepedianum 19 2.6 1.1 23 
Lake Ontario Port Ontario, N.Y. White perch 13 4.6 1.2 19 
Mississippi MemphlS, Tenn. Drum Aplodmotus grunniens 11 4.5 3.4 19 
Merrimac Lowell, Mass. Drum 14 75 6.1 3.2 98 



1 76 /Section Ill-Freshwater Aquatic Life and Wildlife 

in the United States (Gustafson 1970), 372 markets eight 
formulations of chlorinated biphenyls under the trademarks 
Aroclor® 1221, 1232, 1242, 1248, 1254, 1260, 1262, and 
1268. The last two digits of each formulation designate the 
percent chlorine. Aroclor ® 1248 and 1254 arc produced in 
greatest quantities. They are used as dielectric fluids in 
capacitors and in closed-system heat exchangers (Papa
george 1970). 383 Aroclor ® 1242 is used as a hydraulic fluid, 
and Aroclor ® 1260 as a plasticizer. Chlorinated tt>rphenyls 
are marketed under the trademark Aroclor ® 5442 and 5460, 
and a mixture of bi- and terphcnyls is dt>signated Aroclor ® 

4465. The isomer composition and chromatographic char
acteristics of each formulation have been described by 
Stalling and Huckins (1971) 391 and Bagley et al. (1970). 370 

A contaminant of some PCB. especially those manufactured 
in Europe, arc chlorinated dibenzofurans (Brungs personal 
communication 1972). 393 Although these byproducts would 
appear to be extremely toxic, no data arc available on their 
toxicity to aquatic life. 

Direct Lethal Toxicity 

Studies of toxicity of PCB to aquatic organisms arc limited. 
They show considerable variation of toxicity to different 
species, as well as variation with the chlorine content of the 
PCB. Nevertheless, some trends in the toxic characteristics 
have become apparent, principally from the work of Mayer 
as described below: 

• The higher the per cent chlorine, the lower the ap
parent toxicity of PCB to fish (Mayer, zn press). 379 

This was found in 15-day intermittent-flow bioassays 
using bluegills (Lepomis macrochzrus) and channel cat
fish (Ictalurus punctatus) with Aroclor ® 1242, 1248, 
1254. All LC50 values were in the range I 0 to 300 
µg/I. 

• The bluegill/channel catfish experiments also illus
trated that all LC50 values decreased significantly 
when exposures continued from 15 to 20 days. The 
96-hour LC50 of a PCB to fish cannot adequately 
measure its lethal toxicity. 

• The same tests showed that the toxicity of Aroclor ® 

1248 doubled when the temperature was raised from 
20 C to 27 C. 

To invertebrates, Aroclor ® 1242 has about the same 
acute toxicity that it has to fish. In 4- and 7-day tests 
(Saunders, zn press), 389 it killed Gammarus at 42 µg/l and 
crayfish (Cambarus) at 30 µg/l, with values that were similar 
to the 15-day LC50 reported for bluegills. However, there 
is an extreme range in the reported short-term lethal levels 
of Aroclor® 1254 for invertebrates. Saunders (in press) 389 

reported a 96-hour LC50 as 80 µg/l for crayfish and only 
3 µg/l for glass shrimp (Paleomonetes) in 7-day tests; and 
Duke et al. (1970) 371 reported that as little as 0.94 µg/1 
killed immature pink shrimp (Panaeus duorarum). Part of this 
variation is related to exposure periods in the tests; part 

is no doubt the vanat10n in species response. Again thi 
emphasizes the point that shorr-term tests of acute toxicitie 
of PCB have serious limitations. 

Marine animals may be more easily killed by PCB thai 
freshwater ones (sec Section _[\'). \'\Then two estuarine fishe 
(Lagodon rhomho1des and Leiostomus xanthurus) were exposec 
for 14 to 45 days to Aroclor Qc' 1254, mortalities were ob 
served at 5 µg/l (Hansen, et a I. 1971). 373 This indicated . 
toxicity about five times greater than summarized abov 
for freshwater fish but about the same as the toxicity for th 
marine crustaceans mentioned above. 

Feeding Studies 

Dietary exposure to PCB seems to be less of a clircc 
hazard to fish than exposure in water. Coho salrnrn 
( Oncorhynchus kzsutch) fed Aroclor ® 1254 in varying amount 
up to 14,500 µg/kg body weight per clay accumulated whol 
body residues which were only 0.9 to 0.5 of the level ii 
the food after 240 days of dietary exposure. Growth rate 
were not affected. However, all fish exposed to the highcs 
treatment died after 240 clays e "posurc; and thyroid activit· 
was stimulated in all except i:hi:: group trcatt>d at the lowcs 
concentration (Mchrle and Grant unpuhlzshrd data 1971). 39 

At present, evaluation of data from laboratory cxperi 
ments indicates that exposures to PCB in water represent 
a greater hazard to fish than dietary exposures. However 
in the environment, residue accumulation from dictar; 
sources could be more important, because PCB have ; 
high affinity for sediments, and therefore, they re.1dily ente 
food chains (Duke ct al. 1970; m Nimmo, ct al. l 971). :isz 

Residues in Tissue 

It is clear that widespread pollution of major waterway 
has occurred, and that appreciable PCB residues exist i1 
fish. When analyses of 40 fish from the I 970 Nationa 
Pesticide Monitoring Program were made, only one of th1 
fish was found to contain less than I µg/g PCB (Stallin1 
and Mayer 1972). 390 The IO highest residue levels in th• 
40 selected fish ranged from l 9 µg/ g to 213 µg/ g whol• 
body weight. 

By contrast, residues measured in ocean fish have bce1 
generally below I µg/g (Risebrough 1970; 387 Jensen, ct al 
1969). 376 Betwcl'.n the rangt's in freshwater fish and those 
in marine fish are the levels of PCB found in seals (Jenser 
et al. 1969; 376 Holden 19 70), 37 4 and in the eggs of fish 
eating birds in North America (Anderson ct al. 1969; 36 

Mulhern et al. 1971 ;380 Reynolds 1971). 385 

In laboratory experiments, crustacea exposed to varyirn 
levels of Aroclor ® 1254 in the water concentrated the PCI 
within their bodies more than 20,000 times. The tissm 
residues may sometimes reach an equilibrium, and ir 
Gammarus fasczatus PCB did not concentrate beyond 27,00( 
times despite an additional 3 .. week exposure to 1.6 µg/ 
Aroclor Cil (Saunders 1972). 388 1 n contrast, PCB residues ir 
crayfish did not reach equilibrium after a 28-day exposure 



PCB concentration factors by two estuarine fishes, Lagondon 
rhombozdes and Lezostomus xantfzurus, were similar to that 
described above for crustaceans, i.e., about 10,000 to 50,000 
times the exposure levels in water (Hansen ct al. 1971). 3n 

It is important to note that these accumulations occurred 
at water concentrations of PCB that killed the fish in 15 
to 45 days. 

Also similar were the accumulation ratios of 26,000 to 
56,000 for bluegills (Lepomzs macrochzrus) chronically exposed 
to 2 to 15 µg 11 of Aroclor ® 1248 and 1254. Fathead minnows 
(P1mfjJhales jnomelas) chronically exposed to Aroclor ® 1242 
and 1254 for 8 weeks concentrated PCB 100,000 and 
200,000 times the exposure levels, respectively. Residues of 
50 µg/l (whole body) resulted from exposure for 8 weeks 
to 0.3 µg 'l Aroclor ® 1254 (Nebeker ct al. 1972)."'1 These 
experiments with bluegills also indicated that the maximum 
levels of PCB were generally related to the concentration 
of PCB in the water (50,000-200,000 times higher) to which 
they were exposed (Stalling and Huckins 11njmblislzed data 
1971). 397 

Effects on Reproduction 

PCB residues in salmon eggs arc apparently related to 
mortality of cggs. In preliminary investigations in Sweden, 
Jensen and his associates (1970) 377 reported that when 
residues in groups of eggs ranged from 0.4 to 1.9 µg/g on 
a whole-weight basis (7.7 to 34 µg.'g on a fat basis), related 
mnrtalitics ranged from 16 per cent up to 100 per cent. 

PCB concentrations in the range of 0.5 to 10 µg 11 in 
water interfered with reproduction of several aquatic ani
mals according to recent work of Nebeker ct al. (1971). 381 

About 5 µg. 1 of Aroclor ® I 248 was the highest concen
tration that did not affect reproduction of Daj;hnza magna 
and Gammaru1 pm1dolzmnae11s. In tests of reproduction by 
fathead minnows ( Panrphales promrlas) all died when exposed 
chronically to greater than 8.3µg 1 1 of either Aroelor ® 1242 
or Aroclor ® 1254. Reproduction occurred at and below 
5.4 µg. l Aroclor ® 1242, and at and below 1.8 µg 1 of 
Aroclor@ 1254. 

The association between residue levels and biological 
effects in aquatic animals is scarcely known, but the work 
of Jensen ct al. (1970) 377 suggested that about 0.5 µg/g of 
PCB in whole salmon eggs might be the threshold for egg 
mortality. Such a level in eggs would be associated with 
levels in general body tissue (e.g., muscle) of2.5 to 5.0 µgig. 

The residue in muscle corresponded to the present Food and 
Drug /\Clministration level for allowable levels of PCB in 
fish used as human food. Residues measured in the survey 
by the 1970 National Pesticide Monitoring Program were 
generally above 5 µg/g. 

Applying a minimal safety factor of IO for protection of 
the affected population, and for protection of other species 
higher in the food chain, would yield a maximum permis
sible tissue concentration of0.5 µg/g in any aquatic organism 
in any habitat affected by PCB. 
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General Considerations and Further Needs 

Another means of control would be justified in view of 
the toxicity of PCB, the lack of knowledge about how it 
first enters natural ecosystems as a pollutant, and its ap
parent distribution in high concentrations in frcshv.ratcr 
fish in the United States. This method would be to regulate 
the manufacture of PCB and maintain close control of its 
uses to avoid situations where PCB is lost to the environ
ment. The Monsanto Company recently restricted the sale 
of PCB for uses in which disposal of the end products could 
not be controlled, as with plasticizers (Gustafson 1970). 372 

Basis for Recommendations 

For PCB levels in water, the most sensitive reaction shown 
by aquatic organisms is to the lethal effects of low concen
trations continually present in water for long periods (weeks 
or months). Concentrations in the range of 1 to 8 µg/l 

have been shown to be lethal to several animals. 
The work of Hansen, ct al. ( 1971) 373 and Stallings and 

Huckins (11n/mbl1shed data 1971 rm indicates that concen
trations of 0.0 I µg. I of PCB in \Nater over periods of up to 
36 weeks could lead to dangerous levels of PCB in the 
tissues of aquatic organisms. Accumulation by factors of 
75,000 to 200,000 times is indicated by their work. If the 
higher ratio is taken, 0.01 µg 1 1 in water might result in 2.0 
µg, g in flesh on whole fish basis. This is comparable to the 
residue level in salmon eggs associated with complete 
mortality of embryos. Therefore, a concentration is recom
mended that is reduced by a factor of 5, or 0.002 µg/l. In 
addition, a control based on residue levels is required, as 
well as one based on PCB in the water. 

Recommendations 

Aquatic life should be protected where the maxi
mum concentration of total PCB in unfiltered 
water does not exceed 0.002 µ~fl at any time or 
place, and the residues in the general body tissues 
of any aquatic organism do not exceed 0.5 µg/g. 

METALS 

General Data 

Several reviews of the toxicity of metals are available 
(e.g., Skidmore 1964; 428 McKee and Wolf 1963; 415 

Doudoroff and Katz 1953). 406 Some of the most relevant 
research is currently in progress or only recently completed. 
Some deals with chronic effects of metals on survival, 
growth, and reproduction of fish and other organisms. The 
completed studies have estimated safe concentrations, and 
from these application factors have been derived as defined 
in the discussion of bioassays (pp. 118-123). 

The important relation between water hardness and 
lethal toxicity is well documented for some metals (see 
Figure III-9). For copper, the difference in toxicity may 
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not be related to the difference in hardness per se, but to 
the difference in alkalinity of the water that accompanies 
change in hardness (Stiff 1971). 434 Nevertheless, the re
lation to hardness is a convenient and accepted one. The 
hardness classification developed by the U.S. Geological 
Survey is the following: 

Soft 
Moderately hard 
Hard 

0- 60 mg/l (hardness as CaC03) 
61-120 mg/l 
in excess of 120 mg/l 

There are many chemical species of metals in water; 
some are toxic to aquatic life, others are not. Hydrogen ion 
concentration in water is extremely important in governing 
the species and solubility of metals and therefore the lethal 
toxicity. At high pH, many heavy metals form hydroxides 
or basic carbonates that are relatively insoluble and tend 
to precipitate. They may, however, remain suspended in 
the water as fine particles (O'Connor et al. 1964; 421 Stiff 
1971).434 

The toxicity of suspended hydroxides of metal depends 
on the particular situation. For example, suspended zinc has 
been found to be nontoxic (Sprague l 964a& b), 429 ·430 equally 
as toxic as dissolved zinc (Lloyd 1960) 412 and more toxic 
than dissolved zinc (Mount 1966). 417 This indicates that 
suspended zinc is at least potentially poisonous, and there
fore the total metal measured in the water should be con
sidered toxic. It is difficult to predict the effect of pH on 
toxicity. For example, low pH (about 5) as well as high pH 
(about 9) reduced toxicity of copper and zinc compared to 
that at neutral pH (Fisheries Research Board of Canada 
unpublished data 1971). 444 Therefore pH should be regulated 
in bioassays with metals in order to simulate local conditions 
and to explore any effect of local variation of pH. 

In addition to hardness, numerous other factors influence 
the lethal toxicity of copper to fish. McKee and Wolf 
(1963) 415 and Doudoroff and Katz (1953) 406 included dis
solved oxygen, temperature, turbidity, carbon dioxide, 
magnesium salts, and phosphates as factors affecting copper 
toxicity. Artificial chelating compounds such as nitrilo
triacetic acid can reduce or eliminate toxic effects of zinc 
and other metals (Sprague l 968b) 432 and there may be 
natural chelating agents that would do the same thing. 
Certain organic ligands (Bender et al. 1970) 399 and amino 
acids from sewage treatment plant effluent (United King
dom Ministry of Technology 1969) 435 also reduce the 
toxicity of copper by forming copper-organic complexes 
that do not contribute to lethal toxicity. It is safe to assume 
that some of these factors will influence the toxicity of other 
metals. In addition, the amount of metals found (at least 
temporarily) in living biological matter is included in most 
routine water analyses. At the present time, however, it is 
not possible to predict accurately the amount of total metal 
in any environment that may be lethal, biologically active, 
or contributory to toxicity. Consequently, the following 
recommendations are made. 
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Recommendations 

Since forms or species of metals in water may 
change with shifts in the water quality, and since 
the toxicity to aquatic life may concurrently 
change in as yet unpredictable ways, it is recom
mended that water quality criteria for a given 
metal be based on the total amount of it in the 
water, regardless of the chemical state or form of 
the metal, except that settleable solids should be 
excluded from the analysis (Standard Methods 
1971).433 Additionally, hardness affects the toxicity 
of many metals (see Figure 111-9). 

Metals which have collected in the sediments 
can redissolve into the water, and such redissolved 
metals should meet the criteria for heavy metals. 
To protect aquatic life, amounts likely to be harm
ful should not occur in the sediments. 

It is recommended that any metal species not 
specifically mentioned in this report but suspected 
of causing detrimental effects on aquatic life be 
examined as outlined in the section on Bioassays. 

Aluminum 

Current research by Freeman and Everhart (1971) 407 

indicated that aluminum salts were slightly soluble at 
neutral pH; 0.05 mg/l dissolved and had no sublcthal 
effects on fish. At pH 9, at least 5 mg/1 of aluminum dis
solved and this killed fingerling rainbow trout within 48 
hours. However, the suspended precipitate of ionized alumi
num is toxic. In most natural waters, the ionized or po
tentially ionizable aluminum would be in the form of anionic 
or neutral precipitates, and anything greater than 0.1 mg/l 
of this would be deleterious to growth and survival of fish. 

Recommendation 

Careful examination of toxicity problems should 
be made to protect aquatic life in situations where 
the presence of ionic aluminum is suspected. 
Aluminum may have considerably greater toxicity 
than has been assumed. 

Cadmium 

This metal is an extremely dangerous cumulative poison. 
In mammals (Nilsson 1970), 420 fish (Eaton unpublzshed data 

1971), 442 and probably other animals, there is insidious, 
progressive, chr~mic poisoning because there is almost no 
excretion of the metal. In its acute lethal action on rainbow 
trout (Salmo gazrdnerz), Ball (1967) 398 found cadmium un
usually slow. A lethal threshold of 0.01 mg/I was not dis
cernible until seven days' exposure. Other investigators 
(Pickering and Gast, in press, 427 Eaton unpublished data 

1971) 442 have determined lethal threshold concentrations in 
fathead minnows in 2 to 6 days and in bluegill in 96 hours. 
The chronically safe levels for both fathead minnows 
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(Pimephales promelas) (Pickering and Gast, in press) 427 and 
bluegill sunfish (Lepomis macrochirus) (Eaton unpublzshed data 
1971) 442 in hard water (200 mg/l as CaC03) arc between 
0.06 and 0.03 mg/l. In these exposures, death of eggs or 
early larvae was one of the effects observed at the lowest 
unsafe concentrations tested. Recent exposures of eggs and 
larvae at the National Water Quality Laboratory (Duluth) 
in soft water ( 45 mg/l as CaC03) demonstrated that 0.01 
mg/l was unsafe; 0.004 mg/l was safe for several warm- and 
coldwater fishes, including some salmonids; and the safe 
level for coho salmon fry (Oncorhynchus kisutch) was lower, 
i.e., between 0.004 mg/l and 0.001 mg/l (McKim and 
Eaton unpublzshed data 1971). 445 

Daphnia magna appeared to be very sensitive to cadmium. 
Concentrations of 0.0005 mg/! were found to reduce repro
duction in one-generation exposures lasting three weeks 
(Biesinger and Christensen unpublzslzed data 1971). 440 This 
sensitivity is probably representative of other crustaceans 
as well. 

Recommendation 

Aquatic life should be protected where levels of 
cadmium do not exceed 0.03 mg/I in water having 
total hardness above 100 mg/I as CaC03, or 0.004 
mg/I in waters with a hardness of 100 mg/I or 
below at any time or place. Habitats should be 
safe for crustaceans or the eggs and larvae of 
salmon if the levels of cadmium do not exceed 
0.003 mg/I in hard water or 0.0004 mg/1 in soft 
water at any time or place. 

Chromium 

The chronic toxicity of hcxavalcnt chromium to fish has 
been studied by Olson (1958), 422 and Olson and Foster 
( 1956, 423 195 7). 424 Their data demonstrated a pronounced 
cumulative toxicity of chromium to rainbow trout and 
chinook salmon (Oncorlzynchus tslzawytsclza). Duodoroff and 
Katz (1953) 406 found that bluegills (Lepom1s macroclzirus) 
tolerated a 45 mg/l level for 20 days in hard watl'r. Cairns 
(1956), 403 using chromic oxide (Cr03), found that a concen
tration of 104 mg/l was toxic to bluegills in 6 to 84 hours. 
Bioassays conducted with four species of fish gave 96-hour 
LC50's of hexavalent chromium tha1. ranged from 17 to 
118 mg/l, indicating little effect of hardness on toxicity 
(Pickering and Henderson 1966). 426 

Recently some tests of chronic effects on reproduction of 
fish have been carried out. The 96-hour LC50 and safe 
concentrations for hexavaleni chromium were 33 and 1.0 
mg/l for fathead minnows (Pzmeplzales promelas) in hard 
water (Pickering unpublished data 1971), 446 50 and 0.6 mg/I 
for brook trout (Salvelinus fontinalzs) in soft water, and 69 
and 0.3 mg/l for rainbow trout (Salmo gairdneri) in soft 
water (Benoit unpublished data 1971). 438 Equivalent values 
for trivalent chromium were little different: 27 mg/l for 
the 96-hour LC50, and 1.0 mg/l for a safe concentration 

for fathead minnows in hard water (Pickering unpublishe, 
data 1971). 446 

For Daplznia the LC50 of hexavalent chromium was re 
ported as 0.05 mg/I, and the chronic no-effect level o 
trivalent chromium on reproduction was 0.33 mg/l (Bie 
singer and Christensen unpublished data 1971). 440 Some dat; 
are available concerning the toxicity of chromium to algae 
The concentrations of chromium that inhibited growth fo 
the test organisms are as follows (Hervey 1949) :410 Chlor 
ococcalcs, 3.2 to 6.4 mg/l; Euglenoids, 0.32 to 1.6 mg/l 
and diatoms, 0.032 to 0.32 m3/1. Patrick (unpublished dat 
1971) 447 found that 50 per cent growth reduction for tw• 
diatoms in hard and soft water occurred at 0.2 to 0.4 mg/ 
chromium. 

Thus it is apparent that there is a great range of sensi 
tivity to chromium among different species of organism 
and in different waters. Those lethal levels reported abov, 
are 17 to 118 mg/l for fish, 0.05 mg/I for invertebrates, am 
0.032 to 6.4 mg/l for algae, the highest value being 3, 701 
times the lowest one. The apparent "safe" concentratirn 
for fish is moderately high, but the recommended maximun 
concentration of 0.05 mg/l has been selected in order t• 
protect other organisms, in particular Daphnia and certai1 
diatoms which are affected at slightly below this concen 
tration. 

Recommendation 

Mixed aquatic populations should be protecte< 
where the concentration of total chromium it 
water does not exceed 0.05 mg/I at any time o· 
place. 

Copper 

Copper is known to be particularly toxic to algae anc 
mollusks, and the implications of this should be considerec 
for any given body of water. Based on studies of effect~ 01 

these organisms, it is known that the criteria for fish protec 
these other forms as well. Recent work (Biesinger et al 
unpublished data 1971) 439 indicated that the safe level o 
copper for reproduction and growth of Daplznia magna i1 
soft water ( 45 mg/l as CaC03) is 0.006 mg/I, which i 
similar to the concentrations described below as safe fo 
fish. The relationship of LC50 to water hardness was show1 
in Figure III-7 for rainbow trout (!;.;alma gairdneri). 

The safe concentration of copper for reproduction by fat 
head minnows (Pimeplzales j1rnmelas) in hard water (20! 
mg/I as CaC03) was between 0.015 and 0.033 mg/ 
(Mount 1968), 418 and in soft water (30 mg/I as CaCOa' 
was between 0.011 and 0.018 mg/I (Mount and Stephat 
1969).419 More recent work with fathead minnows in hare 
water indicated that a concentration of 0.033 mg/I wouk 
probably be safe (Brungs un/mblislzed data l 9i' I). 441 Ac 
ceptable reproduction by brook trout (Salvelinus fontinalis: 
in soft water (45 mg/l as CaC03) occurred between O.OH 
and 0.018 mg/I (McKim and Benoit 1971). 416 The safe-to· 



lethal ratios determined in these studies varied somewhat; 
but that for hard water is close to 0.1 and that for soft water 
is approximately 0.1 to 0.2. In very soft water, typical of 
some northern and mountainous regions, 0.1 of the 96-hour 
LC50 for sensitive species would be close to what is con
sidered a natural concentration in these waters. 

Recent wqrk indicated that avoidance reactions by fish 
may be as restrictive as reproductive requirements or even 
more so (Sprague l964b). 430 It has been demonstrated that 
Atlantic salmon (Salmo salar) avoid a concentration of 0.004 
mg/l in the laboratory. 

Recommendation 

Once a 96-hour LC50 has been determined using 
the receiving water in question and the most sensi
tive important species in the locality as the test 
organism, a concentration of copper safe to aquatic 
life in that water can be estimated by multiplying 
the 96-hour LC50 by an application factor of 0.1. 

Lead 

Lead has a low solubility of 0.5 mg/I in soft water and 
only 0.003 mg/l in hard water, although higher concen
trations of suspended and colloidal lead may remain in the 
water. The extreme effects of water hardness on lr;;ad toxicity 
are demonstrated by the LC50 values in hard and soft 
waters. The 96-hour LC50 values in soft water (20 to 45 
mg/I as CaC03) were 5 to 7 mg/l and 4 to 5 mg/I for the 
fathead minnow (Pimephales promelas) and the brook trout 
(Salvelinus fontinalzs) respectively (Pickering and Henderson 
1966, 426 Benoit unpublished data 1971). 438 Brown (1968) 401 

reported a 96-hour LC50 of 1 mg/I for rainbow trout 
(Salmo gairdnen) in soft water (50 mg/l as CaC03). (Sec 
Figure III-9 for other values for this species.) Tht' 96-hour 
LC50 values of lead in hard water were 482 mg/l and 
442 mg/I for fathead minnow and brook trout (Pickering 
and Henderson 1966). 42 5 

There is not sufficient information on chronic toxicity 
of lead to fish to justify recommending values as application 
factors. However, preliminary information on long ex
posures (2 to 3 months) on rainbow trout and brook trout 
(Everhart unpublzshed data 1971, 443 Benoit unpublzshed data 
1971 ) 438 indicated detrimental effects at 0.10 mg/I of lead 
in soft water (20 to 45 mg/l as CaC03), a safe-to-lethal 
ratio of less than 0.02. 

Growth of guppies (Lebistes) was affected by 1.24 mg/l 
of lead (Crandall and Goodnight 1962). 405 Jones (1939) 411 

and Hawksley (1967) 408 found chronic or sublcthal effects 
on sticklebacks from lead concentrations of 0.1 and 0.3 
mg/l. The conditioned behavior of goldfish (Carassius 
auratus) in a light-dark shuttlebox was adversely affected 
by 0.07 mg/l of lead in soft water (Weir and Hine 1970). 437 

Chronic lead toxicity was recently investigated with 
Daphnia magna (Biesinger and Christensen unpublished data 
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1971) 440 and the effect on reproduction was observed at a 
level of 0.03 mg/l of lead. This concentration of 0.03 mg/l, 
the safe level for Daphnia, is recommended as the criterion 
for protection of aquatic life. It is probably also close to 
the safe level for fish, because the tests described above, 
although somewhat preliminary, indicated that concen
trations about 2 or 3 times higher had detrimental effects. 

Recommendation 

The concentration of lead in water should not 
be higher than 0.03 mg/I at any time or place in 
order to protect aquatic life. 

Mercury 

Most data about mercury involve the organic compounds 
(see the discussion of Organic Mercury, p. 172.) Infor
mation is available, however, for inorganic mercury in the 
form of mercuric ions. Short-term 96-hour bioassay studies 
indicated that concentrations of l mg/l are fatal to fish 
(Boe ti us 1960, 400 Jones 1939, 411 Weir and Hine 1970). 437 

For long-term exposures of 10 days or more, mercury levels 
as low as 10 to 20 mg/I have been shown to be fatal to fish 
(U spenskaya 1946). 436 

Recommendation 

In protecting aquatic life, the recommendations 
for organic mercury (p. 174) also pertain here. 

Nickel 

The 96-hour LC50 of nickel for fathead minnows 
(Pzmephales promelas) ranges from 5 mg/I in soft water (20 
mg/l as CaC03) to 43 mg/l in hard water (360 mg/l as 
CaC03) under static test conditions (Pickering and Hender
son 1966).426 In watt'r of 200 mg/I hardness (as CaC03), 

the 96-hour LC50 for fathead minnows was 26 to 31 mg/l 
with a chronically safe concentration between 0.8 and 0.4 
mg/l (Pickering unpublished data 197 I). 446 On the basis of 
this work, an application factor of 0.02 appeared to be 
appropriate for the protection of fish. If this factor is used, 
the estimated safe concentration of nickel for fathead 
minnows in soft water \Vould be about 0.1 mg/I. Using 
static test conditions and Daplmia magna, Biesinger and 
Christensen (unpublished data 1971 ) 440 determined that a 
nickel concentration of 0.095 mg/I reduced reproduction 
during a 3-week exposure in soft water ( 45 mg/l as CaCOa), 
and a nickel concentration of 0.030 mg/l had no effect. 
This result indicated that the sensitivity of Daphnia magna 
is comparable to that of fish. 

Recommendation 

Once a 96-hour LC50 has been determined using 
the receiving water in question and the most sensi
tive important species in the locality as the test 
organism, a concentration of nickel safe to aquatic 
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life in that water can be estimated by multiplying 
the 96-hour LC50 by an application factor of 0.02. 

Zinc 

The acute lethal tox1c1ty of zinc is greatly affected by 
water hardness (see Figure III-7). Pickering and Henderson 
(1966) 426 determined the 96-hour LC50 of zinc for fathead 
minnows (Pimephales promelas) and bluegills (Lepomis macro

chzrus) using static test conditions. For fathead minnows in 
soft water (20 mg/l as CaC03) the LC50 was 0.87 mg/l, 
and in hard water (360 mg/l as CaC03) it was 33 mg/l. 
Bluegills were more resistant in both waters. Similarly the 
lethal threshold concentration was 3 or 4 times as high for 
coarse fish as for trout ( Salvelinus j ontinalis) (Ball 196 7). 398 

The 24-hour LC50 of zinc for rainbow trout (Salmo 

gazrdnen) was reduced only 20 per cent when the fish were 
forced to swim at 85 per cent of their maximum sustained 
swimming speed (Herbert and Shurben 1964). 409 The maxi
mum effect of a reduction in dissolved oxygen from 6 to 7 
mg/l to 2 mg/l on the acute toxicity of zinc was a 50 per cent 
increase (Lloyd 1961, 413 Cairns and Schei er 1958, 404 Picker
ing 1968). 425 The effects arc small in comparison to the 
difference between acutely toxic and safe concentrations. 
The recommended application factor recognizes these 
effects. 

A chronic test in hard water (200 mg/I as CaC03), 
involving fathead minnow reproduction, determined the 
safe concentration of zinc to be between 0.03 mg/I, which 
had no effect, and 0.18 mg/l, which caused 83 per cent 
reduction in fecundity (Brungs l 969) .402 Using the 96-hour 
LC50 of 9.2 mg/!, the ratio of the above no-effect concen
tration to the LC50 is 0.0034. Interpolation suggests that 
about 0.005 of the LC50 would cause 20 per cent reduction 
of fecundity, making the best estimate of a valid application 
factor close to 0.005. 

There was a reduction in reproduction of Daphma magna 
at a zinc concentration of 0.10 mg/l using soft water ( 45 
mg/l as CaC03) (Biesinger and Christensen unpublished data 
1971). 440 No effect was observed at 0.07 mg/I, which indi
cated that Daphma magna was more resistant to zinc than 
the fathead minnow. 

Avoidance reactions by rainbow trout in the laboratory 
have been caused by 0.01 of the LC50 of zinc (Sprague 
1968a). 431 

Recommendation 

Once a 96-hour LC50 has been determined using 
the receiving water in question and the most sensi
tive important species in the locality as the test 
organism, a concentration of zinc safe to aquatic 
life in that water can be estimated by multiplying 
the 96-hour LC50 by an application factor of 0.005. 

PESTICIDES 

Pesticides are chemicals, natural and synthetic, used tc 
control or destroy plant and animal life considered advers< 
to human society. Since the 1940's a large number o 
synthetic organic compounds have been developed fo1 
pesticide purposes. Presently there are thousands of regis 
tered formulations incorporating nearly 900 different chemi 
cals. Trends in production and use of pesticides indicate ar 
annual increase of about 15 per cent, and there are pre· 
dictions of increased demand during the next decade (Mral 
1969). 477 The subject of pesticides and their environmenta 
significance has been carefully evaluated in the Report o 
the Secretary's Commission on Pesticides and their Re· 
lationship to Environmental Health (Mrak 1969). 477 

Methods, Rate, and Frequency of Application 

Pesticides are used for a wide variety of purposes in 
multitude of environmental situations. Often they an 
categorized according to their use or intended target (e.g .. 
[nsecticidc, herbicide, fungicide), but their release in tht 
'~nvironment presents an inherent hazard to many non
target organisms. Some degree of contamination and ris1' 
cs assumed with nearly all pesticide use. The risk to aquatic 
1~cosystems depends upon the chemical and physical prop· 
1~rties of the pesticide, type of formulation, frequency, rate 
.ind methods of application, and the nature of the receiving 
:;ystem. 

The pesticides of ~reatest concern are those that are 
persistent for long periods and accumulate in the environ
ment; those that are highly toxic to man, fish, and wildlife; 
and those that are used in large volumes over broad areas. 
A list of such chemicals recommended for monitoring in the 
environment appears in Appendix II-F. The majority ol 
1hese com pounds are either insecticides or herbicides used 
extensively in agriculture, public health, and for household 
or garden purposes. In the absence of definitive data on 
1heir individual behavior and their individual effect on the 
environment, some generalization about pesticides is re-
quired to serve as a guideline for establishing water quality 
criteria to protect aquatic !if.~. In specific instances, how
( Ver, each compound must be considered individually on 
the basis of information about its reaction in the environ
ment and its effect on aquatic organisms. 

Sources and Distribution 

The major sources of pesticides in water are runoff from 
treated lands, industrial discharges, and domestic sewage. 
E.ignificant contributions may also occur in fallout from 
atmospheric drift and in precipitation (Tarrant and Tatton 
1968). 485 Applications to water surfaces, intentional or 
ctherwise, will result in rapid and extensive contamination. 
The persistent organochlorine pesticides have received the 
greatest attention in monitoring programs (Lichtenberg 
et al. 1970, 471 Henderson et al. 1969). 461 Their extensive 



distribution in aquatic systems is indicative of environ
mental loading from both point and nonpoint sources. 

Many pesticides have a low water solubility that favors 
their rapid sorption on suspended or sedimented materials 
and their affinity to plant and animal lipids. Soluble or 
dispersed fractions of pesticides in the water rapidly decline 
after initial contamination, resulting in increased concen
trations in the sediments (Yule and Tomlin 1971). 489 In 
streams, much of the residue is in continuous transport on 
suspended particulate matt>rial or in sediments (Zabik 
1969). 4qo The distribution within the stream flow is non
uniform because of unequal velocity and unequal distri
lmtion of suspended materials \Vithin the stream bed (Feltz 
ct al. 1971). 454 Seasonal fluctuations in runoff and use 
pattern cause major changes in concentration during the 
year, but the continuous downstream transport tends to 
reduce levels in the upper reaches of streams while increas
ing them in the downstream areas and eventually in major 
rccei ving basins (i.e., lakes, reservoirs, or estuaries). If 
applications in a watershed cease entirdy, residues in the 
stream will gradually and continuously decline (Sprague 
et al. 1971). 484 A similar decline would lie expected in the 
recei\·ing basins but at a slower rate. 

In lakes the sediments apparently act as a reservoir from 
which the pesticide is partitioned into the water phase 
according to the solubility of the compound, the concen
tration in the sediment, and the type of sediment (Harne link 
et :ii. 1971). 158 Dissolved natural organic materials in the 
water may greatly enhance the water solubility of some 
pesticides (\\'ershaw ct al. 1969). 1' 7 Some investigations 
indicated pesticides may be less available to the water in 
eutrophic systems where the higher organic content in the 
sediments has a greater capacity to hold pesticide residues 
(Lotse ct al. 1968, 172 Hartung 1970 lbll). This in part ex
plained the difference in time required for some waters to 
"detoxify," as observed in lakes treated with toxaphenc to 
eradicate undesirable fish species (Tnricre ct al. 1966). 486 

Herbicides applied to aquatic systems to control plant 
growths are removed from the water by absorption in the 
plants or sorption to the hyclrosoil. The rate of disappearance 
from tht: watn may be dependent upon the availability of 
suitable sorption sites. Frank and Comes (1967) 155 found 
residues of dichlobenil in soil and water up to 160 days after 
application. They also found that diquat and paraquat 
residues were persistent in hydrosoils for approximately 3 
to 6 months after application. Granular herbicide treat
ments made on a volume IJasis deposit greater quantities on 
the hyclrosoil in deep water areas than in water of less depth. 
The granules may supply herbicide to the water over a 
period of time depending upon solubility of the herbicide, 
concentrations in the granule, and other conditions. 

Because the distribution of pesticides is nonuniform, 
sampling methods and frequency, as well as selection of 
sampling sites, must be scientifically clt:termined (Feltz 
et al. 1971). 454 Pesticides found in the water in suspended 
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particulate material and in sediments may be toxic to 
aquatic organisms or contribute to residue accumulation 
in them. 

Persistence and Biological Accumulation 

All organic pesticides are subject to metabolic and non
mctaholic degradation in the environment. Specific com
pounds vary widely in their rate of degradation, and some 
form degradation products that may be both persistent and 
toxic. Most pesticides are readily degraded to nontoxic or 
elementary materials within a few clays to a few months; 
these compounds may be absorbed by aquatic organisms, 
but the residues do not necessarily accumulate or persist 
for long periods. Concentrations in the organism may be 
higher than ambient water levels, but they rapidly decline 
as water concentrations arc diminished. Examples of such 
dynamic exchangt: have been demonstrated with malathion 
(Bender 1969), 448 methoxyehlor (Burdick et al. 1968), 449 

and various herbicides (Mullison 1970). 478 If degradation 
in water is completed within sufficient time to prevent toxic 
or adverse physiological effects, these nonpersistent com
pounds do not pose a long-term hazard to aquatic life. 
However, degradation rates of specific pesticides are often 
dependent upon environmental conditions. Considerable 
variation in persistence may be observed in waters of differ
ent types. Gakstattcr and \\'eiss (1965), 456 for example, 
have shown that wide variations in the stability of organic 
phosphorous insecticides in water solutions is dependent 
upon the pH of the water. The half-life of malathion was 
reduced from about six months at pH 6 to only one to two 
weeks at pH 8. Repeated applications and slow degradation 
rates may maintain elevated environmental concentrations, 
but there is no indication that these compounds can be 
accumulated through the food chain. 

Some pesticides, primarily the organochlorinc com
pounds, arc extremely stable, degrading only slowly or 
forming persistent degradation products. Aquatic organisms 
may accumulate these compounds directly by absorption 
from water and by eating contaminated food organisms. 
In waters containing very low concentrations of pesticides, 
fish probably obtain the greatest amount of rcsidut: from 
contaminated foods; but the amount retained in the tissue 
appears to he a function of the pesticide concentration in 
the water and its rate of elimination from the organism 
(Hamelink et al. 1971). 408 The transfer of residues from 
prey to predator in the food chain ultimately results in 
residues in the higher trophic levels many thousand times 
higher than ambient water levels. Examples of trophic 
accumulation have been described in several locations in
cluding Clear Lake, California (Hunt and Bischoff 1960), 463 

and Lake Poinsett, South Dakota (Hannon et al. 1970). 459 

Residues 

Samples of wild fish have often contained pesticide resi
dues in greater concentrations than are tolerated in any 
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commercially produced agricultural products. The highest 
concentrations arc often found in the most highly prized 
fish. Coho salmon (Oncorhyncus kisutch) from Lake Michigan 
are not considered acceptable for sale in intnstatc commerce 
on the basis of an interim guideline for DDT and its 
metabolites set for fish by the U.S. Food and Drug Adminis
tration (Mount 1968). 476 Lake trout (Safvelinus nama}·cush) 
and some catches of chubs ( Coregonus k~yi and Coregonus hoyz) 
and lake herring ( Coregonus artedz) from Lake Michigan also 
exceed the guideline limits and are thus not considered 
acceptable for interstate commerce (Reinert 1970; 481 Michi
gan Department of Agriculture j1ersonal commurzzcatwn). 492 

Pesticide residues in fish or fish products may enter the 
human food chain indirectly in othtT ways, as in fish oil 
and meal used in domestic animal frcds. 

Fish may survive relatively high residue concentrations 
in their body fats, but residues concentrated in the eggs of 
mature fish may be lethal to the developing fry. Up to 
100 per cent loss of lake trout (Salvelznus namaycush) fry 
occurred when residues of DDT-DDD in the eggs exceeded 
4.75 mg/kg (Burdick et al. 1964). 450 A similar mortality 
was reported in coho salmon fry from Lake Michigan 
where eggs contained significant quantities of DDT, di
cldrin, and polychlorinated biphenyls (Johnson and Pecor 
1969; 468 Johnson 1968). 4 r, 6 Johnson (1967) 467 reported that 
adult fish not harmed by low concentrations of endrin in 
water accumulated levels in the eggs that were lethal to the 
developing fry. Residues in fish may be directly harmful 
under stress conditions or at different temperature regimes. 
Brook trout (Salvelznus fontmalis) fed DDT at 3.0 mg/kg 
body weight per week for 26 weeks suffered 96.2 per cent 
mortality during a period of reduced feeding and declining 
water temperature. Mortality of untreated control fish 
during the same period was 1.2 per cent (Macek 1968). 473 

Declining water temperature during the fall was believed 
to cause delayed mortality of salmon parr in streams con
taminated with DDT (Elson l 967). 433 

In addition to the problem of pesticide residues in aquatic 
systems, other problems suggest themselves and remain to 
be investigated, including the potential of resistant fish 
species to accumulate levels hazardous to other species 
(Rosa to and Ferguson 1968) ; m the potential for enhanced 
residue storage when fish are exposed to more than one 
compound (Mayer et al. 1970) ;474 and the potential effect 
of metabolites not presently identified. The adverse effects 
of DDT on the reproductive performance of fish-eating 
birds has been well documented. (Sec the discussion of 
Wildlife, pp. 194-198.) 

Levels of persistent pesticides in water that will not result 
in undesirable effects cannot be determined on the basis of 
present knowledge. Water concentrations below the practical 
limits of detection have resulted in unacceptable residues in 
fish for human consumption and have affected reproduction 
and survival of aquatic life. Criteria based upon residue 

concentrations in the tissues of selected species may offe 
some guidance. Tolerance levels for pesticides in wild fisl 
have not been established, but action levels have been sug 
gested by the U.S. Food and Drug Administration (Moun 
1968). 476 However, acceptable concentrations of persisten 
pesticides that offer protection to aquatic life and huma1 
health are unknown. 

It should also be recognized that residue criteria an 
probably unacceptable except on a total ecosystem basis 
Residues in stream fish may meet some guidelines, bu 
pesticides from that stream may eventually create excessiv< 
residues in fish in the dowrn:tream receiving basins. Unti 
more is known of the effects of persistent pesticide residues 
any accumulation must be considered undesirable. 

Toxicity 

Concentrations of pesticides 1hat are lethal to aquatic !if< 
have often occurred in local areas where applications overla~ 
streams or lakes, in streams receiving runoff from recent!) 
'.reated areas, and where misuse or spillage has occurred 
i\pplications of pesticides to water to control noxiou: 
Jlants, fish, or insects have also killed desirable species 
Fish populations, however, usually recovered within a feVI 
months to a year (Elson 196'.7). 453 The recovery of aquatic 
mvertebrates in areas that have been heavily contaminated 
may require a longer period, with some species requiring 
~:everal years to regain precontamination numbers (Cope 
l 961, 401 Ide 196 7). 4 fi.i Undesirable species of insects may be 
1he first to repopulate the area (Hynes 1961), 464 and in 
wme instances the species composition has been completely 
changed (Hopkins et al. 1966). 462 Areas that are contami
nated by pesticide application are subject to loss of fish 
populations and reduced food for fish growth (Schoenthal 
J 964, 483 Kerswill and Edwards l 967). 469 'Where residues are 
persistent in bottom sediments for long periods, benthic 
organisms may be damaged even though water concen
trations remain low (Wilson 3 rn:l Bond 1969). 488 

Pesticides are toxic to aquatic life over wide ranges. 
Great differences in susceptibility to different compounds 
exist between species and within species. For example, 
96-hour LC50 values of 5 to 610,000 µg/1 were reported 
for various fish species exposed to organophosphate pesti .. 
cides (Pickering et al. 1962). ' 79 In addition to species' 
c ifferenccs, the toxicity may be modified by differences in 
formulation, environmental conditions, animal size and age, 
and physiological condition. The effect of combinations of 
pesticides on aquatic organisms has not received sufficient 
attention. Macek (unpublished data 1971 )491 reported that 
combinations of various common pesticides were synergistic 
in their action on bluegill (Lepomis macrochirus) and rainbow 
t:·out (Salmo gairdnerz), while others had additive effects. 
Several of the combinations that were found to be syner
gistic are recommended for insect pest control (Table 
III-16). 



TABLE Ill-16-Acute Toxic Interaction of Pesticide 
Combinations to Rainbow Trout and Bluegills. 

Pesticide combination 

Compound A Compound B Toxic interaction 

DDT Vapona Additive 
Endrm Add1t1ve 
Dieldnn Additive 
Azinphosmethyl Add1t1ve 
Toxaphene Add1t1ve" 
Zectran Additive 
BHC Synergistic• 

Parathion Copper sulfate Synergistic 
Diazinon Synergistic 
DDT Additive" 
Endosulfan Additive 
Methoxychlor Synerg1st1c• 

Malathion Baytex Synergistic 
Copper sulfate Antagonistic 
DDT Add1bve 
EPN Synergistic 
Parathion Synerg1sbc 
Perthane Synerg1sbc• 
Carbary! Synerg1sbc• 
Toxaphene Additive• 

Carbary! Copper sulfate Synerg1st1c 

" DDT Additive 
Azinphosmethyt Additive• 
Methoxychlor Additive 
Parathion Add1bve• 

Methyl parathion DDT Additive 
Endosulfan Additive• 
Carbary! Additive• 

B1dnn . Sum1thion Additive 

a This combination recommended for control of insect pests by the U.S. Department of Agriculture. 
Note: menbon of trade names does not constitute endorsement 

Most data on pesticide effects on aquatic life are limited 
to a few species and concentrations that are lethal in 
short-term tests. The few chronic tests conducted with 
aquatic species indicated that toxic effects occurred at much 
lower concentrations. Mount and Stephan (1967) 475 found 
the 96-hour LC50 for fathead minnows (Pimephales promelas) 
in malathion was 9,000 µg/l, but spinal deformities in adult 
fish occurred during a IO-month exposure to 580 µg/l. 
Eaton ( 1970) 452 found that bluegill suffered the same 
crippling effects after chronic exposure to 7 .4 µg/l malathion 
and the 96-hour LC50 was 108 µg/l. 

Where chronic toxicity data are available, they may be 
used to develop application factors to estimate safe levels. 
Mount and Stephan (1967) 475 have suggested using an 
application factor consisting of the laboratory-determined 
maximum concentration that has no effect on chronic 
exposure divided by the 96-hour LC50. Using this method, 
Eaton (1970) 452 showed that application factors for bluegill 
and fathead minnow exposed to malathion were similar 
despite a greater than 50-fold difference in species sensi
tivity. Application factors derived for one compound may 
be appropriate for closely related compounds that have a 
similar mode of action, but additional research is necessary 
to verify this concept. In the absence of chronic toxicity 
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data, the application factors for many compounds must be 
arbitrary values set with the intention of providing some 
margin of safety for sensitive species, prolonged exposure, 
and potential effects of interaction with other compounds. 

Basis for Criteria 

The reported acute tox1c1ty values and subacute effects 
of pesticides for aquatic life are listed in Appendix II-D. 
The acute toxicity values multiplied by the appropriate 
application factor provided the recommended criteria. The 
96-hour LC50 should be multiplied by an application factor 
of 0.01 in most cases. The value derived from multiplying 
the 96-hour LC50 by a factor of 0.01 can be used as the 
24-hour average concentration. 

Recommended concentrations of pesticides may be below 
those presently detectable without additional extraction and 
concentration techniques. However, concentrations below 
those detectable by routine techniques arc known to cause 
detrimental effects to aquatic organisms and to man. 
Therefore, recommendations are based on bioassay pro
cedures and the use of an appropriate application factor. 

The recommendations arc based upon the most sensitive 
species. Permissible concentrations in water have been sug
gested only where several animal species have been tested. 
\Nhcre toxicity data arc not available, acute toxicity bio
assays should be conducted with locally important sensitive 
aquatic species, and safe levels should be estimated by using 
an application factor of 0.01. 

Some organochlorine pesticides (i.e., DDT including 
DDD and DDE, aldrin, dieldrin, endrin, chlordane, hcpta
chlor, toxaphcne, lindanc, endosulfan, and benzene hexa
chloride) are considered especially hazardous because of 
their persistence and accumulation in aquatic organisms. 
These compounds, including some of their metabolites, arc 
directly toxic to various aquatic species at concentrations 
of less than one µg/1. Their accumulation in aquatic systems 
presents a hazard, both real and potential, to animals in 
the higher trophic levels, including man (Pimentel 1971, 480 

Mrak 1969, 477 Kray bill 1969, 470 Gillett 1969). 4•57 Present 
knowledge is not yet sufficient to predict or estimate safe 
concentrations of these compounds in aquatic systems. How
ever, residue concentrations in aquatic organisms provide a 
measure of environmental contamination. Therefore, spe
cific maximum tissue concentrations have been recom
mended as a guidS'.line for water quality control. 

Recommendations 

Organochlorine Insecticides The recommenda
tions for selected organochlorine insecticides are 
based upon levels in water and residue concentra
tions in whole fish on a wet weight basis. Aquatic 
life should be protected where the maximum con-
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centration of the organochlorine pesticide in the 
water does not exceed the values listed in Table 
111-17. 

For the profection of predators, the following 
values ?re suggested for residues in whole fish (wet 
weight): DDT (including DDD and DDE)-1.0 
mg/kg; aldrin, dieldrin, endrin, heptachlor (in
cluding heptachlor epoxide), chlordane, lindane, 
benzene hexachloride, toxaphene, and endo
sulfan-0.1 mg/kg, either singly or in combination. 
For further discussion, see the section on Wildlife 
(p. 197). 

If fish and wildlife are to be protected, and where 
residues exceed the recommended concentrations, 
pesticide use should be restricted until the recom
mended concentrations are reached (except where 
a substitute pesticide will not protect human 
health). 

Other pesticides The recommended maximum 
concentrations of pesticides in freshwater are listed 
in Table 111-18 except that where pesticides are 
applied to water to kill under,irable aquatic life, 
the values will be higher. In the latter instances, 
care should be taken to avoid indiscriminate use 
and to insure that application of the pesticide 
follows the prescribed methods. 

OTHER TOXICANTS 

Ammonia 

Ammonia is discharged from a wide variety of industrial 
processes and cleaning operations that use ammonia or 
ammonia salts. Ammonia also results from the decompo
sition of organic matter. 

Ammonia gas is soluble in water in the form of am
monium hydroxide to the extent of 100,000 mg/l at 20 C. 
Ammonium hydroxide dissociates readily into ammonium 

TABLE Ill-17-Recommended Maximum Concentrations of 
Organochlorine Pesticides in Whole (Unfiltered) Water, 

Sampled at Any Time and Any Place." 

Aldrin 
DDT 
TOE 
Dieldrm 
Chlordane 
Endosulfan 
Endrin 
Heptachlor 
Lindane 
Methoxychlor . 
Toxaphene 

Organochlorine pest1c1des Recommended maximum concentration (µg/I) 

0.01 
0 002 
0 006 
0 005 
0 04 
0.003 
0.002 
0.01 
0.02 
0.005 
0 01 

• Concentrations were determined by multiplying the acute toxicity values for the more sensit1Ye species (Appendix 
ll·D) by an application factor of 0.01 except where an experimentally denved application factor is indicated. 

TABLE Ill-18-Recommended Maximum Concentrations of 
Other Pesticides in Whole (Unfiltered) Water, Sampled at 

Any Time amt 1\ny Place.• 

Organophosphate insecticides 

~bale 

~zinphosmethyl 

~zmphosethyl 

Carbophenolhion 
Chloroth1on 
C1odrin 
Coumaphos 
C'emelon 
[11az1non 
[•1chlorvos 
[•1oxath1on 
['ISUlfonton 
t ursban 
Ethion 
EPN 
Fenth1on 
Malathion 
Methyl Parathion 
Mevmphos 
~aled 

C xydemeton methyl 
Parathion 
Fhorate 
F hospham1don 
~onnel 

lEPP 
lnchlorophon 

Ammocarb 
Bayer 
Baygon 
Carbary! 
Zectran 

Carbamate insecticides 

Herbicides, fungicides and defoliants 

Acrolem 
Ammotnazole 
Ba Ian 
Bensuhde 
Choroxuron 
CIPC 
Dacthat 
Dalapon 
DEF 
Dex on 
D1camba 
D1chloben1I 
Dichlone 
D1quat 
Diuron 
D1fohtan 
Dm1trobutyl phenol 
D1phenam1d 
2 4-0 (PGBE) 
2 4-D (BEE) 
2 4·0 (IOE) 
2 4-0 (Dielhylamine salts) 
E 1dothal (D1sodmm salt) 
E 1dothal (Oipatassium salt) 
Eitam 
F•mac (Sodium salt) 
Hyamine-1622 
Hyamine-2389 
Hydrolhal-47 
Hydrothal-191 
Hydrothal plus 
l~C 

MCPA 
Mohnate 
Monuron 
P,1raquat 

Recommended maximum concen\ralion (µg/I) 

(b) 

0.001 
(b) 

(b) 

(b) 

0.1 
0 001 
(b) 

0.009 
0.001 
0.09 
0.05 
0.001 
0 02 
0.06 
0 006 
0 008 
(b) 

0.002 
0 004 
0.4 
0.0004 
(b) 

0 03 
(b) 

0.4 
0 002 

Recommended maximum concentrations (µg/I) 

(b) 

(b) 

(b) 

0.02 
0.1 

Recommended maximum concenlrations (µg/I) 

(b) 

300.0 
(b) 

(b) 

(b) 

(b) 

(b) 

110.0 
(b) 

(b) 

200 
37.0 
0 2 
0.5 
1.6 
(b) 

(b) 

(b) 

(b) 

4.0 
(b) 

(b) 

(b) 

(b) 

(b) 

45.0 
(b) 

(b) 

(b) 

(b) 
(b) 

(b) 
(b) 

(b) 

(b) 

(b) 



TABLE lll-18-Continued 

Herbicides, fungicide and defoilants 

Pebulate 
Picforam 
Propaml 
Silvex (BEE) 
Silvex (PGBE) 
Silvex (IOE) 
Silvex (Potassium satt) 
Simazine 
Trifluarafin 
Yernolate 

Allethnn 
Pyrethrum 
Rotenone 

Botanicals 

Reccommended maximum concentration (µ/I) 

(b) 

(b) 
(b) 

2.5 
2.0 
(b) 
(b) 

10.0 
(b) 

(b) 

Recommended maximum concentrahons (µg/I) 

0.002 
0.01 

10.0 

•Concentrations were determined by multiplyin1 the acute toxicity values for the more sensitive species (AP· 
pendix 11-D) by an application factor of 0.01 except where an experimentally derived apphcabon factor is indicated. 

• Insufficient data to determine safe concentrations. 

and hydroxyl ions as follows: 

NH3+H20~HN4++0H-

The equilibrium of the reaction is dependent upon pH, 
and within the pH range of most natural waters ammonium 
ions predominate (Figure IIl-10). Since the toxic com
ponent of ammonia solutions is the un-ionized ammonia, 
toxicity of ammonia solutions increases with increased pH 
(Ellis 1937, 497 Wuhrmann et al. 1947, 508 Wuhrmann and 
W oker 1948, 509 Downing and Merkens 1955 49 6). 

Wuhrmann (1952), 507 Downing and Merkens (1955), 496 

and Mer kens and Downing (195 7) 5o.1 found that a decrease 
in dissolved oxygen concentration increased the toxicity of 
un-ionized ammonia to several species of freshwater fishes. 
Lloyd (l 961) 502 showed that the increase in toxicity of 
un-ionized ammonia to rainbow trout (Salmo gairdneri) with 
decreased oxygen was considerably more severe than for 
zinc, copper, lead, or phenol. 

Much of the data on ammonia toxicity is not useable, 
because reporting of chemical conditions or experimental 
control was unsatisfactory. Ellis (1937) 497 reported that 
total ammonia nitrogen concentrations of 2.5 mg/I in the 
pH range of 7.4 to 8.5 were harmful to several fish species, 
but concentrations of 1.5 mg/I were not. Most streams 
without a source of pollution contained considerably less 
than I mg/I total ammonia. The sublethal and acutely 
toxic concentrations of un-ionized ammonia for various fish 
species are given in Table III-19. 

Brockway (1950) 494 found impairment of oxygen-carrying 
capacity of the blood of trout at a total ammonia nitrogen 
concentration of 0.3 mg/I. Fromm (I 970) 499 found that at 
total ammonia nitrogen concentrations of 5 mg/I, ammonia 
excretion by rainbow trout (Salmo gairdneri) was inhibited; 
at 3 mg/I the trout became hyperexcitable; and at 8 mg/I 
(approximately 1 mg/I un-ionized ammonia) 50 per cent 
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TABLE IIl-19-Sublethal and Acutely Toxic Concentrations 
of Un-Ionized Ammonia for Various Fish Species• 

Species 

Stickleback 
Striped bass (Marone saxatalis) 
Rainbow trout 
Perch (Perea) 
Roach (Hesperoleucus) 
Rudd (Scardinius) 
Bream (Lepomis) 
Rainbow trout 
Rainbow trout 
Atlantic salmon (Salmo salar) 
Rainbow trout 
Trout 
Chinook salmon (Oncorhynchus 

tshawytscha) 

Acute No sublelhal 
mortality enect (mg/I) Author 

LCSO (mg/I) 

1.8-2.1 Hazel et al. (1971)"' 
1.9-2.8 
0.39 0.046 Lloyd and Orr (t969)'°' 
0.29 Ball (1967)"' 
0.35 
0.36 
0.41 
0.4t 

O. 42-ll. 89 Lloyd and Herbert (1960)"' 
0.38 Herbert and Shurben (1965)"1 
0.88 

<0.27 Reichenbach·Klinke (1967)"' 
<0.006 Burrows (1964)"' 

•To insure a high level or protect1on, the moan or lhe 96-hour LCSO's was used as a base, and an application lac 
tor of 0. 05 applied to arrive at an acceptable level for most species in fresh water. Two apparenlly resistant species 
were omitted because they were far out of line with the others. After application of the factor, the resultant level is 
approximately haft that projected from the data of Lloyd and Orr (1969).'" 

were dead in 24 hours (Fromm 1970). 499 Goldfish ( Carassius 

auratus) were more tolerant; at 40 mg/I of total ammonia 
nitrogen, 10 per cent were dead in 24 hours. 

Burrows (1964) 495 found progressive gill hyperplasia in 
fingerling chinook salmon (Oncorhynchus tshawytscha) during 
a six-week exposure to the lowest concentration applied, 
0.006 mg/I un-ionized ammonia. Reichenbach-Klinke 
(196 7) 506 also noted gill hyperplasia, as well as pa tho logy of 
the liver and blood, of various species at un-ionized am
monia concentrations of 0.27 mg/I. Exposure of carp 
( Cyprinus carpio) to su blethal un-ionized ammonia concen
trations in the range of 0.11 to 0.34 mg/I resulted in ex
tensive necrotic changes and tissue disintegration in various 
organs (Flis 1968). 498 

Lloyd and Orr (1969) 503 found that volume of urine pro
duction increased with exposure to increasing ammonia 
concentrations, but that an ammonia concentration of 12 
per cent of the lethal threshold concentration resulted in 
no increased production of urine. This concentration of 
un-ionized ammonia was 0.046 mg'/! for the rainbow trout 
used in the experiments. 

Recommendation· 

Once a 96-hour LC50 has been determined using 
the receiving water in question and the most sensi
tive important species in the locality as the test 
organism, a concentration of un-ionized ammonia 
(NH3) safe to aquatic life in that water can be esti
mated by multiplying the 96-hr LC50 by an appli
cation factor of 0.05; but no concentration greater 
than 0.02 mg/I is recommended at any time or 
place. 
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Chlorine 

Chlorine and chloramines are widely used in treatment of 
potable water supplies and sewage-treatment-plant effluents, 
and in power plants, textile and paper mills, and certain 
other industries. Field tests conducted on caged fish in 
streams below a sewage outfall where chlorinated and non
chlorinated effluents were discharged showed that toxic 
conditions occurred for rainbow trout (Salmo gazrdrzerz) 0.8 
miles below the plant discharge point when chlorinated 
effluents were discharged (Basch et al. 1971). ;;n It has also 
been shown that total numbers of fish and numbers of 
species were drastically reduced below industrial plants 
discharging chlorina tcd sewage effluents (Tsai 1968, 517 

1970).[>iR 

The toxicity to aquatic life of chlorine in water will 
depend upon the concentration of residual chlorine re
maining and the relative amounts of free chlorine and chlor
amines. Since addition of chlorine or hypochloritcs to water 
containing nitrogenous materials rapidly forms chloramines, 
problems of toxicity in most receiving waters arc related to 
chloramine concentrations. Merkens (1958)"10 stated that 
toxicities of free chlorine and chloramines were best esti
mated from total chlorine residuals. In monitoring pro
grams, evaluation of chlorine content of water is usually 
sta tcd in terms of total chlorine residuals. Because the 
chlorine concentrations of concern are below the level of 
detection by the orthotolidine method, a more sensitive 
analytical technique is recommended. 

The literature summarized by McKee and 'Nolf (1963) 514 

showed a wide range of acute chlorine toxicity to various 
aquatic organisms, lmt the conditions of the tests varied so 
widely that estimation of generally applicable acute or 
safe levels cannot be derived from the combined data. It 
has also been demonstrated that small amounts of chlorine 
can greatly increase the toxicity of various industrial 
effluents. 

Mcrkens (1958)·115 found that at pH 7.0, 0.008 mg/! 
residual chlorine killed half the test fish in seven days. The 
test results were obtained using the ampcromctric titration 
and the diethyl-p-phcnylene diamine methods of chlorine 
analysis. Zillich ( 1972), 519 working with chlorinated sewage 
effluent, determined that threshold toxicity for fathead 
minnows (Pzmephales promelas) was 0.04-0.05 mg/I residual 
chlorine. In two series of 96-hour LC50 tests an average of 
0.05-0. 19 mg/! residual chlorine was noted. Basch et al. 
(1971) 511 found 96-hour LC50 for rainbow trout (Salmo 
gairdrzeri) to be 0.23 mg/I. Arthur and Eaton (1971), 510 

working with fathead minnows and Gammarus pseudolzmrzaeus, 
found that the 96-hour LC50 total residual chlorine 
(as chloraminc) for Gammarus was 0.22 mg/l, and that 
all minnows were dead after 72 hours at 0.15 mg/I. 
After seven days exposure to 0.09 mg/l, the first fish died. 
The LC50 for minnows was therefore between these levels. 
In chronic tests extending for 15 weeks, survival of Gammarus 
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was reduced at 0.04 mg/I, and reproduction was reduced at 
0.0034 mg/I. Growth and survival of fathead minnows after 
21 weeks was not affected by continuous exposure to 0.043 
mg/I total chloramines, but fecundity of females was re
duced. The highest level showing no significant effect was 
0.016 mg/I. Mer kens (I 958) 515 postulated by extrapolation 
that a concentration of 0.004 mg/! residual chlorine would 
permit one half the test fish to survive one year. Sprague 
and Drury (1969) 516 have shown an avoidance response of 
rainbow trout to free chlorine at 0.001 mg/I. 

Aquatic organisms will tolerate longer short-term ex
posures to much higher levels of chlorine than the concen
trations which have adverse chronic effects. Brungs (1972) 512 

in a review has noted that I-hour LC50's of fish vary from 
0. 74 to 0.88 mg/I, and that longer short-term exposures 
have LC50's lower but still substantially higher than ac
ceptable for long-term exposure. Available information, 
however, does not show what effect repeated exposure to 
these, or lower levels, will have on aquatic life. 

Because Gammarus, an essential food for fish, is affected 
at 0.0034 mg/I, and a safe level is judged to be one that 
will not permit adverse effect on any element of the biota, 
the following recommendation has been made. 

Recommendation 

Aquatic life should be protected where the con
centration of residual chlorine in the receiving 
system does not exceed 0.003 mg/l at any time or 
place. Aquatic organisms will tolerate short-term 
exposure to high levels of chlorine. Until more is 
known about the short-term effects, it is recom
mended that total residual chlorine should not 
exceed 0.05 mg/l for a period up to 30-minutes in 
any 24-hour period. 

Cyanides 

The cyanide radical is a constituent of many compounds 
or complex ions that may be present in industrial wastes. 
Cyanide-bearing wastes may derive from gas works, coke 
ovens, scrubbing of gases in steel plants, metal plating 
operations, and chemical industries. The toxicity of cyanides 
varies widely with pH, temperature, and dissolved oxygen 
concentration. The pH is especially important, since the 
toxicity of some cyanide complexes changes manyfold over 
the range commonly found in receiving waters. 

"Free cyanide" (CN- ion and HCN) occurs mostly as 
molecular hydrogen cyanide, the more toxic form, at pH lev
els of natural waters as well as in unusually acid waters. Fifty 
per cent ionization of the acid occurs at pH near 9.3. Free 
cyanide concentrations from 0.05 to 0.01 mg/l as CN have 
proved fatal to many sensitive fishes (Jones 1964), 527 and 
levels much above 0.2 mg/I are rapidly fatal for most 
species of fish. A level as low as 0.01 mg/I is known to have 
a pronounced, rapid, and lasting effect on the swimming 
ability of salmonid fishes. 
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The work of Doudoroff et al. ( 1966) 524 has demonstrated 
that the effective toxicant to fish in nearly all solutions of 
complex metallocyanides tested was molecular HCN, the 
complex ions being relatively harmless. The total cyanide 
content of such solutions is not a reliable index of their 
toxicity. The HCN derives from dissociation of the complex 
ions, which can be greatly influenced by pH changes. 
Doudoroff (1956) 523 demonstrated a more than thousand
fold increase of the toxicity of the nickelocyanide complex 
associated with a decrease of pH from 8.0 to 6.5. A change 
in pH from 7 .8 to 7 .5 increased the toxicity more than 
tenfold. 

Burdick and Lipschuetz (1948) 521 have shown that so
lutions containing the ferro and ferricyanide complexes 
become highly toxic to fish through photodecomposition 
upon exposure to sunlight. Numerous investigations have 
shown that toxicity of free cyanide increased at reduced 
oxygen concentrations (Downing 1954, 525 Wuhrmann and 
Woker 1955, 528 Burdick et al. 1958, 52° Cairns and Scheier 
1963). 522 The toxic action is known to be accelerated 
markedly by increased temperature (Wuhrmann and Woker 
1955, 528 Cairns and Scheier 1963), 522 but the influence of 
temperature during long exposure has not .been demon
strated. The toxicity of the nitriles (organic cyanides) to fish 
varied greatly. Henderson et al. (1960) 526 found marked 
cumulative toxicity of acrylonitrile. Lactonitrile decom
posed rapidly in water yielding free cyanide, and its high 
toxicity evidently was due to the HCN formed. 

The toxicity of cyanide to diatoms varied little with 
change of temperature and was a little greater in soft water 
than in hard water (Patrick unpublished data 1971). 529 For 
Nit;;:,chia linearis, concentrations found to cause a 50 per cent 
reduction in growth of the population in soft water ( 44 
mg/I Ca-Mg as CaC03) were 0.92 mg/l (CN) at 72 F, 0.30 
mg/I at 82 F, and 0.28 mg/l at 86 F. For Navicula seminulum 
var. Hustedtzl, the concentrations reducing growth of the 
population by 50 per cent in hard water (170 mg/I Ca-Mg 
as CaC03) were found to be 0.36 mg/l at 72 F, 0.49 mg/I 
at 82 F, and 0.42 mg/I at 86 F. Cyanide appeared to be 
more toxic to animals than to algae. 

Recommended maximum concentrations of cyanide-bear
ing wastes of unknown composition and properties should 
be determined by static and flow-through bioassays. The 
bioassays should be performed with dissolved oxygen, tem
perature, and pH held at the local water quality conditions 
under which cyanides are most toxic. Because the partial 
dissociation of some complex metallocyanide ions may be 
slow, static bioassays may reveal much greater toxicity 
than that demonstrable by the flow-through methods. On 
the other hand, standing test solutions of simple and some 
complex cyanides exposed to the atmosphere gradually lose 
their toxicity, because the volatile HCN escapes. 

Chemical determination of the concentration of undis
sociated, molecular HCN alone may be the best way to 
evaluate the danger of free cyanide to fish in waters receiving 

cyanide bearing wastes. Such tests may reveal the occl 
rence of harmful concentrations of HCN not predictat 
through bioassay of the wastes. Because an acceptal: 
concentration of HCN or fraction of a LC50 of cyanic 
and cyanide-bearing effluents has not yet been positive 
determined, a consc-rvative estimate must be made; ai 

because levels as low as 0 .0 I mg/I have proved harml 
under some conditions, a factor of 0.05 should be appli• 
to LC50 levels. 

Recommendation 

Once a 96-hour LCSO has been determined usit 
the receiving water in question and the most sens 
tive important species in the locality as the te 
organism, a concentration of free cyanide (CN 
safe to aquatic life in that water can be estimati 
by multiplying the 96-hour LCSO by an applicatic 
factor of 0.05; but no concentration greater th:i 
0.005 mg/I is recommended at any time or place 

Detergents 

Detergents are a common component of sewage and i 
dustrial effluents derived in largest amounts from house-ho 
cleaning agents. In 1965 a shift from tetrapropylene-deriv( 
alkylbenzene sulfonates (ABS) to the more biodegradab 
linear alkylate sulfonates (LAS) was made by the detnge 
industry. In current detergent formulas, LAS is the prima1 
toxic active compound, two to four times more toxic th., 
ABS (Pickering 1966). 534 However, toxicity of LAS di 
appears along with the methylene blue active substanc 
(MBAS) response upon biodegradation (Swisher 1967). 5 

Retrieval of MBAS data from the National Surveillarn 
Stations throughout the U.S. from 1966 to the prcsc-1 
showed that the mean of 3,608 samples was less than 0 
mg/I. There has been a do'Anward trend in MEAS conce1 
trations. Only four stations n::ported mean concentrati01 
greater than 0.2 mg/I. 

The MBAS determination has been the routine analytic 
method for measurement of mrfactant concentrations. Pos 
tive errors are more common than negative ones in tr 
determination of anionic surfactants in water (Standar 
Methods 1971). 536 An infrared determination or a carhc 
absorption cleanup procedure is recommended when hig 
MBAS concentrations are found. 

Marchetti (1965) 533 critically reviewed the effects of d( 
tergents on aquatic life. :Most available information o 
LAS toxicity relates to fish. Short term studies by a numlx 
of investigators have shown 1 hat lethal concentrations t 

selected fish species vary from 0.2 to I 0.0 mg/! (Hokanso 
and Smith 1971). 532 Bardach et al. (1965) 531 reported th2 
10 mg/! is lethal to bullheads (Ictalurus sp.), and that 0. 
mg/! eroded 50 per cent of their taste buds within 24 clay: 
Thatcher and Sautner (l966) 5 :i 8 found 96-hour LC50 valU( 
from 3.3 to 6.4 mg/! for five species of fish. 

Pickering and Thatcher (1970) 535 found in their study c 



chronic toxicity that a concentration of 0.63 mg/l had no 
measurable effect. on the life cycle of the fathead minnow 
(Pimephales promelas), while a concentration of 1.2 mg/l was 
lethal tei the newly hatched fry. A safe level should be 
between 14 and 28 per cent of the 96-hour LC50. Hokanson 
and Smith (1971) 532 reported that a concentration of l mg/l 
was an approximate safe concentration for bluegills in 
Mississippi River water of good quality. Arthur (1970)5 30 

found that the no-effect level of LAS on Gammarus jJsflldn
lzmnaeus was 0.2 to 0.4 mg/l. This investigator also subjected 
opculate and pulmonatc snails to 60-week exposures of 
LAS and showed the toxicity levels to be 0.4 to 1.0 mg/l 
and greater than 4.4 mg/1, respectively. 

Detergent Builders 

Phosphates have been included in household detergents 
to increase their effectiveness, although this use has been 
seriously questioned recently. Nitrilotriacetate (NTA) and 
other builders have been tried, hut most are either less 
effective or have been barred for reasons of potential health 
hazard. Available builders do not have serious direct effects 
on fish or aquatic organisms at concentrations likely to he 
encountered in receiving waters. In view of the uncertain 
legal status of prest>nt commercial dt>tergents and the 
extcnsi\·e search for adequate substitutes now in progress, 
recommendations for builders arc not practical at this time. 
However, it can be stated that a satisfactory builder should 
he biologically degradable and nontoxic to aquatic 
organisms and humans, and that it should not cause <Jes
thctic problems in the receiving water. 

Recommendation 

Once a 96-hour LC50 has been determined using 
the receiving water in question and the most sensi
tive important species in the locality as the test 
organism, a concentration of LAS safe to aquatic 
life in that water can be estimated by multiplying 
the 96-hour LC50 by an application factor of 0.05; 
but no concentration greater than 0.2 mg/I is 
recommended at any time or place. 

Phenolics 

Phenols and phenolic wastes arc derived from petroleum, 
coke, and chemical industries; wood distillation; and do
mestic and animal wastes. Many phenolic compounds are 
more toxic than pure phenol: their toxicity varies with the 
combinations and general nature of total wastes. Acute 
toxicity of pure phenol varies between 0.079 mg/l in 30 
minutes to minnows, and 56.0 mg/I in 96 hours to mosquito 
fish (Gambusia affims). Mitrovic et al. (1968) 541 found a 
48-hour LC50 of7.5 mg/l to trout; they noted that exposure 
to 6.5 mg/I caused damage to epithelial cells in 2 hours, 
and extensive damage to reproductive systems in 7 days. 
Ellis (1937) 539 reported 1.0 mg/l safe to trout; and 0.10 
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mg/l was found nonlethal to bluegill (Lepomis macrochirus) 
in 48 hours (Turnbull et al. 1954). 542 These studies illustrated 
the wide range of phenol toxicity. There is not yet adequate 
documentation about chronic effects and toxicity of mixed 
wastes on which to base recommendations of safe levels for 
fish. 

Phrnolics affect the taste of fish at levels that do not 
appear to affect fish physiology adversely. Mixed wastes 
often have more objectionable effects than pure matnials. 
For example, 2,4-dicholorphenol affects taste at 0.001 to 
0.005 mgil: j1-chlorophenol at 0.01 to 0.06 mg/I; and 
2-methyl, 6-chlorophenol at 0.003 mg, l. (Sec the discussion 
of Tainting Substances, p. 147.) Pure phenol did not affect 
taste until levels of 1 to l 0 mg/l were reached (Fetterolf 
1964). 040 The taste of fish in most polluted situations is 
adversely affected by phenolics before acute toxic t>ffects 
are observed. 

Recommendations 

In view of the wide range of concentrations of 
phenolics which produce toxic effects in fish and 
the generally lower levels which taint fish flesh, it 
is recommended that taste and odor criteria be 
used to determine suitability of waste receiving 
waters to support usable fish populations. Where 
problems of fish kills occur or fish are subjected to 
occasional short-term exposure to phenolic com
pounds, a 96-hour LC50 should be determined 
using the receiving water in question and the most 
sensitive important fish in the locality as the test 
animal. Concentrations of phenolic compounds 
safe to fish in that water can then be estimated by 
multiplying the 96-hour LCSO by an application 
factor of 0.05; but no concentration greater than 
0.1 mg/I is recommended at any time or place. 
Tests of other species will be necessary to protect 
other trophic levels. 

Sulfides 

Sulfides are constituents of many industrial wastes, such 
as those from tannerics, pa per mills, chcrnical plants, and 
gas works. Hydrogen sulfide may be generated by the 
anaerobic decomposition of sewage and other organic 
matter in the water, and in sludge beds. Natural production 
of H2S may also result from deposits of organic material. 

\\Then soluble sulfides are added to water, they react 
with hydrogen ions to form HS- or H2S, the proportion of 
each depending on the pH values. The toxicity of sulfides 
derives primarily from H 2S rather than the sulfide ion. The 
rapid combination of H 2S with other materials, including 
oxygen, has frequently caused investigators to overlook the 
importance of H 2S as it affects aquatic life, especially when 
it originates from sludge beds. Because water samples 
usually are not taken at the mud/water interface, the im
portance of H2S in this habitat for fish eggs, fish fry, and 
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fish food organisms is often overlooked (Colby and Smith 
1967). 545 

Hydrogen sulfide is a poisonous gas, soluble in water to 
the exte'nt of about 4,000 mg/I at 20 C and one atmosphere 
of pressure (Figure 111-11). Upon solution, it dissociates 
according to the reaction H 2S-;HS-+H+ and HS--; 
s--+H+. At pH 9, about 99 per cent of the sulfide is in 
the form of HS-; at pH 7 it is about equally divided between 
HS- and H 2S; and at pH 5 about 99 per cent is present 
as H2S. 

Consequently, the toxicity of sulfides increases at lower 
pH because a greater proportion is in the form of undissoci
ated H 2S. Only at pH 10 and above is the sulfide ion 
present in appreciable amounts. In polluted situations, 
where the pH may lw neutral or below 7.0, or where oxygen 
levels are low but not lethal, problems arising from sulfides 
or from hydrogen sulfide generated in sludge deposits will 
be increased. 

Much available data on the toxicity of hydrogen sulfide 
to fish and aquatic life have been based on extremely short 
exposure periods and have failed to give adequate infor
mation on water quality, oxygen, and pH. Consequently, 
early data have suggested that concentrations between 0.3 
and 4.0 mg/I permit fish to survive (Schaut 1939, 546 

VanHorn 1958, 550 Bonn and Follis 1967,"144 Theede et al. 
1969). 54q Recent data both in field situations and under 
controlled laboratory conditions demonstrated hydrogen 
sulfide toxicity at lower concentrations. Colby and Smith 
(1967) 51

'' found that concentrations as high as 0. 7 mg/I 
were found within 20 mm of the bottom on sludge beds, 
and that levels of 0.1 to 0.02 mg 11 were common within the 
first 20 mm of water above this layer. \Valleye (Stz::::ostedwn 
mtreum l'.) eggs held in trays in this zone did not hatch. 
Adelman and Smith ( 1970) 543 reported that hatching of 
northern pike (Esox Lucius) eggs was substantially reduced 
at 0.025 mg/I of HzS, and at 0.047 mg/I mortality was 
almost complete. Northern pike fry had 96-hour LC50 
values that varied from 0.017 to 0.032 mg/I at normal 
oxygen levels (6.0 mg/I). The highest concentration of 
hydrogen sulfide at which no short-term effects on eggs or 
fry wne observed was 0.814 mg.II. Smith and Oseid (in 
press 1971), 548 working on eggs, fry, and juveniles of walleyes 
and white suckers ( Catostomus commersonni), and Smith 
(I 971 ), "47 working on walleyes and fathead minnows 
(P1mej1hales promelas), found that safe levels varied from 
0.0029 to 0.012 mg II with eggs being the least sensitive and 
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TABLE lll-20-96-Hour LCSO and Safe Levels Based on No 
Adverse Effect on Critical Life History Stages 

Speties 96·Hr. LC (mg/I) Sale levels• (mg/I) 

Northern Pike eggs 0.037 0.014 
fry 0.026 0.004 

Walleye eggs 0.071 0.012 
fry 0 007 0.007 
juvenile 0.017 0.0037 

White Sucker eggs 0.015 
fry 0.0018 0.002 
juvenile 0.0185 0.002 

Fathead minnows juvenile 0. 032 (at 20 C) 0.003 
adult 0.032 0.003 

Bluegill juvenile 0.032 0.002 
adult 0.032 0.002 

Gammarus pseudohmnaeus o. 042 (10-day) 0.0033 
Hexagema kmbata 0.350 

•Sale levels are construed to mean no demonstrable deleterious effect on survival or growth alter long-term 
chrome exposure. 

juveniles being the most Sf'nsitive in short-term tests (Table 
111-20). In 96-hour bioassays fathead minnows and goldfish 
(Carasszus auratus) varied greatly in tolerance to hydrogen 
sulfide with changes in temperature. They were more 
tolerant at low temperatures (6 to 10 C). 

On the basis of chronic tests evaluating growth and 
survival, the safe level for bluegill (Lepomis macrochirus) 
juveniles and adults was 0.002 mg/I. White sucker eggs all 
hatched at 0.015 mg/I, but juveniles showed a negligible 
growth reduction at 0.002 mg/I. Safe levels for fathead 
minnows were between 0.002 and 0.003 mg/I. Studies on 
various arthropods (Gammarus pseudolimnaeus and Hexagenia 
limbata), useful as fish food, indicated that safe levels were 
between 0.002 and 0.003 mg/l (Smith 1971). 547 Some species 
typical of normally stressed habitats were much more re
sistant (Asellus sp.). 

Recommendation 

On the basis of available data, a level of undis
sociated hydrogen sulfide assumed to be safe for 
all aquatic organisms including fish is 0.002 mg/I. 
At a pH of 6.0 and a temperature of 13.0 C, approxi
mately 99 per cent of the total sulfide is present as 
undissociated hydrogen sulfide. Therefore, to pro
tect aquatic organisms within the acceptable limits 
of pH and temperature, it is recommended that 
the concentration of total sulfides not exceed 0.002 
mg/I at any time or place. 



WILDLIFE 

In this report, wildlife is defined as all species of verte
brates other than fish and man. To assure the short-term 
and long-term survival of wildlife, the water of the aquatic 
ecosystem must be of the quality and quantity to furnish 
the necessary life support throughout the life-cycle of the 
species involved. In addition to the quantity, the quality of 
food substances produced by the aquatic environment must 
be adequate to support the long-term survival of the wild·
life species. 

Many species of wildlife require the existence of specific, 
complex, and relatively undisturbed ecosystems for their 
continued existence. Aquatic ecosystems, such as bogs, 
muskegs, seepages, swamps, and marshes, can exhibit 
marked fragility under the influence of changing water 
levels, various pollutants, fire, or human activity. Changes 
in the abundance of animal populations living in such 
aquatic communities can result in reactions and altered 
abundance of plant life, which in turn will have repercus·
sions of other species of animal life. In general, these transi
tional ecosystems between land and water are characterized 
by very high productivity and importance for wildlife, and 
they should thus be maintained in that state to the greatest 
possible extent. 

In many instances, criteria to protect fish and inverte·
brates or to provide water suitable for consumption by man 
or domestic animals will also provide the minimal requisites 
for some species of wildlife. This would be true for species 
that use water only for direct consumption or that feed on 
aquatic organisms to only a minor extent. For many species 
of wildlife, however, the setting of water quality criteria is 
complicated by their ecological position at the apex of com
plex food webs, and also by the extreme mobility of some 
wildlife, especially birds. 

Those substances which are concentrated via food chains, 
such as many chlorinated hydrocarbons, present special 
problems for those species that occupy the apex of long food 
chains. In those instances, environmental levels which are 
safe for fish, do not necessarily convey safety to predators or 
even to scavengers that consume fish. 

PROTECTION OF FOOD AND SHELTER FOR WILDLIFE 

A number of factors can be identified that can affc 
specific components of the ecosystem and cause reduc• 
food and shelter for wildlife. These factors also affect fi 
and other squatic life and therefore are discussed in great 
detail in appropriate related subtopics. 

pH 

In bioassays with aquatic plants, Sincock ( 1968) 593 foui 
that when the pH of the water in test vessels dropped to 4. 
reedhead-grass (Potamogeton t·erjoliatus), a valuable wati:: 
fowl food plant, died within a few days. Similarly, in Ba 
Bay, Virginia, between August and November, 1963, 1 

aquatic plant production declined from 164 to 13 poun 
per acre. This atypical decline was immediately preced· 
by a decline in pH to 6.5 compared to previous midsumm 
readings of 7. 7 to 9.2. (U.S. Bureau of Sport Fisheries a1 
Wildlife). 60t 

Recommendation 

Aquatic plants of greatest value as food for wate 
fowl thrive best in wate1rs with a summer pH rant 
of 7.0 to 9.2. 

ALKALINITY 

Generally, waters with reasonably high bicarbonate alk 
linity are more productive of valuable waterfowl food plar 
than are waters with low bicarbonate alkalinity. Few watc 
with less than 25 mg/l bicarbonate alkalinity can be class1 
among the better waterfowl habitats. Many waterfowl hat 
tats productive of valuable foods, such as sago pondwe1 
(Potamogeton pectinatus), widgeongrass (Rappia maritima ac 
R. occidental is), banana waterlily (Castalia flava), wild celer 
( Vallisneria americana), and others have a bicarbonate alk 
linity range of 35 to 200 mg/ I. 

Definitive submerged aquiatic plant communities devel< 
in waters with different concentrations of bicarbona 
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alkalinity. It is logical to assume that excessive and pro
longed fluctuation in alkalinity would not be conducive to 
stabilization of any one plant community type. Sufficient 
experimental evidence is not available to define the effects 
of various degrees and rates of change in alkalinity on 
aquatic plant communities. Fluctuations of 50 mg/I prob
ably would contribute to unstable plant communities. 
Fluctuations of this magnitude may be due to canals con
necting watersheds, diversion of irrigation water, or flood 
diversion canals (Federal Water Pollution Control Adminis
tration 1968, hereafter referred to as FWPCA 1968). 562 

Recommendation 

Waterfowl habitats should have a bicarbonate 
alkalinity between 30 and 130 mg/I to be pro
ductive. Fluctuations should be less than 50 mg/I 
from natural conditions. 

SALINITY 

Salinity can also affect plant commumt1es. All saline 
water communities, from slightly brackish to marine, pro
duce valuable waterfowl foods, and the most important 
consideration is the degree of fluctuation of salinity. The 
germination of seeds and the growth of seedlings are critical 
stages in the plant-salinity relationship; plants become more 
tolerant to salinity with age. 

Salinities from 0.35 to 0.9 per cent NaCl in drinking 
water have been shown to be toxic to many members of the 
order Galliformes (chickens, pheasant, quail) (Krista et al. 
1961, 585 Scrivner 1946, 592 Field and Evans 1946561). 

Young ducklings were killed or retarded in growth as a 
result of salt poisoning by solutions equal to those found on 
the Suisun Marsh, California, during the summer months. 
Salinity maxima varied from 0.55 to I. 74 per cent, and the 
means varied from 0.07 to 1.26 per cent during July from 
1956 to 1960 (Griffith 1962-63). 565 

Recommendation 

Salinity should be kept as close to natural con
ditions as possible. Rapid fluctuations should be 
minimized. 

LIGHT PENETRATION 

Criteria for light penetration established in the discus
sions of Color (p. 130) and Settleable Solids (p. 129) should 
also be adequate to provide for the production of aquatic 
plants for freshwater wildlife. 

SETTLEABLE SUBSTANCES 

Accumulation of silt deposits are destructive to aquatic 
plants due especially to the creation of a soft, semi-liquid 
substratum inadequate for the anchoring of roots. Back 
Bay, Virginia, and Currituck Sound, North Carolina, serve 
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as examples of the destructive nature of silt deposition. 
Approximately 40 square miles of bottom are covered with 
soft, semi-liquid silts up to 5 inches deep; these areas, con
stituting one-fifth of the total area, produce only 1 per cent 
of the total aquatic plant production (FWPCA 1968). 562 

Recommendation 

Setteable substances can destroy the usefulness 
of aquatic bottoms to waterfowl, and for that 
reason, settleable substances should be minimized 
in areas expected to support waterfowl. 

PRODUCTION OF WILDLIFE FOODS OTHER THAN 
PLANTS 

The production of protozoans, crustaceans, aquatic in
sects, other invertebrates, and fish is dependent on water 
quality. The water quality requirements for the production 
of fish are dealt with elsewhere in this Section, and a normal 
level of productivity of invertebrates is also required for the 
normal production of fish that feed upon them. 

While it is well known that many species of invertebrates 
are easily affected by low concentrations of pollutants, such 
as insecticides, in water (Gaufin et al. 1965, 563 Burdick et al. 
1968, 555 Kennedy et al. 1970584), most of the field studies do 
not supply reliable exposure data, and most laboratory 
studies are of too short a duration or are performed under 
static conditions, allowing no reliable extrapolations to 
natural conditions. The general impression to be gained 
from these studies is that insects and crustaceans tend to be 
as sensitive as or more sensitive than fish to various insecti
cides, and that many molluscs and oligochetes tend to be 
less sensitive. 

TEMPERATURE 

The increasing discharge of warmed industrial and do
mestic effluents into northern streams and lakes has changed 
the duration and extent of normal ice cover in these north
ern regions. This has prompted changes in the normal 
overwintering pattern of some species of waterfowl. Thus, 
Hunt (1957) 576 details the increasing use since 1930 of the 
Detroit River as a wintering area for black duck (Anas 
rubripes), canvasback (Aytlrya valisneria), lesser scaup (Aytfrya 
affines), and redhead (Atlrya americana). In this process, 
waterfowl may become crowded into areas near industrial 
complexes with a shrinking supply of winter food. The 
proximity of sources of pollutants, food shortages, and low 
air temperatures often interact to produce unusually high 
waterfowl mortalities. 

Recommendation 

Changes in natural freezing patterns and dates 
should be avoided as far as possible in order to 
minimize abnormal concentrations of wintering 
waterfowl. 
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SPECIFIC POTENTIALLY HARMFUL SUBSTANCES 

Direct Acting Substances 

Oils Waterbirds and aquatic mammals, such as musk
rat and otter, require water that is free from surface oil. 
Catastrophic losses of waterbirds have resulted from the 
contamination of plumages by oils. Diving birds appear to 
be more susceptible to oiling than other species (Hawkes 
1961). 571 Heavy contamination of the plumage results in 
loss of buoyancy and drowning. Lower levels of contamina
tion cause excessive heat loss resulting in an energy deficit 
which expresses itself in an accelerated starvation (Hartung 
l 967a). 567 Less than 5 mg of oil per bird can produce sig
nificant increases in heat loss. The ingestion of oils may 
contribute to mortalities, and this is especially true for some 
manufactured oils (Hartung and Hunt 1966). 569 When 
small quantities of oil are coated onto eggs by incubating 
mallar9s (Anas jilatyrhynchos), the likelihood of those eggs to 
hatch is greatly reduced (Hartung 1965). 566 Rittinghaus 
(1956) 591 reported an incident in which numerous Cabot's 
Terns (Thalasseus sandvicensis) and other shorebirds became 
contaminated with oil that had been washed on shore. Eggs 
which were subsequently oiled by the plumage of oiled fe
male terns did not hatch even after 50 days of incubation. 
The absence of visible surface oils should protect wildlife 
from direct effect. 

Oils can be sedimented by coating particulates on the 
surface and then sinking to the bottom. Sedimented oils 
have been associated with changes in benthic communities 
(Hunt l 95 7) 576 and have been shown to act as concentrator:> 
for chlorinated hydrocarbon pesticides (Hartung and 
Klingler l 970570). 

Recommendation 

To protect waterfowl, there should be no visible 
floating oil (seep. 146 of this Section and pp. 263-264 
of Section IV). 

Lead Waterfowl often mistake spent lead shot for seed 
or grit and ingest it. See Section IV, pp. 227-228, for a 
discussion of this problem. 

Recommendation 

The recommendation of the Marine Aquatic Life 
and Wildlife Panel, Section IV, (p. 228) to protect 
waterfowl also applies to the freshwater environ
ment. 

Botulism Poisoning Botulism is a food poisoning 
caused by the ingestion of the toxin of Clostridium botulinum 

of any six immunologically distinct types, designated A 
through F. The disease, as it occurs in epizootic proportions 
in wild birds, is most commonly of the C type, although 
outbreaks of type E botulism have been observed on the 
Great Lakes (Kaufman and Fay 1964582, Fay 1966560). 

Cl. botulinum, a widely distributed anaerobic bacterium, 
is capable of existing for many years in its dormant spore 

form, even under chemically and physically adverse e 
vironmental conditions. Its toxins are produced in t 

course of its metabolic activity as the vegetative form gro' 
and reproduces in suitable media. Outbreaks occur wh 
aquatic birds consume this preformed toxin. 

The highest morbidity and mortality rates from botufo 
in aquatic birds have been recorded in shallow, alkali 
lakes or marshes in the western United States, and outbrea 
have most commonly occurred from July through Septe1 
ber and, in some years, October. The optimum tempe1 
tures for growth of the bacterium or the toxin productic 
or both, have been reported as low as 25 C (Hunter et 
1970) 577 and as high as 37 C (Quortrup and Sudheirr 
1942588). The discrepancies are probably the result of diff1 
ences in the experimental conditions under which the me; 
urements were made and the strains of Cl. botuiinum type 
used. 

The popular belief that avian botulism epizootics are ; 
sociated with low water levels and consequent stagnation 
not necessarily supported by facts. In three of the years 
heaviest bird losses in the hisi:ory of the Bear River Mig1 
tory Bird Refuge (1965, 1967, and 1971), the water sup[ 
was considerably more abundant than normal (Hun1 
California Department of Fisl1 and Game, personal commu 

cation; unpublished Bureau of Sport Fisheries and Wildl 
reports600

). The high water levels caused flooding of m1 

flats not normally under water in the summer months. Sir 
Jar inundations of soil that had been dry for several ye; 
have been associated previously with outbreaks on the B1: 
River Refuge and in other epizootic areas. A partial ,E 

planation for these associations may be that flooding of d 
ground is commonly followed by a proliferation of ma 
species of aquatic invertebrates (McKnight 1970587), t 

carcasses of which may be utilized by Cl. botulinum. 
Bell et al. (1955) 552 provided experimental support for 

idea expressed earlier by Kalmbach (1934). 581 According 
their "microenvironment concept," the bodies of inver 
brate animals provide the nutrients and the anaerobic t 

vironment required by C. botulznum type C for growth a 
toxin production. These bodies would presumably also ol~ 
some protection to the bacterium and its toxin from a che11 
call y unfavorable ambient medium. Jensen and All 
(l 960)078 presented evidence of a possible relationship t 
tween die-offs of certain invertebrate species and subsequc 
botulism outbreaks. 

The relationship between alkalinity or salinity of t 

marsh and the occurrence of botulism outbreaks is not cle; 
Invertebrate carcasses suspended in distilled water supp( 
high levels of toxin (Bell et al. l 955). 552 Laboratory mec 
are commonly composed of ingredients such as pepton 1 

yeast extract, and glucose, ~ithout added salts. The mediu 
used routinely at the Bear River Research Station for 1 
culture of Cl. botulznum type C has a pH of 6.8 to 7.0 aft 
heat sterilization. McKee et al. (1958) 586 showed that wh1 
pH was automatically maintained at a particular level 



laboratory cultures of Cl. botulinum type C throughout the 
growth period, the largest amount of toxin was produced at 
pH 5. 7, the lowest level tested. Decomposing carcasses of 
birds dead of botulism commonly contain very high concen
trations of type C toxin, and in these cases production is 
ordinarily independent of the chemical composition of the 
marsh. 

Kalmbach (1934) 581 tabulated the salt concentrations of 
water samples collected from 10 known botulism epizootic 
areas. The values ranged from 261 to 102,658 ppm (omit
ting the highest, which was taken from a lake where the bird 
losses were possibly from a cause other than botufo;m). 

Christiansen and Low (1970) 5:' 6 recorded conductance 
measurements on water in the management units of the 
Bear River Migratory Bird Refuge and the Farmington Bay 
vVaterfowl Management Area, both sites of botulism out
breaks varying in severity from year to year. The average 
conductance of water flowing into the five units of the Bear 
River Refuge in five summers (1959- 1963) ranged from 3. 7 
to 4.9 millimhos per centimeter at 25 C. The readings on 
outflowing water from the five units ranged from 4.4 to 8.3 
mmhos. Comparable figures for the three Farmington Bay 
units were l.8 to 3.2 (inflow) and 3.2 to 4.8 mmho~ (out
flow). Thus the salinity range of the inflowing water at Bear 
River was comparable to that of the outflowing water at 
Farmington. 

These data suggest that salt concentration of the water in 
an epizootic area is not one of the critical factors influencing 
the occurrence of outbreaks. If high salinity does fayor their 
occurrence, it is probably not because of its effect on Cl. 
botulinum itself. Other possible explanations for the higher 
incidence of botulism in shallow, alkaline marshes are: 

• Saline waters may support higher invertebrate popu
lation levels than do relatively fresh waters. ~Com
parisons, as they relate to avian botulism, have not 
been made.) 

• High salinity may inhibit some of the microorganisms 
that compete with er. botufznwn for nutrients or those 
that cause deterioration of the toxin. 

• Salinity may have no significant effect on the in
vertebrates or the bacteria, but it increases the sus
ceptibility of the birds. Cooch ( 1964) ;,:,7 has shown 
that type C botulinum toxin decreases the activity of 
the salt gland in duck5, reducing its capacity to 
eliminate salt. Birds so affected succumb to smaller 
doses of toxin than do those provided with fresh 
water. 

• Outbreaks of botulism poisoning tend to be associ
ated with or affected by insect die-offs, water tem
peratures above 70 F, fluctuations in water levels and 
elevated concentrations of dissolved solids. 

Recommendation 

Outbreaks of botulism poisoning tend to be as
sociated with, or affected by insect die-offs, water 
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temperature above 70 F, fluctuating water levels, 
and elevated concentrations of dissolved solids. 
Management of these factors may reduce outbreaks 
of botulism poisoning. 

Substances Acting After Magnification in Food Chains 

Chlorinated Hydrocarbon Pesticides 

DDT and Derivatives DDT and its abundant de
rivatives DDE and TDE have high lipid solubility and low 
water solubility, and thus tend to concentrate in the lipid, 
i.e., living fraction of the aquatic environment (Hartung 
1967b). 568 DDE is the most stable of the DDT compounds 
and has been espffially implicated in producing thinning of 
egg shells, increased breakage of eggs, reproductive failure 
in species occupying the apex of aquatic food chains in areas 
with long histories of DDT usage. 

Reproductive failures and local extirpation associated 
with egg shell thinning have been reported for several North 
American bird species. The phenomenon was first described 
and is most \vide-sprcad for the peregrine falcon (Falro 
j1ntgrin11s) (Hickn and Anderson l 968)Y 4 Since then simi
lar phenomena have been described in Brown Pelicans 
(Prlmmus nmdenta/z,) (Anderson and Hickey 1970) 5"

1 and 
species of several other families of predatory birds. Further 
increases ofDDE in large receiving basins, such as the Great 
Lakes, would be expected to increase the extent of repro
ductiYe failure among predatory aquatic bird populations. 
Concentrations as low as 2.8 ppm jJ ,j/DDE on a wet
weight basis produced experimental thinning of egg shells in 
the American Kestrel (Fafro sj!mvarws) (\\'iemeyer and 
Porter 1970). 599 Heath et al. (1969) 572 induced significant 
levels of eggshell thinning in mallards after feeding them 
similarly low levels of DDE. Concentrations of DDT com
pounds in the water of Lake Michigan have been estimated 
to be 1 to 3 parts per trillion (Reinert l 970)r,89 (Table 
III-21). Concentrations that would permit the assured sur
vival of sensitive predatory bird species are evidently much 
lower than that. Because such low concentrations cannot be 
reliably measured by present technologies and because the 
concentrating factor for the food chains appears to be vari
able or is not known, or both, a biological monitoring sys
tem should be chosen. If it is desired to protect a number of 
fish-eating and raptorial birds, it is essential to reduce the 
levels of DDE contamination, especially in large receiving 
basins (see Section IV). 

The available data indicate that there should not be con
centrations greater than 1 mg/kg of total DDT in any 
aquatic plants or animals in order to protect most species of 
aquatic wildlife. Present unpublished data indicate effects 
for even lower levels of DDE to some species of predatory 
birds (Stickel unpublished data). 601 

Present environmental levels vastly exceed the recom
mended levels in many locations, and continued direct or 
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TABLE III-21-Relationship of DDT and Metabolites to 
Eggshell Thinning 

Species Dosage• wet· Pesticide level Thinning 
weight basis in eggs 

Percent 

Mallard 1000 mg/kg N.D.t 25 
single dose 

Prairie falcon (Falco N.D.\ 0-10 ppm DOE ca. 5 
mexicanus) 10-20 ppm ODE ca. 13 

20-30 ppm ODE ca. 18 
30 ppm ODE ca. 25 

Japanese quail 100 ppm o, pDDT 23.6 ppm o,pDDT 4 
(Coturnix) 0.52 ppm DOE 

100 ppm p, p'DDT 48.0 ppm p,p'DDE 6 
Herring gull (Larus ca. 3.3 ppm 227 ppm total DDT N.D.\ 

argentatus) total DDT 
American kestrel 2.8 ppm p,p'DDE 32 4 ppm DOE 10 

(Falco sparvarius) 
Mallard .. 2.8 ppm DOE N.Dt 11 

*'11.2 ppm DOE N.D.t 14 

• All tests except the first one are chronic, spanning at least several months. 
•• Converted from dry-basis. 
t Not determined. 

Reference 

-------

Tucker & Haegele, 1970"5 

Enderson & Berger, 1970559 

Bitman et al., 19695" 

Keith, 1966"' 

W1emeyer & Porter, 1970"' 

Heath et al., 1969572 

indirect inputs of DDT would make these recommendations 
unattainable. 

Recommendation 

In order to protect most species of aquatic wild
life, the total DDT concentration on a wet-weight 
basis should be less than 1 mg/kg in any aquatic 
plants or animals. (Also see Recommendations for 
Pesticides, p. 185-186.) 

Polychlorinated Biphenyls (PCB) Polychlorinated 
biphenyls are chlorinated hydrocarbons which are highly 
resistant to chemical or biological degradation. They have 
been widespread environmental contaminants (Jensen et al. 
1969, 580 Risebrough et al. 1968590). Their biological effects 
at present environmental concentrations are not known. 
PCB's can elevate microsomal enzyme activity (Risebrough 
et al. 1968, 590 Street et al. 1968594), but the environmental 
significance of that finding is not clear. The toxicity of 
PCB is influenced by the presence of small amounts of con
taminated chlorinated dibenzofurans (Vos and Koeman 

1970, 596 Vos et al. 1970597) which are highly toxic to d, 
veloping embryos. 

Recommendation 

Because of the persistence of PCB and the 
susceptibility to biolo~~ical magnification, it 
recommended that the body burdens of PCB i 
birds and mammals not be permitted to increa~ 
and that monitoring programs be instituted (sE: 
Section IV). 

Mercury 

Westoo (1966) 598 reported that almost all of the mercm 
found in fish is methyl mercury. Jensen and Jernek 
(1969) 579 showed that natural sediments can methyla 
ionic mercury. Mercury levels in fish in Lake St. Cla 
ranged between 0.4 and 3 ppm, averaging near 1.5 ppi 
(Greig and Seagram 1970). 164 Residues in fish-eating bin 
from Lake St. Clair ranged up to 7.5 ppm in a tern, and u 
to 23 ppm in a great blue heron (Dustman et al. 1970). 1' 

These residues are comparable to those found in Swedis 
birds that died after experimental dosing with methy 
mercury, and in bird'> that died with signs of mercury po 
soning under field condition:; in Scandinavian countn 
(Henriksson et al. 1966, ·173 Bor; et al. 1969, .1 54 Holt l 9695n 

To date, no bird mortalities due to mercury contaminatio 
have been demonstrated in the Lake St. Clair area, b10 
body burdens of fish-eating birds are obviousiy close t 

demonstrated toxic levels. It is therefore concluded that th 
mercury levels in fish flesh should be kept below 0.5 ppm t 
assure the long-term survival of fish-eating birds .. Since thi 
level incorporates little or no safety margin for fish-eatin 
wildlife, it is suggested that the safety of a 0.5 ppm level L> 
reevaluated as soon as possible. 

Recommendation 

Fish-eating birds should be protected if mercur~ 
levels in fish do not exceed 0.5 µg/g. 

Since the recommendation of 0.5 µg/g mercur~ 
in fish provides little or no safety margin for fish· 
eating wildlife, it is recommended that the safet3 
of the 0.5 µg/g level be~ reevaluated as soon a! 
possible. 
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INTRODUCTION 

The Panel on Marine Aquatic Life and Wildlife took as 
its prime responsibility the development of recommenda
tions that would reasonably assure protection of the marine 
ecosystem. The recommendations have been discussed at 
various meetings of the members of the Panel and represent 
a consensus on the best statement that can be made in the 
light of present knowledge. The recommendations arc not 
inflexible and may be modified as our understanding of the 
marine ecosystem improves. 

Many parts of the marine ecosystem do not meet the 
quality requirements recommended here. As a result of 
man's activities, the marine ecosystem has been greatly 
modified; many species are excluded from areas where they 
were once abundant, and many areas have been closed for 
the harvesting of marine products as human food because 
of pollution. The decision as to what part, and how much, 
of the marine ecosystem should be protected for normal 
aquatic life and wildlife has political, social, and economic 
aspects, and such decisions cannot be based upon scientific 
evidence alone. Although some marine pollution problems 
are local in character, many are global and only the broad
est possible approach can solve these problems. Food from 
the sea is already an important source of animal protein for 
human nutrition, and this continuing supply must not be 
diminished by pollution. 

At the same time, the Panel recognizes that additions of 
pollutants to the oceans as by-products of our present mode 
of living will continue. But if pollution is kept within the 
boundaries and constraints which are defined in the recom
mendations, the Panel believes that the marine ecosystem 
can be protected. 

In many ways the marine ecosystem is similar to the 
freshwater, but there are significant differences which 
should be briefly described. For more details which sum
marize the extensive literature on this subject, the reader is 
referred to The Oceans by Sverdrup, et al. ( 1942) 6, * Thr Sra, 

particularly volume 2 edited by M. N. Hill (1964), 3 and 
Estuaries, edited by G. H. Lauff (1967). 4 

* Citations are listed at the end of the Section. Th!'"y can be locatt'd 
alphabetically within subtopics or by their superior numbers which 
run consecutively across subtopics for the cntir<" Section. 

The marine environment is a significant source of animal 
protein with an annual production of about 60 million tons 
fresh weight of fisheries products (Food and Ac,~Ticulture 

Organization 1967).2 Various estimates of the potential ex
pansion of this harvest have been made and arc summarized 
by Ryther (1969):, who concludes that the potential harvest 
might double this figure. Some of the existing ~tocks are 
already fished to capacity or overfished, but aquaculture 
(pp. 222-224) may increase world marine production. 

The importance of this supply of animal protein to the 
V1orld population ha,: been emphasized by Borgstrom 
(1961). 1 He c-;timatcs that more than two billion people of 
t 1c world's population receive 50 per cent or more of their 
animal protein from m,1rinc products. In the United States 
fish contributes only about 5 per cent of our animal protein 
consumption, but eve-n so it ha~: been estimated b) Pruter 
(.mjmbfohrd 1972) 8 that over ten billion pounds of commercial 
fish and shellfish were harvested from the estuarie' and con
tinental shelf of the United States in 1970. Furthermore, in 
the United States a great deal of fishmeal is used to fortify 
animal feed,, particularly for cnickens. It is obvious that 
this valuable food resource of tlw marine environment must 
be sustained. 

The estuaries are regions whcr·e the impact of man's ac
tivity is greatest, and they arc also areas of great value for 
marine fish production. They serve not only as nursery 
areas and breeding grounds for many species of fish, but 
also as the regular home for i:he entire life cyck of some 
valuable species, such as oysters alld era bs. Sykes ( 1968) 7 has 
eotimated that 90 per cent or more of the commercial catch 
of finfish in some geographical regions of the United States 
consists of estuarine-dependent species. The estuaries are 
fr e most variable regions of the marine ecosystem (sec pp. 
2. 9-221) and org<mism' which inhabit them are exposed to 
e}.treme variations. Since these organisms survive, they arc 
obviously adapted to the stress imposed by these variations. 
During the tidal cycle-, a sessile organism will be exposed to 
v;: riations in temperature and :>alinity as the- tide ebbs and 
flows. On a seasonal basis, because of variations in river 
flow, organisms at a fixed location may be exposed to fresh 
w.1ter during flood periods or to nearly undiluted sea water 
during droughts. The oscillatory nature of the tidal cur-
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rents can also lead to an accumulation of pollutants within 
an estuary, as is discussed in the section on waste capacity 
of receiving waters (pp. 228-232). 

Migratory fishes must also pass through estuaries in order 
to reach their breeding grounds. Anadromous fishes, such 
as the alewife, salmon, shad, and striped bass, move up
stream to breed in the highly diluted seawater or in fresh 
water. In contrast the catadromous species such as the eel 
spcncl their adult stages in fresh water and migrate down
stream in order to breed in the open sea. Conditions within 
the c'>tuaries should be maintained so that thcc,e seasonal 
breeding migratiom arc not interfered with. 

The conditions in the coastal waters are less variable than 
those in the estuaries, but in tcmperatc regions, the seasonal 
range of conditiom can be considerable. The coastal waters, 
particularly in areas of upwelling, arc the most highly pro
ductive parts of thc marine cnvironmcnt and have been 
e'itimated by R ythcr ( 1969):, to produce half of the potcntial 
marine fish production, e\·en though they constitute only 
0.1 per cent of the total area of the oceans. The coastal 
zone;, including near shore areas of high production such as 
fohing banks, com,titute 9. 9 per cent of the area of the ocean 
and contribute near!\' half of the \\orld fish production. In 
tropical waters, the seasonal \'ariation in conditions is less 
extreme than in temperate waters. However, a-; will be 
cfr;cuw·d in the section on temperature (p. 238) many 
tropical species are living near their upper extreme tempera
ture during the 'ummcr, and thi' fact pre-;ents considerable 
problems in the disposal of \\·aste heat in tropical areas 

The open ocean constitute-; 90 per cent of the area of the 
\\·oriel ocean and is the leac;t yariable of the marine environ
ment'. The deep sea produces only a minor fraction of the 
world's fish production, and thi-; consists mainly of the large 
pelagic carniYorcs such as the tuna (Ryther 1969). '' During 
the I (Jth century, the whale harvest was substantially 
greater than it is at present, but the whales captured were 
not a-; cffectivck utilized as they arc in modern \\'haling 
methods. Many species of whalcc; were grossly over-fished, 
and there is comiclerahle question today whether some of 
these species can rccoycr their original population sizes even 
in thme cases where a complete moratorium on their cap
ture is in effect. 

The waters of the deep sea below the permanent thermo
cline (the depths below which seasonal temperature changes 
do not occur) constitute the largest and most constant en
vironment on earth. During the history of modern ocean
ography, which cm·crs the last centun, no significant 
changes in either salinit) or temperature of the deep sea 
have been obserYed, the organisms living in this abyssal en
vironment haYing e\'olved under conditions which were 
presumably constant for millcnia. To protect the coastal 
environment many proposals have been made to clump ma
terials, 'uch as solid waste, sewage sludge, and contaminated 
dregc spoils in the deep ;,ca. Since the organisms inhabiting 
the depths of the ocean have been cxpo~cd to a constant 
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environment, they arc not accustomed to unusual stresses 
which might be created by such dumping operations (see 
pp. 278-283). Consequently, dumping of organic wastes in 
the deep sea is not recommended (pp. 277, 282-283). 

Development of Recommendations 

In most cases, recommendations are not applicable to 
every local situation. The marine environment varies 
widely, and only an understanding of local conditions will 
make it possible to determine what can or cannot be added 
in each situation. Many materials are accumulated by 
marine organisms, and the concentration is often increased 
at higher levels of the food web. \\"ith substances that are 
toxic and persistent, it is the concentration in the highest 
predators, fish or birds, that is critical. One example is 
DDT and its derivatives which have accumulated in birds to 
level' that interfere with their breeding. Materials that de
compose or are otherwise rcmo\'cd from the marine en
vironment present les<;cr hazards. 

The application of an7 recommendation to a local situa
tion is unique because it requires (a) an understanding of 
the circulation of the water and the resultant mixing and 
dilution of the pollutant, (b) a knowledge of the local bio
logical species in the environment and the identification of 
those that are most sensitive to the pollutant being con
sidered, and (c) an evaluation of the transport of the ma
terial through the food \veb because of the possibility that 
the pollutant may reach concentrations hazardous either to 
the normal aquatic species present, or to man through his 
use of aquatic species as food. 

The normal cycle of variation in the environment of many 
substances or conclitiom that occur naturally, such as oxy
gen, temperature, and nutrients, must be determined before 
decisions can be made as to possible permissible changes. In 
many estuaries and coastal waters "normal" conditions 
have been modified by man's activities and may already 
have changed to the extent that some species that might 
have been found at earlier times have been eliminated. In 
some circumstances, a recommendation may not be applic
able because it may be necessary to specify no additional 
change beyond that which has already occurred. There is 
no generally applica blc formula for recommendatiom to 
protect marine aquatic life and wildlife; a study of local 
environmental conditions is essential prior to application of 
the recommendations. 

The Panel recognizes that what can or should be done in a 
given situation cannot wait for the completion of time
consuming studies. The degree of protection desired for a 
given location involves social and political decisions. The 
ecological nature and quality of each water mass proposed 
for modification must be assessed prior to any decision to 
modify. This requires appropriate information on the physi
cal and chemical characteristics, on the distribution and 
abundance of species, and on the normal variations in these 
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attributes over the annual cycle. In addition, there must be 
sufficient knowledge to permit useful prediction of the sig
nificant effects of the proposed pollutant on the stages in the 
life cycle of important species, on populations, and on the 
biological communities present. The possible impact of that 

pollutant upon the ecosystem can then be assessed. These 
subjects are covered in greater detail in other parts of thi 
Section, but they are mentioned here to emphasize thei1 
primary importance in determining how the recommenda 
tions should be used in local situations. 



USES OF THE MARINE SYSTEM TO BE PROTECTED 

Coastal marine waters serve a wide variety of excep
tionally important human uses. Many of these uses produce 
high local benefits such as the yield of shellfish and recrea
tional activities. Others involve regional benefits or the 
global unity of the marine system, since local events influ
ence, and are influenced by, water quality at distant points. 
Many of the human uses of marine waters are directly de
pendent upon the nature and quality of the biological, 
chemical, and physical systems present. Efforts to protect 
and enhance these uses will be limited principally by our 
ability to understand and protect the environmental condi
tions which are essential for the biota. 

\Yater quality criteria for marine aquatic life and wild
life define the environmental requirements for specified 
uses. Five of these are discussed in this Section, namely, 
maintenance of the ecosystem; fisheries; aquaculture; wild
life protection; and waste disposal. These are not sharply 
separable, but the water quality requirements for each use 
are briefly summarized. The effects of transportation, harbor 
development, dredging and dumping of spoils have also 
been considered in developing the recommendations. 

NATURE OF THE ECOSYSTEM 

Many of the principal human uses of marine waters de
pend upon successful maintenance and enhancement of the 
existing ecosystems or, in a few circumstances, upon creating 
and continuing new and artificial ecosystems for specific 
purposes. The ecosystem includes all of the biological and 
non-biological (geological, physical, and chemical) com
ponents of the environment and their highly complex inter
actions. Studies of ecosystems must include all that is within 
the body of water as well as the imports to and exports from 
it. Research in such situations has shown that the biotic ele
ments include producers of organic material, several levels 
of consumers, and decomposers. In the least complex situa
tion, these act at rates controlled by the abiotic factors to 
transfer energy and recycle materials. In those aquatic en
vironments which continuously or intermittently exchange 
large quantities of energy or materials with other parts of 
the total global system, understanding and management 

become more difficult. In the marine environment imports 
and exports continually occur from coastal runoff, tidal 
action, oceanic currents, meterological actions, and ex
changes with adjacent water bodies or with the benthos 
and atmosphere. These exchanges are only partially under
stood, but it is clear that each marine site is connected inti
mately to the rest of the oceans and to total global 
mechanisms. 

The estuaries are in many ways the most complicated 
and variable of aquatic ecosystems. Materials carried from 
the land by rivers vary in quantity and quality, sometimes 
with strong seasonal patterns of high biological significance. 
Tidal oscillations cause vigorous reversals of flow. Inherent 
hydrographic patterns can lead to accumulation of materials 
and to upstream transport from the point of addition. Dense 
urban populations on the shores of estuaries produce large 
amounts of waste, and engineering projects have changed 
the boundaries and flows of water courses. The biologically 
rich estuaries are the most variable and the most endangered 
part of the marine environment. 

In each environment the existing characteristics of the 
system have been produced by dynamic interaction among 
the components, forces, and processes present. Some of these 
are small or transitory, but others are massive and enduring. 
If any one of these forces or processes is changed, a new 
balance is produced in the system. Relative stability, there
fore, results from the balancing of forces, not the absence. 
The biota are the product of evolution, and each ecosystem 
contains those species and communities which have adapted 
to the specific environment over a long period of time and 
which are successful in that environment. Drastic and rapid 
modification of the environment, as by pollution, may 
eliminate st'lme species and encourage others in ways which 
can reduce the value of the ecosystem for man's use or 
enjoyment. 

Effects of Water Quality Change on Ecosystems 

The introduction of a chemical compound or a change in 
the physical environment may affect a natural marine eco
system in many ways. In coastal waters undisturbed for long 
periods of time, the ecosystem has adjusted to the existing 
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conditions. The system is productive, species arc diverse, the 
biomass is high, and the flow of energy is comparatively 
efficient. The addition of pollutants to such a system might: 

• reduce the input of solar energy into the ecosystem; 
• increase the input of organic matter and nutrients 

which might stimulate the growth of undesirable 
species; 

• reduce the availability of nutrients by increased 
sorption and sedimentation; 

• create intolerable physical extremes for some orga
nisms, as by the addition of heat; 

• kill or reduce the success of individual organisms, 
as by lethal toxicity or crippling with oil; 

• eliminate species by adding a toxic material or mak
ing an essential clement unavailable; 

• interfere with the flow of energy from species to 
species, as by a chemical that interferes with feeding 
behavior; 

• reduce species diversity in the system; 
• interfere with regenerative cycling by decomposers; 
• decrease biomass by reduction of abundant species 

or disruption of the processes of ecosystems; 
• increase biomass by removing important consumers 

allowing runaway production of other species. 

All of these may involve changes in production and 
lowered human usefulness of the system. These arc ex
amples; additional effects can occur. The specific impacts 
of pollution at a site can be determined only through long
term study of that portion of the ocean and the changes that 
occur. 

It is clear that man, through his numbers and his actions, 
is having increasingly pronounced effects on organisms, 
populations, and entire ecosystems. Many people willingly 
accept the consequences of advanced technology that are 
markedly deleterious, but most people become alarmed 
when an entire large ecosystem undergoes transformation. 
When society recognizes that catastrophe threatens due to 
its carcle:;,sncss, it seeks to rearrange its demands on such 
ecosystems in ways that can be accommodated within the 
inherent capacities of the system. To provide adequate an
swers we need understanding of ecosystems, since knowledge 
at the species and population levels, however defined, will 
be too limited in scope to answer the questions that arise at 
the more highly organized level of the ecosystem. 

The study of the effects of pollution on ecosystems may 
be undertaken by considering pollution as an additional 
stress on the mechanisms that keep ecosystems organized. 
Unless the living parts of an ecosystem arc already under 
stress, the early effects of the introduction of toxic pollu
tants may contribute to the extinction of particularly sus
ceptible species leaving the more resistant forms in a less 
diverse community. In communities already under stress, 
relatively low levels of pollution may cause the disruption 
of the communities. 

Estuaries and intertidal regions are naturally exposed to 
stressful conditions. In the estuaries the ebb and flow of the 
1ide and the fluctuating freshwater flow create changes in 
::alinity on various time scales ranging from hourly to 
::casonally. In the intertidal zone the normal inhabitants are 
exposed to air during part of each tidal cycle. They arc also 
::ubjected to vigorous wave actions on exposed beaches and 
headlands. Unique assemblage!: of organisms have evolved 
which manage to survive these rigorous conditions if waters 
remain unpolluted. 

Pollutants are commonly released into such aquatic eco
::ystems of high natural variation in their nonliving compo
nents, and the rate of pollutant discharge usually varies 
from time to time. The immediate effect of these conditions 
is that at any fixed point in the habitat the concentration of 
a pollutant varies markedly w'1th time, but not in such a way 
1 hat a community can adapt itself to these variations. The 
result is that short-lived opportunistic species are hkely to be 
favored in areas ~ubject to variable aquatic pollution. 

Any single toxicant may be ec1ually virulent towards long
lived or short-lived species in tr e normal aquatic commun
ity. Except at outfalls where rn (icants reach lethal concen-
1 rations, as in continuous discharges in stable environments, 
1oxicants act discontinuously through time. \\There water 
mass instabilities arc such that poisonous concentrations 
occur on the average of once a week, for instance, it is pos·
o ible for organisms with much :;horter life spans to flourish 
briefly with large population fluctuations. Where they occur 
once a month, a community may evolve rapidly through a 
rnccessional sequence involving 1 few longer-lived organisms 
before the next toxic concentration occurs. \\There lethal 
dosages are as infrequent as once a year, the succession may 
go to the stage of some fish of medium life span, particularly 
if access to the area is relatively free. Because of the fluctua·· 
tions with time, the communitv nearest an outfall is most 
primitive from a successional viewpoint, and as distance 
from the outfall increases, there is a successional gradient 
toward the usual climax community of an unpolluted 
environment. 

Evaluation of the effects of pollution or of other environ
mental changes on the ecosystem involves studies of bio-· 
logical production, species diversity, energy flow, and 
cycling of materials. The process may be complicated by 
nassive imports and exports at any one site. Although 
pathways of energy flow and efficiencies are not yet com
pletely understood, they offer a unifying approach to these 
i=roblcms such as proposed by Odum (1967, 12 1971 13

). 

Species diversity is a useful attribute of biological systems. 
Diversity is affected by a number of factors as evidenced 
l::y the papers presented at a ~ymposium on Diversity and 
Stability in Ecological Systems (Brookhaven National 
Laboratory 1969), 10 as well as other symposia (American 
Society of Civil Engineering and Stanford University 1967, 9 

Olson and Burgess 1967,14 NAS-NRC Committee on Ocean
ography 1970, 11 Royal Society of London l 97Jlf'). Some sue-



cess has been achieved in the use of diversity measurements, 
however, and their potential for future use is high. (See the 
discussion of Community Structure in Section III on Fresh
water Aquatic Life and Wildlife and in Appendix II-B.) 

There are potentials for managing additions to coastal 
ecosystems in ways that benefit human uses. These are as 
yet poorly understood, and efforts to utilize waste heat, 
nutrients and other possible resources are primitive. Such 
possibilities merit vigorous exploration and, eventually, 
careful application. 

FISHERIES 

Major marine and coastal fisheries are based upon the 
capture of wild crops produced in estuaries, coastal waters, 
and oceans. The quantity and quality of the available sup
ply of useful species are controlled by the nature and effi
ciency of the several ecosystems upon which each species 
depends for its life cycle. Shad, for instance, depend upon 
freshwater areas at the head of estuaries for spawning and 
for survival as eggs and larvae, open estuaries for the nutri
tion of juveniles, and large open coastal regions for growth 
and maturation. As do man; other species, shad migrate 
over large distances. Serious pollution at any point in the 
lower river, the estuary, or the inshore ocean might, there
fore, break the necessary patterns and reduce the fishery. 

Estuaries have exceptional usefulness in support of fish
eries. At least three quarters of the species in the commercial 
and recreational fisheries of the nation arc dependent upon 
the estuarine ecosystem at one or more stages of their life 
histon. Estuaries arc used as obligatory spawning grounds, 
nurser-:. areas, havens from parasites and predators, and as 
rich sources of food because of high productivity. 

American fisheries exploit sevt'ral levels of the coastal 
ecosystem. vVe do not utilize the plants, the producers, 
directly as food or in commerce except for a comparatively 
small harvest of kelp and other seaweeds. The primary 
consumers, however, are extensively utilized. These include 
oysters, clams, mussels, and vast quantities of filter-feeding 
fish such as sardines, anchovies, menhaden, and herring. 
Second and third level consumers, which are less abundant 
but frequently more desired than plankton feeders, include 
most of our sport' fish and major commercial species such 
as tuna, striped bass, cod, halibut, and sea trout, as well as 
squid, sharks, and other species which hold potential for 
increased future use. 

Pollutants can be detrimental to fisheries by reducing 
desired species through direct mortality from toxicity, 
smothering, intolerable heat, or other killing changes. Re
duction may also occur when a pollutant has a sublethal 
stressing effect that significantly interferes with feeding, 
movement, reproduction, or some other essential function. 
Pollution has an indirect deleterious effect when it increases 
predators or parasites, reduces food organisms or essential 
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consorts, or damages the efficiency of the ecosystem func
tions pertinent to the species in question. Consideration of 
all these occurrences must enter into efforts to protect and 
enhance fisheries. 

Pollutants also damage marine organisms by imparting 
characteristics that make them unacceptable for commercial 
or recreational use. Economic loss has resulted from flesh 
tainting of fish and shellfish by oil, phenolics, and other ma
terials affecting taste, flavor, or appearance. DDT and other 
persistent organics, applied on land, have accumulated in 
fish to levels that exceed established standards for accept
able human food. Heavy metals, e.g., mercury, can reach 
levels in fish several thousand times the concentration in the 
ambient water, destroying the economic value of the orga
nisms involved. 

More than 90 per cent of the American commercial 
catch and virtually all of the sport fish are taken from the 
estuaries and continental shelf. The total yield is difficult to 
estimate, involving as it does migratory species, catches by 
both foreign and domestic vessels, and recreational fisheries 
which are only partially measured. Stroud (1971) 26 esti
mated that the estuarine-dependent fishery of the Atlantic 
coast yields 535 pounds per acre of estuary for a total annual 
yield of 6.6 X lOq lbs. He concludes that shrinking of estu
aries by filling or other destruction would reduce the yield 
by a directly proportional quantity. Further, he predicts 
that reduction of the productivity of estuaries by pollution 
would also produce a proportional decrease in fish produc
tion. The U.S. commercial fisheries of largest volume, in 
order of decreasing harvest, include menhaden, salmon, 
shrimp, crabs, herring, and oysters (Riley 1971). 24 The most 
valuable commercial harvests include shrimp, salmon, lob
sters, crabs, menhaden, oysters, clams, flounders, and scal
lops (Riley 1971).21 

The estuaries, as recipients of wastes both from rivers 
entering them and cities and industries along their shores, 
arc obviously more immediately susceptible to pollution 
damage than any other part of the marine system (Clark 
1967, 18 American Society of Civil Engineering and Stanford 
University 1967, 16 U.S. Dept. of Interior 1969,27 and U.S. 
Dept. of Interior, Fish and VVildlifc Service 197028

). Al
though the vulnerability of such inshore bodies of water to 
physical and chemical damage is exceptional, the open 
waters along the coast are also subject to damage from the 
use of these waters for waste disposal. Approximately 250 
waste disposal sites are in use along the coast of the United 
States, and 48 million tons of wastes arc estimated to have 
been clumped in 1968 (Council on Environmental Quality 
1970) .19 These dumped wastes included dredge spoih, in
dustrial wastes, sewage sludge, construction and demolition 
debris, solid wastes, and explosives (see pp. 278-283 of this 
Section for a more extended discussion of clumped wastes). 
Increased populations and technological concentration 
along the coasts, with simultaneous resistance to the use of 
land, rivers, and estuaries for disposal has stimulated pro-
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posals to increase the use of oceanic areas as receivers of 
wastes. 

The effects of such coastal disposal on fisheries are not yet 
clearly established. Bechtel Corp. ( 1969) 17 has suggested 
that continued expansion of waste disposal along the At
lantic coast at the present rate of increase may, in about 30 
years, significantly reduce the quality of water over the 
continental shelf by increased suspended solids, phosphate 
or nitrate enrichment, oxygen demand, heavy metals, or 
simultaneous effects from all of these. Preliminary studies of 
the effects of dumping of sewage sludge and dredging spoils 
from the metropolitan New York area indicate that an area 
of about 20 square miles has been impoverished by reduc
tion of normal benthic populations; and indirect effects may 
be far more ex tensive (Pearce 1970). 23 

More general approaches to disposal of wastes in ocean 
waters have been presented by Foyn (1965) 20 Olson and 
Burgess (1967) 22 , NAS-NRC Committee on Oceanography 
(1970) 21 and the Royal Society of London (1971). 25 Some 
discernible and disturbing changes in coastal waters are 
documented that prove the urgent need for better under
standing of pollution effects at the edge of the oceans. The 
limitation that must be placed upon any such releases must 
be learned and put to use quickly, and we should proceed 
carefully while we are learning. 

Fisheries provide useful indications of the biological 
health and productivity of marine waters. Continuous high 
yield of a harvestable crop of indigenous fish or shellfish 
free of toxicants or pathogens is an indication that water 
quality is satisfactory, that the environmental conditions are 
favorable for the total biological community, and that no 
contaminant is present in sufficient quantity to destroy 
major components of the ecosystem. Fisheries production 
statistics can thus serve as a sensitive indicator of environ
mental quanity. 

Specific criteria for categories of pollutants will be given 
in subsequent parts of this Section. The general require
ments for water quality in relation to successful fisheries 
include: 

• favorable, not merely tolerable, environmental con
ditions at every location which is required in the life 
history of each species: this places special value on 
water quality of estuaries which are obligate en
vironments for many species during at least some 
portion of their life cycles; 

• freedom from tainting substances or conditions where 
useful species exist, including elements and com
pounds which can be accumulated by organisms 
to unacceptable levels; 

• absence of toxic conditions or substances wherever 
useful species occur at any time in their life history; 

• absence of sublethal deleterious conditions which 
reduce survival and reproductive success; 

• water sufficient to maintain the health of the bio 
logical systems which support useful species; 

• absence of environmental conditions which are ex 
ceptionally favorable 10 parasites, predators, am 
competitors of useful species. 

MARINE AQUACULTURE 

Although often considered a new approach to the worl1 
food problem, aquaculture is an ancient practice in man 
parts of the world. In the Orient, aquatic organisms hav 
been successfully cultivated for centuries, usually wit 
rather primitive and empirical techniques, but neverthele~ 
with impressive success. 

The annual world production of food througl1 aquacul 
ture has recently been estimated at over four million metri 
tons, about 6.5 per cent of the total world fish landings. Al 
though this is derived largely from fresh water, and open 
ocean maraculture is in its infancy, an unknown but signif 
cant fraction of the production is brackish-water organisff 
taken from estuarine system;, The distinction betwee1 
freshwater and marine aquaculture is quite artificial. B1: 
cause the principles, techniques, potentials, and environ 
mental requirements for growmg organisms in either fres 
or salt water are much the same, the distinction is also un 
necessary for the purposes or the present discussion, excei: 
as noted below. 

It is difficult to assess the potential yield from marin 
aquaculture, dependent as it is on a primitive art unde1 
going rapid technological development. The introductio 
of present methods into new, undeveloped parts of the worJ, 
could at least double the p1·csent harvest within the nex 
decade. Judging from the experience in agriculture an' 
terrestrial animal husbandry, much greater increase i 
yields should presumably be possible with advances in sue 
fields as genetic selection and control, nutrition, habit:i 
management and elimination or control of disease, precb 
tion, and competition. It is 1101 inconceivable that the )id 
from aquaculture might one day surpass tha1 from th 
harvest of wild, untended stocks of aquatic organisms. Fm 
ther, since only the most desirable species are ,,elected fo 
aquaculture, both the economic and nutritional value pe 
pound of cultivated organism~: greatly exceeds Lhat of th 
average fishery product. In the United States, cxpandc1 
recent interest in coastal aquaculture will hopefully pro 
duce new techniques, products, and quantities, althougl 
economic feasibility has been difficult to achieve thus far. 

Although no firm distinction can be drawn, it is conveni 
ent to think of most forms of marine aquaculture in one o 
two categories that will be referred to here as e>ttensivc an< 
intensive culture. In extensive culture, animals are reared a 
relatively low densities in large impoundments, embay 
ments, or sections of estuarie:;, either natural or rnan-madc 
The impoundments may be closed off or open to the sea 
depending upon the desired degree of control, but eve1 



those that are enclosed must be located near a source of 
seawater so that the water may be exchanged frequently 
to prevent stagnation and to regulate such factors as tem
perature and salinity. Such exchanges are accomplished by 
tidal action or by pumping. 

The cultivated animals may be stocked or may consist of 
natural populations that enter the system as larvae or 
juveniles. They are usually not fed but subsist on natural 
foods that grow in the area or are carried in with the outside 
seawater. 

Extensive aquaculture systems are most common in the 
undeveloped parts of the world (e.g., Southeast Asia) where 
large areas of coastal mangrove swamps, marshes, and estu
aries arc available and are not presently in use or demand 
for other purposes. For example, it has been estimated that 
there arc over six million acres of mangrove swamps in 
Indonesia alone that would be suitable for some form of fish 
farming. 

In such coastal impoundments, milkfish, mullet, shrimp, 
and other free-swimming species are grown. In the more 
open situations such as embayments and arms of estuaries, 
non-fugitive organisms are cultivated. The oldest and most 
highly-developed form of marine aquaculture practiced in 
the United States and Europe, that of oyster culture, falls 
into this category. Seaweed culture in Japan and China is 
another interesting example of this general approach to 
aquaculture. 

Yields from extensive aquaculture range from a few hun
dred pounds to, at best, about one ton per acre per year. 
Little, in some cases almost no, capital investment is re
quired, and it is not a labor-intensive form of enterprise. 
One or two unskilled laborers can manage 100 acres or 
more of shrimp or milkfish ponds in Malayasia or the 
Philippines except during stocking and harvesting opera
tions. This is normally a highly profitable form of business 
to the culturist and, despite the modest yields, extensive 
aquaculture is capable of making a significant contribution 
to the protein nutrition of many of the undeveloped parts 
of the world. 

Intensive aquaculture makes use of flowing-water sys
tems using flumes or raceways and is best typified by trout 
and salmon hatcheries that have been operated successfully 
in the lJnited States and Europe for many years and have 
now reached a relatively high level of technical sophistica
tion. Although originally designed to produce fish to be 
stocked in natural waters to enhance commercial or sports 
fishing, such systems are now being increasingly used for the 
production of fish to be marketed directly as food. Such 
systems were originally developed and used exclusively for 
rearing freshwater species, but they are now also finding 
application in saltwater areas for the production of marine 
or anadromous species. 

A variation of the raceway system of intensive aquacul
ture is that of floating cage culture in which the animals are 
held in nets suspended by a floating wooden framework. 
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These may be moored in estuaries or other protected arms 
of the sea, where they are exposed to strong tidal currents. 

A common feature of the various kinds of intensive aqua
culture is that the animals are grown closely packed at ex
tremely high densities and depend upon the flow of large 
volumes of water over and around them to provide oxygen 
and carry away wastes. When feasible, the animals are fed 
artifically on prepared, pelletized food. The entire system 
must be carefully controlled and monitored. 

Intensive aquaculture systems for the commercial pro
duction of food are in an early stage of development and 
have yet to prove themselves as profitable and reliable for 
marine species. Rapid progress is being made in this area, 
however, particularly in highly developed parts of the world 
where technological skill is available, where coastal marine 
areas are scarce and in high demand, and where the price of 
luxury seafoods is escalating. Various species of molluscs, 
crustaceans, and finfish arc now being grown in this way, 
and many more are likely candidates as soom as funda
mental aspects of their life history and nutrition are 
mastered. 

The yield from intensive aquaculture per unit of area in 
which the organisms are grown is ecologically meaningless 
(as is that from a cattle feed-lot, for example) but amounts 
to as much as hundreds of tons per acre. More realistically, 
the yield from such systems may be expressed per cubic foot 
per minute of water flowing through it, which is usually the 
limiting factor. 

In contrast to extensive aquaculture, intensive systems 
usually require high capital outlay and have a relatively 
high labor demand. Profits or losses are determined by small 
differences in the costs of food, labor, marketing, and the 
demand for the product. 

Both extensive and intensive forms of aquaculture are 
heavily dependent on high quality water to sustain them. 
Neither is independent of the adjacent coastal marine en
vironment. Extensive pond culture may be semi-autono
mous, but as explained above, the water must be occasion
ally and sometimes frequently exchanged. Intensive aqua
culture systems are vitally dependent on a continuous large 
supply of new seawater. Because of the large investment 
and, at best, small margin of profit, and because of the dense 
populations of animals maintained at any one time, inten
sive aquaculture represents a far greater risk. 

Freshwater aquaculture systems, if strategically located 
near an adequate source of underground water, may be 
largely independent of man's activities and relatively free 
from the threat of pollution. This, unfortunately, is never 
quite true of marine aquaculture. The contiguous oceans of 
the world circulate freely, as do the substances man adds to 
them. \Nhile water movements may be predicted on large 
geographical and time scales, they are quite unpredictable 
on a local and short-term basis. An embayment or estuary 
whose shores are uninhabited and which may suffer no ill 
effects from the surrounding land may suddenly become in-
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fused with materials added to the water hundreds of miles 
distant and carried· to the scene by winds, tides, and coastal 
currents. In this sense, marine aquaculture is not only more 
vulnerabie to change than freshwater culture, but the dan
gers are also far less predictable. 

Application of Water Quality to Aquaculture 

The various toxic or otherwise harmful wastes that man 
adds to the coastal marine environment affect cultivated 
organisms much the same as they do the natural popula
tions of the same species. These are discussed in detail else
where and need not be repeated here. In general the 
deleterious effects of wastes on organisms that are used as 
food by man are: (!) to kill, injure, or interfere with the 
growth or other vital functions of the organisms, or (2) to 
become concentrated in the organisms to such an extent as 
to render them unfit for human consumption by exceeding 
public health standards or by making them unpalatable. In 
the latter case, this may occur with no apparent accompany
ing impairment of the organism. 

Certain aspects of aquaculture, particulady the intensive 
forms of culture described above, are partiCularly sensitive 
and vulnerable to various kinds of pollution-more so than 
their freeliving counterparts in nature. These are enumer
ated and discussed briefly below. 

• The carrying capacity of intensive aquaculture sys
tems is based on the flow of water and its supply ot 
oxygen. If the concentration of oxygen in the water 
suddenly decreases due to an organic overload, a 
temperature increase, or other external causes, it 
may be inadequate to support the cultivated 
animals. 

• Captive organisms cannot avoid localized unfavor
able conditions (e.g., oxygen, temperature, turbid
ity) as can free-swimming natural populations. 

• Many organisms can tolerate alterations in their 
environment if they are allowed to adapt and be
come acclimated to such changes slowly. Cultivated 
organisms may be, and often are subjected to sudden 
changes in water quality and cannot endure the ini
tial shock, while the free-swimming natural popula
tions can enter an affected area slowly and cautiously 
and allow themselves to adapt to the altered 
conditions. 

• Cultivated organisms, particularly in the densely
crowded conditions of intensive aquaculture, may be 
and perhaps always are under rather severe physio
logical stress. Artificial diets are often incomplete or 
otherwise unbalanced. Unnaturally crowded living 
conditions may cause hormonal or other biochemical 
imbalance. The animals may already suffer the ef
fects of poor water quality from their own pollutants. 
They are therefore particularly susceptable and vul-

nerablc to any additional deterioration in wate 
quality that may increase their stress condition. 

• Disease is a spectre that perpetually haunts the aqua 
culturist. Virtually impossible to avoid or eliminat 
in any open system, it is usually, at best, held ii 
check. Again, the addi1:ional stress caused by a de 
terioration in water quality, while not fatal in itsdl 
may lower the resistance of the cultivated animals t< 
epidemic disease. 

• Artificially-fed cultivated organisms may be no !cs 
susceptible to accumuilation of wastes, although in 
tensively cultivated organisms that arc fed entire] 
on an artificial diet would appear to have one ad 
vantage over natural populations of the same animal 
living in polluted water>. Many toxic substancc-s sucl 
as chlorinated hydrocarbons may reach toxic or un 
acceptable levels in larger organisms because o 
concentration and amplification at each successiv 
step in the food chain that ultimately supports th 
animal in question. However, there is increasin: 
evidence that these substances also enter fishes arn 
other organisms direct!)' from solution in the water 
acrms respiratory or digestive membranes. Sue] 
direct absorption of toxic material may in some case 
exceed the quantities ingested and as,imilated wit! 
food. 

Therefore, the general recommendations for the qualit; 
of water for use in culture include: (!) continuously ade 
quate control of those materials and conditions which an 
required for good hc-alth and efficient production of th1 
cultured species; (2) absence of deleterious chemical anc 
physical conditions, even for short or intermittent periods 
(3) environmental stability; and ( 4) prevention of introduc 
tion of diseases that attack the organisms under culture 
The specific requirements for each culture effort must b1 
with reference to the species involved, the densities desired 
and the operational design of the culture system. 

MARINE WILDLIFE 

Marine wildlife for the purposes of this Section is definec 
as those species of mammals, birds, and reptiles which in 
habit estuaries or coastal and marine waters for at least < 

portion of their life span. The fish, invertebrates, and plank 
ton that constitute the food webs upon which these specie: 
depend are not, therefore, comidered to be wildlife in thi: 
context. The recommendations for marine wildlife, how
ever, necessarily include all recommendations formulatec 
to protect the fish, invertebrate, and plant communities 
because wildlife can be adequately protected only if th( 
diversity and integrity of food ·webs are maintained. More· 
over, the recommendations must protect wildlife from pol· 
lutants that are relatively persistent in the environment. 
transported by wind or water currents, and concentrated 01 

recycled in the food webs. Because of trophic accumulation. 



birds and mammals that occupy the higher trophic levels in 
the food web may acquire body burdens of toxicants that 
are lethal or that have significant sublethal effects on repro
ductive capacity, even though the concentrations of these 
substances in the water remain extremely low. Pollutants of 
concern or of potential concern are the radionuclides, heavy 
metals, chlorinated hydrocarbons, and other synthetic 
chemicals that are relatively resistant to biological and 
chemical degradation. 

Recommendations to protect wildlife dependent upon 
freshwater ecosystems may in general also apply to estu
aries. This is particularly true for protection of food and 
shelter for wildlife, pH, alkalinity, light penetration, settle
able substances, and temperature. These arc discussed in 
Section III on Freshwater Aquatic Life and Wildlife. 

Marine and coastal waters constitute major sinks for per
sistent pollutants. Accumulation rates and steady-state 
levels are complex functions of input, rates of degradation, 
and rates of deposition in the sediments. As yet no research 
programs have measured accumulation rates of pollutants 
in coastal waters or determined whether steady-state con
centrations have already been attained. 

Current knowledge of the partition coefficients among 
concentrations in water, in sediments, and in tissues of 
representative species in food webs is at best fragmentary. 
It is assumed, however, in the evaluation of water quality 
that the distribution and concentration of gradients of a 
pollutant in an aqueous ecosystem satisfy thcrmod;namic 
equilibria requirements. The pollutants considered here are 
not essential to physiological functions, and do not require 
energy to maintain the concentration gradients. Thus the 
chlorinated hydrocarbons are concentrated in the lipid 
pools of organisms from ambient water but will not accumu
late indefinitely. Rather, under equilibrium conditions, 
these pollutants will also be lost to ambient water, particu
late matter, and sediments in satisfying thermodynamic 
requirements. Because the internal environments of birds 
and mammals are more isolated from the ambient environ
ment than those of invertebrates and most fish, equilibrium 
concentrations of pollutants, particularly the chlorinated 
hydrocarbons, may be substantially higher. 

Theoretically, therefore, measurements of pollutant con
centrations in one component of an ecosystem are sufficient 
to indicate the level in the system as a whole when the parti
tion coefficients among water, suspended particulate and 
organic material, sediments, lipid pools, surface films, and 
the atmosphere are known. The methodologies for measur
ing pollutant concentrations in sea water are as yet imper
fect, and very few good measurements have so far been 
made. Consequently it is not practical at present to make 
recommendations for the relatively persistent organic pollu
tants based upon water concentrations, especially when 
partition coefficients are not known. Residue concentrations 
in fish are more easily determined and can more readily be 
associated with harm to bird and mammal populations that 
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consume them. Recommendations for the toxic organic 
compounds that are trophically accumulated by marine 
wildlife are therefore based upon concentrations in fish. 

It cannot be assumed that there is a level or concentration 
in the ecosystem as a whole of pollutants which are muta
gens or teratogens that causes no effect on any of the wild
life species. The chlorinated dibenzo-p-dioxins are highly 
toxic to developing embryos (Verret 1970) 71 and are con
taminants in compounds prepared from chlorinated phe
nols, including the herbicide 2, 4, 5-T (Verrett 1970) 71 and 
the widely used fungicide pcntachlorophenol (Jensen and 
and Renberg 1972). 53 The closely related chlorinated di
benzofurans are contaminants in some PCB preparations 
(Vos and Koeman 1970, 74 Vos et al., 1970, 75 Vos zn jmss 
1972). 72 Embryonic mortality in birds is induced by these or 
other derivatives of PCB (Peakall et al., m jness 1972, 59 

Vos in press 1972). 72 For the present time the chlorinated 
dibenzofurans are included with PCB in the recommenda
tions. When environmental mutagens and teratogens affect 
only relatively few individuals of a population, it is as
sumed that these will be eliminated by natural selection 
without harm to the species as a whole. 

For other pollutants which affect specific enzyme systems 
or other physiological processes but not the genetic material 
or embryological development, it is assumed that there are 
levels in the environment of each below which all organisms 
are able to function without disrupting their life cycles. 
Manifestations of physiological effects, such as a certain 
amount of eggshell thinning or higher level of hormone 
metabolism, might be detectable in the most sensitive 
species. If environmental levels increase, the reproductive 
capacity of the most sensitive species would be affected first. 
The object of the recommendations presented is to maintain 
the steady-state concentrations of each pollutant below 
those levels which interfere with the life cycles of the most 
sensitive wildlife species. Input should not therefore be 
measured only in terms of concentrations of each pollutant 
in individual cffiuents, but in relation to the net contribu
tion to the ecosystem. At the steady-state level, the net 
contribution would be zero, with the total input equal to the 
sum of degradation and permanent deposition in the 
sediments. 

Bases For Recommendations 

Recommendations based upon pollutant concentrations 
in fish must take into account the individual variation in 
residue concentration. The distribution is usually not Gaus
sian (Holden 1970 ;51 Anderson and Fenderson 1970 ;30 

Risebrough et al. zn jJress 1972), 65 with several individual 
fish in a sample frequently containing much higher residue 
concentrations than the majority. Fish samples should there
fore consist of pooled collections. Samples as large as 100 
fish may not be suflicient to determine mean concentrations 
of a pollutant with a precision of 10 per cent (Risebrough 
et al. zn press 1972). 65 Practicality, however, frequently 
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dictates against sample sizes of this magnitude, and samples 
consisting of 25 or more fish are suggested as a reasonable 
compromise. 

Radionuclides 

Recommendation 

In the absence of data that would indicate that 
any of the radionuclides released by human ac
tivities are accumulated by wildlife species, it is 
recommended that the recommendations estab
lished for marine fish and invertebrates apply also 
to wildlife. 

Heavy Metals 

The results obtained during the baseline study of the 
International Decade of Ocean Exploration (IDOE) in 
1971 - 72 have failed to indicate any evidence of pollution by 
heavy metals, including mercury and cadmium, above 
background levels in marine species (Goldberg 1972). 4 '' 

The results, suggested, however, local patterns of coastal 
contamination. The heavy metal analyses carried out to 
date of tissues of several species of petrels, strictly pelagic in 
their distribution (Anderlini et al. 1972) ;32 and of coastal 
fish-eating species such as the Brown Pelican, Pelecanw 
occidentalzs, (Connors et al. in press l 972a) ;40 and the Com-· 
mon Tern, Sterna hirundo (Connors et al. in press l 972b) 41 

have confirmed this conclusion. 

Recommendation 

In the absence of data indicating that heavy 
metals are present in marine wildlife in concen
trations above natural levels, it is recommended 
that recommendations formulated to protect other 
marine organisms also apply to wildlife in order 
to provide protection in local areas. 

Polychlorinated Biphenyls (PCB) 

Evidence is accumulating that PCB does not contribute 
to the shell thinning that has been a n ajor symptom of the 
reproductive failures and population declines of raptorial 
and fish-eating birds. Dietary PCB produced no shell thin
ning of eggs of Mallard Ducks (Anas platyrhynchos) (Heath 
et al. in jmss 1972), 49 nor did PCB have any effects on eggs of 
Ring Doves (Streptopelia risoria) (Peakall 1971). 58 A PCB 
effect could not be associated with the thinning of Brown 
Pelican (Pelecanus occzdentalis) eggshells (Risebrough in press 
1972). 62 PCB may increase susceptibility to infectious agents 
such as virus diseases (Friend and Trainer 1970). 44 Like 
other chlorinated hydrocarbons, PCB increases the activity 
of liver enzymes that degrade steroids, including the sex 
hormones (Risebrough et al. 1968; 64 Street et al. 1968).67 
The ecological significance of this phenomenon is not clear .. 

Because laboratory studies have indicated that PCB, with 
its derivatives or metabolites, causes embryonic death of 

birds (Vos et al. 1970;75 Vos and Koeman 1970;74 Vos. 
press 1972; 72 Peakall et al. in j1ress 197259) and because e; 

ceptionally high concentrations are occasionally found i 
fish-eating and raptorial species (Risebrough et al. 1968; 
Jensen et al. 196952), it is highly probable that PCB h; 
had an adverse effect on the reproductive capacity of sorr 
species of birds that have shown population declines. 

Median PCB concentrations in whole fish of eight speci• 
from Long Island Sound, obtained in 1970, were in tl 
order of one milligram per kilogram (mg/kg) (Hays ar 
Risebrough 1972), 47 and comparable concentrations ha' 
been reported from southern California (Risebroug 
1969). 61 On the basis of the high probability that PCB : 
the environment has contributed to the reproductive failur 
of fish-eating birds, it is desirable to decrease these levels 1 
at least a factor of two (see Section III on Freshwat• 
Aquatic Life and Wildlife pp. 175-1 77). 

Recommendation 

It is recommended that PCB concentrations i 
any sample consisting of a homogenate of 25 < 
more whole fish of any species that is consumed 1i 
fish-eating birds and mammals, within the sarn 
size range as the fish consumed by any bird < 
mammal, be no greater than 0.5 mg/kg of the wi 
weight. 

In the absence of a standardized methodolo~ 
for the determination of PCB in environment: 
samples, it is recommended that estimates of PC 
concentrations be based on the commerci: 
Aroclor® preparation which it most closely n 
sembles in chlorine composition. If the PC 
composition should resemble a mixture of mm 
than one Aroclor®, it should be considered a mb 
ture for the basis of quantitation, and the PC 
concentration reported should be the sum of ti' 
component Aroclor® equivalents. 

DDT Compounds 

DDT compounds have become widespread and local 
abundant pollutants in coastal and marine environments 
North America. The most abundant of these is DDE [2 ,: 
bis(p-chlorophenyl) dicholoroethylene], a derivative of t1 
insecticidal DDT compound, p, p'-DDT. DDE is mo 
stable than other DDT derivatives, and very little inform 
tion exists on its degradation in ecosystems. All availab 
data suggest that it is degraded slowly. No degradation pat] 
way has so far been shown to exist in the sea, except depm 
tion in sediments. 

Experimental studies have shown that DDE induc 1 

shell thinning of eggs of birds of several families, includir 
Mallard Ducks (Anas platyrh;nchos) (Heath et al. 1969), 
American Kestrels (Falco sparoerius) (Wiemeyer and Porte 
1970), 77 Japanese Quail (Coturnix) (Stickel and Rhod1 
1970) 66 and Ring Doves (Streptopelia risorial) (Peakall 1970). 



Studies of eggshell thinning in wild populations have re
ported an inverse relationship between shell thickness and 
concentrations of DDE in the eggs of Herring Gulls (Larus 
argentatus) (Hickey and Anderson 1968). 50 Double-crested 
Cormorants (Phalacrocorax auritus) (An.derson et al. 1969), 31 

Great Blue Herons (Ardea herodias) (Vermeer and Reynolds 
1970), 70 White Pelicans (Pelecanus erythrorhynclws) (Anderson 
et al. 1969), 31 Brown Pelicans (Pelecanus occidentalis) (Blus 
et al. 1972 ;36 Risebrough in press 1972), 62 and Peregrines 
(Falco jmegrinus) (Cade et al. 1970). 37 

Because of its position in the food webs, the Peregrine 
accumulates higher residues than fish-eating birds in the 
same ecosystem (Risebrough ct al. 1968). 64 It was the first 
North American species to show shell thinning (Hickey and 
Anderson 1968). ;,o It is therefore considered to be the species 
most sensitive to environmental residues of DDE. 

The most severe cases of shell thinning documented to 
date have occurred in the marine ecosystem of southern 
California (Riscbrough et al. 1970) 63 where DDT residues 
in fish have been in the order of 1-10 mg/kg of the whole 
fish (Risebrough zn jmss 1972). 62 In Connecticut and Long 
Island, shell thinning of eggs of the Osprey (Pandion haliae
tus) is sufhciently severe to adversely affect reproductive 
success; over North America, shell thinning of Osprey eggs 
also shows a significant negative relationship with DDE 
(Spitzer and Riscbrough, unjmblislzed results). 70 DDT residues 
in collections of eight species of fish from this area in 1970 
ranged from 0.1 to 0.5 mg/kg of the wet weight (Hays and 
Risebrough 1972). 47 Evidently this level of contamination 
is higher than one which would permit the successful repro
duction of several of the fish-eating and raptorial birds. 

Recommendation 

It is recommended that DDT concentrations in 
any sample consisting of a homogenate of 25 or 
more fish of any species that is consumed by fish
eating birds and mammals, within the same size 
range as the fish consumed by any bird or mammal, 
be no greater than 50 µg/kg of the wet weight. 
DDT residues are defined as the sum of the concen
trations of p,p'-DDT, p,p'-DDD, p,p'-DDE and 
their ortho-para isomers. 

Aldrin, Dieldrin, Endrin, and Heptachlor 

Aldrin, dieldrin, endrin, and heptachlor constitute a 
class of closely related, highly toxic, organochlorine insecti
cides. Aldrin is readily converted to dieldrin in the environ
ment, and heptachlor to a highly toxic derivative, hepta
chlor epoxide. Like the DDT compounds, dieldrin may be 
dispersed through the atmosphere (Tarrant and Tatton 
1968, 68 Risebrough et al. 1968). 64 The greatest hazard of 
dieldrin is to fish-eating birds such as the Bald Eagle (Halz
aeet111 le11cocephal11s) (Mulhern ct al. 1970) ;56 the Common 
Egret (Casmerodws albus) (Faber et al. 1972) 43 and the 
Peregrine (Falco peregrinus) (Ratcliffe 1970), 60 which may 

Uses of the Marine System to be Protected/227 

accumulate lethal amounts from fish or birds that have not 
themselves been harmed. 

These compounds are somewhat more soluble in water 
than are other chlorinated hydrocarbons such as the DDT 
group (Gunther et al. 1968) ;46 partition coefficients between 
water and fish tissues can be assumed to be lower than those 
of the DDT compounds. Equivalent concentrations in fish 
would therefore indicate higher environmental levels ot 
dieldrin, endrin, or heptachlor epoxide than of DDE or any 
of the other DDT compounds. Moreover, these compounds 
are substantially more toxic to wildlife than are other 
chlorinated hydrocarbon pesticides (Tucker and Crabtree 
1970). 69 More conservative recommendations are therefore 
necessary. 

Recommendation 

It is recommended that the sum of the concen
trations of aldrin, dieldrin, endrin, and heptachlor 
epoxide in any sample consisting of a homogenate 
of 25 or more whole fish of any species that is con
sumed by fish-eating birds and mammals, within 
the size range consumed by any bird or mammal, 
be no greater than 5 µg/kg of the wet weight. 

Other Chlorinated Hydrocarbon Pesticides 

Other chlorinated hydrocarbon insecticides include lin
dane, chlordane, endosulfan, methoxychlor, mirex, and 
toxaphene. Hexachlorobenzene is likely to have increased 
use as a fungicide as mercury compounds are phased out. 
This compound is toxic to birds and is persistent (Vos et al. 
1968). 73 \\Tith the possible exception of hexachlorobenzene, 
recommendations that protect the invertebrate and fish life 
of estuaries from injudicious use of these pesticides will also 
protect the wildlife species. In light of the experience with 
DDT and dieldrin, the large scale use of a compound such 
as mirex can be expected to have adverse effects on wildlife 
populations. 

Recommendation 

It is recommended that the concentration of any 
of these chlorinated hydrocarbon insecticides, in
cluding lindane, chlordane, endosulfan, methoxy
chlor, mirex, and toxaphene, and of hexachloro
benzene, in any sample consisting of a homogenate 
of 25 or more whole fish of any species that is con
sumed by fish-eating birds and mammals, with 
the size range that is consumed by any bird or 
mammal, be no greater than 50 µg/kg of the wet 
weight. 

Lead 

No data was found to indicate that lead released into the 
atmosphere through the combustion of leaded gasolines has 
posed a hazard to wildlife populations or has resulted in an 
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increase in body burdens of lead over background levels. 
Critical studies, however, have not yet been carried out. 
Ingestion of lead shot by waterfowl, which often mistake 
spent lead shot for seed or grit, kills many birds, and the 
pollution of marshes by lead shot is a serious problem. 

Jordan (1952) 54 found that female waterfowl are about 
twice as sensitive to poisoning as males, and that toxicity 
varied greatly, depending on species, sex, and quantity and 
quality of food intake. A corn diet greatly increased the 
toxicity of lead. A study carried out by Bellrose (1951 ) 34 

indicated that the incidence of lead shot in gizzards of 
waterfowl averaged 6.6 per cent in 18,454 clucks. Among 
infected clucks, 68 per cent contained only one shot in their 
gizzards, and only 17. 7 per cent contained more than two 
(Jordan and Bell rose 1951). 55 The incidence of ingested 
shot appears to increase throughout the hunting season with 
a subsequent decline afterwards. Most losses of waterfowl 
clue to ingested lead shot are in fall, winter, and early 
spring (Jordan 1952). 54 Different species show different 
propensities to ingest shot. Redhead (Ayt!rya americana), 
Canvasback (Avt!rya valisneria) and Ringneckcd Ducks 
(Ayt!rya collaris) are prone to ingest shot, while Gadwall 
(Anas strepera), Teal (Anus sp.) and Shoveler (Spatula clypeata) 
show a low incidence. Ingestion of one shot does not appear 
to produce measurable changes in longevity, but six No. b 
shot are a lethal close to Mallards, Pintail (Anus acuta) and 
Redheads (Wetmore 1919). 76 Cook and Trainer (1966) 42 

found that four to five pellets of ~o. 4· lead shot were a 
lethal dose for Canada Geese (Bran/a canadensis). On a body 
weight basis, 6 to 8 mg/kg/day is detrimental to Mallards 
(Coburn et al. 1951). 39 

Lead concentrations in livers of poisoned birds arc of a 
comparable order of magnitude, ranging from 9 to 27 
mg/kg in Canada Geese (Adler 1944),29 18 to 37 mg/kg in 
Whistling Swans (Olar columbianus) (Chupp and Dalke 
1964) 38 and an average of 43 mg/kg in Mallards (Anas 
platyr!rynchos) (Coburn et al. 1951). 39 These levels are l 0 to 
40 times higher than background, which is in the order of 
one mg/kg of the wet weight liver (Bagley and Locke 
1967). 33 

Lead poisoning in waterfowl tends to occur especially in 
areas where a few inches of soft mud overlay a hard sub
strate. In marshes where waterfowl are hunted, the number 
of lead pellets per acre of marsh bottom is on the order of 
25,000 to 30,000 per acre and is frequently higher (Bellrose 
1959). 35 30,000 pellets per acre are equivalent to 0. 7 pellets 
per square foot. 

The data examined indicate that the annual loss is be
tween 0. 7 per cent and 8.1 per cent of a population esti
mated to be 100 million birds. Although there is apparently 
no evidence that a loss of this magnitude has long-term 
detrimental effects on any species, it is considered unac
ceptable. Levels of lead shot in the more polluted marshes 
should therefore be reduced. The ultimate solution to this 
problem is the production of non-toxic shot. 

Recommendation 

In order to reduce the incidence of lead poisonit1 
in freshwater and marine waterfowl, it is recorr 
mended that: non-toxic shot be used, or that n 
further lead shot be introduced into zones of sh< 
deposition if lead shot concentrations exceed 1 
shot per 4 square feet in the top two inches c 

sediment. 

WASTE CAPACITY OF RECEIVING WATERS 

\Vhen waste disposal to any natural body of water is co 
sidered, the receiving capacit~' of the environment must I 
taken into account. \Vaste disposal has been one of tl 
many uses man has required of estuaries and coastal wate1 
These waters are capable of as:;imilation of definable quarn 
ties and kinds of wastes that are not toxic and that do n 
accumulate to unacceptable levels. In many locatio 
wastes are being added to t~1ese waters at rates that exec< 
their capacity to recover; and when the rate of addition c 
ceecls the recovery capacity, 1 he water quality deteriorat 
rapidly. It is essential to understand the local conditio 
and the processes that determine the fate, concentratio 
and distribution of the pollutant in order to determine ti 
amount of the pollutant and the rate of c\ispm.al that w 
not exceed the recommended levels. 

A simplifi('d diagram of the various proccssc·s that m. 
determine the fate and distribution of a pollutant added 
the marine environment is presented in Figure IV 
(Ketchum 1967). 82 The waste material may be diluted, cl 
persed, and transported by various ph ! sic al proce-;ses, sw 
as turbulent mixing, ocean Cl'xrent:;, or exchanges with ti 
atmosphere. It may be conctntrated by various biologic 
processes, such as the direct uptake by organisms of a d 
solved material in the water, znd it may be transferred fro 
organism to organism in various trophic levels of the frn 
web. Additional conct'ntration of the material may occur 
the higher trophic levels, part1,cularly if some organ or tiss 
of the body accumulates the substance, such as DDT 
petroleum products that accumulate in the fatty tissw 
various metals that may accumulate in the bone or liv< 
and iodine which accumulared in the thyroid. 

Substances can also be concentrated from the cnviro 
ment by chemical, physical, and geological processes such 
sorption. Natural waters con1:ain a certain amount of Sl 
pended material, and some material added to the water m: 
be sorbed on these particles. In sea water, which alreac 
contains in solution most of the known clements, acld1 
materials may be precipitated from the water by vario 
chemical reactions. As fresh waters carry pollutants to ti 
sea, the change in salinity causes flocculation of some of tl 
materials suspended in the fresh water and results in tlu 
precipitation from the medium. Ion exchange reactio 
with the various organic compounds dissolved in sea wat 
can also occur. 
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The average concentration of a given pollutant continu
ously added to a body of water, will tend to approach a 
steady state in the system. This concentration is determined 

by the rate of addition of the pollutant, the rate of its re
moval or dilution by the circulation, and the rate of its 
decomposition or removal by biological, chemical, or geo-
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FIGURE IV-I-Processes That Determine the Fate and Distribution of a Pollutant Added to the Marine Environment. 
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logical processes. The average concentration is not always 
the critical concentrati9n to be evaluated. For example, if 
bioaccumulation occurs, the amount accumulated in the 
critical organi-sm should be evaluated, rather than the aver
age concentration in the system as a whole. The processes 
of circulation and mixing may leave relatively high concen
trations in one part of the system and low concentrations in 
another. The average conditions thus set an upper limit on 
what can be added to the system but do not determine the 
safe limit. It is clear, however, that a pollutant might be 
added to a body of water with vigorous circulation at a rate 
that could result in acceptable water quality conditions, 
while the same rate of addition of the pollutant to a sluggish 
stream might produce unacceptable levels of contamination. 
Thus, the characteristics of the receiving body of water 
must be taken into account when evaluating the effects of 
the pollutant upon the environment. 

In a stream, the diluting capacity of a system is relatively 
easy to determine from the rate of addition of the pollutant 
and the rate of stream flow. The pollutant is carried down
stream by the river flow, and "new" water is always avail
able for the dilution of the pollutant. This is not i:ecessarily 
true of lakes where the pollution added over a long period 
of time may accumulate, because only a small fraction of the 
added pollutant may be removed as a result of flushing by 
the outflow. In estuaries, the situation is further compli
cated by the mixture of salt and fresh water, because a 
pollutant added at a mid-point in the estuary can be carried 
upstream by tidal mixing just as the salt is carried up
stream. The upstream distribution of a conservative pollu
tant is porportional to the upstream distribution of salt, 
whereas the downstream distribution of the pollutant is 
proportional to the downstream distribution of fresh water. 

In either lakes or estuaries, the average retention time or 
the half-life of the material in the system can be used to 
estimate the average concentration that the pollutant will 
achieve in the system. In lakes, an estimate of the average 
retention time can be derived from the ratio of the volume 
of the lake divided by the rate of inflow (or outflow). When 
the lake is stratified, only part of the volume of the lake 
enters into the active circulation, and an appropriate cor
rection must be made. In estuaries and coastal waters, a 
similar calculation can be made by comparing the volume 
of fresh water in the estuary with the rate of river inflow. 
The amount of fresh water in any given sample can be com
puted from the determination of salinity. In stratified estu
aries such as a fjord, only the part of the system that is 
actively circulated should be taken into account. This may 
be adequately done by the choice of the appropriate base 
salinity in computing the fresh water content. Examples of 
the mean retention time of a few bodies of water calculated 
as described above are presented in Table IV-1. 

Lakes with large volumes superficially appear to have a 
great capacity to accept waste materials. If the retention 
time is long, however, this merely means that it takes a long 

TABLE IV-1-Average Retention Times and Half Lives fj 
River Water in the Great Lakes and in Various Estuari1 

and Coastal Regions 

Surface Mear1 retention Half life Reference 
area m12 lime 

-------~- ----------------- --· --~--------

Lake Superior 31,820 183 yr· •• 128 yrs. Beeton (1969)79 
Lake Michi&an 22,420 100 yr->. 69 yrs. Beeton (1969) 79 

lake Huron 23,010 30 yri. 21 yrs. Beeton (1969)" 
Lake Erie 9, 930 2 8 yrs. 1.9 yrs. Beeton (1969) 79 
Lake Ontario 7,520 8 yr;. 5 6 yrs. Beeton (1969)79 
Continental Sheff 
Capes Cod lo Hatteras lo 29,000 1.6-2.0 yrs. 1.1-1.4 yrs. Ketchum and Keen (1955 

1, 000 ti contour 
New York B1&hl 483 to 662 6.0-7.4 days 4. 1-5. 05 days Ketchum et al (1951)" 
Bay of Fundy 3,300 76 days 52 days Ketchum and Keen (1953 
Delaware Bay 

high nver flow 48-1'6 d•ys 33-87 days 
low river flow Ketchum (unpublished) 

(1952) 87 

Raritan Bay 
h1&h river flow 45 15-30 days 10-21 days Ketchum (1951a, 81• b") 
low river flow 

Loni Island Sound 930 36 di1ys 25 days Riley (1952)"' 

time to build up to stcady-:;tate concentration, and it w 
take a comparably long time w recover from a stcady-sta 
concentration once it is achieved. For Lake Superior, f; 
example, it would take 128 years to remove half of ti 
steady-state concentration of a pollutant that had bee 
achieved over 185 years at the average rate of input. Aquat 
environments in which the circulation is more rapid w 

achieve a steady-state concentration of a pollutant mo 
quickly and will also recover more quickly. 

:'\onconservativc pollutants are those that change wil 
time by proccs.;;es which are additional to circulation ar 
dilution. The half-life of thc'c substances in the cnviro1 
ment is the product of these processes and the proces:;es 
circulation and dilution. For radioactivity, for cxampl 
the half-life i' the time needed for the normal raclioacti1 
decay to dissipate half of the radiation of the materi:c 
This is different for each radioisotope and ma) vary fro 
fractiom of a second to centuries. The half-life for the cl 
composition of the organic matter in sewage in marir 
systems is probably on the order of clays and will be cl• 
pendent on temperature. The decomposition of sewag 
however, releases the fertilizing elements in the organ 
molecule, and these will persist in the environment. In cur 
trast to these rapid changes, 6e half-life of the chlorinate 
hydrocarbon pesticides is probably of the order of 10 yea 
in the marine environment, though this is an estimate an 
not a direct determination. Heavy toxic metals, which ma 
also pollute the environment, do not decay but persist ir 
definitely, though their location and forms in the syster 
may change with time. 

The greatest pollution danger arises from the addition c 
persistent materials to those ecosystems with slow circul< 
tions. Under these conditions, the waste concentration wi 
increase slowly until a steady-state level is reached. If circL 



lation is more rapid, the system will reach steady-state more 
quickly, but the concentration for a given rate of addition 
will be less. If the material is not persistent, the rate of 
decomposition may be more important than circulation in 
determining the steady-state concentration. If the products 
of decomposition are persistent, however, these will accumu
late to levels greater than those in the original discharge. 
Local concentrations, such as can be found in the deeper 
waters of stratified systems or in trapping embayments, may 
be more significant than the average concentration for the 
whole system. In short, the recommendations cannot be 
used to determine the permissible amount of a pollutant to 
be added or a rate of addition without detailed knowledge 
of the specific system which is to receive the waste. 

Mixing Zones 

When a liquid discharge is made to a rece1vmg system, 
a zone of mixing is created. In the past, these zones have 
frequently been approved as sites of accepted loss, exempted 
from the water quality standard for the receiving water. 
Physical description, biological assessment, and manage
ment of such zones have posed many difficult problems. 
The following discussion deals with criteria for assuring that 
no significant damage to marine aquatic life occurs in such 
mixing zones. Although recent public, administrative, and 
scientific emphasis has focused on mixing zones for the dis
persion of waste heat, other uses of the mixing zone concept 
are also included in these considerations. 

Definition of a Mixing Zone A mixing zone is a 
region in which an effluent is in transit from the outfall 
source of the receiving waters. The effluent is progressively 
diluted, but its concentration is higher than in the receiving 
waters. 

Approach to the Recommendation Mixing zones 
must be considered on a case-by-case basis because each 
proposed site involves a unique set of pertinent considera
tions. These include the nature, quantity, and concentra
tion of the effluent material; the physical, chemical and bio
logical characteristics of the mixing area and receiving 
waters; and the desired uses of the waters. However, the 
following general recommendation can be established for 
the purpose of protecting aquatic life in areas where effluents 
are mixing with receiving waters: 

The total time-toxicity exposure history must not cause dele
terzous effects in affected populations ef important species, 
zncludzng the post-exposure effects. 

Meeting the Recommendation Special circum
stances distinguish the mixing zone from the receiving 
waters. In the zone, the duration of exposure to an effluent 
may be quite brief, and it is usually substantially shorter 
than in the receiving waters, so that assays involving long 
periods of exposure are not as helpful in predicting damage. 
In addition, the concentration of effluent is higher than in 
receiving waters. Therefore, the development of specific 
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requirements for a specific mixing zone must be based upon 
the probable duration of the esposure of organisms to the 
effluent as well as on the toxicity of the pollutant. 

The recommendation can be met in two ways: use of a 
probably-safe concentration requirement for all parts of the 
mixing zone; or accurate determination of the real concen
trations and duration of exposures for important species and 
good evidence that this time-toxicity exposure is not de
leterious. The latter, more precise approach to meeting the 
recommentation will require: 

• determination of the pattern of exposure of impor
tant species to the effluent in terms of time and con
centration in the mixing zone; 

• establishment of the summed effects on important 
species; 

• determination that deleterious effects do not occur. 

Complexities in the Marine Environment Some 
of the problems involved in protecting marine aquatic life 
are similar to those in lacustrine and fluvial fresh waters and, 
in general, the recommendations in Section III, pp. 112-
115 are applicable to marine situations. There are, however, 
special complexities in evaluating mixing zones in coastal 
and oceanic waters. These include: 

• the exceptional importance of sessile species, espe
cially in estuaries and near shore, where effluents 
originate; 

• the presence of almost all species in the plankton at 
some stage in the life history of each, so that they 
may be entrained in the diluting waters; 

• obligate seasonal migrations by many fish and some 
invertebrates; 

• oscillation in tidal currents, mixing mechanisms and 
in resulting concentrations, dilution rates, and dis
persion patterns. 

None of these affect the general recommendation, but 
they do contribute to the difficulty of applying it. 

Theoretical Approach to Meeting the Recom
mendation Any measure of detrimental effects of a 
given concentration of a waste component on aquatic or 
marine organisms is dependent upon the time of exposure 
to that waste concentration, at least over some restricted 
but definable period of time. For a given species and sub
stance, under a given set of environmental conditions, there 
will be some critical concentration below which a particular 
measure of detrimental effects will not be observed, regard
less of the duration of exposure. Above the critical concen
tration, the detrimental effects will be observed if the ex
posure time is sufficiently long. The greater the concentra
tion of the substance, the shorter the time of exposure to 
cause a specified degree of damage. The water quality 
characteristics for mixing zones arc defined so that the or
ganisms to be protected will be carried or move through the 
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zone without being subjected to a time-exposure history 
that would produce unacceptable effects on the population 
of these species in the water body. 

In order to quantify this statement, the following quanti
ties arc defined: 

TSO,C,E =time of exposure of a critical aquatic or 
marine species to a concentration, C, of a 
given pollutant, under a constant set of en
vironmental conditions, E, which produces 
SO per cent mortality of the critical species. 

TO,C',E =time of exposure of a critical aquatic or 
marine species to a concentration, C', of a 
given pollutant, under a constant set of en
vironmental conditions, E, which produces 
no unacceptable effects on the critical species. 

For some pollutants, C and C' for a given time of expo
sure may be related by: 

C'=C-LiCo 

where LiC0 is the amount by which the concentration which 
produces a SO per cent mortality must be decreased in order 
that no unaccejJtable effects of the pollutant on a given critical 
species will occur. For example, in the case of temperature, 
it has been shown that at temperatures 2 C below those 
which produce a SO per cent mortality, no observable 
detrimental effects occur. For temperature, then, 2 C is a 
conservative value of LiC0• 

For other pollutants, notably chemical toxicants, C' is 
related to C by the relationship: 

C'=k·C 

where k is the ratio of the concentration at which no un·· 
accrptab!e effects occur to the concentration which produces 
a SO per cent mortality with both concentrations deter
mined over the same exposure time. 

It is difficult to establish with statistical confidence a re·· 
lationship between TO, C', E and C', for a large number of 
species, by direct laboratory experiments. However, labora-· 
tory experiments can be used to determine, for the critical 
species of the receiving waterbody, the relationship between 
pollutant concentration and the time period of exposure 
necessary to produce a SO per cent mortality. Thus, it is 
necessary to obtain, by experiment, the form and constants 
of a function of the pollutant concentration, f1(C), such 

that 
TSO, C:, E=f1(C). 

Conservative estimates of L\C0 or of k can be obtained c 
pendent upon decisions as to acceptable effects from ad< 
tional laboratory studies. Once LiC0 or k have been esta 
lished, the relationship C' = C- LiC0, or the relationshi 
C' = k · C, depending on the properties of the particul 
waste materials, can be combined with the above equati1 
relating TSO, C, E and C, i:o produce an equation relati 
TO, C', E and C'. That is: 

This equation gives the maximum time that a particul 
species could be exposed to a concentration C' without 1 

suiting in unacceptable effects on the population of ti 
species. The water quality recommendations for the mixi1 
zone are satisfied if, for any organisms carried through t 

mixing zone with the flow or purposefully moving throu1 
the zone, the time of exposure satisfies the relationship 

time of exposure 1 >- -------- -
:--- f21C') 

where C' is tht> concentration of a specified pollutant in t 

m1xmg zone. 
Because, in fact, the concentration in the mixing zo 

decreases with distance from the point of discharge, a1 
hence organisms carried through the plume will be su 
jcctcd to concentrations which are continually decreasi1 
with time, a more suitable quantitative statement of wat 
quality characteristics neces:;ary for the mixing zone is: 

where the time of exposure of an organism passing throui 
the mixing zone has been broken into n increments, LlT 
LiT2, LiT3, etc. long. The organism is considered to be c 
posed to concentration C'i during the time interval Li Tl, 
concentration C'2 during the time interval LiT2, etc. Tl 
sum of the individual ratios must then not exceed unity. 

The above theory is applied in the recommendations ar 
examples in Section III on Freshwater Aquatic Life ar 
Wildlife, pp. 112-11 S, and in the Freshwater Append 
II-A, pp. 403-407. 



METHODS OF ASSESSMENT 

It is the purpose of this discussion to t'xplain the ap
proacht's considered in deriving the recommendations given 
in this Section. Because the biological cffrcts of a pollutant 
are manifest in a variety of ways, the specific technique to 
bt' ust'd in t'stimating biological impact must be tailored to 
each specific problem. For example, acute or lethal toxicity 
of a gi\Tn pollutant to a mari1w species can be evaluated by 
short-term bioassay in the laboratory designt>d to deter
mine the concentration of the material which is lethal to 
half of 1 he selected population in a fixt>d period of time, 
commonly four davs (LC50-96 hours). The "safe" limit 
will bt' much lower than the concentration derived in such 
a bioassay, and appropriate safety factors must be applied. 
The safe limit should permit reproduction, growth, and all 
normal life processes in the natural habitat. 

\\"hen a pollutant is discharged to the environment at a 
safe conct'ntration determined in this way, the living or
ganism' are exposed to a chronic, sublethal concentration. 
Some stages of tlw life cycle of the species to be protected, 
such as the egg> or larvae, may be more sensitive than the 
adult stages. It is somctimt's possibk to idrntify the critical 
life stage which can then be used in a bioa'i'iay. Long-term 
bioassavs covering a substantial part of the life cycle of the 
organism can be conductt>d in the laboratory to determine 
chronic sublcthal effects of pollutants. \"arious processes 
of the organism, such as respiration, photosynthesis, or 
activit\· may be med to evaluate sublethal effects. Some 
longterm chronic dl't>cts may be more subtle and more diffi
cult to evaluate under laboratory conditions. Examples of 
this type include changes in breeding or migratory behavior 
or the development of a general debility making the orga
nisms more suceptible to disease, predation, or to environ
mental stresses. 

A pollutant in the marine environment may also have an 
effect on the ecosystem not directly associated with its effect 
on an individual species. Ecosystem interactions are diffi
cult to assess in the laboratory, and techniques for evaluat
ing them in the field are not completely satisfactory. Such 
interactions must be considered, however, in applying 
recommendations to any specific situation. 

ACUTE TOXICITIES-BIOASSA VS 

Detailed methods for laboratory bioassays are described 
in Section III, Freshwater Aquatic Life and Wildlife, and 
can serve as guidlincs for application to the marine system. 
The ability to extrapolate from results of bioassay tests is 
limited, and the need for safety factors in their application 
to the environment must be emphasized. The methodologies 
discussed arc illustrative and should be considered as guide
lines for meaningful bioassays. 

The most important use,; of bioassays for evaluating water 

quality are: 

• analysis of the concentration of a specific material in 
natural waters by means of a biological response; 

• detection of toxic substances in organisms used as 
food for man; 

• analysis of the suitability of natural waters for the 
support of a given species or ecosystem; 

• determination of critical toxic levels of substances to 
selected species; 

• evaluation of bio-stimulation effects by materials 
such as nutrients. 

These purposes fall into two general categories: bio
analysis and biorcsponse. 

BIOANALYSIS 

Bioanalysis has been used for many years to measure 
effects of substances on organisms. These assays may give 
quantitative measurements, such as weight per volume, or 
be expressed in arbitrary units defined by the degree of 
response. They are most valuable when the organism re
sponds to a lower concentration than can be detected by 
available chemical or physical techniques. Such bioassays 
require carefully controlled procedures, and organisms and 
experimental conditions must be standardized. Responses 
are used that have been shown to have a correlation with 
the amount of test substance present. Preparation of test 
materials is rigidly controlled to avoid problems arising 
from synergists or antagonists administered with the test 
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material. This is difficult and often impossible in the bio
assay of materials obtained from the environment. 

Bioanalysis bas potential in measuring pollutants in ma
terials to be discharged to the environment. For toxic ma
terials, the amount of material relative to the biomass of the 
test organism must usually be controlled, because most 
toxicants exhibit a threshold effect. It is usual to determine 
the concentration of material at which some fraction of the 
maximal effect (commonly 50 per cent) occurs in a popula·
tion of known and constant biomass. The fact that far 
lower concentrations present for a longer time might ulti
mately produce the same effect does not invalidate this 
type of assay, because quantitation is obtained by com
parison with standard curves. It should, however, be real·
ized that in the presence of detoxification mechanisms, the 
assay should be conducted for a period of time at which the 
desired effect (such as 50 per cent inhibition) occurs at the 
lowest possible concentration. 

In assays of materials for which an organism has a natural 
or induced requirement, it must first be established that of 
all substances which could be present in the sample, only 
one can produce the response measured. Second, no sub
stances present should reduce the availability of the ma
terial. If the first of these conditions is satisfied, the second 
can often be approached using a "system of adds" in which 
a graded series of concentrations of standard material are 
added to the unknown amount of material in the sample. 
The intercept of the response curve with the concentration 
axis is a measure of the amount present in the sample. 

If zero response is at a finite concentration, a biologically 
effective threshold concentration (zero) must be used which 
has been derived from a separate experimental series in the 
same medium devoid of unknown amounts of test material. 

BIORESPONSE 

Bioassays which measure the biological fjfect of a sub
stance or mixture on a single organism or artificial ecosystem 
can be used to establish water quality criteria, to monitor 
compliance with standards stated in terms of biological 
effect, or to measure the relative effects of various materials. 
Natural processes of equilibration, chemical degradation, 
and physical adsorption are specifically desired, because it 
is the biological effect rather than the amount of test material 
that is of concern. The observed effect will be determined by 
the availability of the material, the rate of formation or 
degradation, and the effect of chemical by-products; and 
by alterations of the environment caused by addition of the 
material. Whether conducted in the laboratory or in the 
field, this type of bioassay is performed on time scales vary
ing from determinations of acute toxicity (commonly 96 
hours or less) through determinations of incipient LC50 
levels (Sprague 1969, 94 l 97 l96), and on time scales which 
include multiple generation chronic exposures. Each of 
these has its own utility and limitations. 

Short-term determinations of TLm or TL50 values a 
primarily of value in comparing toxicities of a number 
formulations which have similar modes of action. They a 
also useful in determining the dilution to be employed 
long-term, flow-through exposure and in compari1 
sensitivities of various life stages of the same organism. 
practical terms, each life stage must be considered a physi 
logically distinct organism with its own particular enviro 
mental requirements: immature stages commonly ha· 
quite a different habitat and may have different sensitivit 

It has been common practice to use information fro 
acute toxicity studies to es1:ablish concentratioos toleral: 
for natural waters. This is done by multiplying the lev 
found in the bioassay by some more or less arbitrary "app 
cation factor" (Henderson 1957, 91 Tarzwell 196297). R 
cently, there have been attempts to establish the applicati< 
factor experimentally (Mount 1968,92 Brungs 196990). A 
plication factors arc discussed in Section III, Freshwat 
Aquatic Life and Wildlife, and that discussion is applical: 
to the marine system. If, in the process of conducting the 
assays, organisms arc pcriodtcally removed to an unco 
taminated medium, the time of exposure which the org 
nism can withstand and still survive, should it escape tl 
pollutant or should the pollutant degrade rapidly after 
single addition, can also be estimated. 

Determination of incipient LC50 is a valid measureme 
of acute toxicity, because the assay is continued until mai 
mum effect is observed at any given concentration (Sprag1 
1969, 94 1970, 95 197196). These bioassays must be concluct1 
under conditions of continuous flow, because the degree 
response cannot be limited by the absolute amount of tm 
cant available in the system or by the relationship betwe1 
biomass and absolute amount. In practice, the technique 
most applicable to compounds which reach equilibriu 
rapidly. Otherwise, it takes a long time to achieve maximu 
effect at low toxicant levels. Herc, too, application fact( 
are needed to use data from bioassayed concentrations 
estimating levels for environmental protection. Theore 
cally, application factors account for variations in sensitivi 
between the life stage tested and that life stage or develo 
mental period during which the organism is most sensiti 
to the compound or conditions. Application factors shou 
also safely permit a range of naturally-occurring enviro 
mental variations that would increase sensitivity. 

Long-term bioassay, in which the organism is ke 
through at least one complete life cycle under conditions 
continuous-flow exposure, is perhaps the closest but mr 
conservative laboratory approach to estimating enviro 
mental hazards. \Vhcre a chemical or physical attracti1 
occurs or where the population is sessile or restricted 
hydrographic features, continuous exposure to fresb 
added material will be a realistic model. However, whe 
the organism might escape in nature, such a captive 1" 
posure will be unrealistic. The experimental conditio 
chosen may either be held constant or varied to appro: 



mate local naturfll changes or intermittent discharges to be 
expected. Adequate modelling of a particular environmental 
circumstance often requires varying degrees of delay be
tween the time of test material addition and exposure of the 
organisms. 

Duration of chronic toxicity studies is determined by the 
life span and reproductive cycle of the organism chosen. 
Micro-organisms have relatively short life cycles but may 
require several generations to deplete metabolite reserves 
and show maximum response. A greater variety of measure
ments can be used in long-term than in short-term testing. 
This variety, together with the longer period available for 
response and the certainty of testing the most sensitive life 
stage, serves to increase both the sensitivity and relevance 
of such tests. Differences in sensitivity between species, that 
may be evident in short-term tests, tend to narrow as the 
tests approach a full life cycle. 

The maintenance of a resident population of sensitive 
organisms in an effluent stream or portion of a natural 
stream receiving effluent, can create a long-term ftow
through bioassay. This technique is prim.arily useful as a 
verification of safety based on other estimaks, but because 
the response time may be long, the results are of little use 
where rapid feedback of information is essential. 

DESIGN OF BIOASSA YS 

The bioassay system may be compartmentalized for pur
poses of design into (I) the substance to be tested, (2) the 
environment into which it will he introduced, (3) the orga
nism(s) which will be exposed to the resultant system, and 
( 4) the observations to be made. Each afTects and is affected 
by the others. 

The chemical and physical nature of the material to be 
tested has a bearing on the way it will distribute in nature 
and in the test system-and thus on which organisms will 
encounter it and in what form it will be. For example, a 
pure substance, highly soluble in water, mav be tested for 
its effect directly on organisms inhabiting the water column. 
A material which precipitates rapidly may be readily 
available to organisms which ingest the precipitate and 
resolubilize it under conditions prevailing in the digestive 
tract. Materials which are only slightly soluble are often 
readily available to micro-organisms which have a high 
surface-area-to-volume ratio and are capable of taking 
up some substances at exccedingh, low (10 8 to 10-10 M) 
concentrations. A highly hydrophobic material which is 
readily adsorbed to sediments or detritus may appear in 
free solution to only a limited extent or for a short time and 
exert a prolonged direct efTect mainly on those organisms 
which inhabit sediments or which process sediments or 
detritus for food. Valid interpretation of bioassay results 
requires sensitive and highly specific analytical chemistry as 
part of the procedure. Results obtained for any bioassay 
organism are subject to question if anomalous behavior of 
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the substance tested or the organisms used are subsequently 
established. 

The organism for bioassay should be chosen on the basis 
of the relationship of its life stages to the various toxicant 
compartments and information desired. Organisms will he 
useful if they arc readily available and can be reared and 
propagated in the laboratory. The size of the organisms in 
relation to available facilities will in part dictate a choice. 
All too often, these have been the primary if not the only 
considerations. There is a temptation to give priority to or
ganisms that are available from standard sources with a 
known genetic line or from a single clone. This approach is 
essential when using bioassay as an analytical tool. How
ever, it is a distinct liability when performing measurements 
of biological effect in natural environmental ~ituations. Such 
organisms have necessarily undergone selection for traits 
that favor survival in artificial environments with no selec
tive advantage given to the capacity to adapt to alterations 
in those environments. Furthermore, physiologically dis
tinct races often develop in nature in response to character
istics of different localities. Maintenance of laboratory 
stocks may be necessary, but these stocks should be fre
quent!) renewed from fresh isolates representing the gene 
pool and cnz) matic adaptations of the inhabitants of the 
particular water mass to which recommendations arc to be 
applied. 

The organisms used should be drawn from those that are 
most sensitive or respond most quickly to the substance or 
condition being tested. Bioassa) s of various life stages of 
these sensitive organisms arc desirable. It is especially im
portant that life stages to be tested include those that will 
most probably encounter the tc,t material as it is expected 
to be found in the environment, and that the test organisms 
be acclimated to the test system until the characteristics to 
be measured become con~tant. 

Some of the foregoing recommendations for selection as
sume that the developmental biolog) of the test organism is 
known. This is not often so in marine biology. Organi~ms 
should not be excluded from consideration if their absence 
would leave no rcprcsentatin's of local species which tolerate 
the extremes in ranges of natural environmental stress or 
which fill an important ecological niche. 

Once an understanding of both the test material and the 
bioassa) organism is estabfr,hed, a test system usually can 
be designed that will permit the organism to encounter the 
test material under circumstances approximating those in 
nature. In some cases it will he necessary to go to the natural 
water system or to impoundments, live cars, or plastic bags 
in order to obtain a workable approximation of environ
mcn tal exposure. Care should be taken that the physical 
system does not interfere with the distribution of the test 
material or the behavior of the organism. The system se
lected should reflect in all important aspects the habitat to 
which the test organism has become adapted. Factors of im
portance include feeding behavior, opportunity for diurnal 
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behavior alterations, emergence, salinity variations, turb
idity, water movement, and other factors, depending on the 
organisms being studied. 

The response or responses to be observed during long
term testing must be carefully chosen. A prime requirement 
is that the response being measured bear a demonstrable 
and preferably quantitative relationship to the survival and 
productivity of the test organism or of an organism which is 
directly or indirectly dependent on its activitie,. For ex
ample, a correlation may exist between the level of a test 
material and the amount of an enzyme present in some tis
sue. This is clear evidence that the organism's pattern of 
energy utilization has changed, but it should be demon
strated that the change in enzyme level is correlated with or 
predictive of changes in growth, behavior, reproduction, 
quality of flesh, or some other manifestation to provide an 
immediately meaningful interpretation. 

The degree to which a response can be reported in quan
titative terms affects its mefulncss. Behavior, because of a 
high degree of variability, is much more difficult to express 
numerically than growth; and growth measurements are 
usually disruptive of the system or destructive of the orga
nism. A balance must be sought for each system so that 
enough organisms and replicate treatments can be used to 
assure an acceptable level of statistical confidence in the 
results. Considerations of equipment required, rapidity, 
and simplicity of measurements, the inherent (control) 
variability of the characteri-;tic being measured, and possible 
interference with the measurement by the substance being 
tested must enter into the choice of measurements and their 

frequency. 
Biological characteristics that can be measured are in

numerable, hut some may be singled out as being more 
basic than others. \\:hen a given characteristic reflects many 
diverse processes, it is most useful in interpreting results in 
terms of environmental protection. Thus, measurements ot 
reproductive success, growth, life span, adaptation to en
vironmental stress, feeding behavior, morphology, respira
tion, histology, \;\"enetic alterations, and biochemical anom
alies occupy a descending scale in order of the confidence 
that can be placed in their interpretation. This i> not to say 
that profound changes in the structure and function of an 
ecosystem cannot result from subtle, prolonged, low in
temity effects on some cellular process. The elimination ot 
important species by low intensity selective factors is no 
less serious than instantaneous death of those species. In a 
sense, it is more serious, because it is less likely to be noticed 
and traced to its source in time to permit recovery of the 
ecosystem. 

SUBLETHAL EFFECTS 

Many biological effects of pollution may not show up in 
the bioassay test for acute toxicity. This would be true if the 
effect were slow to develop, or if the effect were to produce 

a general debility that might interfere with some of t 

normal life functions of the organism rather than killing 
directly. Long-term exposure to sublethal concentratic 
may be necessary to prodU1ce the effect, and evaluation 
this type of action is difficult in a laboratory analysis. The 
are a number of ways in which pollutants might affecl 
given population without being lethal to the adult organi 
used in the test such as: 

Migrations 

Sublethal concentrations may interfere with the norn 
migration patterns of organisms. The mechanisms used 
orientation and navigation by migrating organisms are r 

well known, but in some cases chemotaxis clearly plays 
important role. For example, salmon and many otl 
anaclromous fishes have been excluded from their hrn 
streams by pollution, though it is not known whether t 
reason is that a chemical cue has been masked or beca1 
the general chemical environment of pollution is offens 
to the fish. 

Behavior 

Much of the clay-to-day behavior of species may also 
mediated by means of chernotaxic responses. The fincli 
and capture of food or the finding of a mate during t 
breeding season would be included in this category of ; 
tivity. Again, any pollutant that interfered with the chen 
receptors of the organism would interfere with behavio 
patterns essential to the survival of the population. 

Incidence of Disease 

Long-term exposure to sublethal concentrations of pol 
tants may make an organism more susceptible to a clisea 
It is also possible that some pollutants which are organic 
nature may provide an environment suitable for the { 
velopment of disease-producing bacteria or viruses. In su 
cases, even though the pollutant is not directly toxic to t 

adult organism, it could have a profound effect on the poi: 
lation of the species over a longer period of time. 

Life Cycle 

The larval forms of many species of organisms are mu 
more sensitive to pollution than are the adults, which < 

commonly used in the bioassay. In many aquatic spec 
millions of eggs are produced and fertilized, but only t 1 

of the larvae proclucecl need 10 grow to maturity and bre 
in order to maintain the standing stock of the species. Ji 
these species the pre-adult mortality is enormous even unc 
the best of natural conditions. Because of an additior 
stress on the developing organisms, enough inclividu. 
might fail to survive to maintain the population of t 

species. Interrupting any stage of the life cycle can be 
disastrous for the population as would death of the adu 
because of acute toxicity. 



Physiological Processes 

Interference with various physiological processes, with
out necessarily causing death in a bioassay test, may also 
interfere with the 'urvival of the species. If photosynthesis 
of the phytoplankton is inhibited, algal growth will be de
creased, and the population may be grazed to extinction 
without being directh' killed bv the toxin. 

Respiration or various other enz\·matic processe5 might 
also be adversch· affected b\· sulilethal concentrations of 
pollutants. The effect of DDT and its decomposition pro
ducts on the shell' of bird eggs is probabh· the result of 
interference with enzyme systems (Ackefors et al. 1970). 88 

~1ercun· is a general protoplasmic poison, hut it has its 
most damaging effect on the nervous system of mammals. 

Genetic Effects 

Mam pollutants produce genetic effects that can have 
long range significance for the survival of a species. Oil and 
other orn;anic pollutants may include both mutagenic and 
carcinogenic compounds. Radioactive contamination can 
came mutations directly by the action of the radiation on 
the genetic material. From genetic studies in general, it is 
known that a lan~c majority of mutations are detrimental 
to the survival of the voung, and man) arc lethal. Little is 
known about the intcmit\· or frequency of genetic effects of 
pollutants, except for radioactive materials where the muta
tion rates have been meao,ured in some cases. Induction of 
mutation by contaminants should be reviewed in the con
text of the increase of total mutation from all causes. 

Nutrition and food Chains 

Pollutants mav interfere with the nutrition of organisms 
by affecting the ability of an organism to find its prev, by 
interfering with digestion or assimilation of food, or by con
taminating the prey species 50 that it is not accepted by the 
predator. On the other hand, if predator species arc elimi
nated by pollution, the prey species may have an improved 
chance of survival. An example of the latter effect was 
shown for the kelp resurgence after the oil spill in Tampico 
Bay, California (North 196 7). 93 The oil killed the sea urchins 
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which used young, newly developing kelp as food. When the 
urchins were killed, the kelp beds developed luxurious 
growth within a few months (seep. 258). 

Effects on the Ecosystem 

The effects of pollution on the aquatic ecosystem are the 
most difficult to evaluate and establish. Each environment 
is somewhat different, but the species inhabiting any given 
environment have evolved over Jong periods of time, and 
each individual species in a community plays its own role. 
Any additional stress, whether natural or man-made, ap
plied to any environment will tend to eliminate some -;pecies 
leaving only the more tolerant forms to survive. The effect 
may be either direct on the species involved or indirect 
through the elimination of some species valuable as a food 
supply. For some of the species in the system the result may 
be beneficial by the removal of their predators or by stimu
lated and accelerated growth of their prey. 

Food Value for Human Use 

Sublcthal concentrations of pollutants can so taint S('a
food that it becomes useless as a source of food. Oil can be 
ing('sted bv marine organisms, pass through the wall of the 
gut, and accumulate in the lipid pool. Blumer (1971) 89 

stated that oil in the tissues of shellfish has been shown to 
persist for months after an oil spill; the oil-polluted area 
wa' closed for shellfishing for a period of 18 month->. Sea
food may be rendered unfit for human consumption be
came of the accumulation of pollutants. California mackeral 
and coho salmon from Lake ~1ichigan were condemned 
because they contained more DDT than the permissible 
amount in human food (5 mg/kg). Likewi<:e tuna fish and 
swordfish were removed from the market, because the 
mercury content of the flesh exceeded the allowable con
centration (0.5 mg.lkg). There was no evidence that these 
concentrations had any adverse effect on the fish, or in the 
case of mercury that the concentrations in tuna and sword
fish resulted from pollution; nevertheless their removal 
from the market has adversely affected the economics of the 
fisheries. 



CATEGORIES OF POLLUTANTS 

TEMPERATURE AND HEAT 

An extensive discussion of heat and temperature is pre
sented in Section III on Freshwater Aquatic Life and 
Wildlife (pp. 151-171). Although we accept those recom
mendations concerning temperature, there arc certain char
acteristics of the marine environment that arc unique and 
require enumeration. Some of the characteristics of the 
marine environment have been discussed in the introduction 
to this Section showing that the range of variability is 
greatest in the estuary, considerably less in the coastal 
waters and even less in the surface waters of the open 
ocean.' and that conditions in the deep ocean are virtually 
consta~t. Among the most important variables shown in the 
changes is temperature, although salinity variations are 
equally important under certain conditions. 

The seasonal range of temperature variations is greatest 
in the temperate regions and becomes less as one approaches 
either the tropics or the poles. In the United States, the 
maximum seasonal temperature variation is found in the 
coastal waters on the southern side of Cape Cod, Massa
chusetts, where in winter the water may be freezing at 
- 2.8 C and in summer the inshore coastal waters reach 
temperatures of 23 C, or even 25 C over wide shoal areas. 
At the same latitude on the Pacific coast, the water is neither 
so cold in the winter nor so warm in the summer. North 
of Cape Cod, the water is as cold in the winter time, but it 
does not reach as high a summer temperature; and south 
of Cape Cod the waters rarely reach a freezing point in 
winter. 

Hutchins ( 194 7) 100 discusses these ranges of variations 
and illustrates how they affect geographical distribution of 
marine species on the Atlantic European coasts and on the 
east and west coasts of the United States. As is obvious from 
the above comments, Cape Cod is a geographical boundary 
in the summertime but not in winter. Because temperature 
can control both the breeding cycle and survival of orga
nisms, a variety of different geographical distributions can 
be dominated by the temperature variations at various 
locations along the coast (Hutchins 194 7) .100 

There is increasing pressure to site power plants in the 
coastal zone because of the large available supply of water 

for cooling purposes. In 1969 there were over 86 fossil fl 
power plants in the easter 11 coastal zones (Sorge 1969) 
and 32 on the west coast (Adams 1969). 98 In additic 
nuclear power plants arc in operation, and many ~nore a 
planned for siting on the coast in the future. Provided ti
the temperatures are kept within the limit prescribed 
the recommendations and that the recommendations J 
mixing zones (pp. 22B-232) are complied with, these heat 
effluents may have no serious impact on the marine c 
vironment. However, organisms passing through the cooli 
system of the power plants may be killed either by the din 
effect of temperature, by pressure changes in the system, 
by chlorination if it is used to keep the cooling system fr 
of attached growth. 

In the tropics, disposal of waste heat in the marine e 
vironment may be impossible in the summertime. Bad 
and Roessler (1972) 99 discussed the temperature proble1 
created by the power plants at Turkey Point, near 1'1ian 
Florida. Thorhaug ct al. ( 1972) 102 showed that tropic 
marine organisms hve precariously close to their upi: 
thermal limit and arc thus Sl1Sccptible to the stress of a 
ditional thermal effluents. To abide by the temperate 
recommendations in tropical waters, it is generally nee• 
sary to prohibit discharge of heated effluents during t 

summertime. 
It is clear from this and from the discussion in Secti 

III that additional studies will be needed on the temperatt 
tolerances of the species dircc tly involved. Organisms frc 
estuaries and marine waters have not been studied 
extensively as have freshwater fishes, but so1ne cla ta ·' 
included in the tabular material in the freshwater repo 
On the basis of information available at this time, t 

marine panel "finds that the recommendations in Secti• 
III, Freshwater Aquatic life and Wildlife, appear to 
valid for the estuarine and marine waters as well (sec F 
160 161 164 165 and 166-l71 of Section III). 

' ' ' ' 

INORGANIC CHEMICALS, INCLUDING HEAVY MET AL 
AND pH 

The hazardous and biolog1cally active inorganic chen 
cals arc a source of both local and world-wide threats 
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the marine environment. Certain of these chemicals may 
pose no immediate danger but may lead to undesirable 
long-term changes. Others, such as boron, may pose serious 
health hazards and yet have poorly understood biological 
effects in the marine environment. Nevertheless, they can 
he a significant constituent in certain waste waters and 
should be discussed here. 

The inorganic chemicals that have been considered in 
this study are listed alphalietically in Table IV-2; those 
most significant to the protection of the marine environment 
are discussed below. 

TABLE IV-2-Inorganic Chemicals to be Considered in Water 
Quality Criteria for Aquatic Life in the Marine Environment 

Elements Equilibrium species (reaction) Natural concentration Pollution 
m sea water"µg/I categories' 

Aluminum Al(OH),, solubility of AhOJ approx. 300µg/I 10 IVc 
Ammonia NH.i. NH,+ IV c 
Antimony Sb(OH),- 0.45 IV c? 
Arsenic As20i 1s oxid11ed to HAsQ,2- 2.6 Ile 
Barium ea2+ 20 IV c 
Beryllium Be(OHh solubility of BeO approx. lOµgil 0.0006 IV c? 
Bismuth 81(0H),, solubility of 8120,, 1s unknown (low) 0.02 IV c? 
Boron B(OH),, B(OH),- 4.5X103 IV c 
Bromine Br''. HBrO, Br- 6.7X104 IVc 
Cadmium Cd Cl+, CdCl2, CdCI,,- (the last two are probably 0.02 lie 

the mam forms) 
Calcium caz+ 4.1X105 IVc 
Chlorine Cl", HCIO IV c 
Chromium Cr(OH),, solubility of Cr20J unknown (low) 0.04 IV c? 
Cobalt co2+ 0.4 IV c 
Copper cu2+, Cu OH+, CuHCO/, Cu CO, (probably main IV c 

form) cuc1+' complexed also by dissolved 
ammo acids 

Cyanide HCN (90' ;), CN- (10',) Ill c 
Fluoride F- (5C' , ), Mgr+ (50' ; ) 1340 IVc 
Gold Aucio- .01-2 IVc 
Hydrogen Ion (Acids) HCl+Hco,-~H,o+c1-+co, pH=B (alk=0.0024 M) Ille 

H,so,+2Hco,,··- ,2H,o+so,2-+2co2 
Iron Fe(OH)J, solubility of FeOOH approx. 5 µg/I 10 IVc 
Lead Pb2+, PbOH+, PbHCO,+, PbCOJ, PbSO,, PbCI+ 0 02 la 

(probab,y main form) 
Magnesium Mg" 1.3X10" IVc 
Manganese Mn2-+ 2 IVc 
Mercury HgCl2, HgC1,-. HgC1.2-(main form) 0.1 I b 
Molybdenum Mo0,2· 10 !Ve 
Nickel N1 2+ Ille 
Nitrate No,-- 6.7X10' Ille 
Phosphorus Red phosphorus reacts slowly to phosphate 

H2PO,. and HPo,2-
Selenium seo,2- 0.45 Ill c? 
S1l1con St(OH)i. SlO(OH),- 3X10' tV c 
Silver Agci,- 0.3 Ille 
Sulfide s2- lie 
Thallium Tl+ 0.1 Ille 
T1tamum T1(0H)., solubility of T102 unknown (low) IV b? 
Uramum U02(C0,),,1- Ille 
Vanadium vo.,oH- IV a? 
Zinc zn2+, ZnOH+. ZnCOJ, Znc1+ (probably main Ille 

form) 

a These values are approximate but they are representat1Ye for low levels in unpolluted sea water 
b I-IV order of decreasing menace, a-worldwide, b-reg1onal, c-local (coastal. bays estuaries, single dumpings). 

? indicates some question of the ranking as a menace and/or whether the pollut1onal enect 1s local, regional, or world· 
Wide. 

Adapted and modified from the Report of the Seminar on Methods of Detection. Measurement and Monitoring of 
Pollutants in the Manne Environment. Food and Agriculture Organization 1971t". 
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Forms of Chemical and Environmental Interactions 

The form in which a chemical appears in the environment 
depends on the chemical and physical characteristics of the 
element, its stability, and the characteristics of the environ
ment in which it is found. An element that is easily reduced 
or oxidized will undergo rapid changes, especially in sedi
ments that alternate between oxidized and reduced states; 
while an clement that is highly stable, such as gold, will 
retain its elemental identity in virtually all environmental 
conditions. Most clements are found in combined states, 
such as ore which can be a sulfide or a complex mineral 
containing oxygen, silica, and sulfur. 

Certain elements are released into the environment by 
the processing of ores. Cadmium, for example, is not found 
uncombined in nature to any large extent but is a com
mercial by-product of zinc smelting. Other metallic cle
ments can be brought into solution by the action of bacteria. 
Contamination from base metals may arise in abandoned 
mines, where tailings or slag heaps are attacked by physical 
and chemical weathering processes and bacteria to allow 
leaching of metallic ions into receiving waters. In strip 
mining, sulfides arc oxidized to produce sulfuric acid, which 
m<iy be a pollutant in itself or help to \iring certain clements 
into solution. 

The action of bacteria also transforms metals in another 
way. In anaerobic sediments, bacteria can convert in
organic metallic mercury into methyl mercury compounds. 
Such organo-metallic complexes are highly toxic to mam
mals, including man. 

Biological Effects 

Acute toxicity data for inorganic chemical compounds 
under controlled laboratory conditions, as represented for 
example by 96-hour LC50, are presented in Appendix III, 
Table 1, (pp. 449-460). Because of the lack of marine data, 
most of the information is based on freshwater bioassay 
data, which provide some measure of acute toxicity for the 
marine environment as well. 

The concentrations of elements at which sublethal, 
chronic effects become manifest arc also important. Sub
lethal concentrations of pollutants can have serious conse
quences in estuaries where migrating anadromous fishes 
lirn;er to become acclimatized to changing salinities. Al
though the fish may not be killed outright, the stress of 
the sublethal concentrations may cause biochemical and 
physiological deficiencies that could impair life processes 
of the fish, preventing migrating adults from reaching their 
spawning grounds or reproducing. Pippy and Hare (1969) 247 

suggested that heavy metals put fish under stress and may 
lead to infestation by diseases. Appendix III, Table 2 
(pp. 461-468), summarizes data on the sublethal chronic 
effects of inorganic chemicals on fish and other aquatic 
organisms. As in Appendix III, Table 1, information on 
freshwater organisms has been included because of the 
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paucity of tests in sea water. There is a clear need fo1 
toxicological work on the sublethal effects of pollutants on 
marine organisms. 

At low concentrations, many clements are necessary to 
life processes, while at higher concentrations the same 
elements may he toxic. The effects of long-term exposure 
to low levels of most chemicals, singly or in combination, 
arc generally unknmvn. 

Laboratory bioassays arc conducted under controlled 
conditions usually with single chemicals. Such tests proviclt' 
toxicological information that must precede studies with 
mixtures closer to actual conditions. These mixture~ must 
reflect the conditions and the composition of water in specific 
areas of discharge, because substances arc rarely isolatccl 
when found in the environment. The probabilities of syner
gism and antagonism arc enhanced hy increased complexity 
of effluents. Synergism and antagonism in the environment 
arc poorly understood. Copper is more toxic in soft water 
than in hard water where the calcium and the magnesium 
salts contributing to water hardness tend to limit or an
tagonize copper toxicity. Arsenic renders selenium less toxic 
and has been added to feeds for cattle and poultry in areas 
high in selenium. As examples of synergism, copper is 
considerably more toxic in the presence of mercury, zinc., 
or cadmium salts (LaRoche 1972),211 and cadmium makes 
zinc and cyanidt> more toxic. Synergism or anta~onism is 
expectt'cl to occur more frequently in water containinp; 
numerous chemical compounds than in one with few such 
compounds. Therefore, a complex chemical medium such 
as sea water can increase the probability of synergism or 
antagonism when a pollutant is introduced. 

The effects of pollutants can he considered in terms of 
their biological encl points. Such irreversible effects as 
carcinogenesis, mutagcncsis, and teratogcnesis provide 
identifiable end points in terms of biological consequences 
of pollutants. The effects of substances may vary with 
species or with stages of the life cycle (Sec 1-vfcthocls of 
Assessment, p. 233). 

A distinction must be made between the effects of pol·· 
lutants harmful to the quality of an organism as a proclucr 
for human consumption and those harmful to the organism 
itself. \\lhile the levels of mercury that render fish unac·· 
ceptable for marketing do not, on the basis of the limited 
information available at this time, appear to have any 
adverse effect on the fish themselves, they cause condem·· 
nation of the product for human consumption. This may 
also be true for other elements that lend themsdves to bio·· 
accumulation. Elemental phosphorus leads to illness and 
eventual mortality of fish themselves (J angaard 1970) .191 

At the concentrations of phosphorus found in the liver and 
other vital organs, the fish may have been toxic to human 
beings as well. The recommendations for the elements sub·· 
ject to biological accumulation in the marine environment 
must be set at a low level to protect the organisms. There 
is also need to establish recommendations based on human 

health, and a need to protect the economic value of fisheri 
affected by accumulations of some of these clements. 

Data on the accumulation of inorganic chemicals l 
aquatic organisms arc given in Appendix III, Table 
(pp. 469-480). The maximum permissible concentratio 
of inorganic chemicals in food and water, as prescribed l 
the LT.S. Food and Drug Administration and by clrinkir 
water standard~ of various z"gencics. arc given in Append 
III. Table 4 (pp. 4B l-482). 

The clements essential to 1=lant and animal nutrition 
the marine environment;; h<xc been included in Tal1 
IV-'.2. They constitute some of the ordinary nulrients, c.[ 

silicon and nitrate, as \\-ell a> the micro-constituents, su< 
as iron, molylJdenum, and cobalt. Although it is rccogniz< 
that these elements arc ffquirccl for algal nutrition, 01 

must not be caught in the misconception that "if a litt 
is good, a lot i~ /Jetter." 

Metals 

Metals reach the marine environment through a varic 
of routes, including natural weathering as well as municip 
and indirstrial discharges. Ivfrtals arc particularly susccptilJ 
to concentration by invertebrates. Vinograclm 's (I 953r 
classic \\·ork on the accumulation of metals hy organis1 
in the marine cn\'ironmcnt frns l1cen expanded in mo 
recent treatises (Fukai and 1-vfcinkc 1962,u;n Polikarp< 
1966,~;9 Bowen ct al. 1971,1::H Lmnnan ct al. 1~171). 221 

l\fetals present in the marine environment in an a 
similablc form usually undergo bioaccumulation throm 
the food chain. Thus, element> present in low conccntratio 
in the water may l>c accumulated many thousandfold 
certain organisms. Esta lilishecl maximum permissible lcv( 

of some of these metallic ions render fish unacceptable f, 
the commercial market (U.S. Department of Health, Eel 
cation, and \Vclfare, Food and Drug Administrat:ion 1971,: 
Kol bye 1970201

•). Food and drug control agencies nn 
impose stringent requirements on the content of certa 
hazardous elements, such as mercury, which, during 197 
led to condemnation of much of the fish caught in wat<' 
of the Canadian Pr.1irics and the southern Crcat Lake 
Much of the swordfish and about '.25 per cent of the tur 
caught by the Japanese have exceeded the maximum pc 
missible limit (Wallace ct al. 1971).293 

Studies concluctccl on Adantic salmon (Salmo salar) 
St. Andrew's, New Brunswick, show that low concentratio 
of zinc and copper mixtures will set up avoidance reactio 
(Sprague 1965,26 ~ Sprague and Saunders 1963271

). Ach. 
salmon migrating to spawn can lie diverted by low concc 
trations of these base meta ls such as those leached fro 
mine tailings. There arc indications that as much as ; 
per cent of spawning salmon (Salmo salar) may return to st 
without going through the spawning act if conccntratirn 
of zinc and copper arc high enough to induce avoidarn 
reactions (Sprague 1965) .268 There may be other simil; 



important behavioral reactions stimulated by low concen
trations of some of the mctah. 

In the following rcyicw of different inorganic constituents, 
the total amount of each clement is considered in the dis
cussion and recommendation, unless othenvise stated. 
\ \'lwrt'as some of the methods of analysis for con st it ucnts 
recommended for fresh \\·atcr and waste water cm ,dso lie 

used in marine en\ ironrnents, the interference from salt 
ckrnands other specialized techniques for many elements 
(StricLLmd and P,1rsons 1 CJ(:i8, 2 ;; Food and Agriculture 
Organization l(l71 1"4). 

::\'ot only h;1s the recent literature· !lCen reYiewed in this 
cx;11ni11;1tion of the properties ;md effects of inorganic con
stituents, !mt various hililiographic and other standard 
rcfrrc·ncTs han· liecn liiJerally consulted (The Merck Index 
1%0.""' McKee and \\'olf l<lb3,2% \\'illnT 1%9,2<J'I :\RC 
C:ornmitt{'(· on Occ111ography lfJ71, 2 '1i U.S. Department of 
the In tcrior FedcT<tl \\'a tcr Pollution C:ont rol Aclminis
tr;ition l~Hiil.~'i C:anacL1 Intcrdcpartnwntal Committee on 
\\'atn J l)7J 1'H'). 

Alkalinity or Buffer Capacity, Carbon Dioxide, and pH 

The chemistry of sea \\'ater diflcr-; from th;1t of fresh 
water largely lwcauc;c of the presence of salts. th<' rncijor 
constituents of\\ hich arc present in sc;1 water in constant 
pruportion. 'l he \\Tak-;1cicl salts, such as the c1riJ01Mtes, 
liicarl1on<1tes, and borates. contrilmte to the high huffcring 
capacity or alkalinity of se<1 \1·atn. This liuffering power 
render, many \\·astes of a highly acidic or alkaline nature, 
which dtT often highly toxic in frnh water, cot11par;1ti\-ely 
innocuott'i after mi:\.ing \\·ith sc;1 \\·ater. 

The complex cMlion clioxide-bicarlionate-carbonate sys
tem in the sea is descrilicd in standard tcxtl1ooks (Sverdrup 
et al. 1 ~J-1.6,m Skirrm\' I 96521

; 1) Alkalinity and the hyclrogcn
ion conccn l ra lion. as cxpn'ssecl I iy pH (Strickland and 
P,irsom I 96B).~i.; are the lw;.t measure of the effects of 
highly acidic or highly alkaltne \\·aqes. 

Europc<ln Inland Fislwnes :\ch·isory Commission 
(I 9f:i<)) 1 

''' and Kemp (I 971 rn iewed the pH rcq llire
men ts of freshwa tcr fr.; hes. Because of the large difference 
in buffer capacities. techniques for measurement and clcfi
nitiom of alkalinity arc quite diffrfl'nt for marine and fresh 
water' The norrnzt! r;rnge of pH encountered in fresh water 
is considerably wider than that found in sea water. and for 
this reason, fresh\\'atcr communities are adapted to greater 
pH extremes than arc marine communities. 

Sea water normally varies in pH from surface to bottom 
!Jec;rnse of the carbon dioxide-IJicarlJonatc-car!Jonall' equi
liiJria. Photosynthetic and respiratory processes also con
tribute to variations in pH. At the sea surface, the pH 
normally Yaries from 8.0 to B.3, dcpenchng on the partial 
pressure of carbon dioxiclc in the atmosphere and the 
salinity and temperature of the water. A large uptake of 
car!Jon dioxide during photosynthesis in the cuphotic zone 
leads to high pH values exceeding 8.5 in exceptional cases. 
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Release of carbon dioxide during decomposition in inter
mediate and bottom waters rt'sults in a lowering of pH. 
In shallow, biologically-active waters, particularly in warm 
tropical and su!Jtropical areas, there is a large diurnal 
\·ariation in pH with valm·s ranging from a high of 9.5 in 
the daytime to a low of 7.3 at night or in the early morning. 

The toxicity of most pollutants increases as the pH in
creases or decreases from neutral (pH 7). This is true for 
complex mixtures, such as pulp mill effluents (Howard 
and \\-al den I %5 ), 1 s:i for constituents \\·hi ch dissociate at 
cliffrrent pH (e.g., H~S and HCN), and for heavy metals. 
The toxicity of certain compkxc-; can change drastically 
\\'ith pH. Nickel cyanide exhibits a thousandfold increase 
in toxicity with a I .5 unit decrease in pH from 8.0 to 6.5 
(Rolwrt A. Taft Sanitary Engineering Center I 953,205 

DoudorofT ct al. l 9661 . pH may also determine the 
degree of clis~ociation of salts, some of which are more toxic 
in the molecular form than in the ionic form. Sodium 
sulfide is increasingly toxic with decreasing pH as s= and 
Hs-- ions arc comTrtccl to H~S (Jones I 048). 21111 The toler
ance of fish to lo\\' concentrations of dissolved oxygen. high 
temperatures, cations, and anions \';iries with pH. There
fore, non-injurious pH cln-ia tions and ranges depend on 
local Conditions. 

Thnc arc large fluctuations in natural pl! in the marine 
ern·ironmcnt. Changes in pH indicate that the buffering 
cap21city of the sea water ha~ been altered and the carbon 
dioxide equilibria haw· shifted. The time required for mixing 
of an effluent with a large volume of sea \\'atcr is exceedingly 
important. \\"hen the pH of the receiving sea water under
goes ;111 incrcase or decrease, its duration can be important 
to the Slff\'i\·al of org:inisrns. At present, there arc not 
sufiicient data \\ ith \\'hich to assign time limits to large 
departures of pH. 

Fish tolerate moderately large pH changes in the middle 
of their normal pH ranges. Small pH changes at the limits 
of their ranges and also in the presence of some pollutants 
can have significant deleterious effects. 

Plankton and lienthic invcrteliratcs arc probably more 
sensitin· than fish to changes in pH. Oysters appear to 
perform best in brackish waters when the pH is about 7 .0. 
At a pH of 6.5 and lower, the rate of pumping decreases 
notably, and the time the shells remain open is reduced 
by 90 per cent (Loosanoff and Tommers l 948,2

i
9 Korringa 

1952207
). Oyster larvae arc impaired at a pH of 9.0 and 

killed at 9.1 in a few hours (Gaarder 1932). 11' 7 The upper 
pH limit for crabs is 10.2 (Mcinck et al. 1956) .221 

Recommendation 

Changes in sea water pH should be avoided. The 
effects of pH alteration depend on the specific con
ditions. In any case, the normal range of pH in 
either direction should not be extended by more 
than 0.2 units. Within the normal range, the pH 
should not vary by more than 0.5 pH units. Ad-
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dition of foreign material should not drop the pH 
below 6.5 or raise it above 8.5. 

Aluminum 

Aluminum, one of the most abundant elements in the 
earth's crust, does not occur in its elemental form in nature. 
It is found as a constituent in all soils, plants, and animal 
tissues. Aluminum is an amphotcric metal; it may be in 
solution as a weak acid, or it may assume the form of a 
flocculent hydroxide, depending on the pH. In the alumi
num sulfate form (alum), it is used in water treatment as a 
coagulant for suspended solids, including colloidal materials 
and microorganisms. 

Aluminum may be adsorbed on plant organisms, but 
very little ingested by animals is absorbed through the 
alimentary canal. Goldberg et al. (1971 )172 reported an 
aluminum concentration factor for phytoplankton (Sar

gassum) ash of 65 and for zooplankton ash of 300. However, 
Lowman et al. (1971),221 in their compilation of concen
tration factors for various elements, noted that aluminum 
was reported to be concentrated 15,000 times in benthic 
algae, 10,000 times in plankton (phyto- and zoo-), 9,000 
times in the soft parts of molluscs, 12,000 times in crustacean 
muscle, and 10,000 times in fish muscle. 

In fresh water, the toxicity of aluminum salts varies with 
hardness, turbidity, and pH. Jones (1939) 198 found the 
lethal threshold of aluminum nitrate for stickleback 
(Gasterosteus aculeatus) in very soft water to be 0.07 mg/I. 
Using tap water with the same compound tested on the 
same species, Anderson (1948) 112 reported a toxic threshold 
of less than 5 x 10-5 molar aluminum chloride ( 1.35 mg/l 
Al). Average survival times of stickleback in different con
centrations of aluminum in the nitrate form have been 
reported as one day at 0.3 mg/I and one week at 0.1 mg/l 
(Doudoroff and Katz 1953).150 It was noted by the same 
authors that 0.27 mg/l aluminum in the nitrate form did 
not apparently harm young eels in 50 hours' exposure. 

Because of the slightly basic nature of sea water, alumi
num salts tend to precipitate in the marine environment. 
These salts have exhibited comparatively low toxicities with 
96-hour LC50's of 17.8 mg/l for redfish tested in sea water 
with aluminum chloride (Pulley 1950).202 Concentrations 
of 8.9 mg/l of aluminum (from AlC'3) did not have a lethal 
effect on marine fish and oysters tested ( Cynoscion nebulosus, 

Sciaenops oscellatus, Fundulus grandis, Fundulus simzlis, Cyprmdon 

variegatus, Ostrea vzrginica) (Pulley 1950). 252 The floes of 
precipitated aluminum hydroxide may affect rooted 
aquatics and invertebrate bent hos. Wilder (1952) 300 noted 
no significant effect on lobsters (Homarus americanus) of a 
tank lined with an aluminum alloy (Mn, l to 1.5 per cent; 
Fe, 0.7 per cent; Si, 0.6 per cent; Cu, 0.2 per cent, and Zn, 
0.1 per cent). 

Aluminum hydroxide can have an adverse effect on 
bottom communities. Special precautions should be taken 
to avoid disposal of aluminum-containing wastes in water 

supporting commercial populations of clams, scallop: 
oysters, shrimps, lobsters, crabs, or bottom fishes. 

Recommendation 

Because aluminum tends to be concentrated b 
marine organisms, it is recommended that a 
application factor of 0 .. 01 be applied to marin 
96-hour LC50 data for the appropriate organism 
most sensitive to aluminum. On the basis of dat 
available at this time, it is suggested that conceu 
trations of aluminum exceeding 1.5 mg/I consti 
tute a hazard in the 1narine environment, an 
levels less than 0.2 mg/I present minimal risk c 
deleterious effects. 

Ammonia 

Most of the available information on toxicity of ammoni 
is for freshwater organisms. For this reason, the reader 
referred to the discussion of ammonia in Section III o 
Freshwater Aquatic Life and Wildlife (p. 186). Because < 

the slightly higher alkalinity of sea water and the larg<: 
proportion of un-ionized ammonium hydroxide, ammoni 
may be more toxic in sea water than in fresh wat<:: 
(Doudoroff and Katz 1961). 151 Holland et al. (1960)1 

noted a reduction in growth and a loss of equilibrium L 

chinook salmon ( Oncorhynchus ishawytscha) at concentratior 
3.5 to 10 mg/l of ammonia. Dissolved oxygen and carbo 
dioxide decrease the toxicity of ammonia (U.K. Depari 
ment of Science and Research 1961).284 Lloyd and Or 
(1969),217 in their studies on the effect of un-ionized arr 
monia at a pH of 8 to 10, found 100 per cent mortalit 
with 0.44 mg/I NH3 in 3 hours for rainbow trout (Salr~ 

gazrdnerz). This confirmed earlier results of 100 per ccr 
mortality in 24 hours at OA mg/I. The toxicity increase 
with pH between 7.0 and 8.2. 

Recommendation 

It is recommended that an application factor o 
0.1 be applied to marine 96-hour LC50 data for th 
appropriate organisms most sensitive to ammonia 
On the basis of freshwater data available at thi 
time, it is suggested that concentrations of un 
ionized ammonia equal to or exceeding 0.4 mg/ 
constitute a hazard to the marine biota, and level 
less than 0.01 mg/I present minimal risk of dele 
terious effects. 

Antimony 

Antimony occurs chiefly as sulfide (stibnite) or as the 
oxides cervantite (Sb20 4) and valentinite (Sb203) and i 
used for alloys and other metallurgical purposes. It ha 
also been used in a variety of medicinal preparations anc 
in numerous industrial applications. Antimony salts arc 
used in the fireworks, rubber, textile, ceramic, glass anc 
paint industries. 



Few of the salts of antimony have been tested on fish in 
bioassays, particularly in sea water. However, antimony 
potassium tartrate ("tartar emetic") gave a 96-hour LC50 
as antimony of 20 mg/l in soft water and 12 mg/I in hard 
water (Tarzwell and Henderson 1956,277 1960278). Cellular 
division of green algae was hindered at 3.5 mg/I, and 
movement of Daphnia was retarded at 9 mg/I (Bringmann 
and Kuhn l 959a) .131 Antimony trichloride, used in acid 
solution as a mordant for patent leather and in dyeing, was 
examined in exploratory tests on fathead minnows 
(Pimephales promelas) and gave a 96-hour LC50 as antimony 
of 9 mg/l in soft water and 17 mg/I in hard water (Tarzwell 
and Henderson 1960) .278 Applegate et al. (195 7) 114 reported 
that rainbow trout (Salmo gazrdnerz), bluegill sunfish (Lepomis 
macrochzrus), and sea lamprey (Pertomy:;,on marinus) were un
affected by 5 mg/I of SbCh or SbCls in Lake Huron water 
at 13 C, saturated with dissolved oxygen, and pH 7.5 to 8.2. 
Jernejcic (1969) 193 noted that as little as 1.0 mg11 of anti
mony in the form of tartar emetic caused projectile vomiting 
in large mouth bass (Micropterus salmoides). 

Antimony can be concentrated by various marine forms 
to over 300 times the amount present in sea water (Goldberg 
1957, 171 Noddack and Noddack 1939240). 

Recommendation 

Because of the hazard of antimony poisoning to 
humans and the possible concentration of anti
mony by edible marine organisms, it is recom
mended that an application factor of 0.02 be ap
plied to marine 96-hour LC50 data for the ap
propriate organisms most sensitive to antimony. 
On the basis of data available at this time, it is 
suggested that concentrations of antimony equal 
to or exceeding 0.2 mg/I constitute a hazard in the 
marine environment. There are insufficient data 
available at this time to recommend a level that 
would present minimal risk of deleterious effects. 

Arsenic 

Arsenic occurs in nature mostly as arsenides or pyrites. 
It is also found occasionally in the elemental form. Its 
consumption in the U.S. in 1968 amounted to 25,000 tons 
as AS20 3 (U.S. Department of the Interior, Bureau of 
Mines 1969).289 Arsenic is used in the manufacture of glass, 
pigments, textiles, paper, metal adhesives, ceramics, li
noleum, and mirrors (Sullivan 1969),274 and its compounds 
are used in pesticides, wood preservatives, paints, and 
electrical semiconductors. Because of its poisonous action 
on microorganisms and lower forms of destructive aquatic 
organisms, it has been used in wood preservatives, paints, 
insecticides, and herbicides. Sodium arsentite has been used 
for weed control in lakes and in electrical semiconductors. 

In small concentrations, arsenic is found naturally in 
some bodies of water. In its different forms, including its 
valence states, arsenic varies in toxicity. Trivalent arsenic 
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is considerably more toxic than the pentavalcnt species in 
the inorganic form. It is acutely toxic to invertebrates and 
for this reason has found application in the control of 
Teredo and other woodborers in the ASH form. Arsenious 
trioxide (As20 3) has been used for control of the shipworm 
Bankza setacza. In the arsenate form (AsH), it is of relatively 
low toxicity, Daphnza being just immobilized at 18 to 31 
mg/I sodium arsenate, or 4.3 to 7.5 mg"/! as arsenic, in 
Lake Erie water (Anderson 1944,110 1946lll). The lethal 
threshold of sodium arsenate for minnows has been reported 
as 234 mg/I as arsenic at 16 to 20 C (VVilber 1969) .299 

Arsenic is normally prest>nt in sea water at concentrations 
of 2 to 3 µg/l and tends to be accumulated by oysters and 
other molluscan shellfish (Sautet et al. 1964, 258 Lowman 
ct al. 1971221). Wilber (1969) 299 reported concentrations of 
100 mg/kg in shellfish. Arsenic is a cumulative poison and 
has long-term chronic effects on both aquatic organisms 
and on mammalian spt>cies. A succession of small doses may 
add up to a final lethal dose (Buchanan 1962) .135 The acute 
effects of arsenic and its compounds on aquatic organisms 
have been investigated, but little has been done on the sub
lethal chronic effects. 

Surber and Meehan (1931 )275 found that fish-food orga
nisms generally can withstand concentrations of approxi
mately I. 73 mg.II of arsenious trioxide in sodium arsenite 
solution. Meinck et al. (1956)227 reported that arsenic con
centrations were toxic at I. I to 2.2 mg/I to pike perch 
(Sti:;_ostedion vztreum) in 2 days, 2.2 mg/I to bleak in 3 days, 
3.1 mg/I to carp (Cyrmus carpio) in 4 to 6 days and to eels 
in 3 days, and 4.3 mg/I to crabs in 11 days. 

Recommendation 

Because of the tendency of arsenic to be concen
trated by aquatic organisms, it is recommended 
that an application factor of 0.01 be applied to 
marine 96-hour LC50 data for the appropriate 
organisms most sensitive to arsenic. On the basis 
of freshwater and marine toxicity data available, 
it is suggested that concentrations of arsenic equal 
to or exceeding 0.05 mg/I constitute a hazard in 
the marine environment, and levels less than 0.01 
mg/I present minimal risk of deleterious effects. 

Barium 

Barium comes largely from ores (BaS04, BaC03). It is 
bein~ used increasingly in industry. The U.S. consumption 
in 1968 was 1.6 million tons, a growth of 78 per cent in 
20 years (U.S. Department of the Interior, Bureau of 
Mines 1969) .289 Barium is used in a variety of industrial 
applications, including paper manufacturing, fabric printing 
and dyeing, and synthetic rubber production. 

All water- or acid-soluble barium compounds are poi
sonous. However, in sea water the sulfate and carbonate 
present tend to precipitate barium. The concentration of 
barium in sea water is generally accepted at about 20 µg/I 
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(Goldberg et al. 1971),172 although it has been reported as 
low as 6.2 µg!I (Bowen 1956). 128 \\'olgemuth and Broecker 
( 1970) 303 reported a range of 8 to 14 µg/I in the Atlantic 
and 8 to 31 µg /[ in the Pacific, with thL'. lower \·alues in 
surface waters. Barium ions arc thought to he rapidly 
precipitated or removed from solution by adsorption and 
sedimentation. 

Bijan and Deschiens (1956)m reported that 10 to 15 
mg/! of barium chloride were lethal to an aquatic plant 
and two species of snails. Bioassays with barium chloride 
showed that a 72-hour t'xposure to 50 mg / l harrnccl the 
ncn·ous system of coho salmon ( Oncorlzyrzc/111s kzsutclz) and 
158 mg 1

\ killed 90 per cent of the test species (ORSANCO 
1960).24 ;, Barium can be concentrated in goldfish (Carasszus 
aura/us) IJy a factor of 150 (Templeton l'.)58). 279 Soviet 
marine radioactivity studies showed accumulation of radio
active barium in organs. bones. scales, and gills of fish 
from the :Northeast Pacific (Moiseev and Kardashev 
l 964rn). Lowman et al. (1971 )221 listed a concentration 
factor for barium of 17,000 in phytoplankton, 900 in zoo
plankton, and 8 in fish muscle. 

In view of the widespread use of barium, the effects of 
low closes of this element and its compounds on marine 
organisms under different environmental conditions should 
be determined. Disposal of barium-containing wastes into 
waters when precipitates could affect rooted aquatics and 
benthic invertebrates should be avoided. 

Recommendation 

Because of the apparent concentration of barium 
by aquatic organisms and the resultant human 
health hazard, it is recommended that an appli
cation factor of 0.05 be applied to marine 96-hour 
LC50 data for the appropriate organisms most 
sensitive to barium. On the basis of data available 
at this time, it is suggested that concentrations of 
barium equal to or exceeding 1.0 mg/I constitute 
a hazard in the marine environment, and levels 
less than 0.5 mg/I present minimal risk of dele
terious effects. 

Beryllium 

Beryllium is found mainly in the mineral beryl and is 
almost nonexistent in natural waters. Its concentration in 
sea water is 6 X l0- 1 µg,'l. Beryllium is used in a number of 
manufacturing processes, in electroplating, and as a catalyst 
in organic chemical manufacture. It has also been used 
experimentally in rocket fuels and in nuclear reactors 
(Council on Environmental Quality 1971).144 In 1968, the 
U.S. consumption of beryllium was 8,719 tons, a 500 per 
cent increase over 1948 (U.S. Department of the Interior, 
Bureau of Mines 1969).289 

Beryllium has been shown to inhibit photosynthesis in 
terrestrial plants (Bollard and Butler 1966).127 It would be 
of interest to know if there is any inhibition of photo-

synthe,is by beryllium compounds in the marine environ 
mcnt. 

Beryllium chloride and ni1 rate arc highly soluble i1 
water, and thf' sulfate is moderately so. The carbonatf' arn 
hydroxide arc almost insoluble in cold water. Toxicity test 
gave a 96-hour LC50 for beryllium chloride of 0.15 mg,1 
as beryllium for fathead minnows (Pimej1hales /name/as) i 
soft water; 15 mg/! for the :;ame species in hard watc 
(Tarzwcll and Henderson 1960) ;278 and 31.0 mg;[ fo 
Furzdufus lzeterorlztu> (Jackim ct al. 1970). 190 

Beryllium has been reported to be concentrated 100 
times in marine plants ancl animals (Goldberg ct al. 1971) .1: 

Recommendation 

In the absence of data specifically related ti 
effects of beryllium on marine organisms, and be 
cause of its accumulation by marine organism 
and its apparent toxicity to humans, it is recom 
mended that an application factor of 0.01 be ap 
plied to marine 96-hour LC:50 data for the appropri 
ate organisms most sensitive to beryllium. On th1 
basis of data available for hard fresh water, it i 
suggested that concentrations of beryllium equa 
to or exceeding 1.5 mg/I constitute a hazard t~ 
marine organisms, and fovels less than 0.1 mg/ 
present minimal risk of deleterious effects. 

Bismuth 

Bismuth is used in the manufacture of bismuth salts 
fusible alloys, electrical fuses, low-melting solders, arn 
fusible boiler plugs, and in tempering baths for steel, i1 
"silvering" mirrors, and in dental work. Bismuth salts ar1 
used in analytical chemical laboratories and common!· 
formulated in pharmaceuticals. 

The concentration of bismuth in sea water is low, abou 
0.02 µgil, probably because of the insolubility of its saltf 
It is unknown how much bismuth actually gets into the se: 
from man-made sources, !mt the quantity is probably small 
The total U.S. production in 1969 as subcarbona11 
(Bi20 2C03) 2 • H 20 was 57 short tons (U.S. Department o 
Commerce 1971). 285 

There arc no liioassay data on which to base recommen 
dations for bismuth in the marine environment. 

Boron 

Boron is not found in its elemental form in nature; i 
normally occurs in mineral deposits as sodium borat< 
(borax) or calcium borate (colcmanite). The conccntratior 
.Jf boron in sea water is 4.5 rng/l as one of the 8 majrn 
.:onstituents in the form of borate. Boron has long beer 
used in metallurgy to harden other metals. It is now bein~ 
used in the elemental form as a neutron absorber in nuclea1 
installations. 

Available data on toxicity of boron to aquatic organism: 
ire from fresh water (\'\Turtz 1945, 306 Turnbull ct al. 1954,28 



Le Clerc and Devlaminck 1955, 214 \\'alien ct al. 195 7, 290 

LeClerc 1960213). Boric acid at a concentration of 2000 
mg/I showc;cl no effect on one trout and one ruck! (Srardzmus 
erythroj1hthalm11s); at 5000 mg I it caused a discoloration of 
the skin of the trout, and at 80,000 mg 1 'l the trout became 
immobile and lost its balance in a few minutes (\\\irtz 
1945). :<%The minimum lethal close for minnows exposed to 
boric acid at 20 C for 6 hours \\as reported to lie IB,000 
to 19,000 mg

1 
l in distilled water and 19,000 to I CJ,'.")00 ml', I 

in hard water (LeClerc and Dcvlaminek 1955,211 LeCkrc 
196021

:'). Testing mosquito fish (G'amb1wr1 affi1w) al 20 to 
26 C and a pH Lllll',C of 5.4 to 9.1, Wal kn et al. ( 1CJS7)m 
estahfohed 96-hour LC50's of 5,600 rng I fo1· IJOric acid and 
3,600 mg 'J for sodium IJoratc. 

Since the toxicity is slightly lower in hard \rater th<1n in 
distilled water, it is anticipated that lioric acid and lioratl's 
\\'ouJcl he less toxic to marine aquatic life than to frcslrnatcr 
organisms. In the absence of sea water liioassay clat;1, an 
estimate of 500 mg l of lioron as Imrie ;1cicl and 250 mg 1 
as sodium borate is considered hazardous tu m,irinc ani
mals, based on freshwater dat,1 (\\'allen ct ,d. l<J.J7). 29

" 

Concentrations of 50 mg' 1 zmd 2.J mg L respccti\Tly. arc 
expected to hm·c minima] effects on r,narinc faunc1 

An uncertainty exists conccrnine, the effect of boron on 
marine vegetation. In view of harm that can he caused to 
terrestrial plants liy boron in excess of 1 mg l (\\'i]bcr 
1969), 299 special precautions should he taken to rnaintain 
boron at normal le\'ds near eel grass (:;,ostna), kdp (.ifacro
C)'Slz r), and other seaweed becls to minimize damage lo 
these plants. 

Recommendation 

On the basis of data available at this time, it is 
suggested that concentrations of boron equal to or 
exceeding 5.0 mg/I constitute a hazard in the 
marine environment, and levels less than 5.0 mg/I 
present minimal risk of deleterious effects. An 
application factor of 0.1 is recommended for boron 
compounds applied to marine 96-hour LCSO data 
for the appropriate organisms most sensitive to 
boron. 

Bromine 

In concentrated form, bromine is a strong oxidizing agent 
and will attack all metals and organic materials. It is one 
of the major constituents in sea water, present at about 
67 mg 1 in bromate, and is commercially extracted from the 
sea. 

Bromine is used medicinally and for sterilization of 
swimming pools. It is also used in the preparation of dye
stuffs and anti-knock compounds for gasolines. Molecular 
bromine may be discharged in effluents from salt works and 
certain chemical industries. Rromination of certain organic 
substances, such as phenols and amines, may impart 
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offensive taste and make waters more toxic to aquatic 
organisms. 

Kott ct al. (I %G)2n' found that Chlorella /1rmzuzdosa, when 
exposed to 0.42 rng ·1 bromine for 4 clays, \\ere reduced in 
concentration from 2,383 cells/mm2 to 270 cells, hut re

mained Yirtually unchanged at 0.18 ml', 11 bromine (2,3B3 
cells, mm2 in controls compared to 2,100 cells. mm2 in the 
ex posed sa m pk). 

:\ t concentrations of I 0 mg l in soft \\·a ter, hromine killed 
Daj1lmw mag11a (fJ!is 1937), 1;,,, and at 20 mg l in \\·ater of 

lB to 23 C, goldfish (Cma1.1111s a111at111) were killed (Jones 
l ~J:i7). 201 A Yioknt irritant response in marine fish was 
oliscrn·cl at 10 mg 1 !Jromine, but no such acti\ ity \\·as 
pcrccin·d al l mg I (Hiatt l't al. J~J.'i3). 1' 1 

The salt> of bromine ;ire rcL1tiH·lv innocuous. The 
thre·ifiold of illlrnobili1,a ti on for !Joj1/1111a mogna was 210 
lllg l of sodium i>rornalc (1'\aBrO:;l and il200 111l', '] of 
sodium bromide (:\aBr) (Anderson l CJHi). 111 

Recommendation 

It is recommended that free (molecular) bromine 
in the marine environment not exceed 0.1 mg/I 
and that ionic bromine in the form of bromate be 
maintained below 100 mg/1. 

Cadmium 

ll S. consumption of cadmium \\"as 6,662 short tons in 
1968 (U.S. Department of the Interior, Bureau of :Mines 
J96~J).2'g These quantities indicate that cadmium might he 

a sil',nificanl pollutant. 
Pure cadmium is not found in co111mn·cial quantities in 

n;1turc. It i> olitainccl a-; a IJy-product of smelting zinc. 
Cadmium salts in high concentrations ha\'(' lieen found in a 
11issouri spring oril',ina ting from a mine (up to 1,000 mg 'ml 
cadmium) (ORS.\:\C:O 1955),211 and up to ')0 to 170 
mg kg of cadmium arc found in <;upnphosphate fertilizers 
(Athanas5iaclis 1<Jb9). 11 '; Caclmiurn i-; also present in some 
pesticides. It is !Jeing used in incn-;ising amount-; !Jy in
dustry (Council on En\'ironmcntal Quality 1971).111 \\'atcr
carryine,· pipes arc also a source of caclmiurn (Schroeder 
1970)2:>'• as is food (Nilsson l CJfi9).'"w C:aclmiurn is present 
in most c\r;1inagc watn·s I.Kroner and Kopp I 96'J)2rn1 and 
may lie contrihutinl', sulistantialiy to tlw cadmium present 
in in>horc coa,liil waters. It i' not knm\·n, hm\THT, whether 
man's input has resulted in higher kvds of cadmium in 
estuarine or coa-:tal waters. In sea water, cadmium is 
generally present al alioul 0.1µg 11 (Colc\lierl!, ct al. 1971). 172 

Cadmium pollution rl'Sulting in the "I tai-itai" disease in 
the human population has lieen clocumentcc! (Yamagata 
and Shigematsu 1970).·in7 Schrocdn ct al. (1967) 2

"" han~ 

found that oysters may concentrate cadmium from \Try 
lm\· lcn·ls in ambient water. Cadmium concentr.1tions in 
some marine plants and animals han· been given by ~1ullin 

and Riley (1956).m 
Concern exists that cadmium may enter the diet, like 
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mercury, through seafood. Cadmium, like mercury, could 
conceivalily form organic compounds which might lie highly 
toxic or lead to mutagenic or teratogenic effects. 

Cadmium has marked acute and chronic effects on 
aquatic organisms. It also acts synergistically with other 
metals. A 15-week LC50 of 0.1 mg 11 and inhibition of shell 
growth for Crassostrea vngzmca (Pringle ct al. 1968),2

·;
0 and 

a 96-hour LC50 of 0.03 mg /1 cadmium in combination with 
0.15 mg /l zinc for fry of chinook salmon ( Oncorhynclzus 
tslzawylscha) (Huhlou ct al. 1954 )184 have been reported. 

Fundulus hete1ocl1t11s exposed to 50 mg/l cadmium showed 
pathological changes in the intestinal tract after I-hour 
exposure, in the kidney after 12 hours, and in the gill 
filaments and respiratory larncllae after 20 hours (Gardner 
and Ycvich 1970). 17° Copper and zinc, when present at 
I mg/] or more, substantially increase the toxicity of 
cadmium (LaRochc 1972) .211 

Cadmium is concentrated by marine organisms, particu
larly tht' molluscs (e.g., Pecten no1'a::_etland1car), which ac
cumulated cadmium in the calcareous tissues and in the 
viscera (Brooks and Rumhsby 1965).m Lowman ct al. 
(1971 )221 reported a concentration factor of I 000 for cad
mium in fish musclt'. 

Cadmium levch in tissues of Ashy Petrel ( Oceanodroama 
lzomoclzroa) from coastal waters of California \\'C're approxi
mately twice as high as in tissues of\ \'ilson's Petrel ( Oceanztes 
oceamcus) obtained in Antarctica, which had summered in 
the North Atlantic and Australian regions, respectively. 
Cadmium levels in tissues of the Snow Petrel (Pdagodroma 
nzvea), a species which does not lean'. the Antarctic ice pack 
region, obtained at Hallett Station, Antarctica, were of the 
same order of magnitude as those in the \\"ilsor: 's Petrel. 
Cadmium levels in eggs of the Common Tern (Sterna 
hmmdo) from Long Island Sound were in the order of 0.2 
mg/kg dry weight, not appreciably higher than those in the 
Antarctic Tern (Sterna 1 zttata) from the Antarctic with 
levels in the order of 0 .1 mg .'kg ( Andcrlini ct al. 111press). 109 

Cadmium pollution may the1cforc IJe significant locally in 
estuaries. !Jut on trw basis of these limitt'd data, it doe-; not 
appear to be a problem in more remote marine ecosystems. 
Howevt'r, in view of the comparatively unknown effects of 
cadmium on the marine ecosystern, its apparent concen
tration IJy marine organisms. and the human health risk 
involved in consumption of cadmium-contaminated sea
food, it is suggested that there be no artificial additions of 
cadmium to the marine environment. 

Recommendation 

The panel recommends that an application fac
tor of 0.01 be applied to marine 96-hour LCSO data 
for appropriate organisms most sensitive to cad
mium. On the basis of data available at this time, 
it is suggested that concentrations of cadmium 
equal to or exceeding 0.01 mg/I constitute a hazard 
in the marine environment as well as to human 

populations, and levels less than 0.2 µg/l present 
minimal risk of deleterious effects. In the presenc' 
of copper and/ or zinc at 1 mg/I or more, there ii 
evidence that the application factor for cadmiurr 
should be lower by at least one order of magnitude 

In the absence of sufflcient data on the effect: 
of cadmium upon wildlife, it is recommended tha1 
cadmium criteria for aquatic life apply also t< 
wildlife. 

Chlorine 

Chlorine is ,generally present in the stable chloride forrr 
which constitutes about 1.9 per cent of sea water. Elc 
mental chlorine, which is a poisonous gas at normal tern 
peraturc and pressure, is proclu::ed by electrolysis of a brim 
;olution. Among its many use,. arc the bleaching of pulp 
paper and textiles, and the rn anufacture of chemicals. 

Chlorine is used to kill so-cal led nuisance organisms tha 
rnight interfere with the prop:T functioning of hydraulic 
;ystems. Chlorine disinfection [s also used in public wate1 
:mpplics and in sewage effluents to insure that an acceptalJl,, 
degree of coliform reduction is .1chieved before the effluent~ 
r'.nter various bodies of water. In all instances the intent i~ 

:o eliminate undesirable level; of organisms that would 
degrade water \!St's. This goal is only partially reached, 
Jecause the effect of chlorine on desirable species is a 

:;erious hazard. 
\\'hen dissolved in water, chlorine completely hydrolizes 

, o form hypochlorous acid (HOC!) or its dissociated ions; 
at conccn trations below 1000 mg/I, no chlorine exists in 
wlution as Ch The dissociatiou of HOC! to H+ .:iml oc1-
dept'nds on the pH: 4 per cent is dissociated at pH 6, 25 
per cent at pH 7, and 97 per cent at pH 9. The unclissociatecl 
form is the rnmt toxic (Moore 1951). 231 Al though free 
chlorine is toxic in itself to aquatic organisms, comlJi .. 
nations of chlorine 'N1th ammonia, cyanide, and organic 
compounds, such as phenols and amines, may be even more 
toxic and can impart undesiral:le flavors to seafood. 

Chlorine at 0.05 rng1 'l was 1he critical level for young 
Pacific salmon exposed for 23 days (Holland ct aL 1960) .1s:i 

~~he lethal threshold for chinook salmon ( Oncorlzynclzus 
tliiaWJ'lscha) and coho salmon (0. kisutch) for 72-hour ex-· 
posure was noted by these inve:;tigators to be les>. than 0.1 
ng/l chlorine. In aerated freshwater, monochloramines 
\/ere more toxic than chlorine a·1d dichloramine more toxic 
than monochloramine. Studies of irritant responses of marine 
f shes to different chemicals (Hiatt et al. 1953)181 showed a 
s'ight irritant activity at 1 mg/I and violent irritant activity 
at 10 mg/I. OysttTS arc sensitive to chlorine concentrations 
of 0.01 to 0.05 mg/l and react by reducing pumping ac
t vity. At C]z concentrations of l .O mg/l effective pumping 
could not be maintained (Galtsoff 1946).169 

Preliminary results sl1ow that at 15 C, salinity 30 parts 
r:er thousand (%0), mature copepods (Acartia tonsa and 



TABLE IV-3-Copepod Mortality from Chlorine Exposure 
Acartia Tonsa 

Chlorine mg/I 

1.0 
2.5 
5 0 

10.0 

Chlorine mg/! 

2.5 
5.0 

10.0 

Gentile (unpublished data) 1972.312 

Exposure time in minutes to give Exposure time in minutes to give 
50 percent mortality 100 percent mortality 

220 >500 
8.5 120 
1.2 10 0 
0.6 1 0 

Eurytemona Affinis 

Exposure time in minutes to give 
50 percent mortality 

33 
3 6 
2 0 

Exposure time m minutes to give 
100 percent mortality 

125 
30.0 
5.0 

Eurytemona a.ffinis) have great difficulty in surviving exposures 
to chlorine (Table IV-3). 

Clcndenning and North (1960) 141 noted that at 5 to 10 
mg/I chlorine, the photosynthetic capacity of bottom fronds 
of the giant kelp (Macrocystn ppzfera) was reduced by 10 to 
15 per cent after 2 clays and 50 to 70 per cent after 5 to 7 
days. 

Chlorination in seawater conduits to a residual of 2.5 
mg1 l killed all fouling organisms tested (arwmones, mussels, 
barnacles, Mogula, Bugula) in 5 to 8 clays; but with 1.0 
mg 11 a few barnacles and all anemones survin·d 15 days' 
exposure (Turner et al. 1948).2 82 

It should be further stressed that chlorine applications 
may often be accompanfrcl by entrainments where the 
organisms arc exposed to strong biocidal chlorine closes, 
intense turbulence, and heat (Gonzales ct al. unjmblzshed 
197 l). 313 Consideration should also be given to the for
mation of chlorinated products, such as chloramincs or 
other pollutants, which may have far greater and more 
persistent toxicity than the original chlorine applications. 

Recommendation 

It is recommended that an application factor of 
0.1 be used with 96-hour LCSO data from seawater 
bioassays for the most sensitive species to be pro
tected. 

However, it is suggested that free residual chlo
rine in sea water in excess of 0.01 mg/I can be 
hazardous to marine life. In the absence of data 
on the in situ production of toxic chlorinated 
products, it appears to be premature to advance 
recommendations. 

Chromium 

Most of the available information on toxicity of chromium 
is for freshwater organisms, and it is discussed in Section 
III, p. 180. 

Categories of Pollutants /24 7 

Chromium concentrations in seawater average about 0.04 
µg/I (Food and Agriculture Organization 1971), 164 and 
concentration factors of 1,600 in benthic algal', 2,300 in 
phytoplankton, 1,900 in zooplankton, 440 in soft parts of 
molluscs, 100 in crustacean muscle, and 70 in fish muscle 
have been rC'ported (Lowman et al. 1971) .221 

The toxicity of chromium to aquatic life will vary with 
valence state, form, pH, synergistic or antagonistic effects 
from other constituents, and the species of organism in
volved. 

In long-term studies on the effects of heavy metals on 
oysters, Haydu (unpublzshed data) 314 showed that mortalities 
occur at concentrations of 10 to 12 µg/l chromium, with 
highest mortality during May, June, and July. Raymont 
and Shields (1964 )25 :1 reported threshold toxicity levels of 
5 mg,'! chromium for small prawns (Leander fqudla), 20 
mg / I chromium in the form I'\a2Cr04 for the shore crab 
(Carcznas maemH), and 1 mg 'l for the polychaetc ]','rrezs 
vzrem. Pringle et al. ( 1968 )2

"
0 showed that chromium con

centrations of 0.1 and 0.2 mg l in the form of K 2Cr20 7, 

produced the same mortality with molluscs as the controls. 
Doudoroff and Katz (l CJ53) 100 im-estigatcd the cffrc1 of 
K 2Cr201 on mummichog-: (Fund11l1H heteroclit11s) and found 
that they tolerated a concentration of 200 mg,'[ in sea water 
for onT a week. 

Holland t't al. (1960,l 1
' 2 reported that 31.B mg/] of 

chromium as potassium chromate in sea water gave 100 
per ct·nt mortality to coho salmon ( Oncorh)'nchus krnitrh). 
Gooding (1954) 17·1 found that 17.B mg 1 of hcxavalrnt chro
mium \\·as toxic to the >ame species in sea water. 

Cknclenning :mcl North (1960) 141 showed that hexavaknt 
chromium at :'i.O mg, 1 chromium reduced photosynthesis 
in the giant kelp Ufacro1)'1/1s j1ynfna) by 50 per cent during 
4 clay> exposure. 

Recommendation 

Because of the sensitivity of lower forms of 
aquatic life to chromium and its accumulation at 
all trophic levels, it is recommended that an appli
cation factor of 0.01 be applied to marine 96-hour 
LCSO data for the appropriate organisms most 
sensitive to chromium. On the basis of data avail
able at this time, it is suggested that concentra
tions of chromium equal to or exceeding 0.1 mg/I 
constit1;1te a hazard to the marine environment, 
and levels less than 0.05 mg/I present minimal risk 
of deleterious effects. In oyster areas, concentra
tions should be maintained at less than 0.01 mg/I. 

Copper 

Copper has been used as a pesticide for eliminating algae 
in water, and its salts have bactericidal properties. Copper 
is toxic to invertebrates and is used extensively in marine 
antifouling paints which release it to the water. It is also 
toxic to juvenile stages of salmon and other sensitive species 
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(Sprague 1964,2
"

7
, 1965,268 Sigler ct al. 1966,263 Cope 

1966142). 

Copper \ms the fifth metal in U.S. consumption during 
1968, following iron, manganese, zinc, and barium (U.S. 
Department of the Interior Bureau of Mint's 1969).289 

Copper is used for such products a' high transmi,sion wires, 
container,, utcn'iils, and currency because of its noncor
roding properties. 

Copper is widely clistrilmted in nature and i~ present in 
sea water in concentrations ranging from 1 to 25 µgiJ. In 
small amounts, copper is nonlethal to aquatic organisms; 
in fact. it is essential to some of the respiratory pigments in 
animals (\\'ilbtT I %9) .299 Copper chelated hy lignin or 
citrate has been reported to he as effective as copper ion in 
controlling al!;ac, but apparently it is not as toxic to fish 
(Ingols 1955) .1% Copper affected the polychaetc .\"c/€/s 
virms at levels of approximately 0.1 mg 11 (Raymont and 
Shields .1964 )2" 3 and the shore crab ( Cmcznus maenus) at l to 
2 mg/l (\\'illier 1969).299 Copper al concentrations of0.06 
mg 11 inhihitecl photosynthesis of tlw giant kelp (,\facrocystis 
j1yrzfera) by 30 per cent in 2 dclys and 70 per cent in 4 clays 
(Clendcnning and North 1960).1ll 

Copper is toxic to some oysters at concentrations above 
0.1 mg'! (Galtsoff 1932)rn8 and lethal to oysters at 3 mg/I 
(\\'illxr 1969).2!19 The American oyster (CrassoJ/lea Z'irgznzca) 
is apparcntly more sensitive to copper than the Japanese 
specie~ (Cra110Jlw1 gzgr/\) (Rei:;h l 9fr1)Y'4 The 96-hour LC50 
for Japanese oysters exposed to copper has been reported 
as 1.9 mg/I (Fujiya 1960).105 HowcnT, oysters c>.posed to 
concentrations as low as 0.13 rng/l turn green in about 21 
clays (Galtsoff 1932) . 16 ~ Although such concentrations of 
copper are neither lethal to the oysters ~10r, apparently, 
harmful to man, green oysters are umnarkctahk because 
of appearance. Therefore, in the vicinity of oyster grounds, 
the recommendation for maximum pennissihk concen
trations of copper in the watn is based on marketahility, 
and it is recornmenclecl that copper not be introduced into 
areas where shellfish may I ie contaminated or where sea\n·ed 
is harvest<'cl. 

Copper acts synergistically when present \\ ith zinc 
(\\'illJcr 1969),299 zinc and cadmium (LaRoche 197:2),211 

mercury (Cornn and Sparrow 1956), 14 :1 and with penta
chlorophcnatc (Cervenka l l)j9) .137 Studies on su lilcthal 
effects of copper shm\· that Atlantic salmon (Sal mo salar) 
will avoid concentrations of 0.00'.Z4 mg 'l in laboratory 
experiments (Sprague ct ;ii. l 96:-J, 2711 Saunders and Sprague 
1967,207 Sprague J<J7p';'1). 

Copper is accumulated by marine organisms, with con
centration factors of 30,000 in phytoplankton, 5,000 in the 
soft tissues of molluscs, and I 000 in fish muscle (Lowman 
ct al. 19 7 l). 221 

Bryan and 1 Iummerstone ( 1971) 1 :JI reported that the poly
chaete }{erezs dwerszcolor shows a high takeup of copper from 
copper-rich sediments and develops a tolerance. Mobile 
predators feeding on this species could receive closes toxic 

.o themselves or accumulate concentrations that would be 
oxic to higher trophic levels. 

Recommendation 

It is recommended that an application factor ot 
0.01 be applied to marine 96-hour LC50 data for thi; 
appropriate organisms naost sensitive to copper. 
On the basis of data available at this time, it i~ 
imggested that concentrations of copper equal t(] 
or exceeding 0.05 mg/I constitute a hazard in tht: 
marine environment, and levels less than 0.01 mg/l 
present minimal risk of deleterious effects. 

Cyanides 

Most of the available information on toxicity of cyanide, 
is for freshwater organisms, 2.nd is discussed in 1 he Frcsh
'rnter Aquatic Ltfe and Wildlife section, p. 189. 

Recommendation 

As a guideline in the absence of data for marine 
organisms the panel recommends that an appli-
cation factor of 0.1 he applied to marine 96-hour 
LC50 data for the appropriate organisms most 
~ensitive to cyanide. On thl~ basis of data available 
at this time it is suggested that concentrations of 
cyanide equal to or exceeding 0.01 mg/l constitute 
a hazard in the marine environment, and levels 
less than 0.005 mg/I present minimal risk of dele
terious effects. 

Fluorides 

Fluoride,; have been brought w public attention in recent 
y cars because of their effects at low concentrations in human 
c cntal de\Tlopm<·nt and in prevention of decay. However, 
i. must be rememberccl that fluorides at higher concen·
trations are poisons affiicting human <md other mammalian 
skeletal structure.-; with fluorosis (sec Section II, p. 66). 

Fluorine is the most reactiv[~ non-metal and does not 
cccur free in nature. 1t is fou ncl in sedimentary rocks as 
fuorspar, calcium fluoride, and in igneous rocks as cryolite, 
s,Jclium aluminum fluoride. Sddom found in high coneen
t ·ations in natural surface waters because of their origin 
only in certain rocks in certz in regions, fluorides may be 
found in detrimental co11centra1 ions in ground waters. 

Fluorides are emitted to the atmosphere and into effluents 
from electrolytic reduct ion plants producing phosphorus 
and aluminum. They are also used for disinfection, as 
insecticide,, as a flux for steel manufacture, for manu
facture of glass and enamels, for preserving wood, and for 
assorted chemical purposes. 

A review of fluoride in the environment (Marier and 
Rose 1971 )22:, indicates that the concentration of unbound 
ionic fluoride (F-) in sea water ranges between 0.4 and 
0.7 mg/I. Approximately 50 per cent of the total seawater 



fluoride (0.77 to 1.40 mg, 1) is bound ;:is the double ion 
Mgf+. 

Concentr;:itions ;:is low as 1.5 mg /l of fluoride have 
affected hatching of fish eggs (Ellis ct al. I 946),1:' 7 and 2.3 
mg 1, introduced as sodium fluoride, was lethal to rainbow 
trout (Solmo go11d11m) ;it 18 C (Angdm·ic ct :11. 1961).n:; 
\'irtually no information e"Xists on lmw,-tcrrn chro11ic effects 
of low concentrations of fluorides i11 -;ca water. 

Recommendation 

In the absence of data on the sublethal effects 
of fluorides in the marine environment, it is recom
mended that an application factor of 0.1 be applied 
to marine 96-hour LCSO data for the appropriate 
organisms most sensitive to fluoride. On the basis 
of data available at this time it is suggested that 
concentrations of fluoride equal to or exceeding 1.5 
mg/I constitute a hazard in the marine environ
ment, and levels less than 0.5 mg/I present minimal 
risk of deleterious effects. 

Iron 

Bccrnsc of the \\·icksprcad use of iron by man for his 
many industrial acti\·itics, iron is a common co11L:11ninant 
in the aquatic cm ironmcnt. Tron may enter water natur~t!ly 
from iron ore deposits; but iron is more often introduced 
from acid mine dr:1inage, mincral processing, steel pickling, 
and corrosio11. Iron usually occurs in tlw ferrous form, 
\\·hen it i-; released from processing plants CJr in mine drain
age, hut iil·conws rapidly oxiclizecl to tfw ferric form in 
n;:itural surface \\'ilters. The ferric salts form gelatinous 
hydroxides, agglomerate ;:ind flocculate, settling out on thl' 
bottom or becoming acborhcd on \·arious surfaces. Depend
ing on the pH and Eh, grol1mh\·atcr may cont;iin a con
siderahlc amount of iron in solution, hut well acr;:itvd waters 
seldom contain high, clissoknl iron. In thl' marine em·iron
ment. iron is frequently present in organic complexes and 
in aclsorhcd form on particulate m;:itter. 

l\1ost of the imTstigatiom on biological l'ffccts of iron 
han· !wen clone in frl'sh \\illcr (Knight J<J()l, 21 ·1 Bandt 
194B, 117 l\1inkina 1946,""" Soutlu.\at<· EHB,2 ":' Ln\i-, l'.J60/1 :' 

0 RS.\::\CO 19602 i:,). Deposition of iron hydroxides on 
spZI\\'ning grounds may smother fish eggs, and the hy
clroxicks may irritate the gills and block the ffspiratory 
channel' of fishl's (Southgat<· 1 <HS, 21;:, Le\\'ic; 1 <)()0213). Direct 
toxicity of iron cll'pcncls on its \·alcnce state and \\'hethcr 
it is in solution or <>uspension. 

\\'arnid: and lkll (19G~lr" 7 examined the effects of iron 
on mayflies, stoncflics, and caddisflies and olit ained a 
96-hom LC50 of 0.32 mg I for the three insects. Dowden 
and Bennett ( 196:!) 1 

" 1 examined the effect of ferric chloride 
to Doj1hnzo mogno in static acute i>ioassays. They noted 
LCSO's of 3G, 21, and J 5 mg I for 1, 2, and 4 days, re
specti\'(·ly. 

Ferric hydroxide floes n'lllO\Td the diatoms in the process 
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of flocculation and settling, coating the bottom; and the 
iron precipitate coated the gills of white perch (l1.forone 
mnerzcona), minnows, and silversides in upper Chesapeake 
Bay (Olson ct al. 1941).212 

Tests on three types of fish gave ;i lethality threshold for 
iron at 0.2 m!:i '] (J\!finkin;i 111'16) 229 and on carp at 0.9 mg I] 
if the pH was 5.:'i or lower. Ebeling (I CJ28) 1"' found that 
10 mg 11 of iron caused serious injury or death to rainbow 
trout (Sa/mo go ml nm) in 5 mi nu tcs. La Roze (1955) 212 
reported that dogfish \\Tff killed in 3 hours at 5 mg 'l iron, 
\\'h('reas other research (:\'ational Council for Stream Im
prcn·rncnt 1 ~J53) 2 'H> incliuited no deaths durin!:i one \\·eek 
at I to 2 mg 'I. 

Became of the slightly alkaline condition of sea water, 
much of the iron introduced to the sea precipitates. This 
;iclcls a further problem of iron hydroxide floes contami
nating hottom sediments \\·here rootl'cl aquiltics and in
vcrteiJratcs could lie affected. 

Special consideration should lie gi\·rn to avoiding dis
ch<ffge of iron-containing diluents into \\·aters where com
nwrcially in1port;111t liottom species or important food 
organisms chH·ll (e.g., oysters, clam,, scallops, lobsters, 
crahs, c;hrimp, halihut, flounder, and dcmcrsal fish eggs ;md 
Jan ac). 

Recommendation 

On the basis of data available at this time, it is 
suggested that concentrations of iron equal to or 
exceeding 0.3 mg/1 constitute a hazard to the 
marine environment, and levels less than 0.05 mg/l 
present minimal risk of deleterious effects. 

Lead 

The present rate of input of lead into the occam is 
approximately ten times the rate of introduction by natural 
\\·ccithcring, and concentrations of lc;:id in surface sea water 
arc greater tha11 in deeper waters (Chow and Patterson 
l 9GG). 1 :rn Tlw isotope com position of the lead in surface 
waters and in recent precipitation is more similar to th;:it of 
mince! ore than to that in lllarine sediments (Chow 1968). 138 

There arc almost no data, ho\\T\Tr, that would sug!:iest 1hat 
the higher co11centratiorn. of lead in 'urface :,ea water dc
ri\Tc\ from lead transported through the atmosphere have 
rc,ultcd in higher lead conccntratiom in marine wildlife. 
Lead concentrations in Grecnlm1d snow ha\'e been shown 
to IK 16 times higher in l 9b4 than in 1904 (Murozumi el al. 
19b9).2:1·, In 196B an co,timated l.BXIO:' tons of lead were 
introduced to the atmosphere ;:is a result of thC' combu-;tion 
of leaded ga'>oline (Council on Environmrntal Quality 
1971). 141 This represent,; 14 per cent of the total lead con
sumption of the l'nitcd States for that year. Lead poisoning 
of zoo animals in :\cw York Cit: \\·as attributed to their 
breathing lead-contaminated air (Bazcll 1971). 1111 

Blood serum aldolase activity in higher animals exposed 
to small amounts of lead increased, although there were no 
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overt signs or symptoms of poisoning (Yaverbaum 1963, 308 

Wilber 1969299). Chronic lead poisoning in man is sympto
matically similar to. multiple sclerosis (Falkowska et al. 
1964) .159 Muscular dystrophy has been reported as occurring 
in fishes an<l amphibians (Stolk 1962,272 Wilber 1969299

) and 
in view of these findings could, in fact, be unnatural. 

Data are needed on the sublethal, long-term effects of 
lead on aquatic organisms, particularly those in sea water. 
Evidence of deleterious effect to freshwater fish has been 
reported for concentrations of lead as low as 0.1 mg II 
(Jones 1938) .197 

Wilder (1952) 300 reported lobster dying in 6 to 20 days 
when held in lead-lined tanks. Pringk (unjmhlzshed data) 310 

observed a 12-wcek LC50 of 0.5 mg I lead and an 18-wcck 

LC50 of 0.3 mg 11 lead with the oyster ( Crassnstrea 1'1rgm1ra). 
There was noticeable change in gonadal and mantle tissue 
following 12 weeks exposure at concentrations of 0.1 to 
0.2 mg/I of lead. Calabrese ct al. (zmfmhlzs/ml data) 010 found 
a 48-hour LC25 of I. 73 mg 11 and an LC50 of 2.+5 mg I] 
for oyster cgg·s of the same species. 

North and Clendcnning (1958) 241 reported that lead 
nitrate at 4.1 mg1 ! of lead showed no deleterious effect on 
the photosynthesis rate in kelp (.\1arrnc)'s/z r prnfrro) exposed 
for four clays. They concluded that lead is less toxic to 
kelp than mercury, copper, hexa\·alcnt chromium, zmc, 

and nickel. 

Recommendation 

In the absence of more definitive information on 
the long-term chronic effect of lead on marine 
organisms, it is recommended that concentrations 
of lead in sea water should not exceed 0.02 of the 
96-hr LCSO for the most sensitive species, and that 
the 24-hour average concentration should not ex
ceed 0.01 of the 96-hour LC50. On the basis of data 
available at this time it is suggested that concen
trations of lead equal to or exceeding 0.05 mg/I 
constitute a hazard in the marine environment, 
and levels less than 0.01 mg/I present minimal 
risk of deleterious effects. Special effort should be 
made to reduce lead levels even further in oyster
growing areas. 

Lead recommendations for the protection of 
wildlife are included in the discussion of Marine 
Wildlife p. 227. 

Manganese 

Manganese is one of the most commonly used metals in 
industry. It occurs widely in ores on land and in nodules in 
the deep sea. U.S. consumption in 1958 exceeded 2.2 
million tons, a 45 per cent increase in 20 years (U.S. 
Department of Interior, Bureau of Mines 1969).289 The 
metal is alloyed with iron to produce steel and in smaller 
quantities with copper for manganese bronze. Its salts are 
used in inks and dyes, in glass and ceramics, in matches 

md fireworks, for dry-cell batteries, and in the manufactun 
,Jf paints and varnishes. 

Manganese is often found v1ith iron in ground waters 
3.nd it can be leached from soil and occur in drninage ir 
high concentrations. The cai-bonates, oxides, and hy 
:lroxides arc slightly soluble, so that manganous all( 
manganic ions are rarely pre:>e1t in surface water in execs 
Jf I mg/I. Manganese io presen1 in s<:>a water at al>out 2 µg/ 

[.n the !\1n+~ form, and is concentrated through biochcmica 
processes to form manganese nodules, found mainly in th< 
Jeep sea. 

!\1anganc';e may ha\T clifferent effects on the lower trophi1 
levels in fresh water and sea \\·ater. Concentrations o 
manganese alimc 0.005 mg 1 1 had a toxic effect on certair 
algae in re<errnirs (Guseva ! 937, 174 !93917 :'), while 0.000: 

mg 
11 in sea water -;tunubtcd growth and multiplicatio1 

of certain phytoplankton (Harvey 1947). 178 Anclnsm 
(1944 )1

lll reported tlw 1 hrcsho Id of immobilization of J)a/1!1111, 
magna as O.G3 mg l of K~1n0 1 and the threshol cl concen 
tration for imrnoliilization of DajJ!mw magna in Lake r=ri1 
water as 50 mg 1 of ~'fnCl~ (\nckrson ]~)4B). 11 ~ Hringma111 
and Kuhn (I '.l5'la )1.:i rcpor1t'ci the thresholcl effect fOt" th< 
same species as :iO rnt;· 1 of ~1·fnCI,1 as mang;mes1· in Ri\'(" 
Havel wa tcr at '.?3 C. 

For the flatworm l',11)'< r!1" >, z,Y,ra. the threshold conn Ti 

tration of manganese was repirtnl as 700 mg 1 as man 

ganese chlor[cle ancl fi,S() me; l .1s manganese nitrate (Jone 
194·0) .199 Tests on or?anisms on 1\'hich fr;h free~, i e 

:rustac:ea, worms, and insecl Ian·ae, showed no apparcn 
harm at l :1 mg I of mangane:;e during a 7-clay e\.posun 

(Schweiger 19:i7).2"1 Ri\'tT era dish were found rn tokratc 
1 mg 11 (\frinck et al. l Ci.'Jfi) ·m 

The toxicity of rnaPg<mesc tu fish depends on a numhe1 
Jf factors \\·hich may vary from one situation to ;mother 
There is an apparent antaw) iistic action of rnangam'S( 
owarcl nickel toxicity for fo;h (Blahaum and l\ic\101' 
l956). 12 ·i This may lie true also for cobalt and rnangam''i1. 
'n comliination, as noted for t«rrestrial plant lif1'. (:\hrncd 
.me! Twyman l 953).1"' 

Sticklcliack survived 50 mg· l manganese as manganese 
~:ulphate for 3 days, \\ hen'as eds withstood 2700 mg 'l for 
!)0 hours (Doudoroff and Katz 1953). 1;,o The lethal concen
tration of manganese for stickle hack was given as 40 mg·/] 
by Jones (1939), 193 and he noted that the toxic z:ction was 
dow. The minimum lethal concentration of manganese 
11itrate for sticklebacks in tap '.rnter has been r~portecl to 
lie 40 mg I as manganese (Anderson I C)48, 112 Murdock 
1953) .231 

The average sun·i,·al times of stickclback in rnanganous 

nitrate solution were one wed at 50 mg/I, four clays al 
I 00 mg /L two days at 150 m12: 11, and one day at 300 mg 1l 
ell measured as manganese (J\1mclock 1953) .234 Young eels 
tolerated 1500 mg/I manganow: sulphate for more than 25 
hours (Doudoroff and Katz 1953).1.5o Oshima (1931) 240 and 
I wao (I 936) 189 reported the lethal thresholds of manganous 



chloride and manganous sulphate for fish in Japan to be 
about 2400 and 1240 mg/I of manganese, respectively. 
They found that permanganates (Mn+ 7) killed fish at 2.2 
to 4.1 mg/I manganese in 8 to 18 hours, but this high 
oxidation form is quite unstable in water. Tench, carp, 
and trout tolerated 15 mg/I of manganese during 7 clays 
exposure (Schweiger 195 7) .261 

I\1anganous chloride was found to be lethal to minnows 
(F11nd11!11s) in fresh water in six clays at 12 mg 1l MnCb; for 
the small freshwater fish Orizias, the 24 hour lethal concen
tration was about 7850 mg '[ (Doucloroff and Katz 1953) ;150 

and for other fish 5500 mg 'l (Oshima 1931, 246 I wao, 
193610'1). The highest concen t ration tokra tee! liy eels for 
50 hours was 6300 mg 1 (Doudoroff and Katz 1953). 150 

Meinck et al. (I 9J6)227 noted the first toxic effects for fish 
of MnC12 at 330 mg l, with the lethal concentration at 

800 mg 1. 
Only a few studies of su likthal effects of manganese on 

fish ha\T been reported. Ludemann (1953) 222 noted some 
of the symptoms of toxicity of manganese to fish, crabs, 
and foh food organisms. Abou-Donia and I\frnzcl ( 1967) 103 

noted an effect of 1.25X10-4 M manganese (6.9 mg 11) on 
the enzyme acetylcholinesterase in shiner perch 

In studies on the uptake of radiorrnclicks on the Pacific 
testing grounds of Bikini and Eniwetok, it was found that 
the neutron-induced isotope of manganese :,iI\1n was con
centrated liy as much as 4000 in phytoplankton and 12,0UO 
in the muscle or soft tissue of mollusks (Lowman 1960,220 

Lo\\'man et al. 1971 221 ). Colclberg ct al. (1971 )172 list the 
concentration factor of mang;incsc in marine plants and 
animals as approximately 3000. 

Recommendation 

In view of the evidence for concentration of 
manganese by marine organisms, an application 
factor of 0.02 of the 96 hr LCSO for the most sensitive 
species to be protected is recommended. 

Cntil more complete information on acute and 
sublethal effects of manganese on marine orga
nisms is available, it is suggested that concen
trations of 0.1 mg/I or more of total manganese 
in the marine environment may constitute a haz
ard, and concentrations of less than 0.02 mg/l 
present minimal risk. 

Mercury 

Mercury naturally leaches from cinnabar (HgS) deposits. 
Man-made sources of mercury have been in plastics manu
facture, where mercury oxide is used as a catalyst, chlor
alh.ali plants where mercury cells are used, mercurial 
slirnacicks used in the pulp and paper industry and in 
other forest product anti-fungal applications, seed dressings 
used in comliatting smuts and other fungal diseases afflicting 
seeds, and in anti-fouling paints. An estimated 5000 tons 
of mercury per year arc transferred from the contments to 
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the oceans as a result of continental weathering (Klein 
and Goldberg 1970).203 Global production of mercury is 
currently about twice as high, in the order of 9000 metric 
tons per year (Hammond 1971) .176 The burning of pe
troleum releases in the order of 1600 tons of mercury into 
the atmosphere per year (Bertine and Gold berg 1971) .122 

A conservative estimate of the amount of mercury released 
per year into the global environment from the burning of 
coal is in the order of 3000 tons (Joensuu 1971) 195 The 
total amount of mercury estimated to be in the oceans is 
in the order of 108 metric tons, approximately three orders 
of magnitude higher than the total amount of mercury 
consumed in the United States since 1900. Mercury in 
marine organisms is, therefore, most probably of natural 
origin except in localized areas. 

One hundred and eleven persons were reported poisoned, 
41 died, and others suffered serious neurological damage as 
a result of eating fish and shellfish which had been con
taminated with mercury discharged into Minamata Bay 
liy a plastics manufacturing plant between 1950 and 1960 
(Irukayarna 1967) .187 In 1965, another poisoning incident 
was reported in Niigata, .Japan, where 5 people died and 
'.26 suffered irreversible neurological damage (Ui l 967) .292 

In Minarnata it was also found that cats eating the con
taminated fish and shellfish took suicidal plunges into the 
sea, an uncommon occurrence with these mammals (Ui 
and Kitamura 1970).293 

Metallic mercury can lie converted by bacteria into 
methyl mercury (Jensen and Jernclov 1969,m Jcrnclov 
1969, 194 Uifroth 1969218). Organometallic mercury is much 
more toxic than the metallic mercury and enters the food 
cycle through uptake liy aquatic plants, lower forms of 
animal life, and fish (Jcrnelbv 1969). 194 The concentration 
factor of mercury in fish was reported as 3,000 and higher 
(Hannerz 1968, 177 J ohncls and Westermark 1969196

). A 
voluntary form of control was imposed in Sweden where 
anglers were requested not to eat more than one fish per 
week from a given lake to minimize human intake. 

High mercury concentrations in birds and fish were 
reported on the Canadian prairies in 1969 (Fimreite 1970, 160 

\Vohcser et al. 1970, 301 Bligh 197!12H). The source of the 
mercury in the birds was apparently mercurial seed dressing 
consumed with grain by the birds; whereas in fish, mercury 
came largely from emissions of a chlor-alkali plant using a 
mercury cell. 

The Food and Drug Directorate of Canada set a level of 
0.5 parts per million as the maximum permissible concen
tration in fish products. The 0.5 parts per million level was 
set as an interim guideline, not a regulation based on any 
known safe level for mercury (Canada Food and Drug 
Director a tc, personal communication). 311 A similar guide line 
was adopted in the U.S. (Kolbye 1970).206 These limits were 
based on the lethal concentrations found in Minamata Bay, 
Japan, and on the levels set by the \Vorld Health Organi
zation (WHO) in cooperation with the Food and Agri-
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cultural Organization (FAO). The level set by WHO/FAO 
was 0.05 ppm, ba,sed on total food (\\'HO 1967). 305 The 
concentrations which were found lethal to the J apancse 
consuming fish and shellfish contaminated by mercury were 
IO to 50 mg/kg total mercury (Birkc et al. 1968) .121 The 
Swedish limit was 1.0 ppm of mercury in fish (Berglund 
and \\Trctling 1967)121 based on dry weight, which is 
equivalent to 0.2 ppm wet weight (Wallace et al. 1971).2!

15 

Although the emphasis has been on the effects of mercury 
on man, aquatic organisms can be affected l lY \"arious 
mncury compounds. :Mercury markedly alters the t·pi
thelium of skin and gills in fishes (Schweiger 195 7) .2" 1 

Mercuric chloride in water containing devdoping eggs of 
Paracentrol1H lzv1d1s brought about a severe disturbance of de
velopment at IO µg:l (Soyer 1963).2"r; A concentration of 
5 µg 11 retarded development markedly. These studies SU!_\

gested that the threshold for harmful effects of mercuric 
chloridt> on developing eggs of Paracentrotus was around 2 
to 3 µg/l (Soyer 1963) .266 Studies conducted on developing 
salmon eggs (Oncorhpnchus nerka and 0. gorbuscha) at the 
International Pacific Salmon Fisheries Commission Lab
oratory in Cultus Lake, B.C., showed that ,conecntrcltions 
of mercury at levels exceeding 3 µg 1 mercury derived from 
mercuric sulfate led to severe clt'forrnities (Scrvizi, unjmb
lzrhed data). m Studies arc needed to examine the effects of 
those concentrations which arc accumulated lJy fish over 
a longer period of time. 

Ukeles (1962) 28 '1 reported that 60 µg'l of ethyl mercury 

phosphate was lethal to all species of marine phytoplankton 
tested, and that as little as 0.1 to O.G µg/l of alkyl mercury 
introduced into sea water will inhibit photosymhcsis and 
growth. Clencknning and North (1960) 111 reported that 
mercury added a5 mercuric chloride caused 50 per cent 
inactivation of photosynthesis of giant kelp (Jfaooqstis 
pynfera) at 50 µg 1 during 4 days exposure, a 15 per cent 
decrease in photosynthesis at 100 µg 1 in 1 clay, and com
plete inactivation in 4 clays. 

\\'oelke (l 9Gl) :1o2 reported that 27 µg/1 of mercury as 
mercuric chloride was lethal to hivah·e larvae. The learning 
behavior of goldfish (Carasswr awatus) was affected after 
two days by 3 µg/l mercu1 ic chloride (\\'cir and Hine 
1970) .298 Trace amounts of coppt'r increase the toxicity ot 
mercury (Corner and Sparrow 1956). 143 

Mncury concentrations in tissues of the Ashy Petrel 
(Oceanodroma lwmoclzroa) from the coastal waters of Cali
fornia, the site of most of the mercury mines in the United 

States, are in the same order of magnitude as mercury 
concentrations in tissues of the Snow Petrel (Pt!agodroma 
nzvea), which inhabits the Antarctic pack ice .. Mercury 
concentrations in nine eggs of the Common Tern (Stema 
hzrundo) from Long Island Sound were only slightly higher 
than in nine eggs of the Antarctic Tern (Sterna vzttata) from 
the Antarctic (Anclerlini ct al. in piess). 109 

Environmental residues of mercury in Sweden, as meas
ured by concentrations of mercury in feathers of several 

species of birds, rose dramatically in th(' years followin: 
1940 and were attrilmted to alkyl-mercury compound 
used as seed dressings (Berg et al. 1966) .120 This use c 
mercury caused the death of nurnlwrs of seecl-e.1ting hire! 
(Borg ct al. 1969), i:rn l lUt it doc:; not necessarily contarninat 
aqua tic ecosystems (Jolmc1 s and \\'cstennark 1969) .11 

Feathers of t\\'O specil'S of fo;h-eating birds, the Ospn" 
(Pandzon halzart111) ;rnd the Great-crested Grebe (PomlrfJ 
crzstalus), ha\T shcJ\\ 11 .1 grddt. al increase in mercury c011ccn 
tration since a pproxirnatcly I ~)00, paralleling the inc!'l'as' 
in incl ust rial 11 'K' of mer cm·; in Sweden (Jo hncls arn 
\\'cstermark l 9t59). 1'Hi Experimental work in Sweden ha 

shown that when pheasants \'Tn' fed wheat treated \\'itl 
methyl-mercury clicyancliamid(', decreased hatchahility o 

eggs was associated 11ith mercury concentrations in th1 
eggs from l.3 to 2.0 111g ·kg of the wet weight contcnr 
(Borg ct al. l 9b9) .1 m 1 t has I ieen suggested tk1 t environ 

mental mercury may impair the reproductive capacity o 

bird species at the tops of food chains, such as falcon 
(Firnrcite ct al. 1970), 11

.i and ir Finland mercury may ha\« 
contributed to the decline of the \Vhitetailed Sea E;1gh 
(l!alzacl1H albzulla) in regions v;here the species feeds upor 
marine fish and marine liirds (Hcnriksson cl al. 1966) .18 

Conclusin'. cvickncc that mercury has impaired the rcpro 
ductin'. capacity of any species of wildlife, however, ha: 
not yet lxTn obtained and further research is necessary 
Fish-eating birds and 111a111111 als are the species most like I) 
to lie affected liecam.c of their position at the top of the fo0<: 

chain. 
The high natural levels of mercury in the marine en· 

vironmen t and the significa n, additions due to natura 
weathering. as well a' the documented hazard to rn;irim 
aquatic life and to humans through marine foods, make ii 
desiralile to clirninatt'. inputs of mercury to the marirn 
'.'.n\·ironrnent lieyoncl those uccurring through continental 

wcatherin[\'. 

Recommendation 

On the basis of data available at this time, it i~ 
:mggested that concentrations of mercury equal to 
or exceeding 0.10 µg/l constitute a hazard in th1: 
marine environment. 

In the absence of sufficient data on the effects 
of mercury in water upon wildlife, the recommen·· 
dations established to protect aquatic life and 
public water supplies should also apply to protect 
wildlife. 

Molybdenum 

Molylidcnurn has L1ccn found to lie a needed m1cro

c onstituent in fresh waters for normal growth of phyto
plankton (Arnon and \Vesse1 l 953).m In mammals, ex
posure to molybdenum may interfere with vital chemical 

reactions (Dick and Ball 1945). 146 

Molybdenum metal is quite :;table and is used in ferro-



molylidcnum for the manufacture of special tool steels. It 
is available in a number of oxide forms as well as the 
disulphide. Molylidic acid is used in a number of chemical 
appliczitions zinc! in make-up of glazes for ceramics 

Molybdenum has not been considered as a serious pol
lutant, lmt it is a biologically acti\'e met;11. It may be an 
important clement insofar as protection of the ecosystem is 
concerned because of its role in alr>;al physiology. Certain 
species of algae can concentrate rnolyliclcnurn by a factor 
up to 15 (Lackey 1959).2 rn Bwassay tests in fresh water on 
the Li thcad minnO\\' ga\T a 96-hour LC50 for molylxlic 
anhydride (:'.\foOa) of 70 mg I in soft water and 370 mg/I 
in hard water. Although molybdenum is t>,,scntial for the 
grmvth of the alga Scrnedesm111, the threshold concentration 
for a deleterious effect is 54 mg, l Molyliclenum concen
tration factors for marine species have I lt'cn reported as: 
8 in lwnthic algae; 26 in zooplankton; 60 in soft parts of 
molluscs: I 0 in crustacean muscles; and I 0 in fish muscle 
(Lm\man ct al. lCJ7!).221 

Recommendation 

The panel recommends that the concentration 
of molybdenum in sea water not exceed 0.05 of the 
96-hour LCSO at any time for the most sensitive 
species in sea water, and that the 24-hour average 
not exceed 0.02 of the 96-hour LCSO. 

Nickel 

Nield docs not occur naturally in elemental form. It is 
present as a constituent in many ores, minerals and soils, 
particubrly in scrpentinc-rock-clcriYed soils. 

Nield is cornparatiycly inert and is used in corrosion
rcsi-;1;rnt rnaterials, long-lin·cl lJattcriu, electrical contacts, 
spark plugs, and electrodes. Nickel is used as a catalyst in 
hydrogenation of oils and other organic substances. Its 
salts arc used for dyes in ceramic, fabric, and ink manu
facturing. Nickel may enter \\·aters from mine wastes, 
electroplating plants, and from atmospheric emissions. 

Nickel ions arc toxic, particularly to plant life, and may 
exhibit synergism \\·hen present \\·ith other metallic ions. 
l\"ickcl salts in combination with a cyanide salt form 
mockratcly toxic cyanide complexes which, as nickel sulfate 
cornhinccl with sodium cyanide, ga\T a 48-hour LC50 of 
2.5 1ng, l and a 9b-hour LC:50 of 0.95 mg i] as CN-, using 
fathead minnows (P1mejJ/ialts j1romefa>) at 20 C (Doudoroff 
195()). irn Alkaline conc!i tions reel ucecl toxicity of a nickel 
cyan iclc complex consickra hi y, \\·ith conccn tra tions below 
100 rng I showing no apparent toxic effect on fish. 

l\ickd salts can sulistantially inhibit the biochemical 
oxid;1 tion of sewage (.Malaney ct al. 1959) .22 ·1 In fresh 
waters, nickel has been reported to he less toxic to fish 
and rinT crabs than zinc, copper, and iron (Podubsky 
and Stedronsky 1948). 2 ·1 ~ Ho\\'C\Cr, other investigators found 
nickel to lie more toxic 10 fish than iron and manganese 
(Doudoroff and Katz 1953).1.10 
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Ellis (1937) 156 reported that nickdous chloride from 
electroplating wastes did not kill goldfish (Carassws auratus) 
at 10 mg/I during a 200-hour exposure in very soft water. 
\•Vood (1%4) 304 reported that 12 mg/I of nickel ion kill 
fish in I day and 0.8 mg/I kill fish in 10 days. Doudoroff 
and Katz (1953) 150 reported survival of stickleback ( Gastrro
steus aculeatus) for 1 week in I mg/I of nickel as Ni(N0;,)2. 

The lethal limit of nickel to sticklebacks has been re
ported as 0.8 mg 1! (Murdock 1953)2' 4 and 1.0 mg/l (Jones 
1939) .198 The median lethal concentration of nickel chloride 
(!\iCI2,bH20) was reported as 4.8 mg I for guppies (Rm!za 
reliculata) (Shaw and Lowrance 1956).2

"
2 Goldfish (Carassius 

auratus) were killed by nickel chloride at 4 .5 mg/I as nickel 
in 200 hours (Rudolfs et al. 1953).25 " Tarzwell and Hender
son ( 1960)278 reported 96-hour LC50's for fathead minnows 
(P1mfj1!zales jnomelas) as 4.0 mg/I in soft water and 24 mg/] 
in hard water, expressed as NiCl2 , 6H20. Anderson ( 1948) 112 

reported a threshold concentration of nickel chloride for 
immobilization of DajJ/mw in Lake Eric water at 25 C to 
be less than 0. 7 mg l in 64 hours of exposure. Bringmann 
and Kuhn (l 959a, rn l 9591i1 :i2) reported nickel chloride 
threshold concentrations as nickel of 1.5 mg/I for Scenrdrm111s, 
0.1 mg11 for Efflzerzr!zw ro[1, and 0.05 rng/l for J\1zcrorrgma. 

Nickel is present in sea water at 5 to 7 µg 11, in marine 
plants at up to 3 mg/I, and in marine animals at about 
0.4 mg/I. 

Marine toxicity data for nickel are limited. The top 
minnow Fundulus was found to survive in concentrations of 
100 mg•l Nickel from the chloride in salt ·water, although 
the same species was killed by 8.1 mg.I] of the salt (3. 7 
mg/I Ni) in tap water (Thomas cited by DoudorofT and 
Katz 1953) .1;,o Long-term studies on oysters (Haydu un
p11b!z rhed data) 314 showed substantial mortality at a nickel 
concentration of 0.12 mg. 11. Calabrese et al. (unpublished 
data):l 10 found 1.54 mg. 1! of nickel to be the LC50 for eggs 
of the oyster ( CuHsoslrea mrgznzca). 

Recommendation 

It is recommended that an application factor of 
0.02 be applied to 96-hour LCSO data on the most 
sensitive marine species to be protected. Although 
limited data are available on the marine environ
ment, it is suggested that concentrations of nickel 
in excess of 0.1 mg/I would pose a hazard to marine 
organisms, and 0.002 mg/I should pose minimal 
risk. 

Phosphorus 

Phosphorus as phosphate is one of the major nutrients 
required for algal nutrition. In this form it is not normally 
toxic to aquatic organisms or to man. Phosphate in large 
quantities in natural waters, particularly in fresh waters, 
can lead to nuisance algal growths and to eutrophication. 
This is particularly true if there is a sufficient amount of 
nitrate or other nitrogen compounds to supplement the 
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phosphate. Thus, there is a need for control of phosphate 
input into marine waters. See Sewage and Nutrients, p. 
275, for a discussion of the effects of phosphate as a nutrient. 

Phosphorus in the elemental form is particularly toxic 
and subject to bioaccumulation in much the same way as 
mercury (Ackman et al. 1970,104 Fletcher 197l162). Isom 
(1960) 188 reported an LC50 of 0.105 mg /1 at 48 hours and 
0.025 mg/I at 163 hours for bluegill sunfish (Lepomis macro

chzrus) exposed to yellow phosphorus in distilled water at 
26 C and pH 7. 

Phosphorus poisoning of fish occurred on the coast of 
Newfoundland in 1969 and demonstrated what can happen 
when the form of an clement entering the sea is unknown 
or at least not properly recognized (Idler 1969, 185 J angaard 
1970, 191 Mann and Sprague 197022

·
1
). The elemental phos

phorus was released in colloidal form and remained in 
suspension (Addison and Ackman 1970) .103 After the release 
of phosphorus was initiated, red herrings began to appear. 
The red discoloration was caused by haemolysis, typical of 
phosphorus poisoning in herring (Clupea harengus), and ele
mental phosphorus was found in herring, among other 
fishes, collected 15 miles away (Idler 1969, 185 J angaard 
1970191). 

Fish will concentrate phosphorus from water containing 
as little as one µg/l (Idler 1969). m In one set of experiments, 
a cod swimming in water containing one µg/l elemental 
phosphorus for 18 hours was sacrificed and the tissues 
analyzed. The white muscle contained about 50 µg/kg, the 
brown, fat tissue about 150 µg/kg, and the liver 25.000 µg/l 
(Idler 1969, 185 J angaarcl 1970191 ). The experimental findings 
showed that phosphorus is quite sta blc in the fish tissues. 
Fish with concentrated phosphorus in their tissues could 
swim for considerable distances before succumbing. In ad
dition to the reel surface discoloration in herring, other 
diagnostic features of phosphorus poisoning included green 
discoloration of the liver and a breakdown of the epithelial 
lining of the lamellae of the gill (Idler 1969). m 

A school of herring came into the harbor one and one
half months after the phosphorus plant had been closed 
clown. These herring spawned on the wharf and rocks near 
the effluent pipe, and many of them turned red and died. 
A few days later, "red" herring were caught at the mouth 
of the harbor on their way out. The herring picked up 
phosphorus from the bottom sediments which contained 
high concentrations near the effluent pipeline (Ackman 
et al. 1970). 104 Subsequently, this area was dredged by 
suction pipeline, and the mud was pumped to settling and 
treatment ponds. No further instances of red herring were 
reported after the dredging operation, and the water was 
comparatively free of elemental phosphorus (Addison et al. 
1971). 106 

Reports of red cod caught in the Placentia Bay area 
were investigated, and it was found that no phosphorus was 
present in the cod tissues. Surveys of various fishing areas 
in Newfoundland established that red cod are no more 

prevalent in Placentia Bay than in other areas. In labora 
tory studies, cod exposed to elc mental phosphorus have nc 
shown the red discoloration observed in herring an 
;almonids. However, cod do concentrate phosphorus in th 
muscle tissue as well as in the liver and can e\·entuall 
succumb to phosphorus poisoning (Dyer et al. 1970).1 :'4 

It was demonstrated by f.eld investigations and lahon 
tory experiments (Ackman et al. 1970, 104 Fletcher ct a 
1970, m Li ct al. 1970,216 Zitko et al. 1970, :ioo Fletchc 
197 !1 62 ) that elemental phm:pnorus accounted for the fis 
mortalities in Placentia Bay This is not to say that othc 
pollutants, such as fluorides, cyanides, and ammonia, weir 

not present (Idler 1969). 18
" 

The conclusion was reached by the scientists working· o 
the problem that elemental phosphorus in concentratior 
so low that they would be barely within the limits of ck 
tcction arc capable of being c:mcentratcd by foh. Furthe 
work is needed on the effects of very low conccntratior 
of phosphorus on fish over cx1 ended periods. Discharge c 
dcmental phosphorus into the sea is not rccomrnenckd. 

Recommendation 

It is recommended that an application factor o 
0.01 be applied to marine 96-hour LCSO data fo 
the appropriate organisms most sensitive to ele 
mental phosphorus. On the basis of data availabl1 
at this time it is suggested that concentrations o 
elemental phosphorus equal to or exceeding 1 µg/ 
constitute a hazard to the marine environment. 

Selenium 

Selenium has been re~arded as one of the dangerou 
chemicals reaching the aq uc, tic environment Seleniur 
occurs naturally in certain pasture areas. Toxicity of sc 
lcnium is sometimes countcraclcd by the addition of arseni 
which acts as an antagonist. Selenium occurs in nalur 
chiefly in combination with heavy metals. It exists i 
several forms including amor,:)hous, colloidal, crystallim 
and grey. Each physical state has different characteri' 
tics, soluble in one form, but insoluble in another. Th 
crystalline and grey forms c:mduct electricity, and th 
conductivity is increased by light. This property mah 
the element suitable for photoc lectric cells and other phc 
tometry uses. Selenium is also used in the rnanufactur 
of ruby glass, in wireless tcleg raphy and photography. i: 
vulcanizing rufJfJer, m insecticidal preparations, and ii 
flameproofing electric cables The amorphous form is use< 
as a catalyst in dctcnn[nation of nitrogen and for dchydroge 
nation of organic compounds. 

Ellis (l 937) 10n showed that goldfish ( Carassws auratus 

could survive for 98 to 144 hours in soft water of pH rangin1 
from 6.4 to 7.3 at 10 mg/I sodium selenite. Other clat; 
(ORSANCO 1950)243 showed that 2.0 mg/I of seleniurr 
administered as sodimn selenite was toxic in 8 days, affectin~ 
appetite and equilibrium, and lethal in 18 to 46 days 



More work is required to test for effects of selenium com
pounds under different conditions. Daphnia exhibited a 
threshold effect at 2.5 mg/I of selenium in a 48-hour ex
posure at 23 C (Bringmann and Kuhn 1959a). 1:n Barnhart 
(1958) 1111 reported that mortalities of fish stocked in a 
Colorado reservoir were caused by selenium leach(·d from 
bottom deposits, passed through the food chain, and ac
cumulated to lethal concentrations by the fish in th<:>ir liver. 

Recommendation 

In view of the possibility that selenium may be 
passed through the food chain and accumulated in 
fish, it is recommended that an application factor 
of 0.01 be applied to marine 96-hour LC50 data for 
the appropriate organisms most sensitive to se
lenium. On the basis of data available at this time, 
it is suggested that concentrations of selenium 
equal to or exceeding 0.01 mg/I constitute a hazard 
in the marine environment, and levels less than 
0.005 mg/I present minimal risk of deleterious 
effects. 

Silver 

Sil HT is one of the more commercially important metals; 
4, <J3B t<ms were consumed in the U.S. during l 96B, exclud
ing· that used for monetary purposes (U.S Department of 
the Interior, Bureau of Mines 1969).~~9 It is the best known 
cone! uctor of heat and clcctrici t y. A]( hough not oxidized by 

air, s1kcr is readily affected by hydrogen sulfide to form 
the black silnT sulfide. 

SilYcr has many uses. In addition to making currency, it 
is u'>ecl for photographic purposes, for \·arious chemical 
purpm<'s. and also in jewelry makinci, and in sih ecplating 
of cutlery. 

Sil\'n is toxic to aquatic animals. Concentrations of 400 
µg 1 killed 90 per cent of test barnacles (Ha la mil balanoules) 
in 413 hours (Clarke 1947). 14° Concentrations of silver nitrate 
from 10 to 100 µg 1 caused abnormal or inhibited develop
ment of eggs of P11racentrot11s and concentL1tio11s of 2 µg 1 of 
silver nitrate delayed dn,elopment and caused deformation 
of the resulting plutci (Soycr 1963) .~1> 5 Adwrse effects oc
curred at concentrations !Jdow 0.25 µgil of silver nitrate, 
and St'\Tral days were required to eliminate adverse effects 
by placing organisms in clean water (Soyer 1963). 2130 Silver 
nitrate effects on development of Arbaua haw· been reported 
at approximately 0.5 µg,l (Soyer 19G3,2 r;'; \Villicr 1969299 ). 

In combination with silver, copper acts adclitivdy on the 
dn'elopment of Paracen/10/us eggs (Soyer 1963).2

"" On a 
comparative basis on studies on Echinoderm eggs (Soyer 
1963).21

"; silver has been found to be about 80 times as 
toxic as zinc, 20 times as toxic as copper, and I 0 times as 
toxic a-; mercury. 

Calalirt>se et al. (unjmblzsherl manuscnpt) 310 noted an LC50 
of 0.006 mg/] silver for eggs of the American oyster (Cras
sostrea 1·1rg1mca). Jones (1948 )200 reported that the lethal 
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concentration limit of silver, applied as silver nitrate, for 
sticklebacks (Gasterosteus aculeatus) at 15 to 18 C was 0.003 
mg/l, which was confirmed approximately by Anderson 
(1948), 112 who found 0.0048 mg/1 to be the toxic threshold 
for sticklebacks. J ackim et al. (1970) 190 reported adverse 
effects on the liver enzymes of the killifish Fundulus heteroclztus 
at 0.04 mg/I of silver. 

The sublcthal responses to silver com pounds may be 
great, in view of the effects on developing eggs; and further 
research should be conducted on effects of sublcthal concen
trations of silver compounds by themselves and in combi
nation with other chemicals. The disruption of normal 
embryology or of nutrition could be of much greater im
portance than direct mortality in the perpetuation of the 
species. 

Concentrations of silver cannot exceed that permitted 
by the low solubility product of silver chloride. However, 
silver complexes may be present, and their effects are un

known. 

Recommendation 

It is recommended that the concentrations of 
silver in marine waters not exceed 0.05 of the 96-
hour LCSO for the appropriate species most sensi
tive to silver. On the basis of data available at this 
time, it is suggested that concentrations of silver 
equal to or exceeding 5 µg/I constitute a hazard to 
the marine environment, and levels less than 1 
µg/l present minimal risk of deleterious effects. 

Sulfides 

Sulfides in the form of hydrogen sulfide have the odor of 
rotten eggs and arc quite toxic. Hydrogen sulfide is soluble 
in water to the extent of 4000 mg/I at 20 C and 1 atmos
phere. Sulfides are produced as a by-product in tanneries, 
chemical plants, and petroleum refineries, and are used in 
pulp mills, chemical precipitation, and in chemical pro
duction. Hydrogen sulfide is produced in natural decompo
sition processes and in anaerobic digestion of sewage and 
industrial wastes. Sulfate in sea water is reduced to sulfide 
in the absence of oxygen. In the presence of certain sulfur
utilizing bacteria, sulfides can be oxidized to colloidal 
sulfur. At the normal pH and oxidation-reduction potential 
of aerated sea water, sulfides quickly oxidize to sulfates. 

Hydrogen sulfide dissociates into its constituent ions in 
two equilibrium stages, which are dependent on pH 
(McKee and \A.'olf 1963).226 

The toxicity of sulfides to fish increases as the pH is 
lowered because of the HS- or H 2S molecule (Southgate 
1948).265 Inorganic sulfides are fatal to sensitive species such 
as trout at concentrations of 0.05 to 1.0 mg/I, even in 
neutral and somewhat alkaline solutions (Doudoroff 
1957). 149 Hydrogen sulfide generated from bottom deposits 
was reported to lie lethal to oysters (de Oliveira 1924) .145 

Bioassays with species of Pacific salmon ( Oncorhynchus 
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tshawytscha, 0. kisutch) and sea-run trout (Salmo clarkzi clarkiz) 
showed toxicity of hydrogen sulfide at 1.0 mg/1 and survival 
without injury at 0.3 mg/l (Van Horn et al. 1949,291 Dimick 
1952, 147 Haydu ct al. 1952, 179 Murdock 1953,234 Van Horn 
1959290). Holland et al. (1960) 182 reported that 1 mg/l of 
sulfide caused loss of equilibrium in 2 hours, first kills in 
3 hours, and 100 per cent mortality in 72 hours with 
Pacific salmon. 

Hydrogen sulfide in bottom sediments can affect the 
maintenance of bcnthic invertebrate populations (Thiede 
et al. 1969) .280 The eggs and juvenile stages of most aquatic 
organisms appear to be more sensitive to sulfides than do 
the adults. Adelman and Smith (1970) 107 noted that hy
drogen sulfide concentrations of 0.063 and 0.020 mg/l 
killed northern pike (Esox luczus) eggs and fry, respectively; 
and at 0.018 and 0.006 mg/I, respectively, reduced survival, 
increased anatomical malformations, or decreased length 
were reported. 

Recommendation 

It is recommended that an application factor of 
0.1 be applied to marine 96-hour LC50 for the 
appropriate organisms most sensitive to sulfide. 
On the basis of data available at this time, it is 
suggested that concentrations of sulfide equal to 
or exceeding 0.01 mg/l constitute a hazard in the 
marine environment, and levels less than 0.0!)5 
mg/l present minimal risk of deleterious effects, 
with the pH maintained within a range of 6.5 to 8.5. 

Thallium 

Thallium salts are used as poison for rats and other 
rodents and arc cumulative poisons. They are also used for 
dyes, pigments in fireworks, optical glass, and as a de
pilatory. 

Thallium forms alloys with other metals and readily 
amalgamates with mercury. It is used in a wide variety of 
compounds. Nehring ( 1963)238 reported that thallium ions 
were toxic to fishes and aquatic invertebrates. The response 
of fishes to thallium poisoning is similar to that of man, an 
elevation in blood pressure. In both the fish and inverte
brates, thallium appears to act as a neuro-poison (W'ilbcr 
1969) ,299 

Adverse effects of thallium nitrate have been reported for 
rainbow trout (Salmo gairdnerz) at levels of 10 to 15 mg/l; 
for perch (Perea jluviatzlzs) at levels of 60 mg/l; for roach 
(Rutz/us rutzlzs) at levels of 40 to 60 mg/l; for water flea 
(Daphnia sp.) at levels of 2 to 4 mg/l; and for Gammarus sp. 
at levels of 4 mg/1. The damage was shown within three 
days for the various aquatic organisms tested. Damage also 
resulted if the fish were exposed to much lower concPn
tra tions for longer periods of time (Wilber 1969). 299 

Recommendation 

Because of a chronic effect of long-term exposure 
of fish to thallium, tests should be conducted for 

at least 20 days on sensitive species. Techniqm 
should measure circulatory disturbances (bloo 
pressure) and other sublethal effects in order t 
determine harmful concentrations. The conce11 
tration in sea water should not exceed 0.05 of thi 
concentration. On the basis of data available :i 

this time, it is suggested that concentrations < 
thallium equal to or exceeding 0.1 mg/l c:onstitul 
a hazard in the marine environment, and leve 
less than 0.05 mg/I present minimal risk of deh 
terious effects. 

Uranium 

Uranium is present in wasi:es from uranium mmcs an 
nuclear fuel processing plants, and the uranyl ion m;: 
naturally occur in drainage vl'aters from uranium-liearir 
ore deposits. Small amounts may also arise from its use i 
tracer work, chemical processes, photography, painting an 
glazing porcelain, coloring glass, and in the hard steel 
high tensile strength used for gun barrels. 

Many of the salts of uranium arc soluble in water, an 
it is present at about 3 µg 'l in sea water. A significa1 
proportion of the uranium in sea water is in the form 1 
stable complexes with anion[c constituents. It has I Jee 
estimated that uranium hcLS a residence time of 3 X 1( 

years in the oceans (Goldberg ct al. 1971), 172 a span th; 
makes it one of the clements with the slowest turnover tirn, 
Uranium is stabilized by hydrolysis which tend:> to prote1 
it against chemical and physical interaction and thus pr1 
vents its removal from sea water. The salts arc considerc 
to be 4 times as germicidal as phenol to aquatic organisrn 

Natural uranium (U-238) i~: concentrated from water]· 
the algae Oclzromonas by a factor of 330 in 48 hours (Morga 
1961).232 Using River Havel water, Bringmann and Kuh 
( l 959a, 131 l 959b132) determined the threshold effect of uran' 
nitrate, expressed as uranium, at 28 mg/I on a protozoa 
(Mzcrnregma), I. 7 to 2.2 mg/l on Escherichia Co{z, 22 mg, 
on the alga Scenedesmus, and 13 mg /1 on Daphnw. Tarzwc 
and Henderson (1956) 277 found the sulfate, nitrate, an 
acetate salts of uranium con:;iclerably more toxic to fathca 
minnows (Pimephales promelas) on 96-hour exposure in so 
water than in hard water, the 96-hr LC50 for uranyl sulfa1 
being 2.8 mg/l in soft water and 135 mg/I in hard wate 

The sparse data fm uranium toxicity in sea water suggc, 
that urany~ salts are less tox[c to marine organisms than t 
freshwater organisms. Yeasts in the Black Sea \Vere faun 
to be more active than the IJccteria in taking up uraniur 
(Pshcnin 1960) .251 Studies hy Koen um a (1956) 205 sh owe: 
that the formation of the fertilization membrane of [ 'rech 
eggs was inhibited by 250 rng/l of uranyl nitrate in sc 
water, and that this concentration led to polyspermy. 

Recommendation 

It is recommended that an application factor o 
0.01 be applied to marine 96-hour LC50 data fo 



the appropriate organisms most sensitive to 
uranium. On the basis of data available at this 
time it is suggested that concentrations of uranium 
equal to or exceeding 0.5 mg/l constitute a hazard 
in the marine environment, and levels less than 
0.1 mg/l present minimal risk of deleterious effects. 

Vanadium 

Van;1dium occurs m various minerals, such as chileite 
and \"anadinitc. It is used in the manufacture of vanadium 
steel. \"anadatcs \\TIT used at one time to a small extent 
for medicinal purposes. Vanadium has been concentrated 
by certain marine organisms during the formation of oil
lwaring strata in geological time. Consequently, vanadium 
enters the atmosphere through the combustion of fossil 
fuels, particularly oil. In aclcl1tion, eighteen compounds ot 
vanadium arc used widely in commercial processes (Council 
on Em iron men ta] Quality 1971) .111 

Recommendation 

It is recommended that the concentration of 
vanadium in sea water not exceed 0.05 of the 96-
hour LC50 for the most sensitive species. 

Zinc 

.tv1os1 of the a\·ailabk information on zinc toxicity is for 
frcsh\\·atcr organisms, and for this reason the reader is 
refnrccl to the discussion of zinc in Section III, p. 182. 

Recommendation 

Because of the bioaccumulation of zinc through 
the food web, with high concentrations occurring 
particularly in the invertebrates, it is recom
mended that an application factor of 0.01 be ap
plied to marine 96-hour LC50 data for the ap
propriate organisms most sensitive to zinc. On the 
basis of data available at this time, it is suggested 
that concentrations of zinc equal to or exceeding 
0.1 mg/l constitute a hazard in the marine en
virnnment, and levels less than 0.02 mg/l present 
minimal risk of deleterious effects. 

It should be noted that there is a synergistic 
effect when zinc is present with other heavy metals, 
e.g., Cu and Cd, in which case the application 
factor may have to be lowered by an order of 
magnitude (LaRoche 1972).211 

OIL IN THE MARINE ENVIRONMENT 

Oil is becoming one of the most widespread contaminants 
of the ocean. Blumer (l 969P19 has estimated that between 
1 and l 0 million metric tons of oil may be entering the 
oceans from all sources. Most of this influx takes place in 
coastal regions, hut oil slicks and tar balls have also been 
obscn-ecl on the high seas (Horn ct al. 1970, 3:l4 Morris 
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197 P 43). Collections of tar balls were made by towing a 
neuston net which skims the surface, and the investigators 
found that the tar balls were more abundant than the 
normal sargassum weed in the open Atlantic, and that their 
nets quickly became so coated with tar and oil that they 
were unusable. Thus, oil pollution of the sea has become a 
global problem of great, even though as yet inadequately 
assessed, significance to the fisheries of the world. 

Sources of Oil Pollution 

Although accidental oil spills arc spectacular events and 
attract the most public attention, they constitute only about 
10 per cent of the total amount of oil entering the marine 
environment. The other 90 per cent originates from the 
normal operation of oil-carrying tankers, other ships, off
shore production, refinery operations, and the disposal of 
oil-waste materials (Table IV-4). 

Two sources of oil contamination of the sea not listed in 
Table IV-4 are the seepage of oil from underwater oil 
reservoirs through natural causes and the transport of oil 
in the atmosphere from which it precipitates to the surface 
of the sea. Natural seepage is prolia bly small compared to 
the direct input to the ocean (Blumer 1972) ;320 but the 
atmospheric transport, which includes hydrocarbons that 
have evaporated or been emitted by engines after incomplete 
combustion, may lie greater than the direct input . 

Some of these sources of oil pollution can lie controlled 
more rigorously than others, but without application of 
adequate controls wherever possible the amount of pe
troleum hydrocarbons entering the sea will increase. Our 
technology is liasecl upon an expanding use of petroleum; 
and the production of oil from submarine reservoirs and 
the use of the sea to transport oil will both increase. It is 
estimated that the world production of crude oil in 1969 
was nearly 2 billion tons; on this basis total losses to the 
sea arc somewhat over 0.1 per cent of world production. 

TABLE IV-4-Estimated Direct Petroleum Hydrocarbon 
Losses to the Marine Environment (Airborne 
Hydrocarbons Deposited on the Sea Surface are 

Not Included) 
(Millions of tons) 

1969 1975 (est1mate)a 1980 (estimate) 
Min Max Min Max 

--------

1. Tankers .530 .056 805 .075 1.062 
2. other ships .500 . 705 . 705 .940 .940 

3. Offshore production .100 .160 .320 .230 .460 

4. Refinery operations .300 .200 .450 .440 .650 

5. Oil wastes .550 .825 .825 1.200 1.200 

6. Acc1dentai spills .200 .300 .300 .440 .400 

TOTAL 2.180 2.246 3.405 3.325 4. 752 

Tobi Crude 011 Production 1820 2700 4000 

a The minimum estimates assume full use of known technology; the maximums assume conbnuation of presen 
practices. 

Revelle et al. 1972"'. 
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Some losses in the exploitation, transportation, and use of a 
natural resource are inevitable; but if this loss ratio cannot 
be radically improved, the oil pollution of the ocean will 
increase as our utilization increases. 

Biological Effects of Petroleum Hydrocarbons 

Description of Oil Pollution Oil is a mixture of 
many compounds, and there arc conflicting news con
cerning its toxicity to marine organisms. Crude oils may 
contain thousands of compounds, and will differ markedly 
in their composition and in such physical properties as 
specific gravity, viscosity, and boiling-point distrilmtion. 
The hydrocarbons in oil cover a wide range of molecular 
weights from 16 (methane) to over 20,000. Structurally, 
they include aliphatic compounds with straight and 
branched chains, olefins, and the aromatic ring compounds. 
Crude oils differ mainly in the relative concentrations of 
the individual members of these series of compound<;. The 
various refinery processes to which oil is subjected arc de
signed to isolate specific parts of the broad spectrum of 
crude oil compounds, but the refined products themselves 
remain complex mixtures of many types of hydrocarbons. 

In spite of the many differences amo11g them, crude oils 
and their refined products all contain compounds that are 
toxic to species of marine organisms. \\Then released to the 
marine environment, these compounds react differently. 
Some are soluble in the water; others evaporate from the 
sea surface, form extensive oil slicks, or settle to the bottom 

if sand becomes incorporated in the oil globule. More 
complete understanding of toxicity and the ecological 
effects of oil spills will require studies of the effect<> of indi
vidual components, or at least of classes of components, of 
the complex mixture that made up the original oil. The 
recent development of gas chromatography has made it 
possible to isolate and identify various fractions of oil and 
to follow their entry into the marine system and their 
transfer from organism to organism. 

An oil slick on the sea surface can be visually detected 
by iridescence or color, the first trace of which is formed 
when JOO gallons of oil spread over 1 square mile ( 146 
liters/km2) (American Petroleum Institute 1949). 117 The 
average thickness of such a film is 0.145 microm. Under 
ideal laboratory conditions, a film 0.038 microns thick can 
be detected visually (American Petroleum Institute 1963). 318 

For remote sensing purposes, oil films with a thickness of 
100 microns can be detected using dual polarized radi
ometers, 1 micron using radar imagery, and 0.1 microns 
using multispectral imagery in the UV region (Catoe and 
Orthlieb 1971). 323 A summary of remote sensing capabilities 
is presented in Table IV-5. Because remote sensing is less 
effective than the eye in detecting surface oil, any concen
tration of oil detectable by remote means currently available 
will exceed the recommendations given below. 

The death of marine birds from oiling is one of the earliest 
and most obvious effects of oil slicks on the sea surface. 

Thousands of seabirds of all varieties are often involved i 
a large spill. Even when the birds are cleaned, they fn 
quently die because the toxic oil is ingested in preenin 
their feathers. Dead oiled birds are often found along tb 
coast when no known major oil spill has occurred, and tb 
cause of death remains unknmvn. 

\Vhen an oil spill occurs near shore or an oil slick 
brought to the intertidal zone and beaches, extensive m01 
tality of marine organisms occurs. \Vhen tbc Tampic 
M aru ran aground off Baj a California in 195 7, ci hot 
60,000 barrels of spill<'d diesel fuel caused widespread cleat 
among lobsters, alJalones, sea urchins, starfish, mussel: 
clams, and hosts of smaller forms (North 1967). 044 ;\bent 
ficial side effect of tbis accident was also noted hy Nortf 

\Vhen the sea urchins that gr:izecl on the economically inr 
portant kelp beds of the area were killed in massive numlie1 
by the oil spill, huge canopies of kelp returnee! within a fe· 
months (see p. 237). The oil :;pills from the wreck of tl· 
tanker Torrey Canyon and the Santa Barbara oil we 
blowout both involved crude oil, and in bot :1 cases o 
reached the beaches in variable amounts some time afoc 
release. The oil may thus hmT been diluted and moc\ifie 
by evaporation or stnking bdore it reached the heacl 
In the Santa Barbara spill many birds cliecl, and cntir 
plant and animal communilic<; in the intertidal zone \\Tt 

killed by a layer of encrusti 1p oil often 1 or 2 centirnete1 
thick (Holmes 1967). i:>i At locations where the oil film w' 
not so obviow., intertidal organisms \\ere not severe! 
damaged (Foster ct al. 1970). ::27 In the case of the Torre 

Canyon, the deleterious effects have been attrilmted mor 
to the detergents and dispe1·sants used to cont :·ol the o 
than to the oil i tsclf (Smith 1968). 047 

;\ relatively small uil spill in \\"est Falmouth, ~'fasso 

chusetts, occurred within a frw miles of the \\'oocls Hol 
Oceanographic Institution iu September l 9b9. An o 
hargc, the Florida, \\·as driven onto the Buzzarcb Bay Shor 
where it released bet\HTn 650 and 700 tons of No. '.2 frn 
oil into the coastal ,,·,Hers. Studies of the biological an 
chemical effects of th ts spill a.re continuing, more than tw 
years after the eYent (Blumer 1969,·111i Hampson an 
Sanders 1969, :w Blumer et al. 1970, :i~2 Blumer and Sa: 
1972 321). ~fassiYe destructioIL of a wide range of fish, she] 
fish, worms, era bs, other crust.ctceans, and invertebrates oc 
curred in the region immediately after the accident. Botto11 
living fish and lobsters were killed and washed ashun 
Dredge samples taken in 10 feet of water soon after th 
spill showed that 95 per cent of the animals recovered wcr 
dead and the others moribund. Much of the evidence ( 

this immediate toxicity disappeared within a few day: 
either because of the breaking up of the soft parts of th 
organism, burial in the sediments, or dispersal by \Vatc 
currents. Careful chemical and biological analyses rcvea 
however, that not only has the damaged area been slow r 
recover but the extent of the Jamagc has been expandin 
with time. A year and a half after the spill, identifiabl 



Wave length 

Ultraviolet( :<:;o.4,.m) 

Visible (0.4 to .7 ,.m) 

Infrared 
Near Infrared (0.6 to 

0.1,.m) 
Far Infrared (8 to 14 

,.m) 
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TABLE IV-5-Summary of Remote Sensor Characteristics For Oil Detection 

Detection mechanism 

Reflectance differential (011/ 
Water contrast) 

Fluorescence 

Reflectance Differential (0.1/ 
Water Contrast) 

Reflectance Differential (0.1 / 
Water Contrast) 

Thermal Emission Differenbal 

Possible sensor configuration 
Performance summary 

Type Resolution Weight 

Reflective signature UV Vid1con 500 lines/frame 33 lbs. 
a. Repeatab1e positive response from thm 

slicks (~.1 micron). 
(high scene i I· 
lummation) 

100-200 Imes/frame b. Variable response from thicker slicks 
dependent upon 011 type, waler qua\lly 
and 1llummal1 on cond1t1ons. 

(low scene 1llumina-

c. Atmospheric haze lim1tal1ons major. 
d. Signal limitations prevent night-time 

detection. 
Fluorescence signature 
1. Art1fic1al Exc1tal1on (narrow-band) 

a. Spectral character strongly correlated 
to oil thickness. 

b. lnten~ty strongly correlated to oil type 
(API) and oil thickness, weakly corre· 
lated to temperature. 

c. Decay characteristics moderately to 
strongly correlated to oil type, uncor· 
related to 011 thickness. 

d. All characteristics independent ot am· 
b1ent illumination conditions. 

2. Solar excitation (broad-band) 
a. Spectral character moderately lo 

weakly correlated to 011 type and thick· 
ness. 

b. Intensity strongly correlated lo 011 
type, oil thickness and ambient 1llumi · 
nation conditions. 

c. Decay characteristics not detectable. 
d. Signal II m1tations prevent operation 

except under strong solar 1llummation. 

Reflective Signature 
a. Variable response from all slicks de

pendent upon thickness, ml type, water 
quality and 1llummal1on cond1t1ons 

b. Signal limitations prevent moonless 
nighttime detection. 

c. False alarm problem s1gmficant. 
d. Atmospheric haze llm1tat1on major. 
e. Maximum contrast between oil and 

water occurs at ( 38 to 45µm) and ( 6 
to .68,.m). 

f. Minimum contrast between 011 and 
water occurs al(. 45 to . 58 ,.m) 

g. Best contrast ach 1 eved with overcast 
sky. 

Reflective Signature 

UV Scanner 
Pulsed Laser 

Aerial Cameras 
RC-8 

500-EL 

KA-62 

Vidicon 

t1on) 

2 mr 
1 mr 

21!.@10 K 

3.5 ft.@ 10 K 

500 Ii nes/frame 

a. Repeatable po~live response from all Line Scanner 2 mr 
slicks under all cond1l1ons. 

b. Moonless night-lime detection capa· Framing Scanner 4 mr 
bihty. 

c. False alarm problems negligible. 
d. Atmospheric haze limitation moderate. 

90 lbs. 
150 lbs. 

190 lbs. 

16 lbs. 

61.5 lbs. 

33 lbs. 

90 lbs. 

220 lbs 

Volume 

2 cu. ft. 

3.5 cu. ft. 
4 cu. ft. 

t 1.76 cu. ft. ] 

.4 cu. ft 

5.24 cu. ft. 

2 cu. ft. 

4.0 cu. fl 

3.5 cu. ft. 

Swath width 

40° FOY (727 ft 
@lOK) 

2.7 m1@10 K 
10ft@10 K 

74° FOY 
3.5 mi.@10 K 

400 FOY with 
zoom lens 7270 
tt. al 10 K 

2.7 mi@lO K 

25° FOY 

Comments 

Developed equipment avail· 
able for UV vid1con and/ 

or scanner. Integrates 
well with CRT display. 

Lme scanner may require 
data buffer for high reso-
1ut1on, real time display, 
or film processor 

Effective against Ihm and 
thick slicks under solar, or 

artificial illummat1on. 

Active laser system sensi
tivity l1m1tat1ons hinder 
use m detection or map· 
ping mode. ldent1fica
t1Dn capability very 
good, with moderate to 
good thickness deter· 
mmat1on. 

Aerial cameras real lime 
display not possible. 

Sens1tiv1ty limitations 
prevent mght-t1 me aper· 

at1ons. 
Compensatron for atmos

pheric haze difficult. 

UV photography great po· 
tent1al for detecting 011. 
Color is good; however, 
sunlight gives false re· 
sponse. Panchro mat1c, 
IR and color photog· 
raphy and TV give good 
results only when 01l 1s 
thick and ropy. 

V1dicon useful for real· 
lime detection and map· 
ping at various wave 
lengths, giving option 
for good detection with 
negligible raise alarms 
for day operation and 
tair·lo·good detectwn 
with low false alarms 
for night operat1 on. Dis· 
play characteristics op· 
ti mum for surveillance. 

Line scanner 011-slick re· 
sponse variable but es· 
sentially predictable, but 
may have some false 
alarm problems. 
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TABLE IV-5-Summary of Remote Sensor C'iaracteristics For Oil Detection--Continued 

Possible sensor configuration 
Wave length Detection mechanism Performance summary 

Type Resolution Weight Volume Swath width Comments 

-- --- ------- ---- ---------- ----------- ---------- - -- ----------

Thermal Signature Day/night detection uni 
a. Variable response dependent grossly VFR cond1t1ons. 

upon 011 type and dependent s1gmfi· 
cantly upon thickness and solar heal· Real time display capa· 
mg. Variability predictable to s1g· b1l1hes good but 
mf1cant degree (slicks> 10 ,,m) limited to "single·lool 

b. Day/night detection independent of 11· d1s11 lay generation. 
luminat1on cond1t1ons. 

c. False alarm problem slight. Developed equipment 
d. Atmospheric haze lim1tat1ons moder· available. 

ate to slight. 

Microwave. Em1ss1ve Differential (011/ Em1ss1ve Signature Lme Scanning 1.4° 68 lbs. 3 cu. ft. 2. 7 mi@ 10 K Clou~s that are raining 
Water Contrast) a. Em1ss1v1ty of petroleum products 1s fmager between sensor and 

Wave Structure Modification s1gniflcanlly higher than that of a calm slick as well as very 
sea surface high sea states hampe 

b. Crude oil pollutants have decreasing perlormance. 
dielectric consta11ts (increasing em1s· 
S1V1ty) with mcreasmg API gravity. Technology for equ1pme 

c. Microwave signature of ml film m· development available 
versely proportional to sensor wave 
length. Real lime display consis 

d. The horizontal polarized microwave of facsimile and/or 
Signature of 01f 1S twice the vertically CRT. 
polamed Signature of an ml she!\ on a 
flat water surface. 

e. Detection improves with decreasing 
sensor wave lengths and becomes 
poorer as the sea state increases. 

f. Atmospheric cloud ilm1tat1ons moder· 
ate to slight. 

g. Can effectively detect slicks less than 
0 1 mm at v1ewmg. 

h. Dual frequency microwave techniques 
show great promise in measuring ml 
slick thickness. 

Radar Wave Structure Mod1ficat1on Reflective Signature Forward Scann ng 100X100 ft.' ~soo lbs. 10 cu. fl. 38m1@12K Technology emts for 
Scattering Cross-section a. D1I him on surface of water suppresses (35 GH,) equ1 pment developme1 
D1fferent1al capillary which results in a s1gn1f1cant of forward scanning ai 

difference m energy back scattered synthetic aperature 
from contaminated surface and that radar. 
scattered from surrounding clean wa-
ter (from oil slicks very little energy Synthetic Apera- 100X100 ft.' ·-1500 lbs 17 cu. ft_ 150 mi@ 36 K Real time display poss1b 
back scattered by three orders of mag- ture(3.3 Gh) for forward scanning 
mtude) 

b. Vertical polanzat1on capable of detect-
mg and mapping m I slick less than 1 
micron. 

c. Atmospheric cloud lim1tat1ons sligM. 

fractions of the source oil were found in organisms that still 
survived on the perimeter of the area. Hydrocarbons in
gested by marine organisms may pass through the wall ot 
the gut and become part of the lipid pool (Blumer et al. 
l 970). 322 When dissolved within rhe fatty tissues of the 
organisms, even relatively unstable hydrocarbons arc pre
served. They arc protected from bacterial attack and can 
be transferred from food organism to predators and possibly 
to man. 

The catastrophic ecological effects of the oil spills of the 
Tampico Maru, and the Florida appear to be more severe 
than those reported from other oil spills such as the Torrey 
Canyon and the Santa Barbara blowout. The Tampico 
Maru and the Florida accidents both released refined oils 

radar via fa&s1m1le ani 
or 1:RT; synthetic 
aperature radar re-
quires optical procm1 

(in one case diesel oil and in 1 he other, No. 2 fuel oil) an 
both occurred closer to shore than either the Ton-ey Canyo 
or the Santa Barbara accidents which released crude oi 
The differences in the character of the oil and th·~ proximi1 
to shore may account for the more dramatic effects of tl
first two accidents, but it is clear that any release of oil i 
the marine environment c;u"ies a threat of destructio 
and constitutes a danger to world fisheries .• 

Persistence of Oil in the Ocean As mentionc 
above, oil can be ingested by marine organisms and ir 
corporated in their lipid pool. Hydrocarbons in the sea ar 
also degraded by marine m,_croorganisms. Very little 
known as yet about the rate of this degradation, but it 
known that no single microbial species will degrade an 



\\hole crude oil. Bacteria are highly specific, and sc\'cral 
spl'cics \\ill prolJa lily lie neceso;ary to decompose the numer
ous types of hyclrocarlions in a crude oil. In the process of 
ck composition, in termed ia le products will lie formed and 
different species of liactcria and other microorganisms may 
lw required to attack these decolllposition products (Zolkll 
I <Jf)CJ).: '' 

The o'vg·cn req11ircnl<'nt of microliial oil ckcomposition 
is ,n·c1T. The crnnplcte oxicLition of one gallon of crude oil 
rcquitTs ;ill tlw clissokccl oxygen in '3'.Z0,000 gallom of air
s;1tm;1t('(I 'ic,1 \1·atcr (/.oBcll l')()rJ).·m It is cle;ir tli;it oxi
cL1tio11 might he slm1 in an ;1rc;1 \1·licre piT\·iom pollution 
h.ts dC"plctccl the oxygen content. E\ 1·n when decomposition 
of oil proceed-; r:ipicllv. the dl'pktion of the oxvgcn content 

of tlw 11·;1tcr I iy the micruorg;misrns ckgr.1cling the 1Ji! 111<1y 
ha11· s1'ConcLiry cll'll'terious l'cological effect-;. Unfortunately, 
thr· mmt re,1clily :ilt:ickccl lr"1ction of crude oil is the kast 
toxic. i I' .. the norm.11 p;ir;ill111-,. The more to,ic aromatic 
hydroc.1rliom, e'p1·c1;dly, tl11· c:1rci11ogl'nic polyrn1clear aro-
111.1tics. <11-e not r.1piclly ckgr;1dccl. 

Th;1t our eo,1sLII \1·:itn-.; <11T not cln·oid of marine life. 
aftu cl1T.1des of cont;1111in;1t1on \1·ith oil, indicites that the 
,c,1 is c.ip,ililc of recm ny from this pollution. I-fmlT\Tr, 
incre;hing strl'SS is l)('ing pL1ccd 011 thl' cst11;1rirn· and co;1st;1l 
c1111ro11mcnt IJl'Clll'il' of llloff frl'qucnt oil poll11tion inci
clt'nts nc,ir shore: ,l!ld once the ffcmny capacity of ;m 
em·ironnwnt is l'xceeclecl, dl'tnioration may !Jc r;1picl and 
c.1l<istrnphic. It is not knm1·n hcJ\\ much oil poll1Hion the 
occa n c.m accept ,me! 1Tcm·n fro!ll, or \\ hnhcr the prc<.;ent 
r;1te of dclclition ;1pproacll<'s tll<' li111il of the natur;1[ system. 

It ;ippcars th,1t the on·,1m han· ITCO\Trccl from the oil 
spillecl timing the si' ye;1rs of the second \\·oriel \\.ar, 
tl1011~h some imexp!ain('(l recent oil slicks ha\T !wen at
tnlmtcd to the s1011 corrmion of ship> .-,1rnk cl11ring that 
conflict. It h;1s !wen cslim<1tnl (SCEP) ii:, that durin~ the 
11;1r, the Cnitccl States lost ~JB \TS'wls \\'ith ;1 total oil ca
pacity of alio11t I million tons. ancl that another 3 million 
tons of oil \\TIT lost through the sinking of ships of other 
co111l1,Jt,rnts durin~ tlw s,11rn: period. These losses \\TIT 

Lirgc m the context of the l'.J10's, IJUl the total for that 
period 11·as only alio11t twin· the .inrn1al direct influx to 
the occ.1n at the prco;enl time. .\lthou~h no e'tensi\'e dde
tcrious effects of these sinkin~s and oil n'kascs on the 
fisheries catch of the world ha\'e IJccn fcrnncl, it must lie 
cmph;isized ,1gain that \1·hen ;1 polluLmt i-; incrr·<1si11g yearly 
in ll1d!~nitudc pao,t history is not a rdialilt· source of pre
diction of future dfrcls. 

The Toxicity of Oil Thnc is a dearth of ckpenclalilc 
ulis<T\ .1tions on the toxicity of oil tu marine organisms. It 
is ditlicult to evaluate the toxicity of this complex mixture 
of corn pounds which is not miscible with sea\\ atcr. A variety 
of techniques ha\'l' been used which arc not intercom
p,l!'a bk. l n some expcrirncn ts, oil is floa led on the water in 
the test container, and the concentration given is derived 
from the total quantity of oil and the total quantity of 
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water. This is clearly not the concentration to which the 
organism has been exposed. In other experiments, extracts 
of oil with hot \\·atcr or with various solvents have been 
,1dckcl to the test jar\\ ithoul identification of the oil fraction 
being tested. In still other cases, care has licen taken to 
produce a fine ernulsion of oil in sea water rnore represcnta
tin' of the actual concentration to which the test organism 
is exposed. Considering the differences in the meaning ot 
''concentration" in these tests and the variation in sensi
ti1·ity of the test organisms, it is not smprising that the 
ranges of toxicity that can lie found in the literature vary 
liy 'ever al orders of magni t ucle. 

Studies of the liiological effects of oil haw· been reviewed 
liy Cl:irk (I IJ71). 12 :, Mirnnov (1971) 142 c;1rried out toxicity 

st udics by com p<l rn hie tee hniq ues using· a variety of rnari ne 
organisms. In test mg clnTn species of phytoplankton, he 
found 1h;1l cell di1·ision w,1s delayed or inhibited by concen
tr.1tions of erndc oil (unspecified type) ranging from 0.01 
to ]()()() ppm. I-fr also showed that some copepocls were 
sensiti\l· to a [ ppm :-.uspcnsion of fresh or weathered crude 
oil ;mcl of diesel oil. Fffegank et .ii. (1970) 32 ~ found that 

the Ian <H' of Ifol!a1111.1 hallano1de> and adult Ca!anllf copepocls 
maintained in a suspension of crude oil ingest, without 
appaffnt h,1r111, droplets of oil that later appear in the 
frc1·0,. :t\Iiro1HJ\' (lr)b7)'111 found 100 per cent mortality of 
dnTloping flounder spawn at concentrations of three types 
of oil ranging from I to 100 ppm and an increased almor
lllality of den·lopment al longer periods of time in concen
tr;1 tions ;is lo\\' as 0.0 I ppm. In contrast other experimenters 
han· found that concentrations of several per cent arc 
ncccs'>.iry to kill ;1clult Ii.sh in a period of a few days (Chip
man and Galtsoff 1911),"24 Grilllth 1970·129

). 

The n'iclencc is clearer that a combination of oil and 
detergents i> more toxic than oil alone. This was first 
definitely established in studies of the Torrey Canyon spill 
(Smith 1 ~)b!l), :rn ancl the toxicity of the various detergents 
used in this operation is cliscussecl liy Corner ct al. (1968). 326 

The four detergents tested were all more toxic than Kuwait 
crncle oil, and all showed signs of toxicity between 2 and 
l 0 ppm. The soh cnts used \1·ith these detergents were also 
highly toxic hut tended to lose their toxicity over time 
through evaporation. A bioassay lest carried out liy the 
Michigan Dcpartmen t of .\Jatural Resources ( 1969) 3 :rn rc
\Talecl that the least toxic detergent mixed with oil could 
lie a hundred times as concentrated (1800 ppm) as the 
most toxic ( 14 ppm) and cause the same toxic effect. 
La Roche ct al. (I 970)·137 defined bioassay procedures for 
oil and oil dispersant toxicity evaluation using fish, Fundulus 
heteroclztus, and the sandworm, Nerezs virens (Table IV-6). 

The mortality of seabirds as a result of oil pollution is 
direct and immediate, and in a major oil spill, is measured 
in the thousands. The diving birds which spend most of 
their life at sea arc most prone to death from oil pollution, 
but any bird that feeds from the sea or settles on it is vul
neralJle. In oil-matted plumage air is replaced by water 
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TABLE IV-6-Determinations (Summarized) of Acute 
Toxicities of 10 Chemical Dispersants Alone and in 
Combination with Crude Oil to Sandworm (Nereis 
vir-ens) and Mummichog (Fundulus heteroclitus) 

Crude oil A 
Crude 011 B 

Substance 

011 and dispersants• 
Dispersants 

in Laboratory Bioassay Tests 

96 hour LC50 (ml/I) 
Nereis 

6.1 
.055-. 781 
. 007-7. 10 

•Ranges of values for 10 dispersants mixed 1 part dispersant to 10 parts of ml by volume. 
LaRoche et al. 1970337, 

Fundulus 

16.5 
8 2 
.187-1 
.008-2 

causing loss of both insulation and buoyancy, and oil in .. 
geskrl <luring preening can have toxic effects. 

Hartung and Hunt (1966) 332 fed oils directly to birds by 
stomach tube and later analyzed the pathological and 
physiological effects through autopsies. The lethal dose for 
three types of oil ranged from 1 ml to 4 ml per kilogram 
(ml/kg) when the birds were kept outdoors under environ·· 
mental stress. The experimenters conclu'ded that a duck 
could typically acquire a coating of 7 grams of oil and 
would be expected to preen approximately 50 per cent of 
the polluting oil from its feathers within the first few days. 
Enough of this could easily be ingested to meet the lethal 
dosage of l to 4 ml/kg. Thus, birds that do not die promptly 
from exposure to cold or by drowning as a result of oil 
pollution may succumb later from the effects of ingestion. 

Corrective Measures 

The only effective measure for control of oil pollution in 
the marine environment is prevention of all spills and 
releases. The time-lag involved in corrective methods means 
that some damage will inevitably occur before the cor
rective measures take effect. Furthermore, the soluble parts 
of the oil already in the water will not be removed by any 
of the present methods of post-spill cleanup. 

Control measures have been introduced that appreciably 
reduce excessive oil pollution from normal tanker operations 
(see Table IV-4). The load on top (LOT) process concen
trates waste oil that is ultimately discharged with the new 
cargo (IMCO l 965a, 335 l 965b 336). This procedure recovers 
somewhat more than 98 per cent of oil that would otherwise 
be released to the sea. It has been estimated (Revelle et al. 
1972) 345 that 80 per cent of the world fleet uses these control 
measures today, and if they continue to do so faithfully 
these ships will contribute only 3.0 X 104 tons of the total 
tonnage of oil loss. In contrast, the 20 per cent of the fleet 
not using these control measures contributes 5X 106 tons. 
If these control measures were not in use by a major fraction 
of the tanker fleet, the contamination of the sea from this 
source would be about five times greater than it is today. 

Among the earliest methods for the cleanup of spilled 

oil was to pick up or bury the material that came asho 
while disregarding the oil that remained at sea. It was four 
that the use of straw to absorb the oil made this cleam 
procedure easit-r, and in the cleanup of the Arrow oil sp 
(Ministry of Transport, Canada 1970), 340 peat moss w 
found to be an effective absor!)ent for Bunker C oil. Recc 
studies promise mechanical means for handling and ckanit 
sand contaminated with oil by use of earth moving equ1 
mcnt, fluid-bed, and froth flotation techniques (Gurntz at 
Mcloy 1971, ·130 Mikolaj and Curran 1971, 339 Sartor at 
Fogct 1971). 346 

The use of detergents to treat oil slicks i;: essential 
cosmetic. It removes the obvious evidence of oil and f 
that reason appeals to the polluter. However, after trc., 
ment with detergent, the oil i; dispersed in the form of fo 
droplets and becomes even more available to i:he biota 
the sea than it would he if it were left in the form of 
surface film. Because of the fmer degree of dispersion, ti 
soluble toxic fractions dissolve more rapidly and reac 
higher concentrations in sea 1vatcr than would result fro 
natural dispersal. The drop: ets themselves may he ing·cstt 
by filter-feeding organisms and thus lwcome an intcgr 
part of the marine food chain. Some of the oil may p.1 
through the gut in the feces of these organisms, but Blum 
et al. ( EJ70r322 have shown th.Lt it can pass through the ~ 
wall and be incorporated in the organism's lipid pool. 
can thus be transferred from organism to organism an 
potentially, into the food that man takes from the oce., 
for his USC. 

Sinking of oil has been achieved by scattering talc ' 
chalk on the oil causing it to agglutinate into globules 
greater density than sea watl'r. Such sunken oil tends to k 
bottom fauna before even the motile bottom dwellers ha1 
time to move away. The ses~:ile forms of commercial in 
portance, such as clams, oysters and scallops, cannot escap 
and other motile organisms such as lobsters (Hamar 
ame11can11s) may actually be attracted in the direction 
the spill where exposure will contaminate or kill tlwr 
Little is known about the rate of degradation of- oil i 
bottom sediments, but it is kr.own that some fractions wi 
persist for over two years (Blumer 1969, 319 Blumer an 
Sass 1972 321). Chipman and Caltsoff (1949)'121 showed th; 
the toxicity of oil is not diminished by adsorption o 
carbonized sand which can be used as a sinking agent. 

Efforts were made to burn the oil in both the Torre 
Canyon and the \Vafra, which was wrecked off the coast< 
South Africa in 1971. When oxidation is complete, oil 
converted to carbon dioxide and water and removed as 
pollutant. Burning oil within a tanker, however, is diilicul1 
and it has not been successful even when oxidants arc addcc 
Volatile fractions may burn off quickly, but most of the o 
resists combustion. Incomplete combustion is therefore nc 
only more common, but the smoke and volatile oils thcIT 
selves become atmospheric pollutants many of ·which ult 
mately return to the sea through precipitation and accumt 



lation on the water surface. Oil can be burned on the surface 
of the sea by using wicks or small glass beads to which the 
oil clings thus removing itself from the quenching effects of 
the water. The use of "seaheads" was successful in burning 
Bunker C oil on the beach and moderately successful in 
burning a slick in two to three foot seas in the cleanup 
following the wreck of the Arrow (Ministry of Transport, 
Canada 1970). 340 However, during burning, the elevated 
temperature of the oil increases the solubility in water of 
the most toxic components, and this can cause greater 
biological damage than if the oil is left unburned. 

Mechanical containment and removal of oil appear to 
be ideal from the point of view of avoiding long-term bio
logical damage, but however promptly such measures are 
taken, some of the soluble components of the oil will enter 
the water and it will not be possible to remove them. A 
variety of mechanisms for containing oil have been pro
p osecl, such as booms with skirts extending into the water. 
Various surface skimmers to collect oil and pump it into a 
standby tanker have been conceived. Unfortunately, most 
wrecks occur during less than ideal weather conditions 
which makes delivery and deployment of mechanical de
vices di fiicult. Floating booms arc ineffective in a rough sea, 
because even if they remain properly deployed, oil can he 
carried over the top of them by wind and splashing waves 
or uncle r them by currents. In protected waters, however, 
recovery can he quite effective, and among the methods of 
oil rem oval used today, booms arc one of the most effective 
if conditions for their use arc favorable. 

Microbiological degradation is the ultimate fate of all oil 
left in the sea, hut as was mentioned previously, the oxygen 
requi rcment for this is severe. There is also the problem of 
pro\·iding other nutrients, such as nitrogen and phosphorus, 
for the degrading bacteria. Nevertheless, this process is a 
"natural'' one, and research into increasing the rate of 
bacteriological degradation \\·ithout undesirable side effects 
is to be encouraged. 
. Although an ultimate solution to the cleanup of oil spills 
is desperately needed, prevention of spills remains the most 
effectin' measure. \Vhen wrecks occur, every effort should 
be made to offload the oil before it enters the marine en
viro'.1111ent. Oil spills that occur in harbors during transfer 
of ml to a refinery or of refined oil to a tanker should be 
n~ore easily controlled. Portable booms could confine any 
011 released and make possible recovery of most harbor 
spillage. Available technology is adequate to prevent most 
accidental spills from offshore well drilling or operations. 
It is necessary to require that such technology be faithfully 
employed. 

Recommendations 

No oil or petroleum products should be dis
charged into estuarine or coastal waters that: 

• can be detected as a visible film sheen or 
d. ' ' 1scoloration of the surface, or by odor; 
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• can cause tainting of fish or edible inverte
brates or damage to the biota; 

• can form an oil deposit on the shores or 
bottom of the receiving body of water. 

In this context, discharge of oil is meant to include 
accidental releases that could have been prevented 
by technically feasible controls. 

Accidental releases of oil to the marine environ
ment should be reclaimed or treated as expe
ditiously as possible using procedures at least 
equivalent to those provided in The National Con
tingency Plan of 1970. The following recommen
dations should be followed to minimize damage 
to the marine biota. 

• Oil on the sea surface should be contained 
by booms and recovered by the use of surface 
skimmers or similar techniques. 

• In the event of a tanker wreck, the oil re
maining in the hulk should be off-loaded. 

• Oil on beaches should be mechanically re
moved using straw, peat moss, other highly 
absorbent material, or other appropriate 
techniques that will produce minimal dele
terious effects on the biota. 

• Failing recovery of oil from the sea surface 
or from a wrecked tanker, efforts should be 
made to burn it in place, provided the con
tamination is at a safe distance from shore 
facilities. If successful, this will minimize 
damage to the marine biota. 

• Dispersants should be used only when neces
sary and should be of minimal potential 
toxicity to avoid even greater hazard to the 
environment. 

• Sinking of oil is not recommended. 

All vessels using U.S. port facilities for the pur
pose of transporting oil or petroleum products 
should be required to demonstrate that effective 
procedures or devices, at least equivalent to the 
"Load on Top" procedure, are used to minimize 
oil releases associated with tank cleaning. 

In order to protect marine wildlife: 

• recommendations listed above should be fol
lowed; 

• a monitoring program should follow long
term trends in petroleum tar accumulation 
in selected areas of the oceans; 

• no oil exploration or drilling should be per
mitted within existing or proposed sanctu
aries, parks, reserves or other protected areas, 
or in their contiguous waters, in a manner 
which may deleteriously affect their biota; 
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• oil exploration or drilling should not be con
ducted in a manner which may deleteriously 
affect species subject to interstate or inter
national agreements. 

TOXIC ORGANICS 

The toxic organics constitute a considerable variety of 
chemical compounds, almost all of which are synthetic. 
The total production of synthetic organic chemicals in the 
U.S. in 1968 was 120,000 million pounds, a 15 per cent 
increase over 1967; 135,000 million pounds were produced 
in 1969, a 12 per cent increase over 1968 (United States 
Tariff Commission 1970). 377 This figure, in the order of 
5X1013 grams, may be compared with the total productivity 
of the sea, which is in the order of 2 X 1016 grams of carbon 
incorporated into phytoplankton per year (Ryther 1969). 373 

When considered in a global and future context, the pro
duction of synthetic chemicals by man cannot be considered 
an insignificant fraction of nature's productivity. 

The majority of the synthetic organic chemicals, in
cluding those considered toxic, are readily degradable to 
elementary materials which reenter the chemical cycles in 
the biosphere. These pose no long-term hazard if applied 
or released into the environment in quantities sufficiently 
small to meet the recommendations for mixing zones (see 
p. 231). 

The chemicals of most concern are the more stable com
pounds that enter the environment, whether they are intro
duced incidentally as waste materials or deliberately through 
their use. The toxicity, chemical stability, and resistance to 
biological degradation of such chemicals are factors that 
must be considered in assessing their potential effects on 
ecosystems. Moreover, because of the partitioning of non
polar compounds among the components of marine eco
systems, relatively high concentrations of these, including 
halogenated hydrocarbons, are frequently found in orga
nisms. 

Only recently it was discovered that polychlorinated bi
phenyls (PCB), a class of chlorinated hydrocarbons used in 
a variety of industrial applications, were widespread con
taminants in marine ecosystems (Duke et al.). 354 a Concen
trations up to or higher than 1000 ppm in the body fat of 
estuarine birds have been recorded in both Europe and 
North America (Risebrough et al. 1968, 371 Jensen et al. 
1969360). Moreover, both DDT and PCB have been found 
in organisms from depths of 3200 meters in the open North 
Atlantic Ocean (Harvey et al. 1972). 359 

The discovery of a man-made contaminant such as PCB, 
unknown in the environment a few years ago, in such 
unexpectedly high concentrations in marine organisms 
raises several questions. Are the concentrations of these 
compounds still increasing in the marine environment and 
at what rate, and what are the long-term effects upon the 
marine communities? Is it possible that other pollutants, 

undetected by the methodologies that measure the chlor 
nated hydrocarbons, are present in comparable amounts? 

Criteria employed in the past to protect freshwater ecc 
systems were based on data now seen to be inadequate an 
on an approach that looked at pollutant concentrations i 
waste water effluents rather than in the receiving systen 
Evidently it is necessary to attempt to relate the amounts< 
input into the ecosystem to the levels in the various con 
ponents of the ecosystem, including indicator organism 
The concentrations of a persis1ent pollutant in an indicate 
organism are considered the bi:st way of following accumL 
lation trends in an aqueous ecosystem that serves as a sin 
for the pollutant, once the capacity of the ecosystem 1 
absorb the pollutant has beer' determined. If the cancer 
trations in the indicator organisms exceed those considcre 
safe for the ecosystem, input should then IJe reduced, n 
stricted, or eliminated until environmental levels arc a< 
ccptable on the basis of established criteria. Inputs of pe1 
sistent pollutants into the marine environment, howeve 
are in many cases indirect and not immediately controllable 
e.g. river runoffs, atmospheric fallout, and dumping b 
foreign and domestic ships. The sources of the chemicals i 
atmospheric fallout may be located anywhere in the work 

Different recommendations must therefore be dcvclope, 
to protect the marine environment from increasing amoun1 
and varieties of organic pollutants that might be anticipate, 
over the next century. The same recommendations may b 
applied to estuaries, but these must also be protected fror 
a variety of chemicals that are less persistent and pose n 
long-term hazard, but that may, because of toxic effec1 
upon organisms, cause unacceptable amounts of damag,t 
These include many of the pesticides, components of sewag( 
biological wastes from slaughter houses, and other organi 
wastes from industry. 

Acute toxicity values and subacute effects of pesticide 
on marine life are listed in Appendix III-Table 6, and i 
Table IV-7, p. 265. Table [V-7 is a summary of th 
"most sensitive" organisms taken from Appendix III-Tabl 
6 and includes a list of chemicals that arc considered ti 
have potential environmental importance in estuarine o 
marine ecosystems. The list includes many of the pesticide 
that arc readily degradable in 1hc environment but bccaus 
of their- high toxicity arc potentially dangerous to cstuarin 
ecosystems. The list, which 5hould be revised as new dat; 
become available, proposes a minimum number of sucl 
chemicals. Appendix III-Table 6 includes the following in 
formation relative to the potential importance or each ma 
terial as coastal and marine contaminants. (a) Productior 
figures, which are taken from che 1969 Tariff Commissiot 
reports, arc listed in the second column. The productior 
figures provide a useful clue to the compounds that are o 
potential importance as marine pollutants. The order of tlH 
chemicals generally follows that of the Tariff Commissim1 
reports and is not intended to be a ranking in order of im
portance. (b) The third column of the table indicate~ 
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TABLE IV-7-Presence and Toxicity of Organic Chemicals in the Marine System 

U.S. production Presence m sea Trophic Most sens1t1ve Cone. (ppb active Method of 
Chemical pounds, gal./yr water or marine accumulation organisms tested Formulation ingredient m water) assessment Test procedure Reference 

(1) (2) organisms (4) (5) (6) (7) (8) (9) (10) 
(3) 

----------- ----- ---------

PESTICIDES, Tota1 1.1X10' lb 
Fung1c1des 

Fung1c1des, total 1.4X10' 
Pentachlorophenol 4.6X10' Expected Unknown Insufficient data for 

marine organisms 
2, 4, 5· Trnhlorophenol Not available Unknown Unknown Crassostrea v1rgmica 600 TLM 48 hr static lab DaYIS and H1du 

(1969) 2 8X10' American oyster b1oassay 1969354 

(1968) 
Nabam (E1hylene b1sld1th10· 1 9X10' Unlikely Unlikely Dunal1ella tert1olecta 100 • 270. 0. D. expt;O.D. 1 O day growth test Ukeles 1962376 

carbam1c ac1dJ, disodmm control 
salt) 

Hexachlorobenzene Not available Expected Detected m birds lnsutt1c1ent data for 
(Vos et al., marine organisms 
1968)318 

Koeman and 
Herb1c1des Genderen, 1970)'"' 

Herillc1des. total 3.9X108 
Am1trole (>-ammo-1, 2, 4- Not av31lable Unlikely Unhkely lnsutt1cient data 

tr1azole) 
Chloramben (3-amino-2,5· Not available Unlikely Unlikely Chlorococcum sp Methyl ester 2.5X10' 50'/c decrease in Growth measured as Walsh 1972"' 

d1chlorobenz01c acid, Phaeodactylum tncornu· growth ABS. (525 mu) 
sodium salt) tum after 10 days 

P1cloram (4-ammo-3, 5, 6· Not available Unlikely Unlikely lsochrysis galbana 1X10' 50% decrease in 02 Walsh 1972"' 
tnchlorop1colm1c acid) evolution• 
(TordonH) 5X10' 50';; decrease in Measured as ABS. Walsh 1972319 

growth (525 mu) after 
10 dys 

Simazme 12-chloro-4, 6-b1s- Not available Unlikely Unlikely lsochrysis galbana Technical acid 500 sos;, decrease '" Measured as ABS. Walsh 1972310 

(ethylam1 no)·s-tna11ne] growth (525 mu) alter 
10 days 

Phaeodactylum tncornu- Technical aid 500 50% decrease in Measured as ABS. Walsh 1972379 

tum i;rowth (525 mu) af\er 
10 days 

Atrazme (2-chloro-4-ethyl- Not available Unlikely Unlikely Chlorococcum sp., Technical acid 100 50% decrease m Measured as ABS. Walsh 1972"' 
amino-6-isopropyl-amino· Chlamydomonas sp., i;rowth (525 mu) after 
s-tnazmel Monochrysis lutheri 10 days 

lsochrysis galbana Technical acid 100 50% decrease in 02 Walsh 1972370 

evolution"' 
Phaeodactylum tncornu- Technical acid 100 50% decrease m 02 Walsh 1972379 

tum evolution' 
Monuron 13-(p-chloro- Not available Unlikely Unlikely Protococcus sp. 20 .00 OPT. DEN. 1 o day growth test Ukeles 1962376 

phenyl)-1, 1-dimethylurea] expl/opt DEN 
control 

Dunaliella tert1olecta 20 .00 OPT. DEN. 10 day growth test Walsh 1972379 

expt/opt DEN 
control 

Phaeodactylum tn- 20 .00 OPT. DEN. 10 day growth test Ukeles 1962376 
cornutum expt/opt DEN 

control 
Omron 13-(3, 4, -d1chloro- Nol availab I e Unlikely Unlikely Protococcus 0.02 .52 OPT. DEN. 1 O day growth test Ukeles 1962316 

phenyl)-1, 1-dimethylurea] expt/opt DEN 
control 

Monochrys1s luthen 0.02 .00 OPT. DEN. 10 day growth test U keles 1962376 
expt/opt DEN 
control 

Maleic hydraz1de 11, 2·dl· 2.8X10" lb. Unlikely Unlikely lnsutt1c1ent data 
hydropyndazme-3, 6·d1one] 

Fenuron [1, 1-dimethyl-3· Nol available Unlikely Unlikely Chlorococcum sp Technica I acid 750 503 decrease m 10 day growth test Walsh 1972"' 
pheny I urea] growth 

lsochrysis galbana Technical acid 750 50% decrease m 1 O day growth test Walsh 1972"' 
growth 

Monochrys1s luthen 290 .67 OPT. OEN. 10 day growth lest U keles 1962"' 
expl/opt DEN 
control 

Ametryne 12-ethylamino-4- Not available Unlikely Unlikely Chlorococcum sp. Technical acid 10 50% decrease in Measured as ABS. Walsh 1972171 

1sopropylam1no·6·methyl- growth (525 mu) after 
mercapto-s-tnazme] 10 days 

fsochrys1s galbana Technical acid 10 50% decrease in 02 Walsh 1972"' 
evolution' 

Monochrys1 s lutheri 
Phaeodactylum tri- Technical acid 10 503 decrease in 02 .. Walsh 1972'" 

cornutum evolution' 

• /02 evolution measured by Gilson differential respirometer on 4 ml of culture m log phase. Length of test 90 minutes. 
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TABLE IV-7-Presence and Toxicity of Organic Chemicals in the Marine Sys1em-Continued 

U.S. production Presence in sea Trophic Most sensitive Cone. (ppb active Method of 
Chemical pounds, gal./yr water or marine accumulation organisms tested Formulation ingredient m water) as1essment Test procedure Reference 

(1) (2) organisms (4) (5) (6) (7) (8) (9) (10) 
(3) 

Herb1c1des. cont 
Endothal (7-oxabicyclo· Not available Unlikely Unlikely Mercenaria mercenaria 1.25X10' TLM 12 day static lab Davis and H1du 

(2.2.1) heptane-2, 3·dl· Hard clam bioassay 1969354 

carboxylic acid, d1sodmm 
salt! 

MCPA [4-chloro-2-methyl· Not available Unlikely Unlikely Crassostrea virginica 1.56X10' TLM 48 hr static lab Davis and H1du 
phenoxyacetic ac1dJ Amencan oyster b1oassay 1969'54 

2, 4-D & derivatives 1.ox10• 1b Unknown Unknown Crassostrea virginica Ester 740 TLM 14 day static lab Davis and H1du 
American oyster b1oassay 1969354 

Dunaliella tert1olecta 
2, 4, 5· T & derivatives 2.8X10' lb Unknown Unknown lsochrys1s galbana Technical acid 5X10' 503 decrease in 02 Walsh 1972"' 

(2, 4, 5-trichlorophenoxy- evolut10"* 
acetic acid( Phaeodactylum tri· Technical acid 5Xi04 50'/"6 decrease in Measured as ABS. Walsh 1972"' 

cornutum growth (525 mu) alter 
10 ~ays 

Silvex [2·(2, 4, 5-trichloro· 1.6X10' Unlikely Unlikely Crassostrea virginica 
phenoxy)propionic acid! American oyster 710 TLM 14 day static lab Davis and H1du 

Dunaliella tertiolecta bioassay 19693" 

D1quat (6, 7-Dihydrodipyrido Not avai I able Unlikely Unlikely Chlorococcum sp. Di bromide 5X10' 50% decrease in 02 Walsh 1972379 

(1,2-a:2', l'-c)pyrazid1· evolution' 
inium dibromide Dunahella tertiolecta Di bromide 5X106 503 dec1rease in 02 Walsh 1972"' 

evolution* 
lsochrysis galbana Di bromide 1.5X10' 50% d1Jcrease in Measured as ABS. Walsh 1972379 

growth (525 mu) alter 
10 days 

Phaeodactylum tri- Dibromide 5' '06 503 dec:rease in 02 Walsh 1972"' 
cornutum evolution* 

Paraquat (1, 1' -dimethyl-4,4' · Not available Unlikely Unlikely Dunahella tertiolecta Dichloride '"' 50% decrease in 02 Walsh 1972"' 
dipyrid1lium dichloride! evolution' 

lsochrysis galbana Dichloride 5X10' 50% decrease in Measured as ABS. Walsh 19723" 

growth (525 mu) alter 
10 days 

Trifluralm[a a,a·Tnfluoro· Not available Unlikely Unlikely Chlorococcum sp. Technical acid 2.5X10' so~;, decrem in Measured as ABS. Walsh 1912379 

2, 6·d1rtino·N, N-d1propyl- growth (525 mu) alter 
p-toluidinef 10 days 

lsochrys1s galbana Technical acid 2.5X10' 50% dec1 ease in Measured as ABS Walsh 1972"' 
growth (525 mu) alter 

10 days 
Phaeodactylum In· Technical acid 2.5xto• 503 dec1 ease in Measured as ABS Walsh 1912"' 

cornutum growth (525 mu) alter 
10 days 

Cacodylic acid [Hydroxyd1· Not available Unlikely Unlikely lnsuH1c1ent data 
methyl arsine oxide( 

Insecticides 
Insecticides, total (includes 5. 7X108 lb 

rodenbcides) 
Heptachlor [Heptachloro· Not available Oysters (Bugg Bald Eagles Thalassoma bifasciatum 100% 0.8 LC-50 96 hr static lab Eisler 1970b'" 

tetrahy dro-endo· methano- et al. 1967)'"' (Krantz et al. Bluehead bioassay 
indeneJ (includes hepta· 1970)"' 
chlor epoxide) 

Endrin [Hexachloro-epoxy- Not available Oysters (Bugg et Brown Pelican Mugil cephalus 1003 0.3 LC-50 96 hr static lab Eisler 1970b"' 
octahydro-endo-endo·di· al. 1967,"0 (Schreiber and Striped mullet bioassay 
methanoraphthalenef Casper, 1967,"' R1sebrough Menidia menidia 100% 0.05 LC-50 96 hr static lab Eisler 1970b"' 

Rowe et al. 1972,m Rise· Atlantic s1lverside bioassay 
1971)372 brough et al. 

1968)371 
Die1drin I Hexachloro-epoxy- Not available Oysters (Bugg et Bald eagles (Krantz Anguilla rostrata 1003 0.9 LC-50 96 hr static Jab EISier 1970b'•' 

attahydro-endo-exo- al. 1967 ,•so et al. 1970)'" A meman eel b1oanay 
d1methanonaphthaleneJ Casper, 1967,'" Grey Whale, 

Rowe et al. Sperm Whale 
1971)372 (Wolman and 

Wilson 1970)"" 
Brown Pelican 
(Schreiber and 
Risebrough 
1972)"' 

Aldrin [Hexachloro-hexa· Not available Oysters (Bugg et Unlikely, converts Palaemon macrodactylus Technic.il 0.74 (0.51-1.08) TL-50 96 hr static lab Earnest (unpub-
hydro-endo-exo-d1meth· al. 1967)''° to d1eldrin Korean shrimp bioassay l11hed)' 82 

anonaphthalene] (Korschgen 
1970)'" 

Chlordane JOctochloro· Not available Oysters (Bugg et Expected Palaemon macrodactylus 1003 18 (10-38) TL-50 96 hr static lab Earnest (unpub· 
hexahydro-methanoin· al. 1967)"" Korean shrimp b1oassay hshed)'" 
dene] 

• /02 evolution measured by Gilson difteren!lal respirometer on 4 ml ol culture in log phase. Length of test 90 minutes. 
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TABLE IV-7-Presence and Toxicity of Organic Chemicals in the Marine System-Continued 

U.S. producbon Presence in sea Trophic Most sensitive Cone. (ppb active Method of 
Chemical pounds, gal./yr water or marine accumulation organisms tested Formulation ingredient m water) assessment Test procedure Reference 

(1) (2) orgamsms (4) (5) (6) (7) (8) (9) (10) 
(3) 

Insecticides. cont. 
StrobaneR [polychlorinated Not available Expected Expected lnsuH1c1ent data for 

terpenes] marine species 
Toxaphene [Chlorinated Not available Bay mussel Expected Gasterosteus aculeatus 1000;{. 7.8 TLM 96 hr static lab Katz 1961"' 

campheneJ (Modm, 1969);'" threespme st1ckle·back b1oassay 
Oysters (Bugg et 
al. 1967)''° 

DDT compounds 1.2X108 lb. Jensen et al 
1969,360 Rise· 
brough et al. 
1968371 

p,p'·DDT [1, 1, 1-Tri· (References cited above) Penaeus duorarum Technical 0.12 TL-50 28 day b1oassay Nimmo et al. 19703b' 

chloro-2, 2-bis(p-chloro· Pmk shrimp 773 0. 17 (0. 09-0. 32) TL-50 96 hr intermittent Earnest (unpub· 
phenyl) ethane flow lab b1oassay Ii shed)'" 

p,p'·DDD(p, p'· TOE) Palaemon macrodactylus 99•;;0 2.5 (1.6-4.0) TL·50 96 hr intermittent Earnest (unpub· 
[1, l-D1chloro-2. 2·bis flow lab llloassay Ii shed)'" 
(P·Chlorophenyl)ethane 

p,p ·DOE [1, l·Dichloro· (References cited above) Falco peregrmus Eggshell thinning ODE m eggs Cade et al 1970351 
2, 2 -b1s(p·chlorophenyl) Peregrine Falcon h1gh1y correlated 
ethylene with shell thmmng 

M1rex [Dodecachloro·octa- Not available Expected Expected Penaeus duorarum Technical 1.0 1000/o paralysis/ Flowmg water b10· Lowe et al. 1971"' 
hydro-1, 3. 4-metheno·2H· Pink shrimp death in 11 days assay 
cyclobuta[cd]pentalene J 

Benzene hexachlonde Not available Southern hemisphere sea birds Penaeus set1ferus 8.1% 2.8 TLM 24 hr static lab Chm and Allen 
[Hexachlorocyclohexane] (Tatton and Ruzicka 1967)'" White shnmp bioassay 1958"' 

Lmdane [gamma-hexa- Not available Oysters (Bugg et Expected Crangon septemspmosa 100% LC·50 96 hr static lab EISier 1969" 55 

chlorocyclohexane] al. 1967,350 Sand shrimp Sand shrimp b1oassay 
Casper 1967)'" Pagurus long1carpus 100% LC-50 96 hr static 1ab E1 sler 1969'" 

Hermit crab b1oassay 
Endosutfan (Hexachloro· Not available Bay mussel (Koe· Sandwich Tern, Palaemon macrodactylus 963 3.4 (1.8-6.5) TL-50 96 hr mterm1ttent Earnest (unpub· 

hexahydro-methano· man and Common Elder Korean shrimp flow lab bioassay Ii shed)'" 
benzo-d1 oxath1ep1n·3· Genderen (Koeman and 
oxide] (ThiodanR) 1970)363 Genderen 

1970)'"' 
Methoxychlor [1, 1, 1-Tri· Not available Oysters (Bugg et Unlikely Palaemon macrodactylus 89.5% 0. 44 (0. 21-0. 93) TL·50 96 hr static lab Earnest (unpub· 

chloro-2, 2. b1s(p· a I. 1967)350 b1oassay Ii shed)"' 
methoxy -phenyl)ethane J 

Carbary! (Sevin) [l· Not available Unikely Unlikely Palaemon macrodactylus 100% 7.0 (1.5-28) TL-50 96 hr mterm1ttent Earnest (unpub· 
naphthyl-N -methylcarba. b1oassay Ii shed)"' 
mate] 

Cancer mag1ster 80% Prevention ot hatch· 24 hr static lab Buchanan et al. 
Dungeness crab mg and molt• ng bioassay 19703

" 

Coumaphos (Co-ral) [O, O· Notamlable Unlikely Unlikely Crassostrea virg1mca 110 TLM 48 hr static lab OaYIS and Hidu 
D1ethyl·0·(3·chloro·4· Amencan oyster b1oassay 1969'" 
methy1·2·oxo·2H·1 ·benzo· 
pyran · 7 -yl)·phosphoro· 
th1oateJ 

Diazmon fO, O-D1efhyl·O· Not available Unlikely Unlikely fnsufflcienl data 
(2·•sopropyl·4·methyl·6· 
pyrim1di nyl)phosphoro· 
thioateJ 

Parathion [O, O·Diethyl·O· Not amiable Unlikely Unlikely Cyprinodon variegatus 10 Acetylcholinesterase 72 hr static exposure Coppage (unpub· 
p·nit rophenyl · phosp horo Sheepshead mmnow activity in control Ii shed)"' 
th1oate] vs. expt groups. 

Control= 1.36; 
Expt.=0.120 

Dursban [O, 0 Diethyl-0· Not available Unlikely Unlikely Palaemon macrodactylus 0.01 (0.002-0.046) TL-50 96 hr intermittent Earnest (unpub· 
3, 5, 6-trichloro·2·pyridyl· Korean shrimp flow b1oas.ay lished)382 

phosphorothioate] 
Fenthion [O, O·Dimethyl·O· Not available Unlikely Unlikely Palaemon macrodactylus 3.0 (1.5-60) TL-50 96 hr mterm1ttent Earnest (unpub· 

(4·methylthio-m-tolyl) flow bioassay lished)"' 
phosphorothioate] (Baytex) 

Methyl parathion [O, 0, • 5.1X10' lb Unlikely Unlikely Crangon septemsp1nosa 1003 LC-50 96 hr static lab Eisler 1969355 

Dimethyl·O·p·nitrophenyl· Sand shrimp brnassay 
phosphoroth1oate] 

Guth1on [O, O·D1methyl·S· Not available Unlikely Unlikely Gasterosteus aculeatus 933 4.8 TLM 96 hr static lab Katz 1961362 

(4·oxo· l, 2, 3·benzotri· threespme stickle-back llloassay 
azmo-3-methyl)phosphoro· 
dith1oate] 

Dioxath1on (Delnav) [2, 3·p· Not available Unlikely Unlikely Crangon septemspinosa 1000/o 38 LC·50 96 hr static lab Eisler 1969355 

D1oxane-S, S·b1s(O, O· Sand shrimp bioassay 
d1ethylphosphorod1th1oate] Fundulus heteroclitus 100% LC·50 96 hr static lab Eisler 1970a'" 

Mummichog bioassay 
Memdia menid1a 1003 LC·50 96 hr static lab Eisler 1970b"' 

Atlantic s1lverside b1oassay 
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TABLE IV-7-Presence and Toxicity of Organic Chemicals in the Marine System-Continued 

U.S. production Presence in sea Trophic Most sens1t1ve Cone. (ppb active Method of 
Chemical pounds, gal./yr water or marme accumulation organisms tested Formulation ingredient in water) mmment Test procedure Reference 

(1) (2) organisms (4) (5) (6) (7) (8) (9) (10) 
(3) 

-- ------ ----- . ----------~----------------- -------

lnsect1c1des, cont. 
Phosdrin [l·methoxycar· Not available Unlikely Unlikely Crangon sepemspmosa 1003 11 LC·50 96 hr static lab Eisler 1969'55 

bonyl·l·propen-2-yl di· Sand shrimp b1oassay 
methylphosphate] 

Malathion [S·(l, 2-dicar- Nol available Unlikely Unlikely Thalasomma bifasc1aturn 100% 27 LC-50 96 hr static lab Eisler 1970b"' 
belhoxyethy 1)·0, 0-di- Bluehead b1oassay 
methyld1th1 op ho sphale] 

Phospham1don [2-Chloro- Not available Unlikely Unlikely lnsufflc1enl data 
N, N-dielhyl-3-hydroxy-

crotonam1de dimethyl 
phosphate] 

Phorate [O, 0 D1ethyl-S- Nol available Unlikely Unlikely Cyprmodon variegatus Acetylcholmesterase 72 hr static exposure Coppage (unpub-
([ Ethy Ith 1 o Im el h yl)-phos- Sheepshead minnow act1V1ty•• in control lished)'" 
phorod1th1oate] vs expl groups. 

Control= 1.36; 
Expl~" 0. 086 

DDVP [D, 0-Dlmelhyl-0- Not available Unlikely Unlikely Crangon septemspmosa LC-50 96 hr static lab Eisler 19693" 
(2, 2-dichlorovmyl)phos- Sand shrimp bioassay 
phateJ 

Trichlorfon JO, O-D1melhyl- Not available Unlikely Unlikely Crassostrea virginica 1,000 TLM 48 hr static lab Davis and Hidu 
1-hydroxy-2, 2, 2-lrichloro- American oyster b1oassay 19693" 
ethylphosphonale] 
(D1pterex) 

TEPP [Telraethyl pyro- Not available Unlikely Unlikely Crassostrea mgmica >1X10' TLM 14 day static lab Dam and Hidu 
phosphate[ b1oassay 1969354 

Related products 
DBCP [1, 2-Dibromo-3- 8.6X106 lb Unknown Unknown Mercenarra mercenana 780 TLM 12 day static lab Davis and Hidu 

chloropropaneJ (Nemagonll) Hard clam bioassay 1969"' 
Methyl bromide 2.0X107 lb Unknown Unknown lnsutt1e1ent data 

TAR AND TAR CRUDES 
Benzene 1.2XIO' gal. Unknown Unknown lnsutt1c1ent data 
Toluene 7.6X10' gal Unknown Unknown lnsutt1c1ent data 
Xylene 3.8X10' gal. Unknown Unknown lnsutt1c1ent data 
Naphthalene 8.5X10' gal. Unknown Unknown lnsutt1c1enl data 

PLASTICIZERS 
Phthal1 c anhydride esters, 8.8X108 lb. Expected Unknown lnsufflc1enl data 

total 
Ad1pid acid esters, 1otal 6.6X10' Unknown Unknown lnsufflc1enl data 

SURFACE-ACTIVE AGENTS 
Dodecylbenzenesulfonates, 5. 7X10' lb. Unlmown Unlikely lnsutt1c1enl data 

total (1968) 
Ligmnsulfonates, total 4.4X10B Jb. Unknown Unknown lnsutt1c1enl data 
N1tnlolriacet1c acid Not available Unknown Unlikely Cyclotella nana Monohydrated 5X103 383 gro'Nth as com- 72 hr static lab Erickson el al. 1950' 

sodium salt pared Io controls bioassay 
Homarus amencanus Monohydrated 1X105 100% mortality 7 day static lab NMWQL 1970358 
American lobster sodium salt bioassay 

HALOGENATED HYDROCARBONS 
Carbon tetrachloride 7.6X10' lb (1968) Unknown Unlikely Insufficient data 
D1chlorod1fluoromethane 3.3X10< (1968) Unknown Unlikely Insufficient data 
Ethylene dichloride 4.8XIO' (1968) Expected Unlikely Insufficient data 
Al1phal1c chlorinated hydro- 3Xl07 lb (est1- Surface waters Unknown Gadus morrhua 6731,1,2-tri- 10,000 LC-50 10 hr lab b1oassay Jensen et al. 1970"' 

carbon wastes of vmyl mated as 13 of and marine orga- Cod chloroethane. 
chloride production vmyl chloride nisms of North 2031,2-dl-

production) Atlantic and ethane 
North Sea (Jen-
sen et al. 1970)361 

Polychlorinated b1phenyl Not available Jensen et al. Penaeus duorarum Aroclor 1254 0.94 513 mortality 15 day chronic ex- Nimmo et al. 1971"' 
1969360, Rise- P.nk shrimp posure in flowing 
brough et al. seawater 
1968371 

Polychtonnated ter- Not available Expected Expected Insufficient data 
phenyl 

Brom1 nated b1phenyls Nol available Unknown Expected Insufficient data 
CYCLIC INTERMEDIATES 

Monochlorobenzene 6.0X108 lb Expected Unlikely Insufficient data 
Phenol l.7XIO' lb Expected Unlikely Mercenaria mercenana 5.3X10• TLM 48 hr static Jab Davis and Hidu 

Hard Clam bioassay 1969"' 
MISCELLANEOUS CHEMICALS 

Tetraethyl lead . 4.9X10' Unlikely Unlikely Insufficient data 

*' ACh hydrolysed/hr/mg bram. 



whether or not the compound has been detected in sea 
water or in marine organisms. Compounds which have 
been detected are of greater immediate concern than those 
which have not. Frequent!), because of their low solubility 
in ,,·atcr, some of the non-polar compounds which arc bio
logically accumulated can be detected in an organism but 
not in the water itself. ( c) The fourth column, trophic ac
cumulation, indicates whether the compound has been 
shmn1 to pass through the food web from prey species to 
predator. Compounds that arc so accumulated arc of greater 
concern than compounds of comparable toxicity which are 
not. finall), the species thought to be mmt scmitivc to the 
compound arc indicated in the final column-; with reference 
to original studies in the scientific literature. Thc;,c data arc 
u,cful as a guide uni) and arc not suflicicnt in thcmsdvT'i 
for definitive cvalua ti on of the environmental significance of 
each compound. 

The report, "The Effects of Chemicals on Aquatic Life, 
vol. 3, Environmental Protection Agency, \Vatcr Quality 
Oflicc, 1971," has been useful as a guide to the available 
toxicity data of industrial chemicals on marine organisms. 
Apprnclix III-Table 6 is a compendium of data on toxicity 
of pc:,ticides to marine orga1fr;ms. These sources arc incom
plete and shollld be continually revised. 

Bases for Recommendations 

l. In order to provide an adequate level of protection 
for commercially important marine species and for species 
consiclcrcd important in the maintenance of stahility of the 
ecosystem, an application factor of one one-hundredth 
(0.0 I) is used when pesticides or organic wastes that arc not 
trophically accumulated in food webs arc applied or re
leased in estuarine 01 marine cm·ironmcnts. This factor is 
arbitrary and was derived from data available on marine 
and freshwater organisms. (Sec Section III, p. 121.) It 
assumes that a concentration of one one-hundredth (0.01) 
of that causing harm to the most sensitive species to be 
protected will not damage this species or the ecosystem. 
Future studies may show that the application factor must 
lw ckcrcased or increased in magnitude. 

2. The application factor may also be used for the 
compounds that arc trophically accumulated in food webs 
in order to protect fish and im-ertcbrates to which these 
com pounds are toxic. It cannot he used, however, to protect 
fish-eating birds and mammal<> which may trophically ac
curn ulate these compounds from their prey species, in part 
because sublcthal effects such as eggshell thinning and 
hormone imbalance may ach-crsely affect reproductive ca
pacity and therefore the long term survival of populations. 
LeYel> that would protect fish-eating birds and mammals 
against the effects of compounds that are trophically ac
cumulated from prey species arc given in the discussion of 
Marine Wildlife (see pp. 224-228). 

The recommendations lielow apply to all organics of 
both proved and potential toxicity. 
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Recommendations 

In general, marine life with the exception of fish
eating birds and mammals should be protected 
where the maximum concentration of the chemical 
in the water does not exceed one one-hundredth 
(0.01) of the LC50 values listed in Column 7, Table 
IV-7, pp. 265-268. If new data indicate that an eco
system can adequately degrade a particular pollu
tant, a higher application factor for this pollutant 
may be used. 

In order to maintain the integrity of the eco
system to the fullest possible extent, it is essential 
to consider effects on all non-target organisms 
when applying pesticides to estuarine habitats in 
order to control one or more of the noxious species. 
For those occasions when chemicals must be used, 
the following guidelines are offered: 

• a compound which is the most specific for 
the intended purpose should be preferred 
over a compound that has broad spectrum 
effects; 

• a compound of low persistence should be 
used in preference to a compound of greater 
persistence; 

• a compound of lower toxicity to non-target 
organisms should be used in preference to 
one of higher toxicity; 

• water samples to be analyzed should include 
all suspended particulate and solid material: 
residues associated with these should there
fore be considered as present in the water; 

• when a derivative such as p,p'-DDE or 
1-napthol is measured with or instead of the 
parent compound, the toxicity of the de
rivative should be considered separately: if 
the toxicity of a derivative such as an ionic 
species of a pesticide is considered equivalent 
to that of the original parent compound, 
concentrations should be expressed as equiv
alents of the parent compound. 

It is recommended that the chemicals listed in 
Table IV-7 and all chemicals subsequently added 
to this list be considered as toxic organic com
pounds potentially harmful to the marine environ
ment. It is emphasized that the data in Table 
IV-7 are not sufficient in themselves for final evalu
ation of the environmental significance of each 
compound. 

OXYGEN 

An extensive review and discussion of the present in
formation on biological responses to variations in dissolved 
oxygen has been published recently by Doudoroff and 
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Shumway (1970). 38,3 This review has been used in develop-· 
ing oxygen recommendations by both the Freshwater and 
Marine Panels in their reports. On the basis of this large 
body of information, recommendations for "levels of pro-· 
tection" for freshwater fish populations have been <level-· 
oped. Estuarine and marine organisms have not been 
studied as extensively, and the present information is inade-· 
quate for satisfactory analysis of the response of communi-· 
ties to temporal and spatial variations in dissolved oxygen 
concentrations. 

The generalizations presented by the Freshwater Panel 
appear to be valid, with qualifications, for estuarine and 
marine situations. 

1 A reduction in dissolved oxygen concentration reduces 
the rate of oxygen uptake by aquatic plants and animals. 
However, as noted by Doudoroff and Shumway, the ob
served response of many organisms under laboratory condi-· 
tions measured in such terms as growth rate, swimming 
speed, or hatching weight, shows fractional or percentage 
reductions that approximately correlate with the logarithm 
of the deviation of the dissolved oxygen concentration from 
equilibrium with the atmosphere, under conditions of con-· 
stant dissolved oxygen concentrations. Thus, reduction in 
the dissolved oxygen concentration by 1 mg/ 1 from the 
saturation value has much less effect than reduction by 1 
mg/ 1 from the 50 per cent of saturation value. 

2 The non-threshold character of these responses means 
that some risk of effect on the aquatic populations is associ-· 
ated with any reduction in the dissolved oxygen concentra-· 
tions. As noted above, the risk of damage increases as dis-· 
solved oxygen concentrations decrease from saturation 
values. Selection of risk acceptance is a social and economic 
evaluation involving other uses of any particular environ-· 
ment that must precede recommendations derived using the 
risk acceptance and the pertinent scientific information. 

3 Consideration of the effects of dissolved oxygen con .. 
centrations on aquatic life must include the responses of 
developing eggs and larvae, as well as the maturing and 
adult individuals. Species that have limited spawning areas 
should be identified and the biological risk of decreased 
oxygen concentrations evaluated accordingly. 

For estuaries and coastal waters, consideration must be 
given to the distribution of dissolved oxygen with depth, 
since even under natural conditions low oxygen concentra
tions may be found in the deeper waters. Special considera-
tion should be given to estuary type, topography, currents, 
and seasonal development of pycnoclines. 

Many estuaries and coastal regions are highly productive, 
and the characteristic pattern with photosynthesis in the 
upper-water layer or adjacent marshes leads to large popu
lation densities in the upper layers and loss of oxygen to the 
atmosphere from the supersaturated surface waters or the 
marsh plants. Subsequent decomposition of these organism' 
and their wastes in the deeper waters leads to oxygen deple
tion. Several deeper coastal plain estuaries and fjords show 

oxygen depletion from this sequence. Addition of miner 
and organic plant nutrient~: to such regions may intensi 
the production and subsequent decomposition processe 
The effects of particular additions will depend on the wat 
depths and rate of vertical mixing, and it is necessary 
construct an oxygen balance model for each case. Sewa! 
treatment that consists of partial or nearly complete mine 
alization of the organic materials may still produce a di 
charge that will damage the aquatic system, i.e., an amou 
of organic matter nearly equal in oxygen demand to ti 
original sewage is produced [n the environment. The princ 
pal effect of many "secondary" treatment systems is ti 
trading of an intense local effect near the outfall for a mo 
widespread effect at greater distances. One of the majc 
considerations in defining water quality recommendatirn 
for nutrients in any estuarine or coastal region should be tl 
risk associated with oxygen depletions from increast 
production. Deliberate moderate additions of nutrients 
increase the yield of some fishery should also give due rega1 
to this secondary effect. 

Recommendation 

Each proposed chang,e in the dissolved oxyge 
concentration in estuaries and coastal wate1 
should be reviewed for risk of damage to aquati 
life. The limited laboratory data and field obse1 
vations on marine organisms suggest that easil 
observed effects, which are in many cases deleter 
ous, occur with dissolved oxygen concentratior 
of 4 to 5 mg/l as daily minimum values for perioc 
of several days. As a guideline, therefore, reductio 
of the dissolved oxygen concentration to valm 
below 4 mg/l can be expected to change the kine 
and abundances of the aquatic organisms in tl
affected volume of water and area of bottom. Pai 
ticular attention should be directed toward iden t 
fying species with restricted spawning and nurse1 
areas and conservatism should be used in applyi11 
guidelines to these areas. (See the expanded di: 
cussion in Section III, pp. 131-135.) 

RADIOACTIVE MATERIALS IN THE AQUA TIC 
ENVIRONMENT 

This section considers radioactivity in all surface wate 
inhabited by plants and animals including fresh, estuarin 
and marine waters of the U.S. The subject matter pertai1 
primarily to the impact of environmental radioactivity c 
aquatic organisms, although it also contains some discussic 
of human radiation exposure from aquatic food chains. 
recent report by the National Academy of Sciences ( 1971) 3 

presented a review of radioactivity in the marine envirm 
ment, and that review has been used extensively in tr 
preparation of this report. 



Characteristics and Sources of Radioactivity 

Radiation is the energy emitted spontaneously in the 
process of decay of unstable atoms of radioisotopes. This 
energy can exist either in the form of electromagnetic rays 
or subatomic particles and cannot be detected by man's 
senses. Radiation can be detected, however, by means of 
electronic instruments, and quantities present at very low 
levels in the environment can be measured with remarkable 
accuracy. Radioactivity which occurs naturally in the en
vironment originates from primordial radioisotopes and 
their decay products (daughters) and from reactions be
tween cosmic rays from outer space and elements in the 
atmosphere or in the earth. Some of the more abundant 
primordi.:.l radioisotopes in terms of their radioactivity are 
potassimr (4°K), palladium (234Pd), rubidium (87Rb), 
uranium (238U) and thorium (237T), the first accounting for 
90 per cent of the natural radiation in the oceans. While 
beryllium (7Be) is the most abundant radioisotope produced 
by cosmic rays, carbon (14C) and hydrogen (3H) (tritium) 
are biologically the most interesting. The presence of natural 
radioactivity was unknown until 1896 when Becquerel dis
covered uranium. Until the development of the atomic 
bomb during World War 11, virtually· all of the radio
activity on earth came from natural sour~es. 

The first man-made radioisotopes were not released into 
the environment in any significant amounts until the atomic 
bomb was tested and used in war even though the uranium 
235 atom was first split (fissioned) by neutron bombard
ment in 1938. While the release of radioisotopes was dras
tically reduced with the halting of nuclear weapons testing 
in the atmosphere by signatories of the test ban treaty, 
radioactive wastes continue to be released from nuclear 
powered ships and submarines, nuclear power plants, nu
clear fuel reprocessing plants, and to a lesser extent from 
laboratories and hospitals. Two methods have been used in 
handling radioactive wastes. High levels have been concen
trated and held in special storage tanks, while low levels of 
radioactive wastes in small volumes have been diluted and 
dispersed in the aquatic environment-particularly in the 
oceans. Some manmadc radioisotopes, such as strontium 90 
and cesium 137, are the debris of split atoms and are called 
fission products. Other radioisotopes, such as zinc 65 and 
cobalt 60, are activation products, produced when stray 
neutrons from the fission process strike the atoms of stable 
elements. 

Cycling of Radioactive Materials The physical, 
chemical, and physiological behavior of radioisotopes is es
sentially identical with that of the stable isotopes of the same 
element-at least until disintegration occurs. It should be 
pointed out, however, that in some instances the physical 
and chemical states of a radioisotope introduced into the 
aquatic environment may vary from that of the stable ele
ment in water. At the time of disintegration, the decaying 
atoms change into different types of atoms of the same ele-
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ment or into atoms of a different element. If the behavior 
of a particular element in an ecosystem is known, the be
havior of the radioisotopes of that element can be predicted. 
The reverse also is true, and radioisotopes can serve as ex
cellent tracers in following the movement of elements 
through complex environmental systems. Radioactive 
wastes in the aquatic environment may be cycled through 
water, sediment, and the biota. Each radioisotope tends to 
take a characteristic route and has its own rate of movement 
through various temporary reservoirs. The route taken by 
tritium is different from that of other radioisotopes. Tritium 
becomes incorporated in the water molecule and cannot be 
removed by present waste treatment practices. It is not con
centrated appreciably by either biota or sediments. 

When radioactive materials enter surface waters they are 
diluted and dispersed by the same forces that mix and dis
tribute other soluble or suspended materials (National 
Academy of Sciences 1957). 393 The dominant forces are 
mechanical dilution that mixes radioisotopes in the waste 
stream as it leaves an outfall structure; advection and turbu
lent diffusion that mix materials in the receiving waters; 
and major transport currents that move masses of water 
over relatively long distances. On the other hand, precipita
tion and sedimentation tend to restrict the area of dis
persion. When first introduced into fresh or marine water, 
a substantial part of the materials present in radioactive 
wastes becomes associated with solids that settle to the bot
tom, and many of the radioisotopes are bound chemically 
to the sediments. The sediments may also be moved geo
graphically by currents. Even though in some instances 
sediments remove large quantities of radioisotopes from the 
water, and thus prevent their immediate uptake by the 
biota, this sediment-associated radioactivity may later 
leach back to the water and again become available for up
take by the biota. 

Plants and animals, to be of any significance in the pas
sage of radioisotopes through a food web in the aquatic 
environment, must accumulate the radioisotope, retain it, 
be eaten by another organism, and be digested. Radioiso
topes may be passed through several trophic levels of a food 
web, and concentrations can either increase or decrease 
from one trophic level to the next, depending upon the 
radioisotope and the particular prey-predator organisms. 
This variation among trophic levels occurs because different 
organisms within the same trophic level have different 
levels of concentration and different retention times, which 
depend upon their metabolism or capacity to concentrate a 
given radioisotope. The concentration of a radioisotope by 
an organism is usually discussed in terms of a concentration 
factor: the ratio of the concentration of the radioisotope in 
the organism to that in its source, that is, the amount in 
water or food. Radioisotopes with short half-lives are less 
likely to be highly concentrated in the higher trophic levels 
of the food chain because of the time required to move from 
the water to plants, to herbivores, and eventually to carni-
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vores. Organisms that concentrate radioisotopes to a high 
level and retain them for long periods of time have been 
referred to as "biological indicators for radioactivity." These 
organisms are of value in showing the presence of radio
active materials even though the concentrations in the water 
may be less than detectable limits. 

Exposure Pathways 

The radiation emitted by radioisotopes that are present in 
aquatic ecosystems can irradiate the organisms in many 
different ways. In order to evaluate the total radiation dose 
received by the aquatic organisms, and thus the risk of their 
being injured, all sources of t>xposure must be considered. 
These sources include both natural and man-made radia
tion, both external and internal. 

Major Sources of External Radiation 1 Radioiso
topes in the surrounding water that tend to remain in 
solution, or at least suspended in the water, become associ
ated more readily with aquatic organisms than the radio
isotopes that settle out. 

2 Radioisotopes present on or fixed to sediments are 
significant to aquatic life, particularly to benthic organisms 
in the vicinity of existing major atomic energy plants. 

3 Radioisotopes attached to the outer surfaces of orga
nisms arc of greater significance to micro-organisms, which 
have a larger surface-to-volume ratios, than shellfish or fish. 

4 Cosmic-rays are of relatively minor importance to 
aquatic life that lives a few feet or more below the water 
surface, because of the shielding afforded by the water. 

Major Sources of Internal Radiation l Radioiso
topes in the gastrointestinal tract frequently are not assimi
lated, but during their residence in the tract expose nearby 
internal organs to radiation. 

2 Assimilated radioisotopes arc absorbed from water 
through the integument or from food and water through the 
walls of the gastrointestinal tract, metabolized, and are in
corporated into tissues where they remain for varying 
periods of time. Aquatic plants, including algae absorb 
radioactive materials from the ambient water and from the 
interstitial water within the sediments. 

It is difficult to measure the amount of radiation ab
sorbed by aquatic organisms in the environment because 
they are simultaneously irradiated by radioisotopes within 
their body, on the surface of their body, in other organisms, 
in the water, and in sediments. Exposure thus depends on an 
organism's position in relation to the sediments and to other 
organisms, and to movement of some species in and out of 
the contaminated area. 

Biological Effects of Ionizing Radiation 

Ionizing radiation absorbed by plant and animal tissue 
may cause damage at the cellular and molecular levels. The 
degree of radiation damage to an organism depends upon 
the source (external or internal), the type (electromagnetic 

or particulate), the dose rate (intensity per unit of time'! 
and the total dose. Possible effects to the individual org~ 
nism may include death, inhibition or stimulation of growth 
physiological damage, changes in behavioral patterns, de 
velopmcntal abnormalities, and shortening of life span. Ir 
addition, the extent of biological damage from radiation car 
be modified by environmental stresses such as changes ir 
temperature and salinity. Under certain conditions, irradia 
tion can cause gross pathological changes which are easil' 
observed, or more subtle changes which are difficult or irr; 
possible to detect. In addition to somatic changes whicl 
affect the individual, genetic changes also may occur whicl 
rnay affect the offspring for many generations. At one time 
it was widely believed that there was a threshold racliatior 
close below which damage did not occur, but now the con 
sensus of most radio biologists is that any increase over back 
ground radiation will have some biological effect. \'\lhile 
the non-existence of a threshold close is -diflicult to prove 
most radiation biologists agree that even background level 
of radiation from primordial radioisotopes and cosmic ray 
have resulted in some genetic changes over the ages. These 
radiation-induced changes usually constitute less than 1 pe 
cent of all spontaneously occurring mutations (Asimov anc 
Dobzhansky 1966). 3 ~4 

The amount of radiation absorbed by an organism can be 
expressed in various ways. The rad (radiation absorbec 
dose) is the unit used to measure the absorbed dose of radia. 
tion and refers to the absorption of 100 ergs of energy pe 
gram of irradiated material. Because a rad of alpha or neu 
tron radiation produces greater biological damage than ; 
rad of gamma radiation, another unit called the rem (roent 
gen equivalent man) also is used. To obtain the rem, or dose 
equivalent, the number of rads absorbed by the tissue L 

multiplied by the quality factor and other necessary modify 
ing factors to compensate for the effects of different types o 
radiation. The acute closes of radiation required to produc1 
somatic damage to many species of aquatic organisms hav' 
been established within broad iimits (National Academy o 
Sciences 1971). 397 Some bacteria and algae can tolerat, 
doses of many thousands of rads, but the mean lethal dos' 
(LD50 --30 clays) for fish is in the range of several hundrec 
to a few thousand rads. Eggs and early developmenta 
stages are more sensitive than arc adults. By comparison 
the mean lethal close for humans is about 300 rads. 

The acute mean lethal dose has little value in placing re 
strictions on the amounts of radioactive material present ir 
aquatic environments. Much more meaningful is the highes 
level of chronic exposure that results in no demonstrable 
damage to aquatic populatiom. A vast amount of researd 
on dose-effect relationships for warm-blooded animals ha 
led to the recommendations on human radiation exposure 
People who work with radiation may receive no more thar 
5 rem in any one year. The recommended limit for th1 
general public is 0.5 rem in one year for individuals but i: 
restricted to only 0.1 7 rem per year as an average for popu· 



lations. The lower level permitted for populations is to re
duce the possibility of genetic changes becoming established. 

Compared with the experimental data available for 
warm-blooded animals, only a meager amount of informa
tion is available on chronic dose-effect relationships for 
aquatic forms. The preponderance of available data indi
cates, however, that no effects are discernible on either indi
vidual aquatic organisms or on populations of organisms at 
dose rates as high as several rads per week. In populations of 
wild species, genetic damage may be removed by natural 
selection and somatically weakened individuals are prob
ably eaten by predators. Consequently, aquatic organisms 
adversely affected by radiation are not readily recognized 
in the field. 

The natural populations of fish that have probably sus
tained the greatest exposure to man-made radioactive ma
terials are those near major atomic energy installations, for 
example, in the Columbia River near Hanford; in \Vhite 
Oak Creek and White Oak Lake, near Oak Ridge; and in 
the Irish Sea near Windscale, England. Small fish which 
received chronic irradiation of about 10.9 rads per day from 
radioisotopes in the sediments of White Oak Creek produced 
larger broods but with a higher incidence of abnormal em
bryos (Blaylock and Mitchell 1969). 385 Chironomid larvae 
living in the bottom sediments and receiving about five 
rads per week had an increased frequency of chromosomal 
aberrations but the abundance of the worms was not af
fected. The stocks of plaice in the vicinity of the Windscale 
outfall have been unaffected by annual dose rates of about 
10 rads per year--primarily from the bottom sediments 
(Ministry of Agriculture, Fisheries and Food 1967). 392 

Columbia River salmon spawning in the vicinity of the 
Hanford outfalls have been unaffected by doses in the range 
of 100 to 200 millirads per week (Watson and Templeton 
in press). 402 These observations on chronic exposure of 
aquatic organisms provide a subjective assessment of radia
tion sensitivities in natural populations but are not suffi
ciently definitive to form the basis for the development of 
water quality recommendations. 

Restrictions on Radioactive Materials 

The amounts of radioactive materials present m water 
must be restricted in order to assure that populations of or
ganisms are not damaged by ionizing radiation and also to 
limit the amount of radioactive material reaching man via 
aquatic food chains. Permissible rates of intake of the vari
ous radioisotopes by man have been calculated so that the 
resulting annual dose is no greater than the recommended 
limit. Therefore, when the rate of consumption of aquatic 
organisms is determined, e.g., pounds of fish or shellfish per 
year, maximum concentrations of radionuclides permissible 
in the edible parts of the organisms can be computed. These 
maximum concentrations are well below the concentrations 
which have produced detectable effects on natural aquatic 
populations. It is probable that the aquatic environment 
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will be protected by the restrictions currently imposed on 
the basis of human health. 

The regulations which serve to protect man from radia
tion exposure are the result of years of intensive studies on 
the biological effects of radiation. Vast amounts of informa
tion have been considered by the International Commission 
on Radiological Protection (I CRP) ( 1960, 389 1964, 390 

1965391), the National Council on Radiation Protection and 
Measurements (NCRP) (1959, 398 1971399), and the U.S. 
Federal Radiation Council (FRC) (1960, 387 1961388), in 
developing recommendations on the maximum doses of 
radiation that people may be allowed to receive under 
various circumstances or that may occur in water. The 
Drinking Water Standards (U.S. Department of Health, 
Education and V/elfare, Public Health Service 1962 400) and 
the Code of Federal Regulations (1967) 386 are responsive to 
the recommendations of the FRC, ICRP, and NCRP, and 
provide appropriate protection against unacceptable radia
tion dose levels to people where drinking water is the only 
significant source of exposure above natural background. 
Where fish or other fresh or marine products that have 
accumulated radioactive materials are used as food by hu
mans, the concentrations of the radiosiotopes in the water 
must be further restricted to ensure that the total intake of 
radioisotopes from all sources will not exceed the recom
mended levels. 

Conclusions 

Previous attempts to restrict radioactive discharges to 
marine environments have resulted in recommended maxi
mum permissible concentrations in sea water (National 
Academy of Sciences l 959a, 394 l 959b, 395 1962, 396 1971 397). 

These recommendations are most useful as a first approxi
mation in predicting safe rates of discharge of radioactive 
wastes, but their applicability as water quality recommenda
tions is limited and they are not intended for general use in 
fresh or estuarine waters where the concentrations of a great 
variety of chemical elements vary widely. 

Three approaches to the control of levels of radioactivity 
in the aquatic environment have been used: (!) controlling 
the release of radioactivity based upon the specific activity 
approach-the ratio of the amount of radioactive isotope 
present to the total amount of the element (microcuries per 
milligram) (National Academy of Sciences 1962), 396 (2) 
relating_ the effects of radiation upon aquatic organisms 
caused by a given concentration of a radioisotope or com
binations of radioisotopes in the water, and (3) restricting 
concentrations of radioisotopes to those permitted in water 
and food for human consumption. 

Since concentrations of stable elements vary from one 
body of water to another, and with time, and since adequate 
data are not available to relate effects of radiation upon 
aquatic organisms to spe_cific levels of radioactivity in the 
water, restrictions contained in the Code of Federal Regu-
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lations (1967) 386 on liquid effluents are considered adequate 
to safeguard aquatic organisms. 

Because it is not practical to generalize on the extent to 
which many of the important radioisotopes will be concen
trated by aquatic organisms, nor on the extent to which 
they will be used for food by people, no attempt is made 
here to specify maximum permissible concentrations (MPC) 
for water in reference to uptake by the organisms. Rather, 
each case requires a separate evaluation that takes into ac
count the peculiar features of the region. Such an evaluation 
should be approved by an agency of the State or Federal 
Government in each instance of radioactivity contamina
tion in the environment. In each particular instance of pro
posed contamination, there must be a determination of the 
organisms present, the extent to which these organisms 
concentrate the ratioisotopes, and the extent to which man 
uses the organisms as food. The rates of release of radio
isotopes must be based on this information. 

Recommendation 

Aquatic organisms concentrate radioisotopes to 
various degrees in their tissues. The concentration 
in sea water should be low enough so that the con
centration in any aquatic species will not exceed 
Radiation Protection Guides of the U.S. Federal 
Radiation Council (1961)401 for organisms harvested 
for use as human food. This recommendation is 
based upon the assumption that radiation levels 
which are acceptable as human food will not injure 
the aquatic organisms including wildlife. 

SEWAGE AND NUTRIENTS 

Magnitude of the Problem 

The discharge of municipal sewage is a major factor 
affecting the water quality of receiving systems. Because 
the amount of municipal waste produced is directly related 
to the human population, the unit emission rates together 
with information on the number of people using a system 
provide an accurate estimate of the load that is imposed on 
a particular estuary or section of coastal water. 

The effect of sewage discharges on water quality varies 
widely and depends on (1) its composition and content of 
toxic materials, (2) the type and degree of treatment prior 
to discharge, (3) the amount released, (4) the hydrody
namics of the receiving waters, and (5) the response of the 
ecosystem. Increasing human population and affluence 
have resulted in increasing amounts of domestic and in
dustrial wastes. However, because the kind and degree of 
treatment often can be improved, it should be possible to 
cope with this pollution problem and to maintain or im
prove the quality of the marine environment. 

In most cases the discharge of sewage effluent is inten
tional and the source of sewage and sewage treatment 
products entering marine ecosystems can be described more. 

TABLE IV-8-Average Sewage Emissions for a Densely 
Populated Area 

Constituent Mass emission rate (tons/day)• Unit emission rate (lb/capita/da 

Dissolved solids 
Suspended sohds 
BOD 
Total nitrogen (N) 
Phosphate (Po,) 

• For 700 mgd of sewage; populabon of 7 million. 
NAS·NRC Committee on Oceanography 197om. 

:1.600 
565 
560 
165 
100 

1.03 
0.162 
0.160 
0.047 
0.029 

accurately than the sources of other pollutants entering th 
ecosystem. The volume of discharges and certain aspects c 

their composition, specifically, the amount of organic ma1 
ter and the inorganic nutrients, can be monitored contint 
ously by existing automated methods. Average values fc 
some important constituents and their emission rates in 
densely populated coastal area are given in Table IV-8. 

Runoff from agriculture areas is an important factor i 
the nutrient enrichment of freshwater systems, but it is le: 
important to marine systems because relatively fewer farrr 
are concentrated on estuaries and coasts. Nevertheless, agr 
cultural practices should be considered. Pesticides, ferti 
izers and animal wastes may be carried by rivers int 
estuaries. Runoff from duck farms was involved in a stud 
on excessive nutrient enrichment by Ryther (1954).4 
Commoner (1970) 404 has emphasized that in the Unite 
States during the last twenty-five years the amount of n 
trogen used in agriculture has increased fourteenfold whi 
the amount of nitrogen releao.ed via sewage has increase 
only seventy per cent. 

In addition to degradable organic materials derived froi 
fecal and food wastes, municipal sewage also contains 
wide variety of ''exotic" or synthetic materials that are nm 
degradable or degrade slowly and only under special cone! 
tions (e.g., petroleum residues, dissolved metals, detergent 
dyes, solvents, and plasticizers). Some of these adverse 
affect the biota of receiving waters, and many interfere wi1 
the biological degradation of organic matter either in tt 
treatment plant or in the environment. Because was 
treatment technology currently in use is designed to tre; 
the fecal and food material:; derived from organic waste 
an operational definition of municipal sewage "exotics" 
all those materials not derived from fecal or food source 
If the exotic materials accumulate in the receiving ecosy. 
tern, the capacity for recycling of the degradable organ 
materials may be reduced. 

Oxygen Depletion 

Efficient biological degradation of organic materials ri 

quires dissolved oxygen, and overload of sewage in receivir; 
waters can result in oxygen depletion and secondary effec 
such as objectionable odors, plant and animal die-off, an 



generally decreased rates of biological degradation. Such 
effects can also be created by excessive algal growth and 
subsequent die-off. 

The most widely used method for estimating the organic 
pollution load of a waste is the 5 day Biochemical Oxygen 
Demand Test (BOD5). Discussions of the test (Fair et al. 
1968, 407 Standard Methods 1971 403

) and its limitations 
(\'\"ilhm and Dorris 1968426

) are available. Among the im
portant limitations of the BOD5 are: it does not indicate the 
presence of organics which are not degraded under the pre
scribed conditions; it assumes that no toxic or inhibitory 
materials will affect microbial activity; and it does not 
measure the nitrogeneous oxygen demand of the organic 
waste. The chemical oxygen demand (COD) is an alternate 
procedure for determining the amount of oxidizablc ma
terial in a water sample. However, it does not indicate the 
nature of biological oxygen consumption in a given time, 
and it does not distinguish between inorganically and or
ganically oxidizable materials. Both BOD5 and COD 
measurements must be recognized as being only partial 
descriptions of the sewage load of a receiving water. \'\'hile 
BOD5 and COD measurements are useful for evaluating 
treatment systems, these two measurements do not ade
quately assess the environmental impact of a given sewage 
load (\Vilhm and Dorris 1968). 42 6 

Excessive Nutrient Enrichment 

Marine plants, like those on land and in fresh water, re
quire fertilizing elements essential for their growth and re
production. These essential elements are natural constitu
ents of municipal sewage and the amount that can be added 
to the marine environment without deleterious effect is de
termined by the stimulated growth of aquatic plants. Even 
if the major share of the organic material is removed from 
the sewage in treatment plants, the growth of normal 
marine plants can increase if the fertilizing elements present 
in sewage are added to the environment. Sewage treatment 
plants are designed to remove the organic material and the 
suspended solids and to decrease the bacterial population 
by disinfection. In most cases, this is done by processes that 
release or "mineralize" the plant nutrients which then stim
ulate the growth of algae in the receiving waters. In only a 
few cases have efforts been made to remove these fertilizers 
from the effluent to prevent or reduce the excessive growth 
of plants in the aquatic environment. 

In the marine environment, growth of phytoplankton is 
commonly limited by the availability of essential nutrients, 
the most important of which are phosphorus and nitrogen 
in available forms. In some cases, shortages of silicate can 
inhibit the growth of the diatoms and encourage growth of 
other species. In certain limited areas, other elements such 
as iron and manganese have been reported as limiting 
growth of algae, and the presence or absence of other 
growth stimulating substances, such as vitamin B12, can in
fluence both the amount and the character of plant species 
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capable of growing. It should be noted that in the marine 
environment, several elements essential for plant growth 
such as potassium, magnesium, and sulfur, are present in 
great excess. 

Organic material produced by natural phytoplankton 
populations produces an oxygen demand when the material 
is consumed or decomposed. Oxygen is produced by the 
process of photosynthesis, but this production occurs only 
near the surface during daylight when the amount of light 
penetrating the water is adequate. Due to the sedimentation 
of dead organic particulate material, decomposition usually 
takes place in the deep waters where photosynthetically pro
duced oxygen is not available. 

The amount of organic material which can be produced 
by marine phytoplankton as a result of the addition of 
fertilizing elements is dependent upon the composition of 
the organic material. Redfield et al. (1963) 420 give the fol
lowing ratios as characteristic of living populations in the 
sea and of the changes which occur in amounts of various 
elements left in water as a result of algal growth 

~O: 

276: 
138: 

~C: 

106: 
40: 

~N 

16 
7,%1: 

~P= 

by atoms or 
by weight 

In addition to the readily available forms of phosphorus 
and nitrogen (dissolved orthophosphate, ammonia, nitrite, 
and nitrate), organic forms of phosphorus and nitrogen may 
be made available by bacterial decomposition. Some dis
solved organic nitrogen compounds are also available for 
direct assimilation. 

It should be emphasized that these ratios are not con
stant in the rigorous sense of the stoichiometric ratios in 
chemistry. The plant cells can both enjoy a "luxury" con
sumption of each element (Lund 1950) 414 or survive nutri
tional deficiencies (Ketchum 1939, 410 Ketchum et al. 
1949 411). In terms of the total production of organic ma
terial these variations are important only when concentra
tions of the elements are unusually low. It has been shown, 
for example, in New England coastal waters that nitrogen is 
almost completely removed from the sea water when there 
is still a considerable amount of phosphorus available in the 
system. Under these circumstances the plants will continue 
to assimilate phosphorus, even though total production of 
organic matter is limited by the nitrogen deficiency 
(Ketchum et al. 1958, 412 Ryther and Dunstan 1971 423

). 

The amount of oxygen dissolved in sea water at equi
librium with the atmosphere is determined by salinity and 
temperature. Nutrient elements added to the marine en
vironment should be limited so that oxygen content of the 
water is not decreased below the criteria given in the dis
cussion of Dissolved Oxygen in this Section. In many pol
luted estuaries, the amount of fertilizing elements added in 
municipal sewage is sufficient to produce enough organic 
material to completely exhaust the oxygen supply during 
decomposition. The oxygen content of sea water and of 
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fresh water at equilibrium with the atmosphere is presented 
for different temperatures in Table IV-9. For the purposes 
of this table, a sea water of 30 parts per thousand (%0 ') 

salinity has been used, which is characteristic of the near
shore coastal waters. The salinity effect on concentration of 
oxygen at saturation is minor compared to effects of tem
perature in the normal ranges found in coastal waters. 

From the ratios of elements given above and the satura
tion values for oxygen, one can derive the effect of nutrient 
enrichment of marine waters. For example, from an addi
tion of phosphorus and available nitrogen to final concen
trations of 50 and 362.5 micrograms per liter respectively 
in the receiving water, enough organic material could be 
produced to remove 6. 9 milligrams per liter of oxygen from 
the water. Data in Table IV-9 indicate that sea water with 
a salinity of 30 %0 and a temperature of 25 C will contain, 
at saturation, 6.8 milligrams of oxygen per liter. This con
centration of nutrients would thus permit the system to be
come anoxic and would violate the requirement that oxygen 
not be changed beyond levels expressed in the section on 
Dissolved Oxygen. Fresh water would contain B. l mg/ l of 
oxygen at saturation at 25 C, so that the same amount of 
nutrient addition would remove 84 per cent of the available 
oxygen. 

The example used might be considered to set an upper 
limit on the amount of these nutrients added to water. The 
actual situation is, of course, much more complicated. It is 
clear from the data in Table IV-9 that summer conditions 
place the most stringent restrictions on nutrient additions to 
the aquatic environment. Furthermore, the normal content 
of nutrients in the natural environment has to be cow;idered. 
If these were already high, the amount of nutrients that 
could be added would have to be reduced. As mentioned 
above, the ratio of elements present in the natural environ
ment would also be important. Nitrogen is frequently the 
element in minimum supply relative to the requirement of 
the phytoplankton, and addition of excess phosphorus under 
these circumstances has less influence than addition of nitro
gen. Differences in the ratios of nitrogen to phosphorus may 
also modify the type of species present. Ryther (1954), 422 

for example, found that unusually low nitrogen to phos
phorus ratios in l\1oriches Bay and Great South Bay on 
Long Island, New York, encourage the growth of micro-

TABLE IV-9-Efjects of Salinity and Temperature on the 
Oxygen Content of Water in Equilibrium with Afr at 

Atmospheric Pressure 

Temperature C Salinity o /oo Oxygen mg/I Sahmty D/oo Oxygen mg/I 

25 30 6.8 8.1 
20 30 7.4 8.9 
10 30 9.1 10.9 
0 30 11.65 14.15 

Richards and Corwin 1956421• 

scopic forms of Nannochlorif atomus at the expense of ti 
diatoms normally inhabiting this estuary. 

Many forms of blue-green algae are capable of fixi1 
nitrogen from the gaseous nitrogen dissolved in sea wat< 
Nitrogen deficiencies could be replenished by this mcc:h 
nism so that decrease in phosphorus content without co 
comitant decrease in nitrogen rnntent might still lead 
overenrichment, as well as sbift the dominant phytoplar 
ton population. 

Oxygen content of upper water layers can be increased 
exchanges with the atmosphere. This proces<> is proportio1 
to the partial pressure of ox ygcn in the two systems so tl' 
the more oxygen deficient the water becomes, the me 
rapid is the rate of replacement of oxygen in the water 
atmospht'ric oxygrn. Finally, mixing and dilution of t 

contaminated water with adjacent bodies of water cm 
make additional oxygen available. All of these variab 
must he considered in order 10 ddermine acceptable lcY 

at which nutrients present in sewage can be added to 
aquatic environment. In facl, many polluted estuaries 
ready contain exces<>ive amou ·its of these fertilizing clcmei 
as a result of pollution by mu iicipal sewage. 

The effects of ratios of elements discussed above hav•: 
very important bearing upon some of the methods of cc 
trol. For example, the removal of phosphates alone from t 

sewage will have an effect upon the processes of ov• 
enrichment only if phosphorus is indeed the element lirn 
ing production of organic matter. \Vhcn nitrogen is lirn 
ing, as it is in New England coastal waters according 
Ryther and Dunstan (1971), 423 the replacement of ph• 
phorus by nitrogen compounds, such as nitrilotriacet< 
(NTA) could be more damaging to the ecosystem than cc 
tinued use of phosphate-base< l detergents. 

Pathogenic Microorganisms 

The fecal coliform index i;: the most widely used m1c 
biological index of sanitary quality of an estuary. Fe, 
coliform indices repre5cnt a compromise between the id, 
of direct determination of bacterial and viral pathogens 
time-consuming laboratory procedures, and the indin: 
less indicative but practical exigencies. Laboratory methc 
for quantitative enumeration of virus currently are bei 
developed and their present status is one of promise, l 
more time is needed for their evaluation. Bacterial pathog 
detection frequently requires :;pecial laboratory attention. 

Virus, in general, may exhibit considerably longer s1 
viva! times in water and shellfish as compared to fo 
coliform bacteria. Under the::e circumstances a negative 
coli test can give a false impression of the absence of vi 
pathogens (Slanetz et al. 1965, 424 Metcalf and Stiles l 96B 41 

Fecal coliform multiplication may possibly occur in p 
luted waters leading to further difticulties in interpreti 
sanitary quality. 

Disinfection of waste wa1er by chlorine is eftective in 1 

moving most pathogenic bacteria but unpredictable in 1 



ducing the number of viruses. Differences in resistance of 
bacteria and virus to chlorination may result in the appear
ance of infectious virus in treated effluents devoid of bac
teria. Failure to demonstrate the presence of viruse-; would 
be the bco;t way to insure their absence, but such capability 
awaits clcvclopmcnt of methods adequate for quantitative 
enumeration of virus in water. 

The pollution of estuaries with waste products has led to 
the contamination of shellfish with human pathogenic 
bacteria and virw.,c's. Outbreaks of infectious hepatitis and 
acute gastroenteritis derived from polluted shellfish ha\·e 
reinforced concern over the clangers to public health associ
ated with the pollution of shellfish waters. The seriousness of 
viral hepatitis a> a world problem has been documented by 
Mosle\ and Kendrick (1969). 416 Transmission of infectious 
hepatitis as a consequence of sewage-polluted estuaries has 
occurred through consumption of virus-containing shellfish, 
either raw or improperly cooked. Nine outbreaks of inft:c
tious hepatitis have been attributed to ;,hcllftsh (Liu 1970). 413 

Contamination of water b\ sewage leads to the closing of 
oyster beds to commi:rcial harvesting, cln1\ ing public use 
of a natural re-:ourcc and causing economic repercussions 
in the ,hellfo,/1 inclmtn. (See the di,eussion of Shellfish in 
Section I on Recreation and Ai:sthctico;.) 

Sludge Disposal into Marine Waters 

Dumping of <.,C\\·age ,Judge in the ocean continue'> and this 
practice, although at present indispensable, constitutes a 
lo" of one rc;,ourcc and potential danger for another. A 
stuch· on the :'.\cw York Bight sludge and spoil dumping 
area ha-: shm\ n that an accumulation of toxic metals and 
pctrokum materials appear to have reduced the abundance 
of the lwnthic im,crtcbratc' that normally rc\vork the sedi
ments in a health\ bottom community (Pearce 10b'.)). 41

'' 

Deep Sea Dumping 

Biological degradation of organic wa-;tc material<; is gcn
erall\ affected by micro-biota ancl chcmophysical environ
mental factors. The deep 'ca is increasingly comidcred for 
the di,po;,al of organic \\a-:tc materials. A recent study 
(Janna,ch ct al. 1071) 411'1 has shm\·n that rate-; of bacterial 
acti\'it\ in degrading organic materials was slowed by 
about l\\O orders of magnitude at deptho, of 5,000 to 15,000 
feet as compared to samples ki:pt at equal temperatures 
(38 FJ in the JalmratorY. Since (a) the dispo,al of organic 
\\ask' should be designed on the basis of rapid decomposi
tion and reqclin\!, and (b) there is no control of the pro
cc"c' follm\·ing dcep-:,ca clispmal, this environment cannot 
be cmhidcrecl a suitable or safe clumping site. 

Potential Beneficial Uses of Sewage 

Light loads of either organic-rich raw sewage or nutrient
rich biological treatment (secondary) effluent increase bio
logical productivity. Except for short-term data on increased 
fish and shellfish production, beneficial effects have rarely 
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been sufficiently documented, but at the present time several 
active research programs are underway. Some degree of 
nutrient enrichment exists today in most estuaries close to 
centers of populations. These estuaries remain relatively 
productive and useful for fishing and recreation. Certain 
levels of ecosystem modification via organic and nutrient 
enrichment appear to be compatible with current water 
uses; however, subtle changes in ecosystems may be accom
panied by later, more extensive change. 

The possibility of intensive use of essential plant nutrients 
in waste material to increase the harvestable productivity 
of estuarine coastal systems has been suggested as a logical 
way to treat sewage and simultaneously derive an economic 
benefit. Aquaculture systems would essentially be an ex
tension of the waste treatment process. Conceptually, aqua
culture is a form of advanced treatment. The limiting factor 
involves problems presented by toxic synthetic chemicals, 
petroleum, metals, and pathogenic microorganisms m 
effluents of conventional biological treatment plants. 

Rationale for Establishing Recommendations 

It is conceptually difficult to propose a level of nutrient 
enrichment that will not alter the natural flora because 
seasonal phytoplankton blooms with complex patterns of 
species succession arc an integral part of the ecology of 
estuarine and coastal waters. The timing and intensity of 
blooms vary from year to year and patterns of species suc
cession are frequently different in successive years. The 
highly productive and variable ccologr of estuaries makes it 
difficult to differentiate between the early symptoms of arti
ficial nutrient enrichment and natural cyclic phenomena. 
In addition, there have already been major quantitative 
and qualitative changes in the flora of marine waters close 
to centers of population. These changes are superimposed 
on the normal patterns of growth and may not in themselves 
impair the recreational and commercial use of waters. 

Simulation modeling has been used to predict the total 
phytoplankton re'iponse to given nutrient inputs with success 
by O'Connor (1%5) 418 and DiToro ct al. (1971) 40;, in the 
San .Joaquin Estuary and by Dugdale and \\'hitledge 
(1970) 406 for an ocean outfall. Their models predict the 
phytoplankton rcsporn;e from the interaction of the kind 
and rate of nutrient loading and the hydrodynamic dis
persal rates. This technique, although not perfect, facilitates 
evaluation of the ecological impact of given nutrient loads, 
but does not help in deciding what degree of artificial en
richment is safe or acceptable. 

Recommendations 

• Untreated or treated municipal sewage dis
charges should be recognized as a major source of 
toxic substances. Recommendations for these con
stituents will limit the amount of sewage effluent 
that can be dispersed into estuaries. Reduced 
degradation rates of highly dispersed materials 
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should be considered if the effluent contains re
fractory organic material. Undegradable synthetic 
organic compounds do not cause oxygen depletion 
but can still adversely affect the ecosystem. Main
tenance of dissolved oxygen standards will not pre
vent the potentially harmful buildup of these 
materials. Specific quantitative analyses should be 
done to identify and assess the abundance of these 
compounds. 

• The addition of any organic waste to the ma
rine environment should be carefully controlled to 
avoid decomposition which would reduce the oxy
gen content of the water below the levels specified 
in the recommendations for oxygen. 

• Neither organic matter nor fertilizers should 
be added that will induce the production of organic 
matter by normal biota to an extent causing an 
increase in the size of any natural anoxic zone in 
the deeper waters of an estuary. 

• The natural ratios of available nitrogen to 
total phosphorus should be evaluated under each 
condition, and the element actually limiting plant 
production should be determined. Control of the 
amount of the limiting element added to the water 
will generally control enrichment. 

• If the maximum amounts of available nitrogen 
and phosphorus in domestic waste increase the 
concentration in receiving waters to levels of 50 
micrograms per liter of phosphorus and 360 micro
grams per liter of nitrogen, enough organic matter 
would be produced to exhaust the oxygen content 
of the water, at the warmest time of the year under 
conditions of poor circulation, to levels below those 
recommended (seep. 275). These concentrations of 
nutrients are clearly excessive. 

• The potential presence of pathogenic bacteria 
and viruses must be considered in waters receiving 
untreated or treated municipal sewage effluents. 
The present quality standards for fecal coliform 
counts (see pp. 31-32) should be observed. The 
procedures for the examination of seawater and 
shellfish as recommended by Hosty et al. (1970)4os 

should be used. 
• Disposal of sludge into coastal waters may ad

versely affect aquatic organisms, especially the 
bottom fauna. Periodic examination samples 
should determine the spread of such an operation 
to aid in the control of local waste material loads. 
The probable transport by currents should be care
fully considered. The dumping of sludge into 
marine waters should be recognized as a temporary 
practice. 

• Disposal of organic wastes into the deep-sea is 
not recommended until further studies on their 
fate, their effect on the deep-sea fauna, and the 

controllability of such a procedure have been com· 
pleted. 

SOLID WASTES, PARTICULATE MATTER, AND 
OCEAN DUMPING 

Disposal of solid wastes has become one of the most ur
gent and difficult problems in crowded urban centers 
Ocean disposal of these waste materials is receiving in
creased attention as land suii:able for disposal becomes in
creasingly difficult to find. 

Solid wastes are of many types and each may have ;J 

different impact on tl1e marine environment. Household 
and commer~ial rubbish as wel: as automobiles and sewag( 
dudge are disposed of at sea. Industrial wastes may bt 
either solid or dissolved material, of varying toxicity. Har
bor channels need continuous dredging, temporarily in
creasing the suspended sediment load, and the spoils often 
are dumped in coastal waters. Building rubble and stone 
also often arc placed in the sea. The impact of disposal ol 
these different materials into the ocean will range from 
innocuous to seriously damaging. 

Particulate material is also discharged to the ocean bv 
rnrfacc runoff, sewage outfalls, and storm sewers (Muni
cipality of Metropolitan Seattle 1965 ). 464 Much of this 
material settles to the bottom at or near the discharge site 
(Gross 1970). 443 An increasing! y important method of dis·
posal is that of barging solids offshore to be dumped in 
coastal areas. Table IV-10 show;: compilation of the: amounts 
of wastes barged to sea in 1968 on the Pacific, Atlantic, 
and Gulf Coasts (Smith and Brown 1969). 476 

Dredge Spoils 

Dredge spoils make up a major share of sea disposal 
operations. Their composition depends upon the source 
from which they were obtained. Saila et al. (1968)472 were 
able to differentiate between dredged spoil from Providence 
Harbor dumped offshore and sediments of the natural 
bottom in the dumping area (Rhode Island Sound). Gross 
(1970) 443 suggests that dredge f poi! generally consists of a 
nixturc of sands, silts, and wastes which form the surface 
deposits in harbors. He compared minor clement concen-· 

1'ABLE IV-IO-Ocean Dumping:· Types and Amounts, 1968 

(In tons) 
Wmetype Atlantic Gulf Pacific Total 

--------~--~-----------· 

Dredge spoils 15,808,000 15,300,000 7,320,000 38,428,000 
ln~ustnal wastes 3,013,200 696,000 981,300 4,690,5{10 
Stwage sludge 4,477,000 0 0 4,477,000 
Cvnstruct1on and demolition debris 574, 000 0 0 574,000 
Solid waste. 0 0 26,000 26,000 
E1plosives 15,200 0 0 15,200 

Total 23, 887, 400 15,966,000 8, 327,300 48, 210, 700 

Council on Environmental Quality 1970"'· 



trations m harbor sediments, dredged wastes, and conti
nental shelf sediments. The median values of observed con
centrations were clearly different, although the ranges of 
concentratioiis overlapped. 

The proportion of dredging spoils from polluted areas is 
illustrated in Table IV-11. 

A variety of coastal engineering projects involve changes 
in suspended loads and sedimentation (I ppen 1966, 447 

Wicker 1965480). Because important biotic communities 
may inhabit the sites selected for these projects, conflicts 
arise concerning navigational, recreational, fisheries, con
servation, and municipal uses of the areas (Cronin ct al. 
1969). 436 Although our knowledge about the effects is 
limited and the literature is widely scattered, Copeland 
and Dickens (1969) 433 have attempted to construct a picture 
of how dredging affects estuarine ecosystems from informa
tion gathered in the upper Chesapeake Bay, Maryland, 
Redfish Bay, Texas, and an intracoastal canal in South 
Carolina. 

The biological effects of suspended loads, sedimentation, 
dredging methods and spoil disposal may range from gross 
damage, such as habitat destruction and smothering, to 
more subtle effects under low but chronic conditions of 
sedimentation over long periods of exposure. The- channeli
zation, dumping of spoils, dredging, and filling in the Gulf 
Coast estuaries had destroyed roughly 200,000 acres of 
swamp, marsh, and bay bottom areas by 1968 (Chapman 
1968, 432 Marshall 19684''9). 

Mixtures of clays, silts, fine sands, and organic matter, 
sometimes referred to as "faunally rich muddy sand," tend 
to support larger benthic populations than coarse clean un
stable sands, gravels, or soft muds (Carriker 1967)·130 over 
or through which locomotion may be difficult (Yonge 
1953). 482 Close relationships exist between the presence of 
organic matter, the mechanical nature of sediments, and 
infauna! feeding habits (Sanders 1956, 473 1958, 474 McNulty 
et al. 1962, 461 Brett cited by Carriker 1967·13n). 

Ten years after dredging Boca Ciega Ba; invertebrate 
reco Ionization of canal sediments (92 per ce-nt silt and clay; 
3.4 per cent carbon) was negligible-. None of 49 fish species 
caught in these canals (as compared to 80 species in un
dredged areas) was demersal, apparently because of the 
lack of benthic fish food organisms on or in the canal de-

TABLE IV-11-Estimated Polluted Dredge Spoils 

Total spoils (m tons) Estimated percent of 
total polluted spmlsa 

Total polluted spoils 
(m tons) 

-----------

Atlantic Coast 
Gulf Co•st 
Pacific Coast. 

Total 

15,808,000 
15,300,000 
7,320,000 

38,428, 000 

45 
31 
19 
34 

7, 120,000 
4, 740,000 
1, 390, 000 

13,250,000 

a Estimates of polluted dredge spoils consider chlorine demand; BOD; COD; volatile solids; oil and grease; 
concentrations of phosphorous, nitrogen, and iron; silica content; and color and odor of the spoil~ 

Council on Environmental Quality 1970"' 
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posits (Taylor and Saloman 1968). 477 Breuer (1962) 429 

noted that layers of dead oyster shell in South Bay corre
sponded to layers of deposited spoil from dredging and re
dredging of the Brownsville Ship Channel. He thought that 
this suggested destruction of South Bay oyster populations 
with each dredging operation. 

Pfitzenmeyer (1970) 470 and Flemer et al. (1967) 441 noted 
a 71 per cent reduction in average number of individuals 
and a marked reduction in diversity and biomass in a spoil 
area in upper Chesapeake Bay after dredging ceased. One 
and one half years after dredging, the number of individuals 
and species diversity of the spoil disposal area, but not in 
the channel, were the same as those of the surrounding 
area. 

In lower Chesapeake Ba), Harrison et al. (1964) 414 ob
served a transitory effect of a dredging and spoil disposal 
operation on infauna. Resettlement of the dredged and dis
posal areas was very rapid by active migration and hydro
dynamic distribution of juveniles. 

Mock (1967) 463 noted that an unaltered shore in Clear 
Lake, Texas, produced 2.5 times more post larval and ju
venile brown shrimp (Penarno aztecus) and 14 times more post 
larval and juvenile white shrimp (Pcnal'lls setifmll) than a 
similar bulkheaded shore. In a laboratory stuck using simi
lar substrates, \\'illiams' (l 958) 4 K

1 data sugge-sted that the 
type of substrate ma) e-xnt its influence through its effect 
on available cover, although a contributing factor may be 
the different food conte-nt of the substrate. 

Ba)less (1968)·127 observe-cl higher average hatches of 
striped bass eggs (i\forone saxatil!is) on coan,e sand (58.9 per 
cent) and a plain plastic pan (60.3 per ce-nt) than on silt
sand (21 per cent), silt-clay-sand (4 per cent) or muck 
detritus (none). These results tend to support Mansucti's 
(1962) 458 and Huet's (l 965) 44r. contention that deposition 
of suspended matter ma) interfere with or prevent fish 
reproduction by destruction of ckmersal eggs in upper 
estuarine areas. 

Sewage Sludges 

Sewage sludges contain about 5 per cent solids which 
consist of about 55 per cent organic matter, 45 per cent 
aluminosilicatc:;, and tend to contain concentrations of 
some he-avy metals at least ten times those of natural sedi
ments (Gross 1970). 443 

Sewage sludge has been clumped off New York Harbor 
since 1924 in the same area. Studies by Pearce ( l 970a, 463 

b) 166 show that the normal bottom populations in an area 
of about 10 square miles have been eliminated and that the 
benthic community has been altered over an area of approxi
mately 20 square miles. Even the nematodes, unmually 
tolerant to pollution, are relatively scarce in the smaller 
area. In areas adjacent to the sewage sludge disposal area 
the sea clams have been found to be contaminated by 
enteric bacteria and the harvest of these clams in this area 
has been prohibited. The oxygen content of the water near 
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the bottom is very low, less than 10 per cent of saturation 
in August, the warmest time of year. Chemical analysis of 
the sludge deposits have shown not only high organic con
tent but also high concentrations of heavy metals and 
petrochemicals. In this area of the New York Bight, fin-rot 
disease of fish has been observed and is being investigated 
(Pearce l 970b). 466 In laboratory tests it has been shown 
that sludge deposits can cause necrosis of lobster (Homarus 
ammranus) and crab shells and tend to clog their gil\c; so 
that survival of these species in contact with the sludge de
posits is very brief. In other laboratory experiments, orga
nisms given a choice of substrate tend to avoid the sludge 
material in favor of the walls of the container or other sur
faces that were made available (Pearce 1970b).rn6 Thl'se 
studies have indicated that the disposal of sewage sludge 
has had disastrous ecological effect<; on the populations 
living on or near the bottom. 

Many aspects associated with sludge clumping in the 
New York Bight require further investigation. It is not 
known, for example, how much of the material being 
dumped there is accumulating and how much is being de
composed. The effects of hcavv metal;., of oxygen-demand
ing materials, and of other components are imperfectly 
understood. \\"hen the rate of deliver> of organic wa<,tc 
matcria\c; to an aquatic environment exceeds its capacity to 
recover, the rate of deterioration can be rapid. If, or when, 
sewage sludge cfr;posal in this particular area of the !\cw 
York Bight is tcnninatecl studies could determine whether 
the bottom populatiom can repopulate the area. 

Solid Wastes 

The amount of household and commercial rubbish to be 
disposed of in the llnitecl State-; is about 5 lbs per capita 
per clay and is expected to increase to 7-Yz lbs per capita 
per day (for a larger population), I)\· the encl of the present 
decade. Proposals have been made to collect and bale 
waste for transportation to the 'ca where it \\·oulcl be 
clumped in waters 1000 meters deep or more. It would be 
nccessarv that the bales be compacted to a dcnsit\· greater 
than sea water so that they would sink, and that no loose 
floating objects would be released from the bale. Among 
the suggestions made is that the bale' be wrapped in plastic 
to avoid any leaching from the contents. 

Pearce ( 1971) ""~ reports that bales of compacted garbage 
wrapped in pla:;tic and reinforced paper disintegrated in a 
few weeks when placed in water 10 to 20 meters deep off 
the coast of ~ew Jersey. Compacted bales of refuse were 
also anchored at a depth of 200 meters off the Virgin Islands 
Pearce ( l 970c). 167 These were retrieved and inspected after 
approximately three months of exposure. Little growth had 
occurred on the surface of the bales, but some polychaete 
worms had penetrated the bales to a depth of 2-3 cm., and 
the material within the bale had decomposed to a limited 
extent. Relatively high counts of total coliform bacteria 
(96,000 Most Probable Number, MPN) and of fecal coli-

forms ( 1,300 MPN) were found in materials retrieved fror 
the interior of the bales, indicating prolonged survival o 
growth of these nonmarine forms and suggesting a possibl 
hazard of introduction of pathogens to the sea. The ecc 
logical effects of disposing of these materials are inadt 
quately known. 

Di'iposal of solid wastes, including dredging spoils an 
sewage sludge into the deep waters off the edge of the Cont; 
nental Shelf (more than 200 meters) has been frequent[ 
suggested as a way to protect the inshore biota. Howeve1 
the rate of decomposition of organic material at the hig 
pressure and low temperatm e of the deep sea is very muc 
slower than it would be at the same low temperature ;J 

atmospheric pressure (.J annasch et al. 1971) : 14P The orga 
nisms in the deep sea l1avc evolved in an extremely constan 
environment. They are, therefore, unaccustomed to the un 
usual stresses which confront organisms in more variabl 
situations typical of coastal waters. Biologists interested i 
studying the bottom popula ti:)Jls of the deep >ea arc c:1 
tremclv concerned about altering these populations befor 
there is an opportunity to study them thoroughk. 

Industrial Wastes 

A wide variety of industrial waste is being dumped a 
sea. If this is discharged as a solution or slurry from a mov 
ing ship or barge it will be diluted in the turbulent wak 
and by the normal turbulence of the sea (Ford and Ketclrnr 
1952). rn The rccommcndat[ons for mixing zones (p. 23 l 
and for the constituents of s.pecific waste material include1 
should be applied to each such operation. 

One such operation which lias been extensively studie; 
is the cli~posal of acid-iron wastes in the New York Bigh 
(Redfield and \ \' alforcl 1951, m Ketchum et al. 1951, 4: 

\"acarro et al. 1972, 47 ~ \\'icbe et al. in Jirtn 1972479). Eve1 
though this disposal ha-; proceeded for over tw1~nty yean 
no adverse effects on the marine biota have been demon 
stratecl. The acid is rapidly neutralized by sea water and th 
iron is precipitated as nontoxic ferric hydroxide. Thi-; is 
flocculant precipitate and th1~ only accumulation abov 
normal background levels in the sediments appears to be i1 
the upper encl of the Hudson Cam on, close to the specifie; 
dumping area. The so-called "acid grounds" have becom 
a favored area among local blue fishermen. ~.1ore toxi.' 
materials would clearly present an entirely different set o 
problems. Thi' illustrates the need for a rational approacl 
to problems of ocean dumping. 

Other Solid Wastes 

Automobiles are sometimes dumped at sea, and som1 
work has been done on an experimental basis in an effor 
to determine whether artificial reefs can be created fron 
them to improve sport fishing. There is evidence that th• 
number of fish caught over these artificial reefs is greate 
than over a flat level bottom, but it is not yet certain whethe 



this represents an aggregation of fishes already in the area 
or an actual increase in productivity. 

Disposal of building rubble (brick, stone, and mortar) 
at sea is not widely practiced. Presumably, this material 
could form artificial reefs and attract populations of fish, 
both as a feeding ground and by providing some species 
with cover. Obviously, the bottom organisms presc-nt would 
be crushed or buried, but Pearce ( l 970a, 465 b) 466 found no 
permanent detrimental effects in the building rubble dis
posal site off New York City. 

Suspended Particulate Materials 

In addition to specific waste disposal operations, sus
pended particulate material, seston, may be derived from 
other sources, and have a variety of biological effects. Par
ticulate material can originate from detritus carried by 
rivers, atmospheric fallout, biological activity, chemical re
actions, and resuspension from the bottom as a result of 
currents, storms, or dredging operations. The particles intro
duced by rivers can be rock, mineral fragments, and clay 
serving as a substrate for microorganisms or affecting light 
transmission in the water column. In addition, organic 
matter fragments, which make up 20 to 40 per cent of 
particles in coastal waters (Biggs 1970, 12

' Manlwim et al. 
19704"7) may comprise .50 per cent to 80 per cent of sus
pended material further offshore. Particle concentrations 
generally range from I to 30 mg · 1 in coa:--tal \\ atcrs to about 
0.1 to I mg/ 1 at the surface in the open ocean. l-fo.\"her con
centrations occur near the bottom. 

The estimated yearly sediment load from rivers to the 
world oceans is estimated at 20 to 36 X IO' tons'' ith BO per 
cent originating in Asia (Holeman 196B). H;, Much of this 
load is trapped in estuaries and held inshore b\ the general 
landward direction of ~ubsurface coastal currents (1'.1eadc 
1969). 462 Gross (1970) 443 suggests that 90 per cent or more 
of particles originating from rivers or discharged to the 
oceans settles out at the discharge site or never leaves the 
coastal zone. 

Average seston values mav more than double from natural 
cause-; during a tidal C) ck. Biggs ( 1970) 42

' observed con
centrations in the upper Chesapeake Bay ranging from less 
than 20 mg 1 to greater than 100 mg 1 during a single clay. 
Rcsu:--pension of bottom sediments by storm waves and cur
rents induced by wind were responsible for this range of 
concentrations. Masch and Espey (196 7) 160 found that the 
total suspended material concentrations in Galveston Bav, 
Texas, ranged from 72 mg. 1 ! in the surface Vvater of the 
ship channel to over 1.50 g/ I six inches above the bay bot
tom near dredging operations. Normal background concen
trations in Galveston Bay during times of strong wind action 
were 200 to 400 mg/ 1. Background values observed by 
Mackin (1961) 456 in Louisiana marshes ranged from 20 to 
200 mg/ I. Depending on the amount of overburden, opera
tion times, and rate of discharges, Masch and Espey 
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(1967) 460 recorded suspended fixed solids concentrations in 
dredge discharges ranging from 3,000 to 29, 100 mg/ I. 

The basic relationships between physical and chemical 
aspects of suspended and deposited sediments and the re
sponses of estuarine and marine organisms are poorly under
stood (Sherk 1971). 47 ;, However, there is general agree
ment that particulate material in suspension or settling on 
the bottom can affect aquatic organisms both directly and 
indirectly, by mortality or decreased Yield. 

Particles suspended in the water column can decrease 
light penetration by absorption and scattering and thus 
limit primary productivity. Resuspended sediments exert 
an oxygen demand on the order of eight times that of the 
same material in bottom depo,ib (baac 19G5). 11s Jitts 
( 19.59) 4 ;,o found that BO to 90 per cent of phosphate in solu
tion was absorbed by silt suspensions \vhich might also 
modify the rate of primarv production. However, exchange 
rates and capacity of sediment can maintain a favorable 
level of phosphate (1 micromole .. l) for plant production 
(Pomeroy et al. 1%.5). 11'9 Carritt and Good gal ( 1954) 431 

postulated a mechanism for phmphatc removal, transport, 
and regeneration by the sediment-phosphate sorption com
plex at different temperatures, pH value-;, and salinities. 

Evidence tend;, to support the contention that nutrient 
fertilization and possi blc release of toxic materials can occur 
with resuspension of bottom matl'rial in the \\·ater column 
(Gross 1970). 413 This may occur during dredging, di:--po,al 
and dumping operations, rcagitation during storms or 
floods and from beach erosion. In upper Chesapeake Bay 
total phosphate and nitrogen \\·ere observed to increase 
over ambient levels !)\· factors of 50 to 1,000 near an over
board spoil disposal project, but no gross effects \Vere ob
served in samples incubated with water from the spoil 
effluent (Flem er et al. 1967, 441 Flemcr 19704411

). 

Oyster and clam eggs and larvae dcmomtrate a remark
able ability to tolerate the variable turbidities of the estu
arine environment at concentrations up to 4.0 g .. 1 (Carriker 
1967, m Davis and Hi du 196943 '). Survival and growth of 
these egg and larval stages reported bv Davis ( 1960) 437 

and Loosanoff ( 1962), 4:,z however, indicated a :--ignificant 
effect on survival at ,u;,pcndcd particle concentrations of as 
little as 125 mg .1 I. Earlier life stages of the ovster tend to be 
more sensitive to lower concentrations of suspended ma
terial than adults. However, the effects on ~urvival and 
growth cannot wholly be attributed to particle 'izes and 
concentrations since different particle t: pes may have 
markedly different effects at similar concentrations. The 
adult American o: stcr (C1mrnstrca n1g1mra) appears to be a 
remarkably silt-tolerant organism when not directly smoth
ered by deposited sediments (Lunz 1938, i:,4 1942 1;,:,). Sig

nificantly, mortality of adult oysters was not evident with 
suspended sediment concentrations as high as 700 mg/I 
(Mackin 1961), 4" 6 but there was a drastic reduction in 
pumping rates (.57 per cent at 100 mg/l of silt) observed 
by Loosanoff and Tommcrs (1948) 4"

3 and Loosanoff 
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(1962 452). Apparently adult oysters may pump at reduced 
rates throughout most of their lives when the background 
suspended particulate matter persists at values observed by 
Biggs (1970) 428 and Masch and Espey (1967 460). 

Organisms that colonize hard surfaces must contend with 
a sediment mat of varying thickness. \Vhile motile fauna 
may be able to adjust to short range vertical bottom altera
tions from scour or deposition, " ... the capacity and be
havior of less motile estuarine benthos in adjustment to 
relatively rapid fluctuations in the bottom level are little 
known. Fixed epifauna, like oysters and barnacles, perish 
when covered by sediment, adjustment occurring only in
directly through later repopulation of the area from else
where" (Carriker 1967). 430 

The highly variable nature of suspended loads (Biggs 
1970), 428 the resuspension of bottom accumulations by cur
rents, tidal action and wind, and the feeding and filtering 
activities of benthic organisms complicate the determination 
of threshold values or limiting conditions for aquatic or
ganisms. Data are difficult to compare because of differences 
in methods and approaches. This may indicate a lack of 
understanding of sedimentation and the difliculty in dis
tinguishing between the effect of light attenuation by sus
pended particles and the effects of these particles on growth 
and physiologv of estuarine and marine organisms (Muni
cipality of Metropolitan Seattle 1965). 464 The observed 
responses of organisms may not be due to turbidity or total 
suspended sediment concentration, but to the number of 
particles, their densities, sizes, shapes, types, presence and 
types of organic matter and the sorptive properties of the 
particles. 

Physical alterations in estuaries and offshore clumping 
have had obvious effects on estuarine and marine biological 
resources. These effects have been given little comicleration 
in project planning, however, and little information exists 
concerning the magnitude of biological change because few 
adequate studies have been attempted (Sherk 1971). 475 

Areas of high biological value, such as nursery grounds or 
habitats for commercially important species, must be pro
tected from sediment damage (Municipality of Metropoli
tan Seattle 1965). 464 For example, the exceptionally high 
value of the Upper Chesapeake as a low salinity fish nursery 
area has been demonstrated (Dovel 1970). 43!' Larvae and 
eggs are particularly sensitive to environmental conditions, 
and sediment-producing activities in this t) pe of area should 
be restricted to seasons or periods of least probable effects. 

Results reported from the study of this area, concerning 
seasonal patterns of biota, the nature of the sediments, and 
physical h) drography of the area, can be applied to the 
other areas being considered for dredging, disposal, and 
dumping. These data, in addition to careful pre-decision 
surveys or research conducted at the site under considera
tion should provide a guide to efforts to minimize damage 
and enhance desirable features of the system (Cronin 
1970). 435 

Adequate knowledge of local conditions at sites selectec 
for any sediment-producing activity is essential, however 
This will generally require preproject surveys for each sit( 
>elected because knowledge of ecological impacts of thes< 
activities is limited. Data should be obtained on th< 
" ... biological values of the areas involved, seasonal pat· 
terns of the biota, the nature of the sediments, physica 
hydrography of the area, and the precise location of pm 
:iuctive or potential shellfish beds, fish nursery areas anc 
other areas of exceptional importance to human uses ... ' 
which are close to or in the site selected (Cronin 1970). 435 

Appropriate laboratory experiments are also required 
These should have value in predicting effects of seclimenta 
tion in advance of dredging operations. Eventually, the 
results of these experiments and field observations shoulc 
yield sets of environmental conditions and criteria, for ade 
quate coastal zone management and competent guidance t( 
preproject decision making (Sherk 1971). 47 ;, 

The presence of major benthic resources (e.g., oyste1 
beds, clam beds) in or near 1 he selected area should b< 
cause for establishment of a safety zone or distance limi 
between them and the sediment-producing activity. Thi 
would control mortality cau:m:l by excessive deposition o 
suspended particulate material on the beds and preven 
spread of spoil onto the beds from the disposal or dumpini 
sites. Biggs (1970) 428 found that the maximum slope o 
deposited spoil was I : 100 and 1 he average slope was 1 : 50( 
in the Upper Chesapeake. These slopes may prove useful ir 
estimating safety zone limits on relatively fl.at bottoms. A 
times, the safety zone would have to be quite large. Fo 
example, the areas in N cw Yark Bight which are devoid o 
naturally occurring benthm: in the sewage sludge anc 
:iredging spoil disposal areas were attributed to toxins, lov 
:iissolved oxygen, and the spreading of the deposits (Pearc1 
1970a). 46 ;, The presence or 2.bsence of bottom currents o 
density flows should be de1:ermined (Masch and Espe~ 

1967). 460 If these are present, measures must be taken tc 
::irevent transport of deposit~; ashore or to areas of majo 
oenthic resources. 

Tolerable suspended sediment levels or ranges should ac: 
commodatc the most sensitive life stages of biologically im 
portant species. The present state of knowledge dictates tha 
i.he critical organism must be selected for each site when 
environmental modification is proposed. 

Recommendations 

The disposal of waste materials at sea, or the 
rransport of materials for the purpose of disposal 
at sea should be controlled. Such disposal should 
be permitted only when reasonable evidence is pre
sented that the proposed disposal will not seriously 
damage the marine biota, interfere with fisheries 
operations or with other uses of the marine en
vironment such as navig,ation and recreation, or 



cause hazards to human health and welfare. The 
following guidelines are suggested: 

• Disposal at sea of potentially hazardous ma
terials such as highly radioactive material 
or agents of chemical or biological warfare 
should be avoided. 

• Toxic wastes should not be discharged at sea 
in a way which would adversely affect the 
marine biota. The toxicity of such materials 
should be established by bioassay tests and 
the concentrations produced should conform 
to the conditions specified in the discussion 
of mixing zones (pp. 231-232). 

• Disposal of materials containing settleable 
solids or substances that may precipitate out 
in quantities adversely affecting the biota 
should be avoided in estuarine or coastal 
waters. 

• Solid waste disposal at sea should be avoided 
if floating material might accumulate in 
harbors or on the beaches or if such ma
terials might accumulate on the bottom or 
in the water column in a manner that will 
deleteriously affect deep sea biota. 

In connection with dredging operations or other 
physical modifications of harbors and estuaries 
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which would increase the suspended sediment load, 
the following types of investigations should be 
undertaken: 

• Evaluation of the range and types of parti
cles to be resuspended and transported, 
where they will settle, and what substratum 
changes or modifications may be created by 
the proposed activities in both the dredged 
and the disposal areas. 

• Determination of the biological activity of 
the water column, the sediment-water inter
face, and the substrate material to depths 
which contain burrowing organisms. 

• Estimation of the potential release into the 
water column of sediments, those substances 
originally dissolved or complexed in the 
interstitial water of the sediments, and the 
beneficial or detrimental chemicals sorbed 
or otherwise associated with particles which 
may be released wholly or partially after 
resuspension. 

• Establish the expected relationship between 
properties of the suspended load and the 
permanent resident species of the area and 
their ability to repopulate the area, and the 
transitory species which use the area only at 
certain seasons of the year. 
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INTRODUCTION 

Modern agriculture increasingly depends upon the 
quality of its water to achieve the fullest production of 
domestic plants and animals and satisfy general farmstead 
needs. The quality of its water is important to modern 
agriculture not only in determining the productivity of 
plants and animals, but also as it affects the health and wel
fare of the human farm population. 

Irrigation is one of the largest consumers of water for 
agricultural use. Differences in crop sensitivity to salinity 
and toxic substances necessitate the need for evaluating 
water quality criteria for irrigational purposes. Polluted 
water can be detrimental to animal health and to the safety 
and value of agricultural products. Good water quality is 
an important factor in the health and comfort of rural 
families needing water for drinking, food preparation, 
bathing, and laundering. 

Discussions of water quality requirements relate in turn 
to problems of pollution posed by urban, industrial, and 
agricultural wastes. Some naturally occuring constituents, 
present in surface and groundwaters, can also adversely af
fect agricultural uses of water. Among these substances are 
suspended solids, dissolved organic and inorganic substances, 
and living organisms such as toxic algae and organisms as
sociated with food spoilage. Where undesirable natural or 
foreign substances interfere with optimum water use, man
agement and treatment practices must be implemented. 
Often there are simple but effective things that a farmer or 
rancher can do to manage and improve the quality of his 
water supply. Although considerations of water supply 
management are important, such matters are beyond the 

scope of this section on Agricultural Uses of \Nater, whi 
is restricted to the quality requirements of water I 
domestic and other farmstead uses, for livestock, and for 
rigation of crops. 

Farmsteads typically require water at point of use, 
quality equivalent to that demanded by urban populatio1 
particularly for household uses, washing and cooling pr 
duce, and production of milk. Water of such high quality 
frequently not readily available to the farmstead and oft 
can be obtained only through water treatment. In the ne 
future, water treatment facilities may be a routine install 
tion in any well-designed farmstead operation. It is not t 
purpose of this section to elaborate upon treatment al tern 
tives, but satisfactory treatment possibilities do exist J 

producing from most raw water a supply that will sati! 
the quality needed for most agricultural uses. 

The task of evaluating criteria and developing reco1 
mendations is complicated by the need to consider num1 
ous complex interactions. For example, it is not practic 
to discuss water quality criteria for irrigation without cc 
sidering crop responses to climatic and soil factors and th 
interrelationships with water Evaluation of water qua! 
requirements for livestock drinking water is also comi: 
cated by interactions of such variables as the quantity 
water consumed and an animal's sex, size, age, and diet. 
should, therefore, be emphasized that evaluating criteria i 
complex task, and that using the recommendations in t 
report made on the basis of those criteria must be guided 
expert judgment. 
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GENERAL FARMSTEAD USES OF WATER 

This section considers quality requirements of water for 
use by the human farm population and for other uses as
sociated with agricultural operations exclusive of livestock 
production and crop irrigation. Included are water for 
household uses, drinking water, and water for preparing 
produce and milk for marketing. For these purposes finished 
water of quality at least comparable to that intended for 
urban users is required at point of use. 

Farmers and ranchers usually do not have access to the 
large, well-controlled water supplies of most municipalities 
and typically must make the best use of available surface or 
groundwater supplies. But there are problems associated 
with the use of these waters, which often contain objection
able natural constituents. These may be classified as sus
pended solids, dissolved inorganic salts and minerals, dis
solved organic constituents, and living organisms, all of 
which occur naturally and are not introduced by man or as 
a result of his activities. 

Suspended solids are organic and inorganic particles 
found in water supplies. They include sand, which is com
monly associated with well supplies, and silt and clay fre
quantly found in untreated surface waters. Dissolved in
organic salts and minerals are found in both surface and 
groundwaters. Most of these are soluble salts consisting of 
calcium, magnesium, and sodium with associated anions 
(i.e., carbonate, bicarbonate, sulfate, and chloride). Great
est concentrations are found in the waters of arid and semi
arid regions and in brackish waters along the sea coasts. In 
some western rivers total dissolved solids exceed 5,000 milli
grams per liter (mg/I), although many contain less than 
2,000 mg/I (Livingstone 1963).24* Surface waters draining 
from areas high in organic materials such as swamps and 
bogs often contain dissolved organic constituents composed 
mainly of hydroxy-carboxylic acids (Lamar and Goerlitz 
1966,21 Lamar 196820) that impart a yellow or brown color 
to the water. Coloration often ranges from 100 to 800 
platinum cobalt units compared to the 15 recommended by 

* Citations are listed at the end of the Section. They can be located 
alphabetically within subtopics or by their superscript numbers which 
run consecutively across subtopics for the entire Section. 

the federal Drinking Water Standards (Environmental 
Protection Agency 197211 ). t Living organisms in standing 
bodies of water that impart objectionable odors and tastes 
for human consumption include algae, diatoms, and proto
zoa. 

Because these constituents even in a properly protected 
supply of raw water used on farmsteads cause water quality 
that does not satisfactorily approximate the quality of 
potable water, it may be necessary to resort to water treat
ment. The wide range of quality characteristics associated 
with raw agricultural water supplies is matched by a broad 
range of water treatment methods. Microbial contaminants 
such as pathogenic or food spoilage bacteria, often present 
in surface waters, indicate that treatment is required to pro
duce suitable water supplies. Treatments available include 
the use of halogens or sodium hypochlorite (Bauman and 
Ludwig l 962, 5 Black et al. l 965, 7 Kjellander and Lund 
1965,17 \-\later Systems Council 1965-1966, 41 Oliver 1966, 30 

Laubusch 197122), ozone (O'Donovan 1965), 29 silver 
(Shaw 1966, 32 Behrman 19686), ultraviolet sterilization 
(Kristoffersen 1958,19 Huff et al. 196514), and heat (Shaw 
1966) 32. Reviews of some of the problems associated with 
farmstead water supplies and possible methods of treatment 
are given by Wright (1956), 42 Davis (1960), 8 Malaney et al. 
(1962), 26 James (1965), 15 Water Systems Council (1965-
1966),41 Elms (1966), 1° Kabler and Kreiss] (1966), 16 Stover 
(1966), 33 and Atherton (1970). 2 Farmers, however, should 
seek expert advice in selecting from various treatment alter
natives in order to achieve the desired quality of finished 
water. 

A troublesome aspect of water quality for general farm
stead uses, particularly regarding the handling of produce 
and milk, involves nonpathogenic bacterial contaminants. 
Many such microorganisms including algae are found even 
in properly protected agricultural water supplies (Thomas 
1949, 34 Walters 1964 ), 40 and various kinds contribute to 
problems of color, odor, taste, and to rapid spoilage of con-

t Throughout this report, all references to the federal Drinking Water 
Standards are to those published by the Environmental Pro
tection Agency, 1972 .11 
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taminated products (American Water Works Assoc. Com
mittee on Tastes and Odors 1970,1 Mackenthun and Keup 
1970). 25 For example, offensive odors are often attributable 
to sulfate-reducing bacteria (Lewis 1965). 23 Victoreen 
(1969) 39 discussed water coloration probloms caused by 
Arthrobacter, a species of soil bacteria. Growths of "iron 
bacteria" in pipes may result in slimy masses that clog 
pipes and produce undesirable flavors (Kabler and Kreissl 
1966).16 Ropy milk, i.e., milk that forms threads or viscous 
masses when poured or dipped, is a typical problem often 
attributable to contaminated water (Thomas 1949, 34 Davis 
19608). 

Psychrophilic bacteria can affect the storage quality of 
milk and other food products (Davis 1960, 8 Malaney et al. 
1962,26 Ayres 1963, 4 Thomas et al. 1966). 36 Similarly, 
thermoduric microorganisms are a problem in some farm
stead water supplies, since they can withstand milk pas
teurization temperatures and lead to spoilage (Thomas 
1949, 34 Davis 1960, 8 Malaney et al. 1962).26 Numerical 
recommendations for permissible levels of these and other 
nonpathogenic organisms have little current usefulness, 
because approximately 1 70 species of bacteria arc known to 
occur in raw water supplies, and only half of them are ob
served during routine bacteriological examinations (Thomas 
1949, 34 Malaney et al. 196226). Similarly minimal contami
nation of perishable raw food materials with small residues 
of rinse water or splash can result in rapid growth under 
suitable temperature conditions to cause early spoilage of a 
high quality product. 

Malaney et al. (1962) 26 stated that simple, commonly 
used water treatment processes render raw water supplies 
suitable for farmstead uses including handling of produce 
and milk. 

WATER FOR HOUSEHOLD USES AND DRINKING 

Every farm should have a dependable water supply that 
is palatable and safe for domestic use. This requirement 
dictates that the finished water be of quality comparable to 
that designated by the federal Drinking Water Standards 
for water supply systems used by interstate carriers and 
others subject to federal quarantine regulations. These 
standards have been found to be reasonable in terms of both 
the possibility of compliance and the acceptability of such 
water for domestic farmstead uses. 

Groundwater sources are generally regarded as providing 
a more dependable supply and as being less variable in 
composition than surface water sources. However, many 
groundwater supplies contain excessive concentrations of 
soluble salts composed of calcium, magnesium, and associ
ated anions (carbonate, bicarbonate, sulfate, and chloride), 
or hydrogen sulfide. They can cause taste, odor, acidity, 
and staining problems (Wright 1956, 42 Dougan 1966, 9 

Kabler and Kreiss! 1966, 16 Klumb 1966, 18 Behrman 19686). 

In the ground waters of western states high concentrations 
of nitrates may occur. Levels may exceed the concentration 

of 10 mg/l of nitrate-nitrogen recommended by Section I: 
on Public Water Supplies. 

Because all supplies are sut'.ject to contamination, care 
must be exercised in both the installation and maintenance 
of water systems. Raw water should be free of impuritie 
that are offensive to sight, smell, and taste (Wright 1956) 4 

and free of significant concentrations of substances anc 
organisms detrimental to public health (see Section II). 

WATER FOR WASHING AND COOLING RAW 
FARM PRODUCTS 

Many root crops, fruits, and vegetables are washe< 
before leaving the farm for the market. Changes in frui 
production associated with mechanical harvesting and bull 
handling and an ever-increasing emphasis on quality hav 
made the washing and hydrocooling of raw produce 
common farm practice. Water for such uses should be c 
the same quality as that for drinking and household pm 
poses, and as such should conform to Drinking W ate 
Standards. It is important Lhat water for processing ra1 
produce be of good quality bacteriologically (Geldreic: 
and Bordner 1971) 13 and free of substances imparting col01 
off-flavor, and off-odor (Mercer 1971).27 

WATER FOR WASHING MILK-HANDLING 
EQUIPMENT AND COOLING DAIRY PRODUCTS 

\¥ ater used to clean milk utensils may greatly affect th 
quality of milk (Atherton et al. 1962), 3 and since moder 
methods of milk production require large volumes c 
water, its quality must not be detrimental to milk. Steac 
ily increasing demands for water due to intensified agr 
cultural production have required many farm operat01 
to develop secondary sources of water often of inferic 
quality (Esmay et al. 1955, 12 Pavelis and Gertel 1963). 
Such supplies should be treai:ed before use in milk-handlin 
equipment (Thomas 1949, 34 Thomas et al. 1953 37

). 

The Grade "A" Pasteurized Milk Ordinance of tl1 
United States Public Health Service (U.S. Department c 
Health, Education, and Welfare. Public Health Servic 
1965) 38 is accepted as the basic sanitation standard for ra1 
milk supplies. Farm water supplies may meet these potabl 
standards yet have a detrimental effect on the quality c 
modern milk supply. Rinse waters which are potable bu 
contain psychrophylic microorganisms, excessive hard 
ness, or iron or copper can have a very deleterious effect o 
dairy sanitation and milk quality unless properly treated t 
remove such contaminants (Davis 1960, 8 Atherton et a 
1962, 3 Atherton 1970,2 Moore 1971 28). The traditional c011 
cepts of potability and softness no longer suffice in this era c 
mechanized milk-handling systems. Lengthy storage of ra\ 
milk prior to pasturization and the possible breakdown c 
normal milk constituents by organisms able to grow a 
refrigeration temperatures may produce unacceptabl 
changes in the quality of fluild milk or other manufacturee 



dairy products (Thomas 1958, 35 Davis 1960, 8 Thomas et al. 
196636). 

Water of quality comparable to that described in Drink
ing W a:ter Standards typically suffices for the production of 
milk. However, it is important that the water at point of 
use be clear, colorless, palatable, free of harmful micro
organisms, noncorrosive, and nonscale-forming (Moore 
1971).28 

Recommendations 

For general farmstead uses of water, including 
drinking, other household uses, and handling of 
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produce and milk, it is recommended that water 
of the quality designated by the federal Drinking 
Water Standards be used. Raw water supplies not 
meeting these requirements should be treated to 
yield a finished product of quality comparable to 
drinking water. In general, raw waters should be 
free of impurities that are offensive to sight, smell, 
and taste. At point of use, they should be free of 
significant concentrations of substances and orga
nisms harmful to public health (see Section II: 
Public Water Supplies) and detrimental to the 
market value of agricultural products. 



WATER FOR LIVESTOCK ENTERPRISES 

Domestic animals represent an important segment of 
agriculture and arc a vital source of food. Like man and 
many other life forms, they are affected by pollutants in 
their environment. This section is concerned primarily 
with considerations of livestock water quality and factors 
affecting it. These include the presence of ions causing ex
cessive salinity, clements and ions which arc toxic, bio
logically produced toxins, radionuclides, pesticide residues, 
and pathogenic and parasitic organisms. 

Of importance in determining recommendations for these 
substances in livestock water supplies are the quantity of 
water an animal consumes per day and the concentration 
of the mineral elements in the water supply from which he 
consumes it. \Vater is universally needed and consumed by 
farm animals, but it does not account for their entire daily 
intake of a particular substance. Consequently, tolerance 
levels established for many substances in livestock fred do 
not accurately take into comideration the tolerance levels 
for those substances in water. Concentrations of nutrients 
and toxic substances in water affect an animal on the basis 
of the total amount consumed. Because of this, some assess
ment of the amounts of water consumed by live-stock on a 
daily basis and a knowledge of the probable quantity of ele
ments in water and how they satisfy daily nutritional re
quirements are needed for determining possible toxicity 
levels. 

WATER REQUIREMENTS FOR LIVESTOCK 

The water content of animal bodies is relatively constant: 
68 per cent to 72 per cent of the total weight on a fat-free 
basis. The level of water in the body usually cannot change 
appreciably without dire consequences to the animal; 
therefore, the minimal requirement for water is a reflection 
of water excreted from the body plus a component for 
growth in young animals (Robinson and McCance 1952, 53 

Mitchell 196246). 

W atcr is excreted from the body in urine and feces, in 
evaporation from the lungs and skin, in sweat, and in pro
ductive secretions such as milk and eggs. Anything that 
influences any of these modes of water loss affects the mini
mal water requirement of the animal. 

The urine contains the soluble products of metabolisr 
that must be eliminated. The amount of urine excrete 
daily varies with the feed, work, external temperature, watt 
consumption, and other factors. The hormone vasopressi 
(antidiurctic hormone) comrols the amount of urine b 
affecting the reabsorption of v. ater from the kidney tubuh 
and ducts. Under conditions Df water scarcity, an anim< 
may concentrate its urine to sDme extent by reabsorbing 
greater amount of water than usual, thereby lowering tb 
animal's requirement for water. Tbis capacity for concer 
tration, however, is usually limited. If an animal consum( 
excess salt or a high protein diet, the excretion of urine 
increased to eliminate the salt or tbe end products of pn 
tein metabolism, and the water requirement is thereb 
increased. 

The amount of water lost in the feces varies dependin 
upon diet and species. Cattle, for instance, excrete feet 
with a high moisture content while sheep, horses, an 
chickens excrete relatively dry feces. Substances in tbe di( 
that have a diuretic effect will increase water loss by th 
route. 

Water lost by evaporation from the skin and lungs (ir 
sensible water loss) may account for a large part of tb 
body's water loss approaching, and in some cases exceedin~ 
tbat lost in the urine. If the environmental temperature 
increased, the water lost by this route is also increasec 
Water lost through sweating may be considerable, especiall 
in the case of horses, depending on the environmental terr 
perature and the activity of the animal. 

All these factors and their interrelation make a minim< 
water requirement difficult to assess. There is also the ac 
ditional complication that a minimal water requireme1~ 
does not have to be supplied entirely by drinking wate1 
The animal has available to it the water contained i 
feeds, the metabolic water formed from the oxidation c 
nutrients, water liberated by polymerization, dehydration 
or synthesis within the body, and preformed water associ 
ated with nutrients undergoing oxidation when the energ 
balance is negative. All of these may vary. The wate 
available from the feed will vary with the kind of feed arn 
with the amount consumed. The metabolic water forme< 
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from the oxidation of nutrients may be calculated by the use 
of factors obtained from equations of oxidation of typical 
proteins, fats, and carbohydrates. There are 41, 107, and 
60 grams (g) of water formed per 100 g of protein, fat, and 
carbohydrate oxidized, respectively. In fasting animals, or 
those subsisting on a protein deficient diet, water may be 
formed from the destruction of tissue protein. In general, it 
is asmmed that tissue protein is associated with three times 
its weight of water, so that per gram of tissue protein 
metabolized, three grams of water are released. 

It ha<> been found by careful water balance trials that the 
water requirement of various species is a function of body 
surface area rather than weight. This implies that the re
quirements are a function of energy metabolism, and 
Adolph (1933) 43 found that a convenient liberal standard ot 
total water intake is 1 milliliter (ml) per caloric (cal) of heat 
produced. This method automatically included the in
creased requirement associated with activity. Cattle require 
somewhat higher amounts of water ( 1.29 to 2.05 g /cal) than 
other animals. However, when cattle's large excretion of 
water in the feces is taken into account, the values are ap
proximately a gram per caloric. 

For practical purposes, water requirements can be meas
ured a' the amount of water consumed voluntarily under 
specified conditions. This implies that thirst is a result of 
need. 

Water Consumption of Animals 

In dry roughage and concentrate feeding programs the 
water present in the feed is so small relative to the animal's 
needs that it may be ignored (Winchester and Morris 
1956). ;,;, 

Beef Cattle. Data calculated by Winchester and Mor
ris ( 1956) 55 indicated that values for water intake vary 
widely depending primarily on ambient temperature and 
dry matter intake. European breeds consumed approxi
mately 3.5, 5.3, 7 .0, and 17 liters of water daily per kilo
gram (kg) dry matter ingested at 40, 70, 90, 100 F, respec
tively. Thus at an atmospheric temperature of 21 C (70 F), 
a 450 kg steer on a 9.4 kg daily dry matter ration would 
consume approximately 50 liters of water per day, while at 
32 C (90 F) the expected daily water intake would be 66 
liters. 

Dairy Cattle. The calculations of Winchester and 
Morris ( 1956) s;, showed how water requirements varied 
with weight of cow, fat content of milk, ambient tempera
ture, and amount needed per kilogram of milk daily. These 
investigations indicated that at 21 C (70 F) a cow weighing 
approximately 450 kg would consume about 4.5 liters of 
water per kilogram dry feed plus 2. 7 I/kg of milk produced. 
Dairy heifers fed alfalfa and silage obtained about 20 per 
cent of their water requirements in the feed. Dairy cattle 
suffer more quickly from a lack of water than from a 
shortage of any other nutrient and will drink 3.0 to 4.0 kg of 
water per kilogram of dry matter consumed (National Re-
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search Council, Committee on Animal Nutrition, hereafter 
referred to as NRC 197la). 52 Cows producing 40 kg of milk 
per day may drink up to 110 kg of water when fed dry 
feeds. 

Sheep. Generally water consumption by sheep amounts 
to two times the weight of dry matter feed intake (NRC 
1968b). 51 But many factors may alter this value, e.g., 
ambient temperature, activity, age, stage of production, 
plane of nutrition, composition of feed, and type of pasture. 
Ewes on dry feed in winter require four liters per head 
daily before lambing and six or more liters per day when 
nursing lambs (Morrison 1959). 48 

Swine. Pigs require 2 to 2.5 kg of water per kilogram 
of dry feed, but voluntary consumption may be as much as 
4 to 4.5 kg in high ambient temperature (NRC 1968a).·10 

Mount ct al. ( 1971) 49 reported the mean water:fced ratios 
were between 2.1 and 2. 7 at temperatures between 7 and 
22 C, and between 2.8 and 5.0 at 30 and 33 C. The range 
of mean water consumption extended from 0.092 to 0.184 
I/kg body weight per day. Leitch and Thomson (1944) 45 

cited studies that demonstrated that a water-to-mash ratio 
of 3: 1 gave the best results. 

Horses. Leitch and Thomson ( 1944) 45 cited data that 
horses needed two to three liters of water per kg dry ration. 
Morrison (1936) 47 obtained data of a horse going at a trot 
that gave off 9.4 kg of water vapor. This amount was 
nearly twice that given off when walking with the same 
load, and more than three times as much as when resting 
during the same period. 

Poultry. James and Wheeler (1949) 44 observed that 
more water was consumed by poultry when protein was 
increased in the diet; and more water was consumed with 
meat scrap, fish meal, and dried whey diets than with an 
all-plant diet. Poultry generally consumed 2 to 3 kg of 
water per kilogram of dry feed. Sunde (1967) 54 observed 
that when laying hens, at 67 percent production, were de
prived of water for approximately 36 hours, production 
dropped to eight per cent within five days and did not re
turn to the production of the controlled hens until 25-30 
days later. Sunde (personal communication 1971) 56 prepared a 
table that showed that broilers increased on daily water 
consumption from 6.4 to 211 liters per 1,000 birds between 
two and 35 clays of age, respectively. Corresponding water 
intake values for replacement pullets were 5. 7 to 88.5 liters. 

RELATION OF NUTRIENT ELEMENTS IN WATER 
TO TOTAL DIET 

All the mineral elements essential as dietary nutrients 
occur to some extent in water (Shirley 1970). 66 Generally 
the elements are in solution, but some may be present in 
suspended materials. Lawrence (1968) 59 sampled the Chat
tahoochee River system at six different reservoirs and river 
and creek inlets and found about 1, 3, 22, 39, 61, and 68 
per cent of the total calcium, magnesium, zinc, manganese, 
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copper, and iron present in suspended materials, respec-
tively. Any given water supply requires analysis if dietary 
decisions are to be most effective. 

In the Systems for Technical Data (STORET) of the 
Water Programs Office of the Environmental Protection 
Agency, data (1971) 69 were accumulated from surface 
water analyses obtained in the United States during the 
period 1957-1969. These data included values for the 
mean, maximum, and minimum concentrations of the 
nutrient elements (see Table V-1). These values obviously 
include many samples from calcium-magnesium, sulfate-
chloride and sodium-potassium, sulfate-chloride type of 
water as well as the more common calcium-magnesium, 
carbonate-bicarbonate type. For this reason the mean 
values for sodium, chloride, and sulfate may appear some·· 
what high. 

Table V-2 gives the estimated average intake of drinking 
water of selected categories of various species of farm ani
mals expressed as liters per day. Three values for each of 
calcium and salt are given for illustrative purposes. One 
column expresses the National Academy of Sciences value 
for daily requirement of the nutrient per day; the second 
gives the amount of the element contributed by the average 
concentration of the element (calculated from data in 
Table V-1) in the average quantity of water consumed 
daily; the third column gives the approximate percentage 
of the daily requirements contributed by the water drunk 
each day for each species of animal. 

Magnesium, calculated as in Table V-2, was found to be 
present in quantities that would provide 4 to 11 per cent of 
the requirements for beef and dairy cattle, sheep, swine, 
horses, chickens, and turkeys. 

Cobalt (Co) concentrations obtained by Durum et al. 
( 19 71) 58 were calculated, as they were more typical of water 
available to livestock than current values reported in 
STORET (1971). 69 A sufficient amount of Co was present 
at the median level to supply approximately three to 13 

TABLE V-1-Water Composition, United States, 1957-69 
(STORET) (Collected at 140 stations) 

Substance Mean Maximum Minimum No Detns. 

Phosphorus, mg/I 0.087 5.0 0.001 1, 729 
Caletum, mg/I 57.1 173.0 11.0 510 
Magnesium, mg/I 14.3 137.0 8.5 1,143 
Sodium, mg/I 55.1 7,5-0o o 0.2 1,801 
Potassium, mg/I 4.3 370.0 0.06 1,804 
Chloride, mg/I 478.0 19,000.0 0.000 37, 355 
Sulfate, mg/I 135.9 3,383.0 0.000 30,229 
Copper, µg/I 13.8 280.0 0.8 1,871 
lron,µg/I 43.9 4,600.0 0.10 1,836 
Manganese, µg/I 29.4 3, 230.0 0.20 1,818 
Zinc,µg/I 51.8 1, 183.0 1.0 1,883 
Selemum,µg/I 0.016 1.0 0.01 234 
Iodine•, µg/I 46.1 336.0 4.0 15 
Cobalt'. µg/I .. 1.0 5.0 0.000 720 

a Dantzman and Breland (1970)•'. 
• Durum et al (1971)". 

TABLE V-2-Daily Requirements of Average Concentratio. 
of Calcium and Salt in Water for Various Animals 

Calcium Salld 
Daily" ------------- ---------

Am ma I water Average' Approx Amt. in' Percen 
intake, I Required' am\. in percentage Requ11ed' dnnking of Req 

daily gm drinking of Req. in daily gm water, gm watr 
water, gm water 

------ --------

Beef cattle 450 kg body wt. 
Nursing cow 60 28 3.4 12 25 8.5 34 
Finishing steer 60 21 3.4 16 24 8 5 35 

Dairy cattle 450 kg body wt. 
lactating cow 90 76 5.1 66 12.7 19 
Growing heifer 60 15 3.4 22 21 8.5 40 
Maintenance, cow 60 12 3.4 28 21 8.5 40 

Sheep 
lactating ewe, 64 kg 6.8 0.3 13 0.9 
Fattening lamb, 45 kg 3.1 0.2 10 0.6 

Swine 
Growing, 30 kg 10.2 0.34 4.3 0.84 20 
Fattening, 60 to 100 kg 16.5 0.46 4.3 1.12 26 
Lactating sows. 200-250 kg 14 33.0 0.80 28.0 1. 96 

Horses 450 kg body wt 
Medium work 40 14 2.3 16 90 5.6 
Lactating 50 30 2.9 10 90 7 1 

Poultry 
Chickens, 8 weeks old 0.2 1.0 0.011 0.38 0.03 
laying hen 0.2 3.4 0.011 <1 0.44 0.03 
Turkey 0.2 1.2 0.011 0.38 0.03 

a See discussion on Water Consumption in text for sources of these values. 
b Sources of values are the National Academy of Sciences. NRC Bulletins on Nutrient requirements. 
' Calculated from Table 1. 
a Based on sodium in water. 

per cent of the dietary requirements of beef and dairy cattl 
sheep, and horses. The NRC: (1971a, 65 l 968bi;1) does n 
state what the cobalt requirements were for poultry ar 
swine. 

Sulfur values demonstra1ed that approximately 29 p 
cent of beef cattle require1nents were met at average co 
centrations; dairy cattle 21 to 45 per cent; sheep 10 to 
per cent; and horses 18 to 23 per cent of their requiremen 
The NRC (197la, 65 l968b61 ) do not give sulfur requiremer 
for poultry and swine. 

Iodine was not among the elements in the STORE 
accumulation, but values obtained by Dantzman ar 
Breland ( 1970) 57 for 15 rivers and lakes in Florida can I 
used as illustrative values. Iodine was present in suflicie 
amounts to exceed the requirements of beef cattle ar 
nonlactating horses and to meet 8 to 10 per cent of ti 
requirern"en ts of sheep and 24 1 o 26 per cent of those of her 
Phosphorus, potassium, copper, iron, zinc, manganese, ar 
selenium, when present at mean concentrations (Table V- l 
would supply daily only one to four per cent or less of th 
recommended by the NRC (1966, 60 l 968a, 61 l 96Bb, 62 1970, 
1971a, 64 1971 b 65) for beef and dairy cattle, sheep, swin 
horses, and poultry at normal water consumption levels. 

If the maximum values shown in Table V-1 are presen 
some water would contain the dietary requirements of son 
species in the case of sodium chloride, sulfur, and iodin 
Appreciable amounts of calcium, copper, cobalt, iro 



manganese, zinc, and selenium would be present, if water 
were suppli'ed with the maximum levels present. On the 
ot)1er hand, if the water has only the minimum concentra
tion of any of the elements present, it would supply very 
little of the daily requirements. 

It is generally believed that elements in water solution 
are available to the animal that consumes the water, at 
least as much as when present in solid feeds or dry salt 
mixes. This was indicated when Shirley ct al. (1951, 67 

195 768) found that P 32 and Ca 4 ", dissolved in aqueous solu
tion as salts and administered as a drench, were absorbed at 
equivalent levels to the isotopes, when they were incor
porated in forage as fertilizer and fed to steers, respectively. 
Many isotope studies have demonstrated that minerals in 
water consumed by animals are readily absorbed, deposited 
in their tissues, and excreted. 

EFFECT OF SALINITY ON LIVESTOCK 

It is well known that excessively saline waters can cause 
physiolc0ical upset or death of livestock. The ions most 
communly involved in causing excessive salinity arc calcium, 
magnesium, sodium, sulfate, bicarbonate, and chloride. 
Others may contribute significantly in unusual situations, 
and these may also exert specific toxicities separate from the 
osmotic effects of excessive salinity. (See Toxic Elements 
and Ions below.) 

Early in this century, Larsen and Bailey (1913) 80 re
ported that a natural water varying from 4,546 to 7,369 
mg/I of total salts, with sodium and sulfate ions predomi
nating, caused mild diarrhea but no symptoms of toxicity in 
dairy cattle over a two-year period. Later, Ramsay (1924) 91 

reported from his observations that cattle could thrive on 
water containing 11,400 mg/] of total salts, that they could 
live under certain conditions on water containing 17, 120 
mg/I, and that horses thrived on water with 5,720 mg, 1! 
and were sustained when not worked too hard on water 
with 9,140 mg/I. 

The first extensive studies of saline water effects on rats 
and on livestock were made in Oklahoma (Heller and Lar
wood 1930, 76 Heller 1932, 74 1933). 75 Rats were fed waters 
of various sodium chloride concentrations, and it was found 
among other things that (a) water consumption increased 
with salt concentration but only to a point after which the 
animals finally refused to drink until thirst drove them to it, 
at which time they drank a large amount at one time and 
then died; (b) older animals were more resistant to the ef
fects of the salt than were the young; (c) the effects of salin
ity were osmotic rather than related to any specific ion; 
(cl) reproduction and lactation were affected before growth 
effects were noted; (e) there appeared, in time, to be a 
physiological adjustment to saline waters; and (f) 15,000-
17,000 mg/I of total salts seemed the maximum that could 
be tolerated, some adverse effects being noted at concen
trations lower than this. With laying hens, 10,000 mg/I of 
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sodium chloride in the drinking water greatly delayed the 
onset of egg production, but 15,000 mg/I or more were re
quired to affect growth over a I 0-week period. In swine, 
15,000 mg/I of sodium chloride in the drinking water 
caused death in the smaller animals, some leg stiffness in 
the larger, but I0,000 mg/I did not appear particularly in
jurious once they became accustomed to it. Sheep existed 
on water containing 25,000 mg/I of sodium or calcium 
chloride or 30,000 mg,/] of magnesium sulfate but not with
out some deleterious effects. Cattle were somewhat less re
sistant, and it was concluded that I 0,000 mgil of total salts 
should be considered the upper limit under which their 
maintenance could be expected. A lower limit was suggested 
for lactating animals. It was further observed that the ani
mals would not drink highly saline solutions if water of low 
salt content was available, and that animals showing ef
fects of saline waters returned quickly to normal when al
lowed a water of low salt content. 

Frens (1946)72 reported that 10,000 mg/! of sodium 
chloride in the drinking water of dairy cattle produced no 
symptoms of toxicity, while 15,000 mgi] caused a loss of 
appetite, decreased milk production, and increased water 
consumption with symptoms of salt poisoning in 12 da) s. 

In studies with beef heifers, Embry ct al. ( 1959) 71 re
ported that the addition of I 0,000 mg 'I of sodium sulfate 
to the drinking water caused severe reduction in its con
sumption, loss of weight, and symptoms of dehydration. 
Either 4,000 or 7,000 mg ii of added sodium sulfate increased 
water intake lmt had no effect on rate of gain or general 
health. Similar observations were made using waters with 
added sodium chloride or a mixture of salts, except that 
symptoms of dehydration were noted, and the mixed salts 
caused no increase in water consumption. Levels of up to 
6,300 mg/l of added mixed salts increased water consump
tion in weanling pigs, but no harmful effects were observed 
over a three-month period. 

In Australia, Peirce (1957, 83 1959, 84 1960, 80 1962, 86 

1963, 87 1966, 88 l 968a, 89 l 968b90) conducted a number of 
experiments on the salt tolerance of Merino wethers. Only 
minor harmful effects were observed in these sheep when 
they were confined to waters containing 13,000 mg,il or 
less of various salt mixtures. 

Nevada workers have reported several studies on the ef
fects of saline waters on beef heifers. They found that 
20,000 mg/I of sodium chloride caused severe anorexia, 
weight loss, anhydremia, collapse, and certain other symp
toms, while I 0,000 mg; l had no effects over a 30-day period 
other than to increase water consumption and decrease 
blood urea (Weeth et al. 1960).97 Additional experiments 
(Weeth and Haverland 1961) 98 again showed 10,000 mg/I 
to cause no symptoms of toxicity; while at 12,000 mg/I 
adverse effects were noted, and these intensified with in
creasing salt concentration in the drinking water. At a con
centration of 15,000 mg/I, sodium chloride increased the 
ratio of urine excretion to water intake (Weeth and 
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Lesperance 1965), 100 and a prompt and distinct diuresis 
occurred when the heifers consumed water containing 5,000 
or 6,000 mg/l following water deprivation (Weeth et al. 
1968). 101 While with waters containing about 5,000 mg/l 
(Weeth and Hunter 1971)99 or even less (Weeth and Cappc: 
1971 )95 of sodium sulfate no specific ion effects were noted, 
heifers drank less, lost weight, and had increased methemo
globin and sulfhemoglobin levels. A later study (Weeth and 
Capps 1972) 96 gave similar results, but in addition suggested 
that the sulfate ion itself, at concentrations as low as 2150 
mg/! had adverse effects. 

In addition to the Oklahoma work, several studies on the 
effects of saline water on poultry have been reported. 
Selye (1943) 9a found that chicks 19 days old when placed 
on experiment had diarrhea, edema, weakness, and respira
tory problems during the first 10 days on water containing 
9,000 mg/l of sodium chloride. Later, the edema disap·· 
peared, but nephrosclerotic changes were noted. \\Tater 
containing 3,000 mg/l of sodium chloride was not toxic to 
four-week-old chicks. 

Others (Kare and Biely 1948) 77 observed that with two-
day-old chicks on water containing 9,000 mg/I of added 
sodium chloride there were a few deaths, some edema, and 
certain other symptoms of toxicity. A solution with 18,000 
mg/I of the salt was not toxic; however, when replaced on 
alternate days by fresh water, neither was it readily con·
sumed. 

Scrivner ( 1946)92 found that sodium chloride in the drink
ing water of day-old poults at a concentration of 5,000 mg/l 
caused death and varying degrees of edema and ascites in 
over half of the birds in about two weeks. Sodium bicarbo-
nate at a concentration of 1,000 mg/l was not toxic, at 
3,000 mg/l caused some deaths and edema; and as the con·· 
centration increased above this, the effects were more pro·
nounced. A solution containing 1,000 mg/l of sodium hy·· 
droxide caused death in two of 31 poults by 13 days, but the 
remainder survived without effects, and 7,500 mg/l of 
sodium citrate, iodide, carbonate, or sulfate each caused 
edema and many deaths. 

South Dakota workers (Krista et al. 1961) 78 studied the 
effects of sodium chloride in water on laying hens, turkey 
poults, and ducklings. At 4,000 mg/I, the salt caused some 
increased water consumption, watery droppings, decreased 
feed consumption and growth, and increased mortality. 
These effects were more pronounced at a higher concentra
tion, 10,000 mg/I, causing death in all of the turkey poults 
at two weeks, some symptons of dehydration in the chicks, 
and decreased egg production in the hens. Experiments with 
laying hens restricted to water containing I 0,000 mg/I of 
sodium or magnesium sulfate gave results similar to those 
for sodium chloride. 

In addition to the experimental work, there have been 
reports in the literature of field observations relating to the 
effects of excessively saline water (Ballantyne 1957, 70 

Gastler and Olson 1957, 73 Spafford 1941 94), and a number 

TABLE V-3-Guide to the Use of Saline Wate1·s for 
Livestock and Poultry 

Total soluble salts 
content of waters 

(mg/I) 

Less than 1, 000 
1, 000-2, 999 

3,000-4, 999 

5, 000-6, 999 

1, 000-10, aaa 

Over 10. 000 

Comment 

Relatively low level of salinity. E1cellent for all classes of livestock and poultry. 
Very satisfactory for all classlls of livestock and poultry. May cause temporary and 1 

diarrhea in livestock not ac1:ustomed to them or watery droppings in poultry. 
Satisfactory for livestock, but may cause temporary diarrhea or be refused at first by 

mals not accustomed lo them. Poor waters for poultry, often causing water feces, incm 
mortality, and decreased growth, especially in turkeys. 

Can be used with reasonable •.afety for dairy and beef cattle, for sheep, swine, and hor 
~void use tor pregnant or laclalmg animals. Nol acceptabte tor poultry. 

Unfit for poultry and probably for ~wine. Considerable nsk in using for pregnant or lacta 
cows, horses, or sheep, or to,c the young of these species. In general, use should be avm 
although older ruminants, horses, poultry, and swine may subsist on them under cer 
cond1l1ons 

Risks w1lh these highly saline waters are so great that lhey cannot be recommended for 
under any conditions. 

of guides to the use of these waters for livestock have bee 
published (Ballantyne 195 7, 7<' Embry ct al. 1959, 71 Kris 
et al. 1962, 79 McKee and \V olf, 1963, ~ 1 Officers of ti 
Department of Agriculture and the Government Chemic 
Laboratories 1950, ~2 Spaffo1·d, 194194). Table V-3 is base 
on the available published information. Among other thini: 
the following items arc suggested for consideration in usir 
this table: 

• Animab drink little, if any, highly saline water 
water of low salt coment is available to them. 

• Unless they have been previously deprived of wat<: 
animals can consume moderate amounls of high 
saline water for a few days without being harmed 

• Abrupt changes from water of low salinity to high 
saline \\ ater cause nlore problems than a gradu 
change. 

• Depressed water intake is very likely to be accor 
panied by depressed feed intake. 

Table V-3 was developed because in arid or semiar 
regions the use of highly saline waters may often be necc 
sary. It has built into it a very small margin of safety, a1 
its use probably does not eliminate all risk of economic lo 

Criteria for desirability of a livestock water are a sorn 
what different .matter. These should probably be such th 
the risk of economic loss from using the water for any speci 
or age of animals, lactating or not, on any normal feedi1 
program, and regardless of climatic conditions, is almc 
nonexistent. On the other hand, they should be made 1 

more severe than necessary to insure this small risk. 

Recommendation 

From the standpoint of salinity and its osmot 
effects, waters containing 3,000 mg of soluble sal 
per liter or less should be satisfactory for livestoc 
under almost any circurnstance. While some mirn 
physiological upset resulting from waters wit 



salinities near this limit may be observed, eco
nomic losses or serious physiological disturbances 
should rarely, if ever, result from their use. 

TOXIC SUBSTANCES IN LIVESTOCK WATERS 

There are many substances dissolved or suspended in 
waters that may be toxic. These include inorganic elements 
and their. salts, certain organic wastes from man's activities, 
pathogens and parasitic organisms, herbicide and pesticide 

-residues, some biologically produced toxins, and radio
nuclides. 

For any of the above, the concentrations at which they 
render a water undesirable for use for livestock is subject 
to a number of variables. These include age, sex, species, 
and physiological state of the animals; water intake, diet 
and its composition, the chemical form of any toxic element 
present, and the temperature of the environment. Naturally, 
if feeds and waters both contain a toxic substance, this must 
be taken into account. Both short and long term effects and 
interactions with other ions or compounds must also be con
sidered. 

The development of recommendations for safe concentra
tions of toxic substances in water for livestock is extremely 
difficult. Careful attention must be given to the discus5ion 
that follows as well as the recommendations and to any ad
ditional experimental findings that may develop. Based on 
available research, an appropriate margin of safetv, under 
almost all conditions, of specific toxic substances harmful 
to live:; tock that drink the waters ar:d to man who consumes 
the livestock or their products, is reviewed below. Although 
the margin of safety recommended is usually large, the cri
teria o,uggested cannot be used as a guide in diagnosing 
livestock losses, since they are well below toxic levels for 
domestic animals. 

Toxic Elements and Ions 

Those ions largely responsible for salinity in water 
(sodium, calcium, magnesium, chloride, sulfate, and bi
carbonate) are in themselves not very toxic. There are, 
however, a number of others that occur naturally or as the 
result of man's activities at troublesome concentrations. If 
feeds and water both contain a toxic ion, both must be con
sidered. Interactions with other ions, if known, must be 
taken into account. Elements or ions become objectionable 
in water when they are at levels toxic to animals, where tht'y 
seriously reduce the palatability of the water, or when they 
accumulate excessively in tissues or body fluids, rendering 
the meat, milk, eggs, or other edible product unsafe or unfit 
for human use. 

Aluminum 

Soluble aluminum has been found in surface waters of 
the United States in amounts to 3 mg/l, but its occurrence 
at such concentrations is rare because it readily precipitates 
as the hydroxide (Kopp and Kroner 1970) .1s2 
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Most edible grasses contain about 15-20 mg/kg of the 
clement. However, there is no evidence that it is essential 
for animal growth, and very little is found deposited in ani
mal tissues (Underwood 1971).254 It is not highly toxic 
(McKee and Wolf 1963,m Underwood 1971),2

''
4 but Deo

bald and Elvehjem (1935) 1:rn found that a level of 4,000 mg 
aluminum per kilogram of diet caused phosphorus de
ficiency in chicks. Its occurrence in water should not cause 
problems for livestock, except under unusual conditions 
and with acid waters. 

Recommendation 

Livestock should be protected where natural 
drinking waters contain no more than 5 mg/I 
aluminum. 

Arsenic 

Arsenic has long been notorious as a poison. Nevertheless. 
it is present in all ]i,·ing tissues in the inorganic and in 
certain organic forms. It has also been used mcdicinallv 
It is accepted as a safe feed additive for certain domc,tic 
animals. It has not been shown to be a required nutrif'nt 
for animals, possibly because its ubiquity has prech1df'd t Ji,, 

compounding of deficient diets (Fro5t 1967). 149 

The toxicity of arst'nic can dcpcncl on its chemical form. 
its inorganic oxides being considerably more toxic thcin 
organic forms occurring in living tissues or used as fccrl 
additives. Differences in toxicities of the various forms cirf' 
clearly related to the rate of their excretion, the least toxir 
being the most rapidly eliminated (Frost 1967, 149 Under
wood 1971) y,i Except in unusual cases, this clement should 
occur in vvaters larg·ely as inorganic oxides. In waters carry
ing or in contact with natural colloidal material, the soluble 
arsenic content may be decreased to a very low level by ad
sorption. 

\\'adsworth (1952) 2611 gave the acute toxicit) of inorganic 
arsenic for farm animals as follows: poultry, 0.05-0. l 0 g per 
animal; swine, 0.5-1.0 g per animal; sheep, goats, and 
horses, 10.0-15.0 g per animal: and cattle, 15-30 g per 
animal. Franke and Moxon (1936) 14 ~ concluded that the 
minimum dose required to kill 75 per cent of rats given 
intraperitoneal injections of arsenate was 14-18 mg arsenic 
per kilogram, while for arsenite it was 4.25-4. 75 mg 'kg of 
body weight. 

\\Then mice were given drinking water containing 5 mg/! 
of arsenic as arsenite from weaning to natural death, there 
was some accumulation of the clement in the tissues of 
several organs, a somewhat shortened life span, but no 
carcinogenic effect (Schroeder and Balassa 1967). 233 In a 
similar study with rats (Schroeder et al. 1968b),236 neither 
toxicity nor carcinogenic effects were observed, but large 
amounts accumulated in the tissues. 

Peoples (I 964) 220 feel arsenic acid at levels up to 1.25 mg/ 
kg of body weight per day for eight weeks to lactating 
cows. This is equivalent to an intake of 60 liters of water 
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containing 5.5 mg/I of arsenic (10.4 mg of arsenic acid) 
daily by a 500 kg animal. His results indicated that this 
form of arsenic is absorbed and rapidly excreted in the 
urine. Thus there was little tissue storage of the element; 
at no level of the added arsenic was there an increased 
arsenic content of the milk, and no toxicity was observed. 

According to Frost (1967), 149 there is no evidence that 
10 parts per million (ppm) of arsenic in the diet is toxic to 
any animal. 

Arsenicals have been accused of being carcinogenic. This 
matter ha~ been thoroughly reviewed by Frost (I 967), 149 

who concluded that they appear remarkably free of this 
property. 

Most human foods contain less than 0.5 ppm of arsenic, 
but certain marine animals used as human food may con
centrate it and may contain over 100 ppm (Frost 1967,149 

Underwood I 9712:' 1). Permissible levels of the element in 
muscle meats is 0.5 ppm; in edible meat by-products, 1.0 
ppm: and in eggs, 0.5 ppm (U.S. Dept. of Health, Educa
tion, and \ Vclfare, Food and Drug Administration 1963, 25 " 

1964256). Federal Drinking Water Standard~ list 0.05mg11 as 
the upper allowable limit to humans for arsenic, but ~fcKee 
and Wolf (1963) 193 suggested 1.0 mg 11 as the upper limit 
for livestock drinking water. The possible role of biological 
mcthylation in increasing the toxicity (Chemical Engineer
ing .'\' cws 1971) 121

' suggested added caution, however, and 
natural waters seldom contain more than 0.2 mgil (Durum 
et al. 1971). 141 

Recommendation 

To provide the necessary caution, and in view of 
available data, an upper limit of 0.2 mg/I of arsenic 
in water is recommended. 

Beryllium 

Beryllium was found to occur in natural surface waters 
only at very low levels, usually below 1 µg/l (Kopp and 
Kroner 1970). 182 Conceivably, however, it could enter 
waters in effluents from certain metallurgical plants. Its 
salts are not highly toxic, laboratory rats having survived 
for two years on a diet that supplied the clement at a level 
of about 18 mg/kg of body weight daily. Pomelec (1953) 22 :i 

calculated that a cow could drink almost 1,000 liters of 
water containing 6,000 mg/I without harm, if these data 
for rats arc transposable to cattle. This type of extrapolation 
must, however, be used with caution, and the paucity of 
additional data on the toxicity of beryllium to livestock 
preclude.;; recommending at this time a limit for its concen
tration in livestock waters. 

Boron 

The toxicity of boron, its occurrence in foods and feeds, 
and its role in animal nutrition have been reviewed by 
McClure (1949), 190 McKee and Wolf (1963), 193 and 
Underwood (1971). 254 Although essential for plants, there 

is no evidence that boron is required by animals. It has 
relatively low order of toxicity. In the dairy cow, 16-20 
of boric acid per clay for 40 clays produced no ill effcc1 
(McKee and Wolf 1963). 193 

There is no evidence that boron accumulates to an 
great extent in body tissues. Apparently, most natur; 
waters could be expected to contain concentrations we 
below the level of 5.0 mg/!. Tr,is was the maximum amour 
found in 1,546 samples of river and lake waters frm 
various parts of the L:nitccl States, the mean value bcin 
0.1 mg/I (Kopp and Kroner 1970). 1 ~2 Ground waters coul 
contain substantially more than this at certain places. 

Recommendation 

Experimental evidence concerning the toxicit 
of this element is meager. Therefore, to offer 
large margin of safety, an upper limit of 5.0 mg) 
of boron in livestock waters is recommended. 

Cadmium 

Cadmium (Cd) i<> normally found in natural! waters ;J 

very lmv levck A nation\\ ide reconnaissance of surfac 
waters of the United :States (Durum ct al. 1971) · 41 rcveale 
that of O\Tr 720 samples, about four per cent comained ovc 
10 µgi] of this element, and the highest level was 110 µg/ 

Ground water on Long Island, New York, contained 3. 
mg II as the result of contam[111tion by waste from the elcc 
troplating indw;try, and mine waters in Missouri containc1 
1,000 mg/I (McKee and \\.'olf 1963). 193 

Research to elate suggests th;c,t cadmium is not an esscnti.o 
element. It is, on the other h.rnd, quite toxic. Man has bee 
sickened by about I 5 ppm in popsicles, 67 ppm in puncl· 
300 ppm in a cold drink, 530 ppm in gelatin, and 14.5 m 
taken orally; although a family of four whose clrinkin 
water was reported to contain 47 ppm had no history of ii 
effects (McKee and Wolf 196~;).m 

Extensive tests have been made on the effects of variou 
levels of cadmium in the drinking water on rats and dog 
(McKee and \\'olf 1963). 193 Because of the accumlatio1 
and retention of the clement in the liver and kidney, it wa 
recommended that a limit of 100 µgll, or prcfcral1ly less, b 
used for drinking waters. 

Parizek ( 1960) 219 found that a single close of 4.5 mg Cd/ki 
of body weight proclucccl permanent sterility in male rats 
At a level of 5 mg/] in the drinking water of rats (Schroecle1 
et al. 1963a) 230 or mice (Schroeder et al. 1963b)/ 39 reclucec 
longevity was observed. Intravenous injection of caclmiuff 
sulfate into pregnant hamsters at a level of 2 mg Cd lk12 
of body weight on day eight of gestation caused malforma
tions in the fetuses (Mulvihill 10.t al. 1970).200 

Miller (1971) 196 studied cadmium absorption and distri· 
bution in ruminants. He found that only a small part oJ 
mgcstecl cadmium was absorbed, and that most of what wa.s 
.vent to the kidneys and liver. Once absorbed, its turnover 
·ate was very slow. The cow is very efficient in keeping 



cadmium out of its milk, and Miller concluded that most 
major ~nimal products, including meat and milk, seemed 
quite well protected against cadmium accumulation. 

Interactions of cadmium with several other trace cle
ments (Hill ct al. 1963, 172 Gunn and Gould 1967, 10n Mason 
and Young 1967) 189 so mew hat confuse the matter of es tab
lishing criteria. 

Recommendation 

From the available data on the occurrence of 
cadmium in natural waters, its toxicity, and its 
accumulation in body tissues, an upper limit of 
50 µ.g/I allows an adequate margin of safety for 
livestock and is recommended. 

Chromium 

In a five-year survey of lake and nver waters of the 
United States (Kopp and Kroner 1970), 182 the highest level 
found in over 1,500 samples was a bout 0.1 'mg I, the average 
being about 0.00 I mg1 !. In another similar survey (Durum 
et al. l 971) 141 of 700 samples, none contained over 0.05 mg, I 
of chromium VI and only 11 contained more than 0.005 
mg I. A number of indu~trial processes hm\·c\-cr use the 
element, which then mav be discharged as waste into sur
face waters, possibly at rather high levels. 

Even in its most soluble forms, the clement is not readily 
a bsorhed by animals, !wing largely excreted in the feces; 
and it docs not appear to concentrate in any particular 
mammalian tissue or to increase in these tissuf's with age 
(Mertz 1967,194 Underwood 197!2:"). 

Hexavalcnt chromium is generally considered more toxic 
than the trivalent form (Mertz 1967). 194 However, in their 
review of this clement, McKee and \ \' olf ( 1963) rn.i suggested 
that it has a rather low order of toxicity. Further, Gross and 
Heller (1946) 1"

8 found that for rats the maximum nontoxic 
level, based on growth, for chromium VI in the drinking 
water was 500 mg 'l. Tlwv also found that this concentration 
of the clement in the water did not affect feed utilization by 
rabbits. Romoser ct al. ( 1961 )226 found that 100 ppm of 
chromium VI in chick diets had no effect on the perform
ance of the birds over a 21-day period. 

In a series of experiments, Schroeder et al. (l 963a, 2 as 

l 963b,2 :39 1964,234 196523 :') administered water containing 
5 mg I of chromium III to rats and mice on low-chromium 
diets over a life span. At this level, the element was not 
toxic, but instead it had some beneficial effects. Tissue levels 
did not increase significantly with age. 

As a result of their review of chromium toxicity, McKee 
and Wolf (1963) 19.J suggested that up to 5 mg/I of chromium 
III or VI in livestock drinking water should not be harm
ful. \,Yhile this may be reasonable, it may be unnecessarily 
high when the usual concentrations of the clement in nat
ural waters is considered. 
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Recommendation 

An upper allowable limit of 1.0 mg/l for livestock 
drinking waters is recommended. This provides a 
suitable margin of safety. 

Cobalt 

In a recent survey of surface waters in the United States 
(Durum et al. 1971) 141 63 per cent of over 720 sam pies \Vere 
found to contain less than 0.001 mg 11 of cobalt. One sample 
contained 4.5 mg 'l, one contained 0.11 mg/I, and three 
contained 0.05-0.10 mg I. 

Underwood (1971) 2 ;, 4 reviewed the role of cobalt in 
animal nutrition. This clement i~ part of the vitamin B12 

molecule, and as such it is an essential nutrient. Ruminants 
synthesized their own vitamin B12 if they were given oral 
cobalt. For cattle and sheep a diet containing about 0.1 ppm 
of the clement 'cemcd nutritionally adequate. A \\iclc 
margin of safetv cxi,tccl bet\\een the required and toxic 
levels for sheep and ca ttlc, which were levels of I 00 times 
those usually found in adequate diets being well tolerated. 

:\"onruminants required preformed vitamin B12. \\'hen 
administered to these .mimals in amounts\\ ell be) on cl thmc 
prcownt in food-; and feeds, cohall induced pulycythcmia 
(Underwood 19711.2

:'
4 This was also true in calves prior to 

rumen development; about 1.1 mg of the clement per kg 
of hod) weight admini,tcrecl daily caused depression uf ap
petite and lo~s of weight. 

ColJalt toxicity wao, also summarized by McKee and 
Wolf (1963). 1n 

Recommendation 

In view of the data available on the occurrence 
and toxicity of cobalt, an upper limit for cobalt in 
livestock waters of 1.0 mg/I offers a satisfactory 
margin of safety, and should be met by most 
natural waters. 

Copper 

The examination of over 1,500 river and lake \\·atcrs in 
the Cnited States (Kopp and Kroner 1970)rn2 yielded, at 
the highest, 0.28 mg I of copper and an average value of 
0.015 mg· I. These rather low values were probably clue in 
part to the rcla tivc in·mlubilit) of the copper ion in alkaline 
medium and to its ready adsorbability on colloids (McKee 
and \Volf 1963).m \Vhcre higher values than those reported 
above are found, pollution from industrial sources or mines 
can be suspected. 

Copper is an es0icntial trace clement. The requirement for 
chicks and turkey poults from zero to eight weeks of age is 
4 ppm in the diet (NRC I97lb). 2116 For beef cattle on 
rations low in molybdenum and sulfur, 4 ppm in the diet 
is adequate; but when these elements are high, the copper 
requirement is doubled or tripled (NRC 1970) .204 A dietary 
level of 5 ppm in the forage is suggested for pregnant and 
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lactating ewes and their lambs (NRC 1968b203). A level of 
6 ppm in the diet is considered adequate for swine (NRC 
l 968a). 202 

Swine are apparently very tolerant of high levels of 
copper, and 250 ppm or more in the diet have been used 
to improve liveweight gains and feed efficiency (Nutrition 
Reviews l 966a210 ; NRC l 968a). 202 On the other hand, sheep 
were very susceptible to copper poisoning (Underwood 
1971),254 and for these animals a diet containing 25 ppm 
was considered toxic. About 9 mg per animal per day was 
considered the safe tolerance level (NRC l 968b). 203 

Several reviews of copper requirements and toxicity have 
been presented (McKee and \'V olf 1963, m Nutrition Re
views 1966a,210 Underwood 1971).204 There is very little ex
perimental data on the effects of copper in the water supply 
on animals, and its toxicity must be judged largely from the 
results of trials where copper was fed. The element doc~ not 
appear to accumulate at excessive levels in muscle tissues, 
and it is very readily eliminated once its administration is 
stopped. \Vhile most livestock tolerate rather high levels, 
sheep do not (NRC 1968b).203 

Recommendation 

It is recommended that the upper limit for cop
per in livestock waters be 0.5 mg/l. Very few natural 
waters should fail to meet this. 

Fluorine 

The role of fluorine as a nutrient and as a toxin has been 
thoroughly reviewed by Underwood (1971). 254 (Unless 
otherwise indicated, the following discussion, exclusive of 
the recommendation, is based upon this review.) \'Vhile 
there is no doubt that dietary fluoride in appropriate 
amounts improved the caries resistance of teeth, the element 
has not yet been found essential to animals. If it is a dietary 
essential, its requirement must be very low. Its ubiquity 
probably insures a continuously adequate intake by ani
mals. 

Chronic fluoride poisoning of livestock has, on the other 
hand, been observed in several areas of the world, resulting 
in some cases from the consumption of waters of high fluoride 
content. These waters come from wells in rock from which 
the element has been leached, and they often contain 
10-15 mg/I. Surface waters, on the other hand, usually con
tain considerably less than 1 mg /1. 

Concentrations of 30-50 ppm of fluoride in the total 
ration of dairy cows is considered the upper safe limit, 
higher values being suggested for other animals (NRC 
1971a).205 Maximum levels of the element in waters that are 
tolerated by livestock are difficult to define from available 
experimental work. The species, volume, and continuity of 
water consumption, other dietary fluoride, and age of the 
animals, all have an effect. It appears, however, that as little 
as 2 mg/I may cause tooth mottling under some circum-

stances. At least a several-fold increase in its concentratio 
seems, however, required to produce other injurious effect 

Fluoride from waters apparently does not accumulate i 
soft tissues to a significant degree. It is transferred to a ver 
small extent into the milk and w a somewhat greater degre 
into eggs. 

McKee and \Volf (1963)m have also reviewed the mattf 
of livestock poisoning by fluoride, concluding that 1.0 mg / 
of the element in their drinking water did not harm thes 
animals. Other more recent l-e:i:;orts presented data suggest 
ing that even considerably higher concentrations of fluorid 
in the water may, with the exception of tooth mottlin§ 
caused no animal health problems (Harris et al. 1963, u 
Shupe et al. l 964,24n Nutrition Reviews l 966b, 211 Savill 
1967,231 Schroeder et al. 196Ba 237). 

Recommendation 

An upper limit for fluorides in livestock drinkini 
waters of 2.0 mg/I is recommended. Although thi 
level may result in some: tooth mottling it shoul< 
not be excessive from the standpoint of anima 
health or the deposition of the element in meat 
milk, or eggs. 

Iron 

It is well known that iron (Fe) is essential to animal life 
Further, it has a low order or toxicity. Deobald and Elveh 
jem ( 1935) 138 found that iron salts added at a level o 
9,000 mg Fe/kg of diet caused a phosphorus deficiency ir 
chicks. This could be overcome by adding phosphate to th< 
diet. Campbell (l 961) 124 found that soluble iron salt ad 
ministered to baby pigs by stomach tube at a level of 600 ill[ 

Fe/kg of body weight caused death within six hours. O'Don 
:wan et al. ( 1963) 212 found very high levels of iron in th< 
::liet (4,000 and 5,000 mg/kg) to cause phosphorus deficienq 
:md to be toxic to weanling pigs Lower levels (3,000 mg/kg: 
1pparently were not toxic. The intake of water by livcstod 
may be inhibited by high levels of this element (Taylo1 
1935).250 However, this should not be a common or a seriou: 
aroblem. While iron occurs in natural waters as ferrou: 
:;alts which are very soluble, on contact with air it is oxi· 
dized and it precipitates as ferric oxide, rendering it essen· 
:ially harmless to animal health. 

It is not considered necessary to set an upper limit of ac
ceptability for iron in water. I1 should be noted, however, 
i:hat even a few parts per million of iron can cause clogging 
of lines to stock watering equipment or an undesirable stain
ing and deposit on the equipment itself. 

l.ead 

Lake and river waters of the United States usually contain 
Jess than '0.05 mg/I of lead (Pb), although concentrations in 
excess of this have been reported (Durum et aL 1971,141 

Kopp and Kroner 1970) .182 Some natural waters in areas 
where galena is found have had as much as 0.8 mg/I of the 



element. It may also be introduced into waters in the ef
fluents from various industries, as the result of action of the 
water on lead pipes (McKee and Wolf 1963), 193 or by 
deposition from polluted air (NRC 1972).207 

A nutritional need for lead by animals has not been 
demonstrated, but its toxicity is well known. A rather com
plete review of the matter of lead poisoning by McKee and 
Wolf (1963) 193 suggested that for livestock the toxicity of 
the clement had not been clearly established from a quanti
tative standpoint. Even with more recent data (Donawick 
1966, 139 Link and Pensinger 1966, 186 Harbourne ct al. 
1968, 16

j Damron ct al. 1969, m Hatch and Funnell 1969, 16 K 

Egan and O'Cuill 1970, 14 :1 Aronson 1971), 108 it is difficult to 
establish clearly at what level of intake lead becomes toxic, 
although a daily intake of 6- 7 mg Pb/kg of body weight has 
been suggested as the minimum that eventually gave rise 
to signs of poisoning in cattle (Hammond and Aronson 
1964) .164 Apparently, cattle and sheep are considerably more 
resistant to lead toxicosis than arc horses, being remarkably 
tolerant to the continuous intake of relatively large amounts 
of the clement (Hammond and Aromon 1964, 11;4 Garner 
1967, 1;' 2 Aronson 1971 10 H; :\RC 1972 2117). Howe\'er, there is 
some tcnclenc: for it to accumulate in ti;,;,ucs and to be 
tran'iferred to the milk at lcn+, that could lie toxic to miln 
(Hammond and Aronson J9b4). 11i4 

There is some agreement that 0.5 mg/l of lead in the 
drinking water of livestock is a safe level (McKee and Wolf 
1963) ;193 and the findings of Schroeder and his associates 
with laboratory animals arc in agreement with this (l 963a, 238 

l 963b, 239 1964, 2 :i 4 l 9652:i;,). Using 10 times this level, or 
5 mg I, of lead in the drinking water of rats and mice over 
their life spans, these authors observed no obvious direct 
toxic effects but did find an increase in death rates in the 
older animals, C'ipecially in the males. Schroeder et al. 
(l 965F1

\ observed that the increased mortality was not 
caused by overt lead poisoning, but rather liy an increased 
susceptibility to spontaneous infections. Hemphill et al. 
(19 71) 171 la tcr reported that mice trea tee! with su bclinical 
closes of lead nitrate were more susceptible to challenge with 
Salmonella typhimurium. 

Recommendation 

In view of the lack of information concerning 
the chronic toxicity of lead, its apparent role in 
reducing disease resistance, and the very low inci
dence in natural waters of lead contents exceeding 
the 0.05 mg/I level, an upper limit of 0.1 mg/I for 
lead in livestock waters is recommended. 

Manganese 

Like iron, manganese is a required trace element, occurs 
in natural waters at only low levels as manganous salts, and 
is precipitated in the presence of air as manganic oxide. 
While it can be toxic when administered in the feed at high 

Water for Lwestock Enterpnses/313 

levels (Underwood 1971),254 it is improbable that it would 
be found at toxic levels in waters. 

It is doubtful that setting an upper limit of acceptability 
is necessary for manganese, but as with iron, a few milli
grams per liter in water can cause objectionable deposits 
on stock watering equipment. 

Mercury 

Natural waters may contain mercury ongmating from 
the activities of man or from naturally occurring geological 
stores (Wcrshaw 1970,262 White ct al. 1970).263 The element 
tends to sorb readily on a variety of materials, including the 
bottom sediments of streams, greatly reducing the levels 
that might otherwise r<>m;iin in solution (Hem 1970) 11° 

Thus, surface waters in the United States have usually 
been found to contain much less than 5 µgll of mercury 
(Durum ct al. 1971). 141 In areas harboring mercury de
posits, their biological methylation occurs in bottom sedi
ments (Jensen and Jernclov 1969) 176 resulting in a con
tinuous presence of the element in solution (Greeson 1970) .156 

In comparison to the relative instability of organic com
pounds such as salts of phenyl mercury and methoxyethyl 
mercury (Gage and Swan 1961, 131 Miller et al. 1961,195 

Daniel and Gage 1969, 132 Daniel et al. 1971 m) alkyl 
mercury compounds including methyl mercury (CH3Hg+) 
have a high degree of stability in the body (Gage 1964, 1:,o 

:Miller et al. 1961) 1 n:, resulting in an accumulative effect. 
This relative stability, together with efiicient absorption from 
the gut, contributes to the somewhat greater toxicity of 
orally administert>d methyl mercury as compared to poorly 
absorbed inorganic mercury salts (Swensson et al. 1959).249 

The biological half-life of methyl mercury varies from 
about 20 to 70 clays in most species (Bcrgrund and Berlin 
1969).11 3 Brain, liver, and kidney were the organs that ac
cumulated the highest levels of the element, with the distri
bution of methyl and other alkyl mercury compounds favor
ing nerve tissue and inorganic mercury favoring the kidney 
(Malishcvskaya ct al. 1966, 188 Platonow 1968,222 Abcrg ct al. 
1969) .102 

Transfer of methyl mercury (Curley et al. 1971), 130 but 
not mercuric mercury (Berlin and Ullberg 1963), 114 to the 
fetus has been observed. The element also appeared in the 
eggs of poultry (Kiwimae et al. 1969) 180 and wild birds 
(Borg ct al. 1969, 118 Dustman et al. 19 70) 142 but did not seem 
to concentrate there much above levels found in the tissues 
of the adult. Data concerning levels of mercury that may be 
detrimental to hatchability of eggs are too meager to sup
port conclusions at this time. Also, data concerning transfer 
of mercury to milk is lacking. 

The animal organs representing the principal tissues for 
mercury concentration are brain, liver, and kidney. It is 
desirable that the maximum allowable limit for mercury in 
livestock waters should result in less than 0.5 ppm of ac
cumulated mercury in these tissues. This is the level now in 
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use as the maximum allowable in fish used for human con
sumption. 

Few data are available quantitatively relating dietary 
mercury levels with accumulation in animal tissues. The 
ratios between blood and brain levels of methyl mercury 
appeared to range from 10 for rats to 0.2 for monkeys and 
dogs (International Committee on Maximum Allowable 
Concentrations of Mercury Compounds 1969) .174 In addi
tion, blood levels of mercury appeared to increase approxi
mately in proportion to increases in dietary intake (Birke 
et al. 196711 ;'; Tejning 1967251 ). 

A5suming a 0.2 or more blood-to-tis'iue (brain or other tis
sue) ratio for mercury in livestock, the maintenance of less 
than 0.5 ppm mercury in all tissues necessitates maintaining 
blood mercury levels below 0.1 ppm. This would indicate a 
maximum daily intake of 2.3 µg of mercury per kilogram 
body weight. Based upon daily water consumption by meat 
animals in the range of up to about eight per cent of body 
weight, it is estimated that water may contain almost 30 
µg/1 of mercury as methyl mercury without the limits of 
these criteria being exceeded. Support for this approxima
tion was provided in part by the calculations of Aberg ct al. 
(1969) 102 showing that after "infinite" time the body burden 
of mercury in man will approximate 15.2 times the weekly 
intake of methyl mercury. Applying these data to meat ani
mals consuming water equivalent to eight per cent of body 
weight and containing 30 µg 11 of mercury would result in 
an average of 0.25 ppm mercury in the whole animal body. 

Recommendation 

Until specific data become available for the vari
ous species, adherence to an upper limit of 10 µg/l 
of mercury in water for livestock is recommended, 
and this limit provides an adequate margin of 
safety to humans who will subsequently not be 
exposed to as much as 0.5 ppm of mercury through 
the consumption of animal tissue. 

Molybdenum 

Underwood (1971 )254 reviewed the matter of molyb
denum's role in animal nutrition. While the evidence that 
it is an essential element is good, the amount of molybdenum 
required has not been established. For cattle, for instance, 
no minimum requirement has been set, but it is believed to 
be low, possibly less than 0.01 ppm of the dry diet (NRC 
1970).204 

McKee and \Volf (1963) 193 reviewed the matter of toxicity 
of molybdenum to animals, but Underwood (1971) 254 

pointed out that many of the studies on its toxicity arc ot 
limited value because a number of factors known to influence 
its metabolism were not taken into account in making these 
studies. These factors included the chemical form ot 
molybdenum, the copper status and intake of the animal, 
the form and amount of sulfur in the diet, and other less 
well defined matters. In spite of these, there are data to 

support real species differences in terms of tolerance to th 
element. Cattle seem the lea:;t tolerant, sheep a little mor, 
so, and horses and swine comiderably more tolerant. 

While Shirley et al. ( 1950)241' found that drenching steer 
daily with sodium molybdate in an amount equialent ti 
about 200 ppm of molybdenum in the diet for a period o 
seven months resulted in no marked symptoms of toxicity 
cattle on pastures where the herbage contained 20-100 ppn 
of molybdenum on a dry basis developed a toxicosis know1 
as teart. Copper additions to the diet have been used ti 
control this (Underwood 1971).254 

Cox et al. (1960) 127 reported !hat rats fed diets containin1 
500 and 800 ppm of added rrolybdenum showed toxicit' 
symptoms and had increased levels of the element in the:[ 
livers. Some effects of the molybdenum in the diets on live 
enzymes in the rats were not observed in calves that hac 
been maintained on diets containing up to 400 ppm of th• 
element. 

Apparently, natural surface waters very rarely containec 
levels of this element of over 1 mg/I (Kopp and Krone 
1970), 182 which seemed to offer no problem. 

Conclusion 

Because there are many factors influencing tox· 
icity of molybdenum, setting an upper allowabh 
limit for its concentration in livestock waters h 
not possible at this time. 

Nitrates and Nitrites 

Livestock poisoning by nitrates or nitrites is dependen1 
upon the intake of these ions from all sources. Thus, wate1 
Jr forage may independently or together contain levels tha1 
::tre toxic. Of the two, nitrite is considerably more toxic 
Usually it is formed through the biological reduction o 
1.itrate in the rumen of cattle or sheep, in freshly choppec 
orage, in moistened feeds, or in waters contaminated wit]' 
organic matter to the extent that they are capable of sup 
,Jorting microbial growth. While natural waters often con· 
min high levels of nitrate, their nitrite content is usuall) 
very low. 

While some nitrate was trarn:ferred to the milk, Davisor 
and his associates (1964) 13·1 found that for dairy cattle fed 
150 mg N03N/kg of body weight the milk contained about 

'.I ppm of N03N. They concluded that nitrates in cattl1: 
feeds did not appear to constitute a hazard to human 
health, and that animals fed nitrate continuously developed 
rnme degree of adaptation to it. 

The LD50 of nitrate nitrogen for ruminants was found 
to be about 75 mg N03N/kg of body weight when ad
ministered as a drench (Bradley et al. 1940)119 and about 
255 mg/kg of body weight when sprayed on forage and 
feed (Crawford and Kennedy 1960).128 Levels of 60 mg 
N03N /kg of body weight as a drench (Sapiro et al. 1949)230 

and 150 mg N0 1N/kg of body weight in the diet (Prewitt 
and Merilan 1958 ;224 Davison et al. 1964135) had no de·· 



leterious effects. Lewis ( 1951) 1 84 found that 60 per cent con
version of hemoglobin to methemoglobin occurred in 
mature sheep from 4.0 g of N03N or 2.0 g of N02~ placed 
in the rumen, or 0.4 g N02N injected intravenously. As an 
oral drench, 90 mg N03N /kg of body weight gave peak 
methemoglobin levels of 5-6 g/100 ml of blood in sheep, 
while intravenous injection of 6 mg N02N /kg of body weight 
gave similar results (Emerick et al. 1965). 144 

Nitrate-induced abortions in cattle and sheep have 
generally required amounts approaching lethal levels 
(Simon et al. 1959, 247 Davison et al. 1962, 136 Winter and 
Hokanson 1964,266 Davison et al. 1965137). 

Some experiments have demonstrated reductions in 
plasma or liver vitamin A values resulting from the feeding 
of nitrate to ruminants (Jordan et al. 1961,178 Goodrich 
et al. 1964,153 Newland and Deans 1964,209 Hoar et al. 
1968173). The destructive effect of nitrites on carotene 
(Olson et al. 1963213) and vitamin A (Pugh and Garner 
1963225) under acid conditions that exi5ted in silage or in 
the gastric stomach have also been noted. On the other 
hand, nitrate levels of about 0.15 per cent in the feed 
(equivalent to about 1 per cent of potassium nitrate) have 
not been shown to influence liver vitamin A levels (Hale 
et al. 1962,161 Wcichenthal et al. 1963, 261 Mitchell ct al. 
196 7197) nor to have other deleterious effects in controlled 
experiments, except for a possible slight decrease in produc
tion. 

Assuming a maximum water consumption in dairy cat
tle of 3 to 4 times the dry matter intake (l\'RC 197la211 "), 
the concentration of nitrate to be tolerated in the water 
should be about one-fourth of that tolerated in the feed. 
This would be about 300 mgi I of N03~. 

Gwatkin and Plummer (1946) 1611 drenched pigs with 
potassium nitrate solutions, finding that it required in ex
cess of 300 mg N03N/kg of body weight to cause erosion 
and hemorrhage of the gastric mucosa and subsequent 
death. Lower levels of this salt had no effect when ad
ministered daily for 30 days. Losses in swine due to metho
globinemia have occurred only with the consumption of 
preformed nitrite and not with nitrate (Mcintosh et al. 
1943, 192 Gwatkin and Plummer 1946, 160 \\'inks ct al. 
195026"). Nitrate administered orally as a single dose was 
found to be acutely toxic at 13 mg N02l\ ikg of body weight, 
8. 7 mg/kg of body weight producing moderate methemo
globinemia (Winks et al. 1950).260 Emerick ct al. (1965) 144 

produced moderate methemoglobinemia in pigs with intra
venous injections of 6.0 mg N02N ;kg of body weight and 
found that the animals under one week of age wen: no more 
susceptible to poisoning than older ones. 

Drinking water containing 330 mg/I N03N fed continu
ously to growing pigs and to gilts from weaning through two 
farrowing seasons had no adverse effects (Seerley et al. 
1965).242 Further, 100 mg/I of N02N in drinking water 
had no effect on performance or liver vitamin A values of 
pigs over a 105-day experimental period, and methemo-
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globin values remained low. This level of nitrite greatly 
exceeded the maximum of 13 mg/I N02N found to form 
in waters in galvanized watering equipment and in the 
presence of considerable organic matter containing up to 
300 mg/I N03N. 

In special situations involving the presence of high levels 
of nitrates in aqueous slurries of plant or animal tissues, 
nitrite accumulation reached a peak of about one-fourth to 
one-half the initial nitrate concentration (Mcintosh et al. 
1943, 192 Winks et al. 1950,265 Barnett 1952) .109 This situation 
was unusual, but since wet mixtures arc sometimes used for 
swine, it must be considered in establishing criteria for 
water. 

Levels of nitrate up to 300 mg/I N03N or of nitrite up to 
200 mg/I of N02N were added to drinking waters without 
adverse effects on the growth of chicks or production of 
laying hens (Adams et al. 1966). 104 At 200 mg/I N02N, 
nitrite decreased growth in turkey poults and reduced the 
liver storage of vitamin A in chicks, laying hens, and 
turkeys. At 50 mg/] N02N, no effects were observed on any 
of the birds. Kienholz et al. (1966) 179 found that 150 mg/I 
of N03N in the drinking water or in the feed of chicks or 
poults had no detrimental effect on growth, feed efficiencv, 
methemoglobin level, or thyroid weight, while Sell and 
Roberts (1963) 243 found that 0.12 per cent (1,200 ppm) of 
N02N in chick diets lowered vitamin A stores in the liver 
and caused hypertrophy of the thyroid. Other studies have 
shown poultry to tolerate levels of nitrate or nitrite similar 
to or greater than those mentioned above (Adams et al. 
1967,105 Crawford ct al. 1969129). Up to 450 mg/l of 1\031\ 
in the drinking water of turkeys did not significantly affect 
meat color (Mugler et al. 1970) .199 

Some have suggested that nitrate or nitrite can cause a 
chronic or subclinical toxicity (Simon et al. 1959, 247 

Mcilwain and Schipper 1963,191 Pfander 1961,221 Beeson 
1964, 111 Case 195 712;'). Some degree of thyroid hypertrophy 
ma; occur in some species with the com,umption of subtoxic 
levels of nitrate or nitrite (Bloomfield ct al. 1961, 117 Sell and 
Roberts 1963),24 :5 but possibly not in all (Jainudeen ct al. 
1965). 17 ;, In the human m:wborn, a chronic type of methc
globincmia may result from feeding waters of low N03N 
content (Armstrong ct al. 1958) .1 07 It appears, however, 
that all classe' oflivestock and poultry that have been studied 
under controlled experimental conditions can tolerate the 
continued ingestion of waters containing up to 300 mg l of 
N03N or 100 mg 1 of N02N. 

Recommendation 

In order to provide a reasonable margin of safety 
to allow for unusual situations such as extremely 
high water intake or nitrite formation in slurries, 
the N03N plus N02N content in drinking waters 
for livestock and poultry should be limited to 100 
ppm or less, and the N02N content alone be limited 
to 10 ppm or less. 
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Selenium 

Rosenfeld and Beath (1964) 227 have reviewed the prob
lems of selenium poisoning in livestock. Of the three types 
of this poisoning described, the "alkali disease" syndrome 
required the lowest level of the element in the feed for its 
causation. Moxon (1937) 198 placed this level at about 5 ppm, 
and subsequent research confirmed this figure. Later work 
established that the toxicity of selenium was very similar 
when the element was fed as it occurs in plants, as seleno
methionine or selenocystine, or as inorganic selenite or 
selenate (Halverson et al. 1962, 162 Rosenfeld and Beath 
1964, 227 Halverson et al. 1966163). Ruminant animals may 
tolerate more as inorganic salts than do monogastric ani
mals because of the salts' reduction to insoluble elemental 
form by rumen microorganisms (Butler and Peterson 
1961) .121 

A study with rats (Schroeder 1967) 232 revealed that sele
nite, but not selenate, in the drinking water caused deaths 
at a level of 2 mg,/] and was somewhat more toxic than 
selenite administered in the diet. However, the results of 
drenching studies with cattle and sheep (Maag and Glenn 
1967) 187 indicated that selenium concentration in the water 
should be slight, if it is any more toxic in the same chemical 
form admin~stered in the feed. If there are differences with 
respect to the effect of mode of ingestion on toxicity, they are 
probably small. 

To elate, no substantiated cases of selenium poisoning in 
livestock by waters have been reported, although some 
spring and irrigation waters have been found to contain 
over 1 mg/I of the element (Byers 1935, 122 Williams and 
Byers 1935, 264 Beath 1943110). As a rule, well, surface, and 
ocean waters appeared to contain less than 0.05 mg/I, 
usually considerably less. Byers et al. ( 1938) 123 explain eel 
the low selenium content as a result of precipitation of the 
selenite ion with ferric hydroxide. Microbial activity, how
ever, removed either selenite or selenate from water 
(Abu-Erreish 1967) ;103 this may be another explanation. 

In addition to its toxicity, the essential role of selenium 
in animal nutrition (Thompson and Scott 1970) 2:'2 must be 
considered. Between 0.1 and 0.2 ppm in the diet have been 
recommended as necessary to insure against a deficiency 
in poultry (Scott and Thompson 1969),241 against white 
muscle disease in ruminants (Muth 1963),201 and other 
diseases in other animals (Hartley and Grant 1961).167 

Selenium therapy suggests it as a requirement for livestock 
in general. Inorganic selenium was not incorporated into 
tissues to the same extent as it occurred in plant tissue 
(Halverson et al. 1962, 162 1966, 163 Rosenfeld and Beath 
1964227

). It is doubtful that 0.2 ppm or less of added inor
ganic selenium appreciably increased the amount found in 
the tissue of animals ingesting it. The data of Kubota et al. 
(1967) 183 regarding the occurrence of selenium poisoning 
suggested that over a good part of the United States live
stock were receiving as much as 0.5 ppm or even more of 

naturally occurring selenium in their diets continuously, 
without harm to them and \\-ithout accumulating levels of 
1 he element in their tissues that make meats or livestock 
products unfit for human use. 

Recommendation 

It is recommended that the upper limit for 
:;;elenium in livestock waters be 0.05 mg/I. 

Vanadium 

Vanadium has been present in surface waters in the 
United States in concentrations up to 0.3 mg/I, althougl
most of the analyses showed less than 0.05 mg/I (Kopp anc 
Kroner 1970).182 

Recently, vanadium was determined essential for the 
:~rowing rat, physiologically required levels appearing tc 
Je at or below 0.1 ppm of rh·~ diet (Schwarz and Milm 
1971).240 It became toxic to ch[cks when incorporated intc 
~he diet as ammonium metavanadate at concentratiorn 
·Jver about 10 ppm of the clement (Romoser et al. 1961,221 

'klson et al. 1962,208 Berg 19133, 112 Hathcock et al. 1964169) 

Schroeder and Balassa (1967) 23
:: found that when mice wen 

1Jlowed drinking water containing 5 mg/I of vanadium a~ 
vanadyl sulfate over a life spa 1, no toxic effects were ob· 
.;ervecl, but the element did accumulate to some extent ir 
·:ertain organs. 

Recommendation 

It is recommended that the upper limit fot 
vanadium in drinking water for livestock be 0.1 
mg/I. 

Zinc 

There are many opportunities for the contamination o 
waters by zinc. In some areas where it is mined, this meta 
1as been found in natural waters in concentrations as higl 
as 50 mg/I. It occurs in significant amounts in effluent: 
from certain industries. Galvaaized pipes and 1anks ma1 
also contribute zinc to acidic waters. In a recent survey o 
surface waters, most contained less than 0.05 mg/l but some 
exceeded 5.0 mg 1!, the highest value being 42 mg/I (Durun
ct al. 1971). 141 

Zinc is relatively nontoxic for animals. Swine haw 
1olerated 1,000 ppm of dietary zinc (Grimmet et al. 1937,15: 

Sampson et al. 1942, 229 Lewis et al. 195 7, 185 Brink et al. 
19591211), while 2,000 ppm or more have been found to be 
1 oxic (Brink et al. 1959) .120 Similar findings have been re
ported for poultry (Klussendorf and Pensack 1958, 181 John
wn et al. 1962, 177 Vohra and Kratzer 1968259) where zinc 
was added to the feed. Adding 2,320 mg/I of the element 
10 water for chickens reduced water consumption, egg pro
duction, and body weight. After zinc withdrawal 1here were 
no symptoms of toxici1y in chickens (Sturkie 1956).248 In a 
number of studies with rum in ants, Ott et al. ( l 966a, 2H 



b, 216 c, 211 d 218) found zinc added to diets as the oxide to be 

toxic, but at levels over 500 mg kg of diet. 
While an increased zinc intake reflected an increase in 

level of the element in the body tissues, the tendency for its 
accumulation was not great (Drinker et al. 1927,140 Thomp
son et al. 1927,253 Sadasivan 1951,228 Lewis et al. 1957), 185 

and tissue levels fell rapidly after zinc dosing was stopped 
(Drinker et al. 1927, 140 Johnson et al. 1962177

). 

Zinc is a dietary requirement of all poultry and livestock. 
National Research Council recommendation for poults up 
to eight weeks was ~O mg 1kg of diet; for chicks up to eight 
weeks, it was 50 mg/kg of diet (NRC 1971 b) ;206 for swine, 
50 mg 1kg·of diet (NRC 1968a).202 There is no established 
requirement for ruminants, but zinc deficiencies were re
ported in cattle grazing forage with zinc contents ranging 
between 18 and 83 ppm (Underwood 1971).254 There is 
also no established requirement for sheep, but lambs fed a 
purified die't containing 3 ppm of the element developed 
symptoms of a deficiency that were prevented by adding 15 
ppm of zinc to the diet; 30 ppm was required to give max
imum growth (Ott ct al. 1965). 214 

Cereal grains contained on the average 30-40 ppm and 
protein concentrates from 20 to over 100 ppm (Davis 
1966) .134 In view of this, and in view of the low order of 
toxicity of zinc and its requirement by animals, a limit in 
livestock waters of 25 mg zinc 1 would have a very large 
margin of safety. A higher limit docs not seem necessary, 
since there would be few instances where natural waters 
would carry in excess of this. 

Recommendation 

It is recommended that the upper limit for zinc 
in livestock waters be 25 mg/l. 

Toxic Algae 

The term "water bloom" refers to heavy scums of blue
green algae that form on waters under certain conditions. 
Perhaps the first report of livestock poisoning by toxic algae 
was that of Francis (1878) 147 who described the problem in 
southern Australia. Fitch et al. (1934) 146 reviewed a number 
of cases of algal poisoning in farm animals in Minnesota 
between 1882 and 1933. All were associated with certain 
blue-green algae often concentrated by the wind at one end 
of the lake. Losses in cattle, sheep, and poultry were re
ported. The algae were found toxic to laboratory animals 
on ingestion or intraperitonca] injection. 

According to Gorham (1964) 1
''" six species of blue-green 

algae have been incriminated, as follows: 

Nodularza spumzgena 
Microsystis aerugznosa 
Coelosphaerium Kuet:::,ingianum 
Gloeotrichia echinulata 
Anabaena flos-aquae 
Ap!wni:::_omenon flos-aquae 
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Of the above, Gorham states that Aficroqstis and Ana
baena have most often been blamed for serious poisonings 
and algal blooms consisting of one or more of these species 
vary considerably in their tbxicity (Gorham 1964). 1"5 

According to Gorham (1960), 134 this variability seems to 
depend upon a number of factors, e.g., species and strains 
of algae that arc predominant, types and numbers of bac
terial associates, the conditions of growth, collection and 
decomposition, the degree of animal starvation and sus
ceptibility, and the amount consumed. To date, only one 
toxin from blue-green algae has been isolated and identified, 
only from a few species and streams. This was a cyclic poly
peptide containing 10 amino acid residues, one of which 
was the unnatural amino acid D-scrinc (Bishop ct al. 
1959). 116 This is also refrrrcd to as FDF (fast-death factor), 
since it causes death more quickly than SDF (slow-death 
factor) toxins produced in water blooms. 

Shilo (1967) 244 pointed out that the sudden decomposition 
of algal blooms often preceded mass mortality of fish, and 
similar observations \\'Crc made with livc-;tock poisonings. 
This suggests that the lysis of the algae may be important 
in the release of the toxins, but it also suggests that in some 
circumstances botulism may be involved. The lack of oxy
gen may have caused the fish kill and must also be con
sidered. 

Prcdeath symptoms in livestock have not been carefully 
observed and described. Post-mortem examination is ap
parently of no help in diagnosis (Fitch et al. 1934) .146 

Feeding or injecting algal suspensions or water from suspect 
waters have been used to some extent, but the occasional 
fleeting toxicity of these materials makes this procedure of 
limited value. Identification of any of the toxic blue-green 
algae species in suspect waters does no more than suggest 
the possibility that they caused livestock deaths. 

In view of the many unknowns and unresolved problems 
relating blooms of toxic algae, it is impossible to suggest 
any recommendations insuring against the occurrence of 
toxic algae in livestock waters. 

Recommendation 

The use for livestock of waters bearing heavy 
growths of blue green algae should be avoided. 

Radionuclides 

Surface and groundwaters acquire radioactivity from 
natural sources, from fallout resulting from atmospheric 
nuclear detonations, from mining or processing uranium, 
or as the result of the use of isotopes in medicine, scientific 
research, or industry. 

All radiation is regarded as harmful, and any unnecessary 
exposure to it should be avoided. Experimental work on the 
biological half-lives of radionuclides and their somatic and 
genetic effects on animals have been briefly reviewed by 
McKee and Wolf (1963) .193 Because the rate of decay of a 
radionuclide is a physical constant that cannot be changed, 
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radioactive isotopes must be disposed of by dilution or by 
storage and natural decay. In view of the variability in half
lives of the many radioisotopes, the nature of their radioac
tive emissions, and the differences in metabolism of various 
elements by different animals, the results of animal experi
mentation do not lend themselves easily to the development 
of recommendations. 

Based on the recommendations of the U. S. Federal 
Radiation Council ( 1960,257 19612 5 ~), the Environmental 
Protection Agency will set drinking water standards for 
radionuclidcs (1972), 145 to establish the intake of radioac
tivity from waters that when added to the amount from all 
other sources will not likely be harmful to man. 

Recommendation 

In view of the limited knowledge of the effect of 
radionuclides in water on domestic animals, it is 
recommended that the Federal Drinking Water 
Standards be used for farm animals as well as for 
man. 

PESTICIDES {IN WATER FOR LIVESTOCK) 

Pe~ticidcs include a large number of organic and inorganic 
compounds. The United States production of synthetic 
organic pe'>ticidcs in 1970 was l ,OGO million pounds con
sisting almost entirely of insecticides (501 million pounds), 
herbicides (391 million pounds), and fungicides (168 million 
pounds). Production data for inorganic pesticide-; was 
limited. Based on production, acreage treated, and use 
patterns, insecticides and herbicides comprise the major 
agricultural pesticides (Fowler 1972) .279 Of these, some can 
be detrimental to livestock. Some have low solubility in 
water, but all cause problems if accidental spillage pro
duces high concentrations i11 water, or if they become ad
sorbed on colloidal particles subsequently dispersed in 

water. 
Imccticides are subdivided into three major classes of 

compounds including mcthylcarhilmatcs, organophospliatcs 
and chlorinated hydrocarbons. Many of these substances 
produce no serious pollution hazards, because they arc non
persistcnt. Others, such as lhc chlorinated hydrocarbons, 
are quite persistent in the environment and are the pesti
cides most frequently encountered in water. 

Entry of Pesticides into Water 

Pesticides enter water from soil runoff, direct application, 
drift, rainfall, spills, or foul ty waste disposal techniques. 
Movement by erosion of soil particles with adsorbed pesti
cides is one of the principal means of entry into water. The 
amount carried in runofI water is influenced by rates of ap
plication, soil type, vegetation, topography, and other 
factors. Because of strong binding of some pesticides on soil 
particles, water pollution by pesticides is thought to occur 
largely through the transport of chemicals adsorbed to soil 

particles (Lichtenstein ct al. 1966).281 This mechanism mc: 
not always be a major rome. Bradley et al. (I 972) 269 ol 
served that when 13.4 kg/hectare DDT and 26.8 kg/hecta1 
toxophcne were applied to cotton fields, only 1.3 and 0.( 
per cent, respectively, of the amounts applied were detectt 
in natural runoff water over a 11 8-month period. 

Pesticides can also enter the aquatic environment by dire 
application to surface watcn. Generally, this use is to co1 
trol mosquito larvae, nuisance aquatic weeds, and, as 
several southern states, to control selected aquatic faur 
such as snails (Chesters and Konrad 1971).271 Both of the. 
patlrways general! y result in contamination of surface wate 
rather than groundwater-;. 

Precipitation, accidental ~;p lls, and faulty waste dispos 
are Je-;s important entry routes. Pesticides detected in rai1 
water include DDT, DDD, DDE, dicldrin, alpha-BHC an 
gamma-BBC in extremely minute concentrations (i e., i 
the order of 10--12 parts or the nanograms per liter !eve 
(\Veibcl ct al. 1966,2

'
1
" Cohen and Pinkerton 1966,274 Ta 

rant and Tatton l 96Wn). Spills and faulty waste dispm., 
techniques arc usually responsible for shor::-term, high-lev 
contamination. 

The amount of pesticide actually in solution, howcvc: 
is governed liy a number of factors, the most importar 
probably being the solubilit~- of the molecule. Chlorinate 
hydrocarbon imcctieides, for •::xample, have low soluhilit 
in water (Freshwater Appendix 11-D). Cationic pesticide 
(i.e., paraquat and diquat) arc rapidly and tightly boun 
to soil particles and arc inactivated (\'\1 eccl Society < 

America 1970). 204 Most arscnical pesticides form insolubl 
salts and are inacti\·ated (\Voolson et al. 1971). 2'17 A survc 
of the water and soil layers in farm ponds indicates hight 
concentrates of pe-;ticidc·s are associated with the soil layc1 
that interface with water than in the water jirr st. Inane) 
tensive survey of farm water sources (C. S. Dept. of Agr 
cul tu re, Agricultural Research Service l 969a, 2"

2 hcrcaft<c 
referred to as Agriculture Research Service I 969a 267 

analysis of sediment showed residues in the m<tgnitudc { 
decimal fractions of a microgram per gram (µg 'g) to a big 
of 4.90 µg/g DDT and its DDE and DDD degradatio 
compounds. These were the principal pesticides found i 
sediment. Dicldrin and cndrin were also detected in ;,cdi 
ment in two study .ircas where surface drainage wate 
entered farm ponds from an adjacent field. 

Pesticides Occurrence in Water 

Chlorinated hydrocarbon insecticides are the pesticide 
most frequently encountered in water. They include Din 
and its degradation products DDE and DDD, dielclrin 
cndrin, chlordane, aldrin, and I indane. In a pesticide moni 
toring program conducted from 1957 to 1965, Breidenbacl 
et al. ( 1967) 270 concluded that dicldrin was present in a:l 
sampled river basins at level:; from l to 22 nanogram: 
(ng) /liter. DDT and its metabolites were found to occur ir 
most surface waters, while levels of endrin in the lowe1 



Mississippi decreased from a high of 214 ng/l in 1963 to a 
range of 15 to 116 ng/l in 1965. Results of monitoring 
studies conducted by the U. S. Department of Agriculture 
(Agricultural Research Service l 969a) 267 from 1965 to 
1967 indicated that only very small amounts of pesticides 
were present in any of the sources sampled. The most preva
lent pesticides in water were DDT, its metabolites DDD and 
DDE, and dieldrin. Levels detected were usually below 
one part per billion. The DDT family, dieldrin, endrin, 
chlordane, lindane, heptachlor epoxide, trifturalin, and 
2,4-D, were detected in the range ofO.l to 0.01 µg

1

1I. In a 
major survey of surface waters in the United States con
ducted from 1965 to 1968 for chlorinated hvdrocarbon pesti
cides (Lichtenberg et al. 1969),n2 dieldrin and DDT (in

cluding DDE and DDD) were the compounds most fre
quently detected throughout the 5-ycar period. After reach
ing a peak in 1966, the total number of occurrences of all 
chlorinated hydrocarbon pesticides decreased sharply in 
1967 and 1968. 

A list of pesticides mmt likely to occur in the environ
ment and, consequently, recommended for inclusion in 
monitoring studies, was developed by the former Federal 
Committee on Pesticide Control (now \Vorking Group on 
Pesticides). This list was revised (Schechter 1971 )2911 and 
expanded to include those compounds ( 1) whose persistence 
is of relatively long-term duration; (2) whose use patterm 
is large scale in terms of acreage; or (3) whm,c inherent 
toxicity is hazardous enough to merit close surveillance. 
The primary list includes 32 pesticides or cla~ses of pesticides 
(i.e. arsenical pesticides, mercurial pesticides, and several 
dithiocarbamate fungicides) recommended to be monitored 
in water. A secondary list of 17 compound-; was developed 
for comideration, if monitoring activities arc expanded in 
the future. The pesticides found on the primary fo,t would 
be thme most likely to be encountered in farm water sup
plies (sec Freshwater Appendix II-D). 

Toxicological Effects of Pesticides on Livestock 

Mammals generally have a greater tokrancc to pesticides 
than birds and fish. However, the increased use of pesticides 
in agriculture, particularly the insecticides, presents a poten
tial hazard to livestock. Some compounds such as the or
ganophosphorous imecticides can be extremely dangerous, 
especially when mishandled or wrongly used. To date, how
ever, there actually have been very few verified cases of 
livestock poisoning from pesticides (Papworth 196 7). 287 In 
the few instances reported, the cause of livestock poisoning 
usually has been attributed to human negligence. For live
stock, pesticide classes that may pose possible hazards are 
the acaricides, fungicides, herbicides, insecticides, mollus
cides, and rodenticides (Papworth l967).n 7 

Acaricides intended for use on crops and trees usually 
have low toxicity to livestock. Some, such as technical 
chlorobenzilate, have significant toxicity for mammals. The 
acute oral LD50 in rats is 0. 7 g/kg of body weight (Pap-
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worth 196 7). 287 With fungicides, the main hazard to live
stock apparently is not from the water route, but from their 
use as seed dressings for grain. Of the types used, the organo
mercury compounds and thiram are potentially the most 
dangerous (McEntce 1950,283 Weibel et al. 196629

''). The 
use of all organomercury fungicides is restricted by the 
Environmental Protection Agency (Oflice of Pesticides, 
Pesticides Regulation Division 1972) .277 Consequently, the 
possible hazard to livestock from these compounds has, for 
most purposes, been eliminated. 

Of the herbicides in current use, tbe dinitro compounds 
pose the greatest hazard to livestock. Dinitroorthocresol 
(DNC or D~OC) is probably the most used member of 
this group. In ruminants, however, DJ';C is de-.;troyed 
rapidly by the rumen organisms (Papworth 1967) .287 These 
compounds are very persistent, up to two years, and for 
livestock the greatest hazard is from spillages, contamina
tion of vegetation, or water. In contrast, the phenoxyacctic 
acid derivatives (2 ,4-D, MCPA) are comparatively harm
lc'is. Fertig (1953) 278 states that suspected poisoning of 
livestock or wildlife by phcnoxy herbicides could not be 
substantiated in all cases carefully surveyed. 1 he hazards 
to livestock from hormone weed killer-; arc discussed by 
Rowe and Hymas ( 1955),289 and dinitrocompounds by 
McGirr and Papworth (1953) 284 and Edson (1954) .276 

The possible hazards from other herbicides arc reviewed by 
Papworth (1967) 2' 7 and Radelcff (1970).m 

Of the classes of insecticides in use, some pose a potential 
hazard to live;tock, while others do not. Insecticide-; of 
vegetable origin such as pyrethrins and rotenones, are prac
tically non-toxic to livestock. Most chlorinated hydrocarbons 
arc not highly toxic to livestock, and none is known to ac
cumulate in vital organs. DDT, DD(), dilan, methoxychlor, 
and perthane arc not highlv toxic to mammals, but some 
other chlorinated hydrocarbons arc quite toxic (Papworth 
1967,287 Radelcff 1970288

). The inst'Cticides that are poten
tially the most hazardous arc the organophosphorus com
pounds causing chlorinesterasc inhibition. Some, such as 
mipafax, induce pathological changes not directly related 
to cholinesterase inhibition (Barnes and Dcnz 1953) .268 

Liquid organophosphorm insecticides are absorbed by all 
routes, and the lethal dose for mm,t of these compounds is 
low (Papworth 1967, 2' 7 Radeleff l 97o~~x). 

Pesticides in Drinking Water for Livestock 

The subgroup on contamination in the Report of the 
Secretary's Commission on Pesticides and Their Relation
ship to Environmental Health (C.S. Dept. of Health, Edu
cation, and \Velfare 1969) 2n examined the present knowl
edge -on mechanisms for dissemination of pesticides in the 
environment, including the water route. There have been 
no reported cases of livestock toxicity reoulting from pesti
cides in water. Howevt?r, they conclude that the possibility 
of contamination and toxicity from pesticide'> is real because 
of indiscriminate, uncontrolled and excessive use. 
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Pesticide residues in farm water supplies for livestock and 
related enterprises are undesirable and must be reduced or 
eliminated whenever possible. The primary problem of 
reducing levels of pesticides in water is to locate the source 
of contamination. Once located, appropriate steps should 
be taken to eliminate the source. 

Some of the properties and concentrations of pesticides 
found in water are shown in Table V-4. Although many 
pesticides are readily broken down and eliminated by live
stock with no subsequent toxicological effect, the inherent 
problems associated with pesticide use include the accumu
lation and secretion of either the parent compound or its 
degradation products in edible tissues and milk (Kutches 
et al. 1970) .2811 Consequently, pesticides consumed by live
stock through drinking water may result in residues in fat 
and certain produce (milk, eggs, wool), depending on the 
level of exposure and the nature of the pesticide. There is 
also a possibility of interactions between insecticides and 
drugs, especially in animal feeds (Conney and Hitchings 
1969). 275 

1\ on polar lipophilic pesticides such as the chlorinated 
hydrocarbon insecticides (DDT, lindane, endrin, and 
others) tend to accumulate in fatty tissue and may re
sult in measurable residues. Polar, water soluble pesticides 
and their metabolic derivatives are generally excreted in 
the urine soon after ingestion. Examples of this class would 
include most of the phosphate insecticides and the acid 
herbicides (2 ,4-D; 2 ,4, 5-T; and others). Approximately 
96 per cent of a dose of 2 ,4-D fed to sheep was excreted 
unchanged in the urine and 1.4 per cent in the feces in 72 
hours (Clark ct al. 1964).273 Feeding studies (Claborn et al. 
1960)272 have shown that when insecticides were fed to beef 
cattle and sheep as a contaminant in their feed at dosages 
that occur as residues on forage crops, all except methoxy
chlor were stored in the fat. The levels of these insecticides 
in fat decreased after the insecticides were removed from the 
animals' diets. When poultry were exposed to pesticides 
either by ingestion of contaminated food or through the use 
of pesticides in poultry houses, Whitehead (1971 )296 ob-

TABLE V-4-Some Properties, Criteria, and Concentrations 
of Pesticides Found in Water 

Solubility µg/liter Toxicity LOSO mg/kg Maximum concentrabona 
µg/I 

-----

aldrm 38 0.085 
dieldrm 110 46 0.407 
endrm . 160 10 0.133 
heptachlor 56 130 0.048 
heptachlor epo11de 350 0.067 
DDT 1.2 113 0. 316 
DOE 0.050 
DOD 0. 840 
2,4-Db 60,000 300-1000 

• Ma11mum concentration of pesbc1de found in surface waters in the United States, from Lichtenberg et al. 
(1969)'"· 

b Refers to the herbicide family 2,4-D; 2,4,5-T; and 2,4,5-TP. 

served that the toxicities to birds of the substances use 
varied greatly. However, nonlethal doses may affect grow1 
rate, feed conversion efficiency, egg production, egg siz 
shell thickness, and viability of the young. Although the•: 
fects of large doses may be considerable, \Vhitehead coi 
eluded that little is known about the impairmem of produ 
tion at low rates commonly u:;ed in agricultural practice. 

Elimination of fat soluble pesticides from contaminate 
animals is slow. Urinary e"cretion is insignificant ar 
elimination in feces is slow. The primary route of excretic 
in a lactating animal is throug r1 milk. The lowest conccntr. 
tions of pesticides in feeds that lead to detectable residues i 
animal tissues or products exceed the amounts found i 
water by a factor of I 0,000. However, at the comparative 
high dosage rates given in feed:;, certain trends are apparen 
Cows fed DDT in their diet at rates of 0.5, 1.0, 2.0, 3.0, an 
5.0 mg;kg exhibiu·d residues in milk at all feeding leve 
except at 0.5 mg/kg. As the DDT feed levels increase< 
contamination increased (Zweig et al. 1961).298 'When cov 
were removed from contaminated feeds, the amount ' 
time required for several pesticides to reach the non-detec 
able level was recorded (Moubry et al. 1968).~ 86 Dicldri 
had the longest retention time in milk, approximately lC 
days. DDT and its analogs, BHC, lindanc, endrin, an 
methoxychlor followed in that order. It should be emphc 
sized that levels found in farm water supplies do not make 
significant contribution to animal body burdens of pesticid( 
compared to amounts accumulated in feeds. 

Table V-4 shows the toxicity of some important pest 
cides. Assuming the average concentration of any pesticicl 
in water is 0.1 µg/l, and the average daily consumption c 
water by dairy or beef cattle , s 60 liters per day, then tb 
average daily intake uf DDT would be 0.006 mg. Furthei 
assuming that the average body weight for dairy or beef ca 
tle is 450 kg and the LD50 for DDT is 113 mg kg (Tab] 
V-4), then 50 grams would have to be consumed to approac 
the dose that would be lethal to 50 per cent of the animals. 
a steer were maintained on thi:; water for 1,000 clays, then 
would have ingested about 1; 'l0,000 of the reported LD5( 
For endrin (LD50= 10 mg; kg\ cattle would ingest l;l,00 
of the established LD50. The safety margin is probabl 
greater than indicated, because the calculations assume th,, 
all of the insecticide is retained unaltered during the tot< 
ingestion period. DDT is known to be degraded to a limite• 
extent by bovine rumen fluid and by rumen microorgan 
isms. For sheep, swine, horse,, and poultry, the averag 
daily water intake in liters is about 5, 1 O, 40, and 0.2, n: 

spectively. Consequently, their intake would be substantiall 
less. 

Fish as Indicators of Water Safety 

The presence of fish may be an excellent monitor fo 
toxic levels of pesticides in livestock water supplies. Ther, 
are numerous and well documented examples in the litera 
ture of the biological magnification of persistent pesticide 



TABLE V-5-Examples of Fish as Indicators of Water 
Safety for Livestock 

Malena I 

Aldrin 
Chlordane 
D1eldnn 
D1pterex 
End rm 
Ferban, fermate 
Methoxychlor 
Parathwn 
Pentachlorophenol 
Pyrethrum (allethnn) 
S1lvex 
Toxaphene 

McKee and Wolf, 1963"'-

Toxic-levels mg/I for fish 

0.02 
1.0 (sunfish) 
0.025 (trout) 
50.0 
0.003 (bass) 
1 0 to 4 0 
0.2 (bass) 
2.0 (goldfish) 
0.35 (bluegill) 
2 0 to 10.0 
5 0 
0.1 (bass) 

Toxic effects on animals 

3 mg/kg food (poultry). 
91 mg/kg body weight m food (cattle). 
25 mg/kg food (rats). 
10 O mg/kg body weight'" food (calves). 
3 5 mg/kg body weight 1n food (chicks). 

14 mg/kg allalfa hay, not toxic (cattle). 
75 mg/kg body weight m food (cattle). 
60 mg ·1 drinking water not toxic (cattle). 
1. 400 to 2, 800 mg/kg body weight m food (rats). 
500 to 2.000 mg/kg body weight in food (chicks). 
35 to 110 mg/kg body weight m food (cattle). 

by fish and other aquatic organisms (Sec Sections III and 
I\' on Freshwater and Marine Aquatic Life and Wildlife.) 
Because of the lower tolerance levels of these aquatic 
organisms for persistent pesticides such as chlorinated hy
drocarlmn insecticides, mercurial compounds, and heavy 
metal fungicides, the presence of living· fish in agricultural 
water supplies would indicate their safety for livestock 
(McKee and Wolf 1963). 2 ~'' Some examples of individual 
effects of pesticides upon fr;h compared to animal species 
arc slrnwn in Table V-5. These data indicate that fish gen
erally have much lower tolerance for commonly used pesti
cides than do livestock and poultry. 

Recommendation 

Feeding studies indicate no deleterious effects of 
reported pesticide residues in livestock drinking 
water on animal health. To prevent unacceptable 
residues in animal products, the maximum levels 
proposed in the pesticide section of the Panel of 
Public Water Supplies are recommended for farm 
animal water supplies. 

PATHOGENS AND PARASITIC ORGANISMS 

Microbial Pathogens 

One of the most significant factors in the spread of infec
tious diseases of domesticated animals is the quality of 
water which they consume. In many instances the only 
water available to livestock is from surface sources such as 
ponds, waterholes, lakes, rivers and creeks. :\ot infrequently 
these sources are contaminated by animals which wade to 
drink or stand in them seeking refuge from pests. Con
tamination with potential disease-producing organisms 
comes from surface drainage originating in corrals, feed 
lots, or pastures in which either sick or carrier animals are 
kept. 

Direct evidence relating the occurcncc of animal patho
gem in surface waters and disease outbreaks is limited. 
However, water may be a source for listeriosis caused by 
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Listeria monocytogenes (Larsen 1964) 302 and erysipelas caused 
by Erysipelothrix rhusiojwthiae (Wood and Packer in press 
1972). 310 Tularemia of animals is not normally waterborne, 
but the organism Paste11rella tularensis has been isolated from 
waters in the U nitcd States (Parker et al. 1951, 303 Seghctti 
1952). 30 " Enteric microorganisms, including the vibrios 
(VVilson and Miles 1966) 309 and amoebae, have a long 
record as water polluting agents. 

The E>cl1rrichia-Enterobacter-Klebsczlla group of cnterics 
arc widely distributed in feed, water, and the general cn
vironmcn t (Breed et al. 195 7). 299 They sometimes cause 
urinary disease, abscesses, and mastitis in livestock. Sal
monrlla arc very invasive and the carrier state is easily pro
duced and persistent, often without any general evidence of 
disease. Spread of the cntcrics outside the yards, pens, or 
pastures of infected livestock is a possibility, but the epi
demiology and ecology of this problem are not clear. 

In the United States, leptospirosis is probably the most 
intimately water-related disease problem (Gillespie et al. 
195 7, 301 Crawford ct al. 1969300

). The pathogenic leptospira 
leave the infected host through urine and lack protection 
against drying. Direct animal-to-animal spread can occur 
through urine splashed to the eyes and nostrils of another 
animal. 

Infection by leptospirosis from water often is direct; that 
is, contaminated water infects animals that consume it or 
come into contact with it. 

Van Thiel (1948) 308 and Gillespie ct al. ( 195 7) 301 pointed 
out that mineral composition and pH of water are factors 
affecting continued mobility of voided lcptospira. Most 
episodes of lcptospirosis can be traced to ponds, ricefields, 
and natural waters of suitable pH and mineral composition. 
For lcptospira control, livestock must not be allowed to 
wade in contaminated water. Indirect contamination of 
water through sewage is unlikely, although free-living 
lcptospira may occur in such an environment. 

The Genm C!n >trid111m is comprised of many species 
(Breed ct al. 1957),299 some of which have no pathogenic 
characteristics. Some such as Clostridwm perfrzgens and Cl. 
tetam may become adapted to an enteric existence in ani
mals. Almost all of them arc soil adapted. \'Vater has a vital 
role in environments favorable for anaerobic infections 

c2·used by Clostrzdia. 
Management of water to avoid oxygen depletion serves 

to control the anaerobic problem. Temporary or permanent 
areas of anaerobic water environment are dangerous to 
livestock. Domestic ~nimals should be prevented from con
suming water not adequately oxygenated. 

One of the best examples of water-related disease is bacil
lary hcmoglobinuria, caused by an organism Cl. hemofyticum 
found in western areas of North and South America. It has 
been linked with liver fluke injury, but is not dependent on 
the presence of flukes. Of particular concern has been the 
spread of this disease to new areas in the western states. As 
described by Van Ness and Erickson (1964), 307 each new 
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premise is an endemic area which has an alkaline, anaerobic 
soil-water environment suitable for the organism. This 
disease has made its appearance in new areas of the West 
when these areas are cleared of brush and irrigated. To 
avoid this problem, western irrigation waters should be 
managed to avoid cattail marshes, hummock grasses, and 
other environments of prolonged saturation. 

Anthrax in livestock is a disease of considerable concern. 
The organism causing anthrax, Bacillus anthracis, may occur 
in soils with pH above 6.0. The organism forms spores 
which, in the presence of adequate soil nutrients, vege
tate and gro\~. The spread of di,;ease by drinking water 
containing spores has never been proved. Bits of hide and 
hair waste may be floated by water downstream from manu
facturing plants, but very few outbreaks have been reported 
from these sources. The disease is associated with the water 
from pastures where the grass has been killed ~Yan N css 
1971). 306 The killed grass is brown rather than blackened, a 
significant difference from water drowned vegetation in 
general. 

The epidemiology of virus infections tends to incriminate 
direct contact; e.g., fomitcs, mechanical, and biological 
vectors, but seldom water supplies. \Vater used to wash 
away manure prior to the use of disinfectants or other bio
logical control procedure may carry viruses to the general 
environment. 

Viruses are classified by size, type of nucleic acid, struc
ture, ether sensitivity, tissue effects (which includes viruses 
long known to cause recognizable diseases, such as pox and 
hog cholera), and by other criteria. Only the ether-rc,istant 
viruses, such as those causing polio and foot and mouth 
disease in cattle, appear to present problems in natural 
water (Prier 1966). 304 

Parasitic Organisms 

Parasitic protozoa include numerous forms which are 
capable of causing serious livestock losses. Most outbreaks 
follow direct spread among animals. \Vatcr contaminated 
with these organisms or their cysts becomes an indirect 
factor in spread of infection. 

Some of the most important parasitic forms are the various 
flukes which develop as adult forms in man and livestock. 
Important ecological factors include presence of snails and 
vegetation in the water, or vegetation covered by intcrmit-

tent overflow. This problem is." cry serious in irrigated area~ 
but only when snails or other intermediate hosts are avail 
able for the complete life cycle. Fluke eggs passed by th 
host, usually in the manure (some species, in the urine; 
enter the water and hatch into miracidw. These seek out 
snail or other invertebrate host where they develop int 
sjJorocysts. These transform into redia which in turn ma 
form other redia or several cerwriac. The cercariae leave th 
snail and swim about the water where they may find th 
final host, or may encyst or' vegetation to be eaten late1 
The life cycle is completed by maturing in a suitable hue 
and establi-;hment of an exit for eggs from the site of the at 
tachment. 

Roundworms include numerous 'pecies which may us 
water pathways in their life cycle. Free-living nematode 
can sometimes be found in a piped water supply, but ar 
probably of little health significance. Moisture is an irn 
portant factor in the life cycle o.- many parasitic roundworrn 
and live>,tock are maintained ill an environment where c011 
tamination of water ;,upplies fr.:'.quently occurs. It is usual[· 
thought that roundworm egg' <1re eaten but water-saturate< 
environmems provide ideal condition,; for maintaining popu 
latiom of these organisms ar cl their eggs. 

Parasitic roundworms probably cvolYed through enilu 
tionary cy clcs exemplified by the behavior of the gcnu 
Strong_)'lou/es. Stro11g_r!1111ln spread along drainagcways throuu;l 
the washdown of concrete feeding platforms and otlw 
housing facilities for livestock. 

The Guinea worm, Dwo111rnl11s, is dependent upon water 
because the adult lay:, eggs only when the hrn;t comes i1 
contact with water. l\[an, dog>, cat';, or various wild mam 
mals may harl1or the' adult, and the larvae develop i1 
Cycloj1s. The life cycle is thus rnaintaincd in a water environ 
ment when the Cyc!n/1s is swallowed by another sm table host 

Eggs of "horsehair worms'' ~ire laid by the adu It in wa tc 
or moist soil. The Ian ae encyst and if eaten by an apprupri 
ate insect \\ill continue devclupmcnt to the adult '1<H.(C 

\Vorms do not leave the insect unless they can enter water 
The prevention of water-borne diseases and ]J;uasitisrn 

in domestic animal;; depend> on interruption of the urga 
nisms' life cycle. The most effrctivc means is to keep Jiye 

stock out of contaminated water. Treatment for the rcmova 
of the pathogen or parasite from the host and cle,truction c 
the intermediate host are meao;ures of control. 



WATER FOR IRRIGATION 

Irrigation farming increases productivity of croplands 
and provides flexibility in alternating crops to meet market 
demanck Early irrigation developments in the arid and 
semiarid \\'est were largeh· along streams where only a 
.small part of the total annual flow was put to use. Such 
streams contained dissolved solids accumulated through the 
normal leaching and weathering processes with only slight 
additions or increa-;es in concentrations resulting from man's 
acti\·ities. Additional use<; of water resources have in many 
case.s concentrated the existing dissolved solids, added new 
salts, contrilmted toxic elements, microbiologically polluted 
the -;treams, or in some other wa\· degraded the quality of 
the water for irrigation. \\'atcr quality criteria for irrigation 
has become increasingly significant as new dcvclopmcnt'i in 
water resources occur. 

Soil, plant, and climate variable' and interactions must be 
considered in developing criteria for evaluation of irriga
tion \\·ater quality. A wide range of suitable water charac
tcri'>tic' is possible even when only a few variables arc con
sidered. These \·ariablcs are important in determining the 
qualit\ of water that can be used for irrigation under 
specific conditions. 

The physicochemical properties of a soil determine the 
root cm·ironment that a plant encounters following irriga
tion. The ~oil consists of an organo-mincral complex that 
has the alJility to react both physically and chemically with 
constituenb present in irrigation water. The degree to 
which these added constituents will leach out of a soil, re
main a\·ailablc to planb in the 'oil, or become fixed and 
una\·ailablc to plants, depends large!> on the soil charac
teri-.tics. 

Evapotranspiration by plants removes water from the 
soil leaving the salts behind. Since uptake by plants is 
negligible, salts accumulate in the soil in arid and semiarid 
areas. :\favorable salt balance in the root zone can be main
tain eel liy leachi1rn;, through the use of irrigation water in 
execs'> of plant needs. Good drainage is essential to prevent 
a rising water table and salt accumulation in the soil surface 
and to maintain adequate soil aeration. 

In irrigated area,, a water frequently exists at some depth 
bclo 1v the ground surface, with an unsaturated condition 

existing above it. During and immediately following periods 
of precipitation or irrigation, water moves downward 
through the soil to the water table. At other times, water is 
lmt through evaporation from the soil surface, and trans
piration from plants (evapotranspiration) may reverse the 
direction of flow in the soil, so that water moves upward 
from the water table by capillary f!ow. The rate of move
ment is dependent upon water content, soil texture, and 
structure. In humid and subhumid regions, this capillary 
rise of water in the soil is a valuabk water source for use by 
crops during periods of drought. 

Even under favorable conditions of soil, drainage, and 
environmental factors, too sparing applications of high 
qualitv water with total dissolved solids of less than 100 mg/l 
would ultimately damage sensitive crops such as citrus fruit; 
whereas with adequate leaching, waters containing 500 to 
1,000mg11 might be used safely. Under the same conditions, 
certain salt-tolerant field crops might produce economic re
turns using water with more than 4,000 mg/l. Criteria for 
judging water quality must take these factors into account. 

The need for irrigation for optimum plant growth is de
termined also by rainfall and snow distribution; and by 
temperature, radiation, and humidity. Irrigation must be 
used for intensive crop production in arid and semiarid 
areas and must supplement rainfall in humid areas. (See 
Specific lrri,gation \\'ater Considerations below.) 

The effects of water quality characteristics on soils and on 
plant growth arc directly related to the frequency and 
amount of irrigation water applied. The rate at which water 
is lost from soils through evapotranspiration is a direct 
function of temperature, solar radiation, wind, and humid
ity. Soil and plant characteristics also influence this water 
loss. Aside from water loss considerations, water stress in a 
plant, as affected by the rate of evapotranspiration, will 
determine the plant's reaction to a given soil condition. For 
example, in a saline soil at a given water content, a plant 
will usually suffer more in a hot, dry climate than in a cool, 
humid one. Considering the wide variation in the climatic 
and soil variables over the United States, it is apparent that 
water quality requirements also vary considerably. 

Successful sustained irrigated agriculture, whether in arid 
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regions or in subhumid regions, or other areas, requires 
skillful water application based upon the characteristics of 
the land, water, and the requirements of the crop. Through 
proper timing and adjustment of frequency and volumes of 
water applied, detrimental effects of poor quality water may 
often be mitigated. 

WATER QUALITY CONSIDERATIONS 
FOR IRRIGATION 

Effects on Plant Growth 

Plants may be adversely affected directly by either the 
development of high osmotic conditions in the plant sub
strate or by the presence of a phytotoxic constituent in the 
water. In general, plants are more susceptible to injury from 
dissolved constituents during germination and early growth 
than at maturity (Bernstein and Hayward 1958). 31

" Plants 
affected during early growth may result in complete crop 
failure or severe yield reductions. Effects of undesirable 
constituents may be manifested in suppressed vegetative 
growth, reduced fruit development, impaired quality of the 
marketable product, or a combination of these factors. 
The presence of sediment, pesticides, or pathogenic or
ganisms in irrigation water, which may not specifically 
affect plant growth, can affect the acceptabilitv of the 
product. Another aspect to be considered is the presence of 
elements in irrigation water that are not detrimental to 
crop production but may accumulate in crops to levels that 
may be harmful to animals or humans. 

\Vhere sprinkler irrigation is used, foliar absorption or 
adsorption of constituents in the water may be detrimental 
to plant growth or to the consumption of affected plants by 
man or animals. \Vhere surface or sprinkler irrigation is 
practiced, the effect of a given water quality on plant 
growth is determined by the composition of the soil solu
tion. This is the growth medium available to roots after soil 
and water have reacted. 

Plant growth may be affected indirectly through the in
fluence of water quality on soil. For example, the absorption 
by the soil of sodium from water will result in a dispersion 
of the clay fraction. The degree of dispersion will depend 
on the clay minerals present. This decreases soil permeabil
ity and often results in a surface crust formation that deters 
seed germination and emergence. Soils irrigated with 
highly saline water will tend to be flocculated and have 
relatively high infiltration rates (Bower and \'\'ilcox 1965). 316 

A change to waters of sufficiently lower salt content reduces 
soil permeability and rates of infiltration by dispersion of the 
clay fraction in the soil. This hazard increases when com
bined with high sodium content in the water. Much de
pends upon whether a given irrigation water is used con
tinuously or occasionally. 

Crop Tolerance to Salinity 

The effect of salinity, or total dissolved solids, on the os
motic pressure of the soil solution is one of the most im-

portant water quality considerations. This relates to th' 
availability of water for plant consumption. Plant~ hav, 
been observed to wilt in fields apparently having adequat 
water content. This is usual!~· the result of high soil salinit· 
creating a physiological drought condition. Specifically, th 
ability of a plant to extract water from a soil is determine< 
by the following relationship: 

TSS= Ms+ss 

In this equation, (U.S. Department of Agriculture, Salinit 
Laboratory Staff 1 ~J54:m hereafter referred to as Salinit 
Laboratory l 954 3:i:,) the total ;;oil suction (TSS) represent 
the force with which water in the soil is withheld from plan 
uptake. In simplified form, this factor is the sum of th 
matric suction (MS) or the physical attraction of soil fo 
water, and the solute ~uction <SS) or the osmotic prcssur 
of the soil water. 

As the water content of the soil decrease~ due to e\·apc 
transpiration, the \Nater film surrounding the soil particle 
becomes thinner and the remaining water is held with in 
creasingly greater force (MS). Since only pure water i 
lost to the atmc»phere during· evapotranspiration, the sal 
concentration of soil solutio11 increases rapidly durin 
the drying process. Since tbc matric suction of a soil in 
creases exponentially on dr~·ing, the combined effect-; c 
these two factors can produce critical conditions with re 
gard to soil water availability. 

In asses,ing the problem ol' plant growth, the salinit 
level of the soil solution must he evaluated. It is diJlicult 1, 

extract the soil solution from a moist 'mil within the range c 
water content available to plants. It has been demonstrated 
however, that salinity levels of the soil solution and thei 
resultant effects upon plant growth may lie correlated witi 
salinity levels of soil moisture at saturation. The quantity c 
water held in the soil between field capacity and the wiltin 
point varie~ considerably from relatively low values fo 
sandy soils to high \·alucs for soils high in clay content. 

The U.S. Salinity Laboratory Staff (1954) 3 :i,, devdopo 
the technique of using, a saturation extract to meet thi 
need. Demineralizecl water is added to a soil sample to 
point at which the soil paste glistens as it reflects lighl an1 
flows slightly when the container i' tipped. The amount c 
water added is reasonably related to the soil texture. Fo 
many soils, the water content of the soil paste is rough] 
twice that of the soil at field capacity and four time' that a 
the wilting point. This water content is called the saturatio1 
percentage. \Vhen the saturated paste is filtered, the result 
ant solution is referred to as the saturation extract. The sal 
content of the ;,aturation e>.tract does not give an exac 
im}ication of salinity m the ,;oil solution under ftelcl condi 
tions, because soil structure ha.; been destroyed; nor docs i 
give a true picture of salinity gradients within the soil result 
ing from water extraction b) roots. Although not truly de 
picting salinity in the immediate root environment, it doe 
give a usable parameter that represents a soil salinity valu 

that can be correlated with plant growth. 



TABLE V-6-Relative Tolerance of Crop Plants to Salt, 
(Listed in Decreasing Order of Tolerance") 

High salt tolerance 

EC,.X10'=12 
Garden beets 
Kale 
Asparagus 
Spmach 

EC,.X10'=16 
Barley (gram) 
Sugar beet 
Rape 
Cotton 

EC X10'=10 

Date palm 

Medium salt tolerance 
VEGETABLE CROPS 

ECeX10'=10 
Tomato 
Broccoli 
Cabbage 
Bell pepper 
Cauliflower 
Lettuce 
Sweet corn 
Potatoes (White Rose) 
Carrot 
Om on 
Peas 
Squash 
Cucumber 
EC,.X10'=4 

FIELD CROPS 

EC,,X103 ~ 10 
Rye (gram) 
Wheat (grain) 
Oats (gram) 
Rice 
Sorghum (gram) 
Corn (held) 
Flax 
Sunflower 
Castorbeans 
EC,X103=6 

FRUIT CROPS 

Pomegranate 
Fig 
Olive 
Grape 
Cantaloupe 

Low salt tolerance 

EC,,X103=4 
Radish 
Celery 
Green beans 

EC X103=4 
Field beans 

Pear 
Apple 
Orange 
Grapefruit 
Prune 
Plum 
Almond 
Apricot 
Peach 
Strawberry 
Lemon 
Avocado 

FORAGE CROPS (m decreasing order tolerance) 

EC,X103= 18 
Alkali sacaton 
Saltgrass 
Nuttall alkaligrass 
Bermuda grass 
Rhodes grass 
Rescue grass 
Canada wlldrye 
Western wheatgrass 
Barley (hay) 
Bridsfoot trefOll 

ECcX103=12 

EC,XJ01=12 
White sweet clover 
Yellow sweet clover 
Perennial ryegrass 
Mountain brome 
Strawberry clover 
Dallis grass 
Sudan grass 
Hubam clover 
Alfalfa (California common) 
Tall fescue 
Rye (hay) 
Wheat(hay) 
Oats (hay) 
Orchardgrass 
Blue grama 
Meadow fescue 
Reed canary 
Big trefo1 I 
Smooth brome 
Tall meadow oatgrass 
Cicer mlikvetch 
Sourclover 
Sickle milkvetch 
EC,,X101=4 

EC,.X10'1=4 
White Dutch clover 
Meadow foxtail 
Als1ke clover 
Red clover 
Lad1no clover 
Burnet 

"The numbers following EC,X103 are the electrical conductivity values of the saturabon extract 1n millimhos per 
centimeter at 25 C associated with 50-per cent decrease m yield. 

Salinity Laboratory Staff 1954'"· 
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Salinity is most readily measured by determining the 
electrical conductivity (EC) of a solution. This method re
lates to the ability of salts in solution to conduct electricity 
and results are exprcssed as millimhos (mhos X 1 Q-3) per 
centimeter (cm) at 25 C. Salinity of irrigation water is ex
pressed in terms of EC, and soil salinity is indicated by the 
electrical conductivity of the saturation extract (EC 0 ). See 
Table V-6. 

Temperature and wind effects are especially important as 
they directly affect evapotranspiration. Periods of high 
temperature or other factors such as dry winds, which in
crease evapotranspiration rates, not only tend to increase 
soil salinit; but also create a greater water stress in the plant. 
The effect of climate conditions on plant response to 
salinitv was demonstrated by Magistad and his associates 
( 1943). 3 ~ 1 Some of these effects can be alleviated by more 
frequent irrigation to maintain safer levels of soil salinity. 

Plants vary in their tolerance to soil salinity, and there 
are mam· \\-a,s in which salt tolerance can be appraised. 
IIavward and Bernst('in (1953r1~ 1 point out three: (!)Test 
the' a liility of a plant to survive on saline soils. Salt tolerance 
based primarily on thi-; criterion of survival has limited ap
plication in irrigation agriculture but is a method of ap
praisal that has been used wide-I) by ecologists. (2) Test 
the absolute yield of a plant on a saline soil. This criterion 
has the greatest agronomic significance. (3) Relate the yield 
on saline soil to nonsalinc soil. This criterion is useful for 
comparing dissimilar crop' whose absolute yields cannot be 
compared directly. 

The U.S. Salinitv Laborator) Staff (l 954)m has used the 
third criterion in establishing the list of salt tolerance of 
various cropc; shown in Table V-6. These salt tolerance 
valucs are based upon the conductivity of the saturation ex
tract (EC,.) expressed in mmhos/cm at which a 50 per cent 
decrement in yield may be expected when compared to 

TABLE V-7-Soil Salinities in Root Zone at which Yield 
Reductions become Significant 

Date palm 

Pomegranate } 
Fig 
Olive 
Grape 
Muskmeloo 
Orange, grapefruit, lemon' 
Apple, pear 

Crop 

Plum, prune, peach, apricot, almond 
Boysenberry, blackberry, raspberry' 
Avocado 
Strawberry 

Electrical conductivity of saturation extracts (EC0 ) at 
which yields decrease by about 10 per cent• 

mmh/cm at 25 C 

4-6b 

3.5 
3-2.5 
2.5 
2.5 

2.5-1.5 
2 
1-5 

" In gypsiferous soi ls, EC. readings for given soil sahmties are about 2 mmh/cm higher than for nongyps1ferous 
soils. Date palm would be affected at 10 mmh/cm, grapes al 6 mmh/cm, etc. on gypsiferous soils. 

b Estimated. 
' Lemon is more sensitive than orange and grapefruit, raspberry more than boysenberry and blackberry. 

Bernstein 1965b3l'. 



326/Section V-Agricultural Uses of Water 

TABLE V-8-Salt Tolerance of Ornamental Shrubs 
(Maximum EC0 'stolerated) 

Tolerant Moderately tolerant 

6-10 4-6 
Carissa grand1flora Dracaena endivisa 

(Natal plum) 
Bougainvillea spectab1lis Thuja onelllalis 

(Bogainv1llea) (arbor vitae) 
Nerium oleander Juniperus chinens1s 

(oleander) (spreading juniper) 
Rosmarinus lockwood1 Euonymus iapomca 

(Rosmary) grand1flora 
Dodonea mcosa atropur - Lantana camara 

purea Elaeagnus pungens 
(silverberry) 

Calhstemon viminalis Xylosma senticosa 
(bottlebrush) P1ttosporum tobira 

Pyracantha Graben 
L1gustrum 1uc1dum 

(TelaS privet) 
Buxus m1crophylla japonica 

(Japanese boxwood) 

Bernstein 1965b'1'. 

Sens1t1ve 

2-4 
Hibiscus rosa-sinens1s 

var. Brillian le 
Nandina domest1ca 

(heavenly bamboo) 
Trachelospermum jas-

mino1des (star Jasmine) 
Viburnum Imus robustum 

Very sensitive 

llex cornuta Burford 
(Burford holly) 

Hedera canariensis 
(Algenan ivy) 

Fe1joa sellow1ana 
(pineapple guava) 

Rosa sp. (var. Grenoble 
rose on Dr. Huey root) 

yields of that plant grown on a nonsaline soil under com
parable growing conditions. Work has been done by many 
investigators, based upon both field and greenhouse re
search, to evaluate salt tolerance of a broad variety of plants. 
In general, where comparable criteria were used to assess 
salt tolerance, results obtained were most often in agreement. 
Recent work on the salt tolerance of fruit crops is shown in 
Table V-7, and for ornamentals in Table V-8. 

Bernstein (l 965a 313) gave ECe values causing 10, 25, and 
50 per cent yield decrements for a variety of field and forage 
crops from late seeding stage to maturity, assuming that 
sodium or chloride toxicity was not a growth deterrent. 
These values are shown in Figures V-1, V-2, and V-3. The 
data suggested that the effects of EC,. values producing 10 
to 50 per cent decrements (within a range of EC" values of 
8 to 10 mmh/cm for many crops) may be considered ap
proximately linear, but for nearly all crops the rate of change 

ECe A~~:, either steepens or flattens slightly as the yield 

decrements increase from less than 25 to more than 25 per 
cent. Bernstein (l 965a) 313 also pointed out that most fruit 
crops were more sensitive to salinity than were field, 
forage, or vegetable crops. The data also illustrated the 
highly variable effect of EC,. values upon different crops 
and the nonlinear response of some crops to increasing con
centrations of salt. 

In considering salt tolerances of crops, ECe values were 
used. These values were correlated with yields at field 
moisture content. If soils were allowed to dry out excessively 
between irrigations, yield reductions were much greater, 
since the total soil water stress is a function of both matric 
suction and solute suction and increases exponentially on 
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FIGURE V-1-Salt Tolernnce of Field Cropsa 

drying (Bernstein l 965a). 313 Good irrigation management 
can minimize this hazard. 

Nutritional Effects 

Plants require a blanced nutrient content in the soil 
solution to maintain optimum growth. Use of saline water 
for irrigation may or may not significantly upset this nutri-· 
tional balance depending upon the composition, concentra
tion, and volume of irrigation water applied. 



Some of the possible nutritional effects were summarized 
by Bernstein (I 965a) 313 as follows: 

High concentrations of calcium ions in the solution 
may prevent the plant from absorbing enough potas
sium, or high concentrations of other ions may affect 
the uptake of sufficient calcium. 

Different crops vary widely in their requirements for 
given nutrients and in their ability to absorb them. 
Nutritional effects of salinity, therefore, appear only 
in certain crops and only when a particular type of 
saline condition exists. 

Some varieties of a particular crop may be immune 
to nutritional disturbances, while other varieties arc 
severely affected. High levels of soluble sulfate cause 
internal browning (a calcium deficiency symptom) in 
some lettuce varieties, but not in others. Similarly, 
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high levels of calcium cause greater nutritional dis
turbances in some carrot varieties than in others. 
Chemical analysis of the plant is useful in diagnosing 
these effects. 

At a given level of salinity, growth and yield are 
depressed more when nutrition is disturbed than when 
nutrition is normal. Nutritional effects, fortunately, 
are not important in most crops under saline con
ditions; when they do occur, the use of better adapted 
varieties may be advisable. 

Recommendation 

Crops vary considerably in their tolerance to soil 
salinity in the root zone, and the factors affecting 
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the soil solution and crop tolerance are varied and 
complex. Therefore, no recommendation can be 
given for these. For specific crops, however, it is 
recommended that the salt tolerance values (ECe) 
for a saturation extract established by the U.S. 
Salinity Laboratory Staff be used as a guide for 
production. 

Temperature 

The temperature of irrigation water has a direct and 
indirect effect on plant growth. Each occurs when plant 
physiological functions are impaired by excessively high or 
excessively low temperatures. The exact water temperatures 
at which growth is severely restricted depends on method of 
water application, atmospheric conditions at the time of 
application, frequency of application, and plant species. 
All plant species have a tempeature range in which they 
develop best. These temperature limits vary with plant 
species. 

Direct effect on plant growth from extreme temperature 
of the irrigation water occurs when the water is first applied. 
Plant damage results only from direct contact. Normally, 
few problems arise when excessively warm water is applied 
by sprinkler irrigation. The effect of the temperature of the 
water on the temperature of the soil is negligible. It has 
been demonstrated that warm water applied through a 
sprinkler system has attained ambient temperatures at the 
time it reaches the soil surface (Cline et al. 1969). 318 Water 
as warm as 130 F can be safely used in this manner. Cold 
water is harmful to plant growth when applied through a 
sprinkler system. It does not change in temperature nearly 
so much as the warm water. However, its effect is rarely 
lethal. 

Surface applied water that is either very cold or very 
warm poses greater problems. Excessive warm water can
not be used for surface irrigation and cold water affects 
plant growth. The adverse effects of cold water on the 
growth of rice were suddenly brought to the attention of 
rice growers when cold water was first released from the 
Shasta Reservoir in California (Raney 1963). 332 Summer 
water temperatures were suddenly dropped from about 
61 F to 45 F. Research is still proceeding, and some of the 
available information was recently reviewed by Raney and 
Mihara (1967). 334 Dams such as the Oroville Dam arc now 
being planned so that water can be withdrawn from any 
reservoir depth to avoid the cold-water problem. \Varming 
basins have been used (Raney 1959). 333 There are oppor
tunities in planning to separate waters-the warm waters for 
recreation and agriculture, the cold waters for cold-water 
fish, salmon spawning, and other uses. The exact nature of 
the mechanisms by which damage occurs is not completely 
understood. 

Indirect effect of the temperature of irrigation water on 
plant growth occurs as a result of its influence on the tem
perature of the soil. The latter affects the rate of water 

uptake, nutrient uptake, translocation of metabolites, anc 
indirectly, such factors as stomata! opening and plant watt 
stress. All these phenomena a re well documented. The effe< 
of the temperature of the applied irrigation water on ti~ 

temperature of the soil is not well described. This effect 
probably quite <;mall. 

Conclusion 

Present literature does not provide adequate dat 
to establish specific temperature recommendation 
for irrigation waters. Therefore, no specific recom 
mendations can be madie at this time. 

Chlorides 

Chlorides in irrigation waters are not generally toxic 
crops. Certain fruit crops are, huwever, sensitive to chloride 
Bernstein ( 1967) 312 indicated that maximum permissibl 
chloride concentrations in the soil range from 10 to 5 
milliequivalents (meq)/l for certain sensitive fruit cro~ 

(Table V-9). In terms of permissible chloride concentr.o 
tions in irrigation water, values up to 20 meq/l can be uscc 
depending upon environmental conditions, crops, and irrig;o 
tion management practices. 

Foliar absorption of chlorides can be of importance i 
sprinkler irrigation (Eaton and Harding 1959, m Ehlig an, 
Bernstein 1959320). The adverse effects vary between cvapc 

TABLE V-9-Salt Tolerance of Fruit Crop Varieties an 
Rootstocks and Tolerable Chloride Levels in the Saturatior, 

Extracts 

Crop 

Citrus 

Stone truit 

Avocado 

Grape 

Berries 

Strawberry 

Bernstem 1967"'. 

llootstock or vanety 

Rootstocks 

{ 

Rangpur lime, Cleopatra mandarin 
Rouglt lemon, tangelo, sour orange 
Sweet orange, citrange 

{ 

Marianna 
Lovell, Sltalil 
Yunnan 

{ 
West Indian 
Mexican 

Varieties CV) a11d Roolstocks (R) 

Salt Creek, 1613·3 R 
Dog Ridge 
Tltompson Seedless, Perlette V 
Cardinal, Blacl< Rose 

Va1iet1es 

( Boysenberry 
\ Olalhe blackberry 
l 1nd1an Summer raspberry 

{ 
Lassen 
Sltasta 

Tolerable levels ot 
cltlonde m saturatrn 

extract 

meq/I 
25 
15 
10 

25 
10 
1 

40 
30 
20 
10 

10 
10 



rative conditions of day and night and the amount of 
evaporation that can occur between successive wettings 
(i.e., time after each pass with a slowly revolving sprinkler). 
There is less effect with nightime sprinkling and less effect 
with fixed sprinklers (applying water at a rapid rate). 
Concentrations as low as 3 meq/l of chloride in irrigation 
water have been found harmful when used on citrus, stone 
fruits, and almonds (Bernstein 1967).:m 

Conclusion 

Permissible chloride concentrations depend upon 
type of crop, environmental conditions and man
agement practices. A single value cannot be given, 
and no limits should be established, because detri
mental effects from salinity per se ordinarily deter 
crop growth first. 

Bicarbonates 

High bicarbonate water may induce iron chlorisis by 
making iron unavailable to plants (Brown and \\'adleigh 
1955). :n 7 Problems ha\·c been noted with apples and pears 
(Pratt l 96Gri:m and with some ornamentals (Lunt et al. 
195()) :i~:i Although concentrations of 10 to 20 meq/l of 
bicarbonate can cause chlorosis in some plants, it is of little 
concern in the field where precipitation of calcium carbo
nate minimizes this hazard. 

Conclusion 

Specific recommendations for bicarbonates can
not be given without consideration of other soil 
and water constituents. 

Sodium 

The presence of relatively high concentration of sodium 
in irrigation waters affects irrigated crops in many ways. 
In addition to its effect on soil structure and permeability, 
sodium has been found by Lillelancl et al. (1945) 322 and 
A\ers ct al. (1952) 311 to be absorbed by plants and cause 
leaf liurn in almond>, avocados, and in stone fruits grown 
in culture solutions. Bernstein (1967) m has indicated that 
water having SAR* values of four to eight may injure sodium
scnsitivc plants. It is diflicult to separate the specific toxic 
effects of sodium from the effect of adsorbed sodium on soil 
structure. (This factor will be discussed later.) 

As ha> been noted, the complex interactions of the total 
and relative concentrations of these common ions upon 
various crops preclude their consideration as individual 
components for general irrigation use, except for sodium 
and possibly chlorides in areas where fruit would be im
portant. 

Nitrate 

The presence of nitrate in natural irrigation waters may 
be considered an asset rather than a liability with respect 

*For ddinition of SAR, Sodium Adsorption Ratio, seep. 330. 
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to plant growth. Concentrations high enough to adversely 
affect plant growth or composition are seldom, if ever, 
found. In arid regions, high nitrate water may result in 
nitrate accumulations in the soil in much the same manner 
as salt accumulates. The same soil and water management 
practices that minimize salt accumulation will also minimize 
nitrate accumulation. There is some concern over the high 
nitrate content of food and feed crops. Many factors such as 
plant species characteristics, climate conditions, and 
growth stage are just as significant in determining nitrate 
accumulations in plants as the amount present in the soil. 
It is unlikely that any nitrate added in natural irrigation 
water could be a significant factor. 

Problems may arise where waste waters containing rela
tively large amounts of nitrogenous materials arc used for 
irrigation. Largn amounts are usually applied than that 
actually required for plant growth. These wastes, however, 
usually contain nitrogen in a form that is slowly converted 
to nitrate. Nevertheless, it is possible that high nitrate ac
cumulations in plants may occur although little evidence is 
available to indicate this. 

Conclusion 

Since nitrate in natural irrigation waters is 
usually an asset for plant growth and there is 
little evidence indicating that it will accumulate 
to toxic levels in irrigated plants consumed by 
animals, there appears to be no need for a recom
mendation. 

Effects on Soils 

Sodium Hazard Sodium in irrigation water may be
come a problem in the soil solution as a component of total 
salinity, which can increase the osmotic concentration, and 
as a specific source of injury to fruits. The problems of 
sodium mainly occur in soil structure, infiltration, and per
meability rates. Since good drainage is essential for manage
ment of salinity in irrigation and for reclamation of saline 
lands, good soil structure and permeability must be main
tained. A high percentage of exchangeable sodium in a soil 
containing swelling-type clays results in a dispersed condi
tion, which is unfavorable for water movement and plant 
growth. Anything that alters the composition of the soil 
solution, such as irrigation or fertilization, disturbs the 
equilibrium and alters the distribution of adsorbed ions in 
the soil. \Vhen calcium is the predominant cation adsorbed 
on the soil exchange complex, the soil tends to have a 
granular structure that is easily worked and readily perme
eablc. \Vhen the amount of adsorbed sodium exceeds 10 to 
15 per cent of the total cations on the exchange complex, 
the clay becomes dispersed and slowly permeable, unless a 
high concentration of total salts causes flocculation. \Vhere 
soils have a high exchangeable sodium content and are 
flocculated because of the presence of free salts in solution, 
subsequent removal of salts by leaching will cause sodium 
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dispersal, unless leaching is accomplished by adding calcium 

or calcium-producing amendments. 
Adsorption of sodium from a given irrigation water is a 

function of the proportion of sodium to divalent cations 
(calcium and magnesium) in that water. To estimate the 
degree to which sodium will be adsorbed by a soil from a 
given water when brought into equilibrium with it, the 
Salinity Laboratory (1954) 3:

15 proposed the sodium adsorp
tion ratio (SAR): 

Na+ 
Expressed as me/I 

As soils tend to dry, the SAR value of the soil solution in
creases even though the relative concentrations of the ca
tions remain the same. This is apparent from the SAR 
equation, where the denominator is a square-root function. 
This is a significant factor in estimating sodium effects on 
soils. 

The SAR value can be related to the amount of ex
changeable cation content. This latter value is called the 
exchangeable sodium percentage (ESP). From empirical 
determinations, the U. S. Salinity Laboratory (1954) 335 

obtained an equation for predicting a soil ESP value based 
on the SAR value of a water in equilibrium with it. This is 
expressed as follows: 

[JOO a+b(SAR)] 
ESP= --------- --

[l +a+ b(SAR)] 

The constants "a" (intercept representing experimental er
ror) and "b" (slope of the regression line) were deter
mined statistically by various investigators who found "a" 
to be in the order of -0.06 to 0.01 and "b" to be within the 
range of 0.014 to 0.016. This relationship is shown in the 
nomogram (Figure V-4) developed by the U. S. Salinity 
Laboratory (1954). 335 For sensitive fruits, the tolerance 
limit for SAR of irrigation water is about four. For general 
crops, a limit of eight to 18 is generally considered within a 
usable range, although this depends to some degree on the 
type of clay mineral, electrolyte concentration in the water, 
and other variables. 

The ESP value that significantly affects soil properties 
varies according to the proportion of swelling and non
swelling clay minerals. An ESP of 10 to 15 per cent is 
considered excessive, if a high percentage of swelling clay 
minerals such as montmorillonite are present. Fair crop 

growth of alfalfa, cotton, and even olives, have been ob
served in soils of the San Joaquin Valley (California) with 
ESP values ranging from 60 to 70 percent (Schoonover 
1963).336 

Prediction of the equilibrium ESP from SAR values of ir
rigation waters is complicated by the fact that the salt con
tent of irrigation water becomes more concentrated in the 

soil solution. According to the U. S. Salinity Laboratory 

(1954), 330 shallow ground warers 10 times as saline as ti
irrigation waters may be found within depths of lO feet, an 
a salt concentration two to three times that of irrigatio 
water may be reasonably expected in the first-foot dept! 
Under conditions where precipitation of salts and rainfa 
may be neglected, the salt content of irrigation water wi 
increase to higher concentrations in the soil solution withm 
change in relative composition. The SAR increases i 
proportion to the square root of the concentration; then 
fore, the SAR applicable for calculating equilibrium ES 
in the upper root zone may be assumed to be two to thre 
times that of the irrigation water. 

Recommendation 

To reduce the sodium hazard in irrigation wate 
for a specific crop, it is recommended that the SAl 
value be within the tolerance limits determined b: 
the U.S. Soil Salinity Laboratory Staff. 

Biochemical Oxygen Demand (BOD) and 
Soil Aeration 

The need for adequate oxygen in the soil for optimur 
plant growth i' well recognized. To meet the oxygen n: 

quirement of the plant, soil structure (porosity) and so 
water contents must be adequate to permit good aeratior 
Conditions that develop immediately following irrigatio 
;ire not clearly understood. 

Soil aeration and oxygen availability normally present n 
problem on well-structured soils with good quality wate1 
\'\'here drainage is poor, oxygen may become limitin~ 

Utilization of water:; having high BOD or Chemical Oxyge 
Demand (COD) valut"s could aggravate the condition L, 
further depkting available oxygen. Aside from detriment.o 
effects of oxygen deficiency for plant growth, reduction c 
elements such as iron and manganese to the more solubl 
divalent forms may create toxic conditions. Other biologic.2 
and chemical equilibria may also be affected. 

There is v<"ry little inforrna tion regarding the effect c 
using irrigation waters with high BOD values on plar 
growth. Bt"tween source of contamination and point of ir 
rigation, considerable rt"duction in BOD value may resuli 
Sprinkler irrigation may further reduce the BOD value c 
water. Infiltration into well-drained soils can also decreas 
the BOD value of the water without serious depleting th 
oxygen available for plant growth. 

Acidity and Alkalinity 

The pH of normal irrigation water has little direct sig 
nificance. Since water itself is unbuffered, and the soil is ; 
buffered system (except for extremely sandy soils low i1 
organic matter), the pH of the soil will not be significant!~ 
affected by application of irrigation water. Thert" are, how 
ever, some extremes and indirect effects. 

Water having pH values below 4.8 applied to acid soil 
over a period of time may possibly render soluble iron 
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aluminum, or manganese in concentrations large enough to 
be toxic to plant growth. Similarly, additions of saline 
waters to acid soils could result in a decrease in soil pH and 
an increase in the solubility of aluminum and manganese. 
In some areas where acid mine drainage contaminates water 
sources, pH values as low as 1.8 have been reported. \V aters 
having unusually low pH values such as this would be 
strongly suspect of containing toxic quantities of certain 
heavy metals or other elements. 

Waters having pH values in excess of 8.3 are highly 
alkaline and may contain high concentrations of sodium, 
carbonates, and bicarbonates. These constituents affect soils 
and plant growth directly or indirectly, (see "Effects on 
Plant Growth" above). 

Recommendation 

Because most of the effects of acidity and alka
linity in irrigation waters on soils and plant growth 
are indirect, no specific pH values can be recom·· 
mended. However, water with pH values in the 
range of 4.5 to 9.0 should be usable provided that 
care is taken to detect the development of harmful 
indirect effects. 

Suspended Solids 

Deposition of colloidal particles on the soil surface can 
produce crusts that inhibit water infiltration and seedling 
emergence. This same deposition and crusting can reduce 
soil aeration and impede plant development. High col·· 
loidal content in water used for sprinkler irrigation could 
result in deposition of films on leaf surfaces that could re·· 
duce photosynthetic activity and thereby deter growth. 
Where sprinkler irrigation is used for leafy vegetable crops 
such as lettuce, sediment may accumulate on the growing 
plant affecting the marketability of these products. 

In surface irrigation, suspended solids can interfere with 
the flow of water in conveyance systems and structures. 
Deposition of sediment not only reduces the capacity of 
these systems to carry and distribute water but can also 
decrease reservoir storage capacity. For sprinkler irrigation, 
suspended mineral solids may cause undue wear on irriga
tion pumps and sprinkler nozzles (as well as plugging up the 
latter), thereby reducing irrigation efficiency. 

Soils are specifically affected by deposition of these sus
pended solids, especially when they consist primarily of 
clays or colloidal material. These cause crust formations 
that reduce seedling emergence. In addition, these crusts 
reduce infiltration and hinder the leaching of saline soils. 
The scouring action of sediment in streams has also been 
found to affect soils adversely by contributing to the dissolu
tion and increase of salts in some areas (Pillsbury and Blaney 
1966). 331 Conversely, sediment high in silt may improve the 
texture, consistency, and water-holding capacity of a sandy 
soil. 

Effect on Animals or Humans 

The effects of irrigation wai:er quality on soib and plan 
has been discussed. However, since the quality of irrigatic 
water is variable and originates from different sources, the 
may be natural or added substances in the water which po 
a hazard to animals or huma 1s consuming irrigated croi: 
These substances may be accumulated in certain cereal 
pasture plants, or fruit and vegetable crops without air 
apparent injurv. Of concern, however, is that the conce1 
tration of these substances may be toxic or harmful 
humans or animals consuming the plants. Many substanc: 
in irrigation waters such as 'norganic salts and mineral 
pesticides, human and animal pathogens have recommend. 
tions to protect the desired resource. For radionuclicles r 
such recommendation exists. 

Radionuclides 

There are no generally accepted standards for control 
radioactive contamination in irrigation water. For mo 
radionuclides, the use offederal Drinking \Vater Standard 
should be reasonable for irrigation water. 

The limiting factor for radioactive contamination in i 
rigation is its transfer to foods and eventual intake l 
humans. Such a level of contamination would be reach< 
long before any damage to plants themselves could be ol 
served. Plants can absorb radionuclides from irrigatic 
water in two ways: direct contamination of foliage throu2 
sprinkler irrigation, and indirectly through soil contamin. 
tion. The latter presents many complex problems sirn 
eventual concentration in the soil will depend on the ra 
of water application, the ra1 e of radioactive decay, ar 
other losses of the radionuclide from the soil. Some studic 
relating to these factors have been reported (Menzel et ,, 
1963, m Moorby and Squire 1963, 328 Perrin 1963, 329 Menz 
1965, 323 Milbourn and Taylor 1965 827). 

It is estimated that concentrations of strontium-90 ar 
radium-226 in fresh produce would approximate those 
the irrigation water for the crop if there was negligible U] 

take of these radionuclides from the soil. \Vith flood or fu 
row irrigation only, one or more decades of continuous i 
rigation with contaminated water would be required befo1 
the concentrations of strontium-90 or radium-226 in d 
produce equalled those in the water (l\1enzel jJersonal con 
munication 1972). 339 

Recommendation 

In view of the lack of experimental evidence con 
cerning 1:he long-term accumulation and avail 
ability of strontium-90 and radium-226 in irrigate' 
soils and to provide an adequate margin of safet) 
it is recommended that Federal Drinking Wate 
Standards be used for irrigation water. 



SPECIFIC IRRIGATION WATER CONSIDERATIONS 

Irrigation Water Quality for Arid and Semiarid Regions 

Clzmall'. Climatic variability exists in arid and semiarid re
gions. There can be heavy winter precipitation, generally in
creasing from south to north and increasing with elevation. 
Summer showers are common, increasing north and cast 
from California. Common through the westf'rn part of the 
country is the inadequacy of precipitation during the grow
ing sea<;on. In most areas vfthe \\'est, intcnsi\·e agriculture is 
not possible without irrigation. Irrigation must 'upph at 
least one-half of all the soil water required annually for 
crops for periods ranging from three to 12 month-:. 

Annual precipitation varies in the western United State<; 
from practically zero in the southwestern desert-; to more 
than 100 inches in the upper \\·estcrn slope of the Pacific 
Northwest. The distrilmtion of precipitation throughout the 
year also varies, \\·ith no rainfall during extended periods in 
many locales. Often the rainfall occurs during nongrowing 
sea-;on'>. 

The amount of precipitation and its distribution is one of 
the principal variables in determining the divcr<;ion require
mf'nt or demand for irrigation water. 

Land. Soils in the semiarid and arid regions were developed 
under dry climatic conditions with little leaching of wcathcr
able minerals in the surface horizon. Comcqucntly, these 
soils arc better supplied with most nutrient ckmcnts. The 
pH of these soils varies from being slightly acidic to neutral 
or alkaline. The presence of silicate clay minerals of the 
montmorillonite and h) drom mica groups in mam' of these 
soils gives them a higher exchange capacit,· than those of 
the soutlwast, which contain kaolinite minerals of lower ex
chang;e capacit). However, organic matter and nitrogen 
contents of arid -,oil are usualh· lower. Plant dcficiencic-; of 
trace clements such as zinc, iron, manganese arc more fre
quently encountered. Becau'ie of the less frequent pa"age 
of water through arid soil-:, they arc more apt to be saline. 

The nature of the surface horizon (plow layer) and the 
subsoil is especially important for irrigation. During· soil 
formation a profile can ckvclop comisting of various hori
zons. The hori;:on' con'i't of gencticallv related layers of 
soil or soil material parallel to the land surface, and the) 
differ in their chemical, ph;·sical, and biological prop(Tties. 
The productivit) of a soil i-, largely determined liy the na
ture of these horizons. Soi1' available for irrigation with 
restrictive or imperviou-; horizom present management 
prol>kms (e.g., drainage, aeration, salt accumulation in 
root zone, changes in soil structure) and consequent!) are 
not the bec;t for irrigated agriculture. 

Other land and soil factors of importance to irrigation are 
topography and slope, which ma; influence the choice of 
irrigation method, and soil characteristics. The latter arc 
extremely important because they determine the usable 
depth of water that can be stored in the root zone of the 
crop and the erodability and intake rate of the soil. 
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TVatrr. Each river system within the arid and semiarid por
tion of the United States has quality characteristics peculiar 
to its geologic origin and climatic environment. In consider
ing water quality charactcri~tics as related to irrigation, both 
historic and current data for the stream and location in 
quc-;tion should be used with care because of the large 
sca-;onal and sporadic variations that occur. 

The range of sediment concentrations of a river through
out the year is U'mally much grc-ater than the range of dis
soh-cd 'mlids concentrations. Maximum sediment concentra
tions may range from l 0 to more than a thousand times the 
minimum concentrations. Csually, the sediment concentra
tions arc higher during high flow than during low flow. 
This differs inver-;ely from dissolved-solids concentrations 
th;-1t are mually lower during hig;h flows. 

Four general desi~nations of water have been used 
(Rainwater 19G2)'i 01 ba'ied on their chemical composition: 
( 1) calcium-magnesium, carbonate-bicarbonate; (2) cal
cium-mag!1('sium, sulfate-chloride: (2) sodium-potassium, 
carlionatc-bicarbonatc: and ( 4) sodium-potassium, sulfate
chloridc. This t\ pc of classification characterizes the chem
ical properties of the water and would be inclicativt" of re
actions that could lie expected with soil when used for ir
rigation. Although a li>ting of data for each stream and 
trilmtarv is beyond the 'icopc of tlfr; report, an indication of 
ranges in di.ssolved-solich concentrations, chemical type, and 
sediment concentration is given in Table V-10 (Rainwater 
l 9G2).3hl 

Customarily, each irrigation projt"ct diverts water at one 
point in the river and the return flow comes back into the 
mainstream somewhere below the system. This return flow 
consists in the main of (I) regulatory water, which is the 
unused part of the diverted water required so that each 
farmer irrigating can have the exact flow he has ordered; 

TABLE V-10-Variations in Dissolved Solids, Chemical Type, 
and Sediment in Rivers in Arid and Semiarid United States 

Dissolved sohds Sediment 
Region concentrations, Prevalent chemical type" concentrations. 

mg/I mg/Jb 
From To From To 

Columbia RJVer Basm <100 300 Ca-Mg, C·b <200 300 
Northern Cahforma <100 700 Ca-Mg, C·b <200 +500 
Southern Cahforma <100 +2,000 Ca-Mg, C·b, Ca-Mg, S·C <200 +15,000 
Colorado River Basm <100 +2.500 Ca· Mg, S-C; Ca-Mg, C-b <200 +15,000 
Rio Grande Basm <TOO +2.000 Ca-Mg, C·b, Ca-Mg, S·C +JOO +50,000 
Pecos River Basin 100 +3,000 Ca-Mg, S-C +300 +1,000 
Western Gulf of Mexico Basins 100 +3,000 Ca-Mg, C·b; Ca-Mg, S-C; Na-P, S·C <200 +30,000 
Red River Basin <100 +2.500 Ca-Mg, S-C; Na-P, S-C +300 +25,000 
Arkansas River Basm 100 +2.000 Ca-Mg, S·C, Ca-Mg, C-b; Na·P, S·C +300 +30,000 
Platte River 100 +1.500 Ca-Mg, C-b; Ca-Mg, S-C +300 +7,000 
Upper Missouri River Basin 100 +2,000 Ca·Mg, S·C; Na-P, C-b; Na·P, C-b <200 +15,000 

a Ca-Mg, C·b= Calcium-magnesium, carbonate-bicarbonate. Ca-Mg, S·C= Calcium-magnesium, sulfate-chloride. 
Na·P, C·b= Sodium-potassium, carbonate-bicarbonate. Na-P, S·C=Sod1um·potassium, sulfate-chloride. 

Annual Load 
o Sediment concentration= ~----·

Annual Streamflow 

Rainwater 1962301. 
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(2) tail water, which is that portion of the water that runs 
off the ends of the fields; and (3) underground drainage, 
required to provide adequate application and salt balance 
in all parts of the fields. The initial flush of tail water may 
be somewhat more saline than later but rapidly approaches 
the same quality as the applied water (Reeve et al. 1955). 362 

Drainage and Leaching Requirements. In all irrigation agri
culture some water must pass through the soil to remove 
salts brought to .the soil in the water. In semiarid areas, or 
in the transition zone between arid and humid regions, this 
drainage water is usually obtained as a result of rainfall 
during periods of low evapotranspiration, and no excess 
irrigation water is needed to provide the drainage required. 
In many arid regions, the needed leaching must be ob
tained by adding excess water. In all cases, the required 
drainage volume is related to the amount of salt in the ir
rigation water. That drainage volume is called the leaching 
requirement (LR). 

It is possible to predict the approximate salt concentra
tion that would occur in the soil after a number of irriga
tions by estimating the proportion of applied water that will 
percolate below the root zone. In any steady-state leaching 
formula, the following assumptions are made: 

• No precipitation of salts occurs in the soil; 
• Ion uptake by plants is negligible; 
• There is uniform distribution of soil moisture through 

the profile and uniform concentration of salts in the 
soil moisture; 

• Complete and uniform mixing of irrigation water 
with soil moisture takes place before any of the mois
ture percolates below the root zone and 

• Residual soil moisture is negligible. 

A steady state leaching requirement formula has been 
developed by the U.S. Salinity Laboratory (1954) 363 de
signed to estimate that fraction of the irrigation water that 
must be leached through the root zone to control soil salin
ity at any specified level. This is given as: 

where LR is the leaching requirement; Ddw, the depth of 
drainage water; D,w, the depth of irrigation water; EC;w, 
the salinity of irrigation water; and ECdw, the salinity of 
water percolating past root zone. 

Hence, if ECdw is determined by the salt tolerance of the 
crop to be grown, and the salt content of the irrigation 
water EC;w is known, the desired LR can be calculated. 
This leaching fraction will then be the ratio of depth of 
drainage volume to the depth of irrigation water applied. 

Because the permissible values for ECdw for various yield 
decrements for various crops are not known, the ECe for 
50 per cent yield reduction has been substituted for ECdw· 
The actual yield reduction will probably be less than 50 
per cent (Bernstein 1966). 340 This EC c is the assumed aver-

age electrical conductivity for the soil water at saturation fc 
the whole root zone. When it is substituted for the EC<l, 
the actual EC 0 encountered in the root zone will be le~ 

than this value because, in many near steady state sitm 
tions, the salinity increases progressively with increase i 
depth in the profile and is maximum at the bottom of th 
root zone. 

Bernstein ( 1967) 341 has developed a leaching fractio 
formula that takes into consideration factors that contrc 
leaching rates such as infiltration rate, climate ( evapotram 
piration), frequency and duration of irrigation, and, c 
course, the salt tolerance of the crops. He defines th 
leaching fraction as LF = 1 - ETc/IT1 where LF is the leach 
ing fraction or proportion of applied water percolatini 
below the root zone; E, the average rate of evapotranspira 
tion during the irrigation cycle, Tc; and I, the average in 
filtration rate during the period of infiltration, T 1• By utiliz 
ing both the required leaching derived from the steady statj 
formula 

EC,w 
LR= --~ 

ECdw 

and the leaching fraction based upon infiltration rates anc 
evapotranspiration during the irrigation cycle, it is possibh 
to estimate whether adequate leaching can be attained 01 

whether adjustments must be made in the crops to bt 
grown to permit higher salirnty concentrations. 

In addition to determination of crops to be grown, 
leaching requirements may be used to indicate the total 
quantities of water required. For example, irrigation water 
with a conductivity of two mmhos requires one-sixth more 
water to maintain root zone salt concentrations within 
dght mmhos than would water with a salt concentration of 
one mmhos under the same conditions of use. 

There are a number of problems in applying the leaching 
requirement concept in actual practice. Some of these relate 
to the basic assumptions involved and others derive from 
water application problems and soil variability. 

• Considerable precipitarion of calcium carbonate oc
curs as many irrigation waters enter the soil causing a 
reduction in the total soluble salt load. In many 
crops, or crop rotations, crop removal of such ions 
as chloride was a significant fraction of the total 
added in waters of medium to low salinity. (Pratt 
et al. 196 7) 359 

• It is not practical to apply water with complete uni
formity. 

• Soils are far from uniform, particularly with respect 
to vertical hydraulic conductivity. 

• The effluent from tile or ditch drains may not be 
representative of the salinity of water at the bottom 
of the root zones 

Also, there is a considerable variation in drainage outflow 
that has no relation to leaching requirement when different 



crops are irrigated (Pillsbury and Johnston 1965). m This 
results from variations in irrigation practices for the different 
crops. 

The leaching requirement concept, while very useful, 
should not be used as a sole guide in the field. The leaching 
requirement is a long-period average value that can be 
departed from for short periods with adequateh· drained 
soils to make temporary use of water poorer in quality than 
customarily applied. 

The exact manner in which leaching occurs and the ap
propriate values to be used in leaching requirement 
formulas require further study. The many variables and as
sumptions involved preclude a precise determination under 
field conditions. 

Salinity Hazard. Waters with total dissolved solids (TDS) 
less than about 500 mg/! are usually med by farmers with
out awareness of any salinity problem, unless, of course, 
there is a high water table. Also, without dilution from 
precipitation or an alternative supply, waters with TDS of 
about 5,000 mg/I usually have little value for irrigation 
(Pillslmry and Blaney 1966). 306 Within these limits, the value 
of the water appears to decrease as the salinity increases. 
Where water is to be used regularly for the irrigation of 
relatively impervious soil, its value is limited if the TDS 
is in the range of 2,000 mg/\ or higher. 

Recommendation 

In spite of the facts that (1) any TDS limits used 
in classifyin!?, the salinity hazard of waters are 
somewhat arbitrary; (2) the hazard is related not 
only to the TDS but also to the individual ions 
involved; and (3) no exact hazard can be assessed 
unless the soil, crop, and acceptable yield reduc
tions are known, Table V-11 su!?,!?,ests classifications 
for !?,eneral purposes for arid and semiarid re!?,ions. 

Permeabilzfy Hazard. Two criteria used to evaluate the ef
fect of salts in irrigation water on soil permeability are: 
(I) the sodium adsorption ratio (SAR) and its relation to 
the exchangeable sodium percentage, and (2) the bicarbo
nate hazard that is particularly applicable to waters of arid 
regions. Another factor related to the permeability hazard 
is that the permeability tends to increase, and the stability 
of a soil at any exchangeable sodium percentage (ESP) 
increases as the salinity of the water increases (Quirk and 
Schofield 1955). 360 

Eaton ( 1950), 347 Doneen (1959), 346 and Christiansen and 
Thorne (1966) 345 have recognized that the permeability 
hazard of irrigation waters containing bicarbonate was 
greater than indicated by their SAR values. Bower and 
Wilcox ( 1965) 343 found that the tendency for calcium 
carbonate to precipitate in soils was related to the Langelier 
index (Langelier 1936) 349 and to the fraction of the irriga
tion water evapotranspired from the soil. Bower et al. 
(1965, 344 1968) 342 modified the Langelier index or precipita-
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TABLE V-11-Recommended Guidelines for Salinity in 
Irrigation Water 

Class1licatwn TDS mg/I 

Water for which no detrimental ettects are usually noticed 500 
Water that can have detrimental ettects on sensilive crops 500-1, 000 
Water that can have adverse effects on many crops; reqmres careful 1, 0011-2, 000 

management practices 
Water that can be used for tolerant plants on permeable soils w 1th care· 2, 000-5, 000 

ful management practices 

EC mmhos/cm 

0 75 
0. 75-1. 50 
1.50-3 DO 

3.00-7.50 

tion index (PI) to the soil system and presented simplified 
means for calculation. The Pl was 8.4-pHc, where 8.4 was 
the pH of the soil and pHc, the pH that would be found in a 
calcium carbonate suspension that would have the same 
calcium and bicarbonate concentrations as those in the ir
rigation water. For the soil system 

where pK2 and pKc are the negative logarithms, respec
tively, of the second dissociation constant for carbonic acid 
and the solubility constant for calcite; p(Ca +Mg) and 
pAlk are the negative logarithms, respectively, of the molar 
concentrations of (Ca+ Mg) and the titrable alkalinity. 
Magnesium is included primarily because it reacts, through 
cation exchange, to maintain the calcium concentration in 
solution. The PI combines empirically with the SAR in the 
following equation 

where SAR,e and SAR 1w are for the saturation extract and 
the irrigation water, respectively, C is the concentration 
factor or the reciprocal of the leaching fraction, and PI is 
8.4-pH0. Bower et al. ( 1968) 342 and Pratt and Bair (l 969), 358 

using lysimeter experiments, have shown a high correlation 
between the predicted and measured SARsc with waters of 
various bicarbonate concentrations. The information avail
able suggested a high utility of this equation for calculating 
permeability or sodium hazard of waters. In cases where C 
is not known, a value of 4, corresponding to a leaching frac
tion of 0.25, can be used to give relative comparisons among 
waters. In this case the equation is 

SARsc=2SARrn(l +PI). 

Data can be used to prepare graphs, from which the 
values for pK2-pK0 , p(Ca+Mg), and pAlk can be ob
tained for easy calculation of pHc. The calculation of pHc 
is described by Bower et al. ( 1965). 341 

Soils have individual responses in reduction in permeabil
ity as the SAR or calculated SAR values increase, but ad
verse effects usually begin to appear as the SAR value 
passes through the range from 8 to 18. Above an SAR of 
l 8 the effects are usually adverse. 

Su>pended Solids. Suspended organic solids in surface 
water supplies seldom give trouble in ditch distribution 
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systems except for occasional clogging of gates. They can 
also carry weed seeds onto fields where their subsequent 
growth can have a severely adverse effect on the crop or 
can have a beneficial effect by reducing seepage losses. \Vhere 
surface water supplies are distributed through pipelines, it 
is often nccessan· to have self-cleaning screens to prevent 
clogging of the pipe system appliances. Finer screening is 
usually required where water enters pressure-pipe systems 
for sprinkler irrigation. 

There arc waters diverted for irrigation that carry 
heavy inorganic sediment loads. The effects that thec;e loads 
might have depend in part on the particle size and distri
bution of the suspended material. For example, the ability 
of sandy soils to store moisture is greatly improved after the 
soils arc irrigated with muddy water for a period of years. 
More commonly, sediment tends to fill canals and ditches, 
causing serious cleaning and dredging problems. It also 
tends to further reduce the already low infiltration charac
teristics of slowly permeable soils. 

Irrigation Water Quality For Humid Regions 

Climate The most striking feature of the climate of the 
humid region that contrasts with that of the far \Vest and 
intermountain areas is the larger amount of and less season
able distribution of the precipitation. Abundant rainfall, 
rather than lack of it, is the normal expectation. Yet, 
droughts are common enough to require that attention be 
given to supplemental irrigation. These times of shortage of 
water for optimum plant growth can occur at irregular in
tervals and at almost any stage of plant growth. 

\Vatcr demands per week or day arc not as high in 
humid as in arid lands. But rainfall is not easily predicted. 
Thus a crop may be irrigated and immediately thereafter 
receive a rain of one or two inches. Supplying the proper 
amount of supplemental irrigation water at the right time 
is not easy even with adequate equipment and a good 
water supply. There can be periods of several successive 
years when supplemental irrigation is not required for most 
crops in the humid areas. There are times however, when 
supplemental water can increase yield or avert a crop failure. 
Supplemental irrigation for high-value crops will undoubt
edly increase in humid areas in spite of the fact that much 
capital is tied up in irrigation equipment during years in 
which little or no use is made of it. 

The range of temperatures in the humid region in which 
supplemental irrigation is needed is almost as great as that 
for arid and semiarid areas. It ranges from that of the short 
growing season of upstate New York and Michigan to the 
continuous growing season of southern Florida. But in the 
whole of this area, the most unpredictable factor in crop 
production is the need for additional water for optimum 
crop production. 

Soils The soils of the humid region contrast with those 
of the West primarily in being lower in available nutrients. 

They are generally more acid and may have problems wit 
exchangeable aluminum. The texture of soils is similar t 

that found in the \Vest and ranges from sands to clays. Som 
are too permeable, while others take water very slowly. 

Soils of the humid region generally have clay minerals c 
lower exchange capacity than soils of the arid and semiari 
regions and hence lower buffer capacity. They are mot 
easily saturated with anions and cations. This is an irr 
portant consideration if irrigation with brackish water 
necessary to supplement natural rainfall. Organic matte 
content ranges from practically none on some of the Florid 
sands to 50 per cent or more in irrigated peats. 

One of the most important characteristics of many of th 
soils of the humid Southeast is 1 he unfavorable root enviror 
ment of the deeper horizons containing exchangeabl 
aluminum and having a strong acid reaction. In fact, th 
lack of root penetration of these horizons by most farm croi: 
is the primary reason for the need for supplemental irriga 
tion during short droughts. 

Specific Difference Between Humid and Ari1 
Regions The effect of a specific water quality deterrer 
on plant growth i~ governed by related factors. Basi 
principles involved are almost universally appl[cable, bu 
the ultimate effect must take into consideration these a~ 

sociated variables. \V.1ter quality criteria for supplemcnta 
irrigation in humid areas may differ from those indicate( 
for arid and semiarid areas where the water requirement 
of the growing plant are met almost entirely by [rrigation. 

When irrigation water containing a deterrent is used, it 
effect on plant growth may vary, however, with the stag, 
of growth at which the water is applied. In arid areas, plant 
may be subjected to the influence of irrigation water qualit' 
continuously from germination to harvest. Where water i 
used for supplemental irrigation only, the effect on plant 
::lepends not only upon the growth stage at which applied 
but to the length of time that i:he deterrent remains in th1 
root zone (Lunin et al. 1963).:152 Leaching effects of inter 
vening rainfall must be taken into consideration. 

Climatic differences between humid and arid regions alsc 
influence criteria for use of in-igation water. The amount o 
rainfall determines in part 1 he degree to which a giver 
constituent will accumulate in the soil. Other factors as
wciated with salt accumulation in the soil are those climatic 
conditions relating to evapotranspiration. In humid areas, 
cvapotranspiration is generally less than in arid regions, 
and plants are not as readily subjected to water stress. The 
importance of climatic conditions in relation to salinity was 
demonstrated by Magistad et al. (1943). 355 In general, 
criteria regarding salinity for supplemental irrigation in 
humid areas can be more flexible than for arid areas. 

Soil characteristics represen1 another significant difference 
between arid and humid regions. These were discussed 
previously. 

Mineralogical composition w[ll also vary. The composi
tion of soil water available for absorption by plant roots 



represents the results of an interaction between the constitu
ents of the irrigation water and the soil complex. The final 
result may be that a given quality deterrent present in the 
water could be rendered harmless by the soil (remaining 
readily available), or that the dissolved constituents of a 
water may render soluble toxic concentrations of an dcment 
that wa<; not present in the irrigation water. An example of 
thi-; would be the addition of a saline vvater to an acid soil 
resulting in a decrease in pH and a possible increa-;c in 
solubilit\· of clements such as iron, aluminum, and manga
nese (Eriksson 1932). m 

General relationship' previously clcrivccl for SAR and acl
sorl>Cd -;odium in neutral or alkaline soilc; of arid areas do 
not apply equally well to acid 'mils found in humid 
regions (Lunin and Batchelder 1960). ~r,o Furthermore, the 

effect of a given level of ad,orbcd sodium (ESP) on plant 
growth is dctcrmincd to some degree by the associated 
adsorbed cations. The amount of adsorbed calcium and 
magnc-;ium relative to adsorbed sodium is of considerable 
consequence, especially when comparing acidic soils to ones 
that arc neutral or alkaline. Another example would be 
the prcc;cnce of a trace element in the irrigation water that 
might be rendered insoluble when applied to a neutral or 
alkaline soil, but retained in a solubl(', available form in 
acid 'oils. For these reasons, soil characteristic,, which differ 
great!\· between arid and humid areas, mmt be taken into 
consideration. 

Cntain economic factors also influence water quality 
criteria for supplemental irrigation. Althoug·h the ultimate 
objective of irrigation is to imurc eflicient and economic 
crop production, there may lie instances wl!C"re an adequate 
supply of good quality water i'i unavailable to achieve this. 
A farmer may be faced with the need to use irrigation water 
of inferior quality to get some economic return and prevent 
a complete crop failure. This can occur in humid areas 
during periods of prolonged drought. \Vater quality criteria 
are generally designed for optimum production, but con
sideration must be given also to supplying guidelines for use 
of water of inferior quality to avC'rt a crop failure. 

Specific Quality Criteria for Supplemental Irri
gation A previous discussion (sec "\\Tater Quality Con
sidcra lions for Irrigation" above) of potential quality deter
rents contained a long list of factors indicating the current 
state of our knowledge as to how they might relate to plant 
growth. Criteria can be established by determining a con
centration of a given deterrent, which, when adsorbed on 
or absorbed by a leaf during sprinkler irrigation, results in 
adverse plant growth, and by evaluating the direct or in
direct effects (or both) that a given concentration of a qual
ity deterrent has on the plant root environment as irriga
tion water enters the soil. Neither evaluation is simple, but 
the latter is more complex because so many variables are 
involved. Since sprinkler application in humid areas is most 
common for supplemental irrigation, both types of evalua
tion have considerable significance. The following discus-
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sion relates only to those quality criteria that are specifically 
applicable to supplemental irrigation. 

Salimi)'. General concepts regarding soil salinity as pre
viously discussed are applicable. Actual levels of salinity 
that can be tolerated for supplemental irrigation must take 
into consideration the leaching effect of rainfall and the fact 
that soil-; arc usually nonsaline at spring planting. The 
amount of irrigation water having a given level of salinity 
that can be applied to the crop will depend upon the num
ber of irrigations between leaching rains, the salt tolerance 
of the crop, and the salt content of the soil prior to irriga
tion. 

Since it is not realistic to set a single salinity value or even 
a range that would take these variables into consideration, a 
guide was developed to aid farmers in safely using saline or 
brackish waters (I ,unin and Gallatin 1960). 351 The following 
equation was used as a basis for this guide: 

where ECcui is the electrical conductivity of the saturation 
extract after irrigation is completed; ECrei» the electrical 
conductivit7 of the soil saturation extract before irrigation; 
EC"'' the electrical conductivity of the irrigation water; 
and n, the number of irrigations. 

To utilize this guide, the salt tolerance of the crop to be 
grown and the soil salinity level (EC <·(O) that will result 
in a 15 or 50 per cent yield decrement for that crop must be 
considered. After evaluating the level of soil salinity prior to 

irrigation (EC d•l) and the salinity of the irrigation water, 
the maximum number of permissible irrigations can be 
calculated. These numbers are based on the assumption 
that no intervening rainfall occurs in quantities large enough 
to leach salts from the root zone. Should leaching rainfall 
occur, the situation could be reevaluated using a new value 
for ECc(i)· 

Categorizing the salt tolerance of crops as highly salt 
tolerant, moderately salt tolerant, and slightly salt tolerant, 
the guide shown in Table V-12 was prepared to indicate 

TABLE V-12-Permissible Number of Irrigations in Humid 
Areas with Saline Water between Leaching Rains for 

Crops of Different Salt Tolerance" 

Irrigation water Number of 1mgat10ns for crops havmg 

Total salts mg/I Electrical conductivity Low salt tolerance Moderate salt High salt tolerance 
mmhos/cm at 25 C tolerance 

640 
1,280 
1,920 
2,560 
3,200 
3,840 
4,480 
5, 120' 

a Based on a 50 per cent yield decrement. 
Lunm et al. 1960'"· 

15 
7 

4-5 
3 

2-3 
2 

1-2 
1 

11 

2-3 
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the number of permissible irrigations using water of varying 
salt concentrations. This guide is based on two assumptions: 

• no leaching rainfall occurs between irrigations. 
• there is no salt accumulation in the soil at the start 

of the irrigation period. If leaching rains occur be
tween irrigations, the effect of the added salt is 
minimized. If there is an accumulation of salt in the 
soil initially, such as might occur when irrigating a 
fall crop on land to which saline water had been ap
plied during a spring crop, the soil should be tested 
for salt content, and the irrigation recommendations 
modified accordingly. 

Recommendation 

Since it is not realistic to set a single salinity 
value or even a range that would take all variabl~s 
into consideration, Table V-12 developed by Lunin 
et al. (1960),354 should be used as a guide to aid 
farmers in safely using saline or brackish waters 
for supplemental irrigation in humid areas. 

SAR values and exchangeable sodium. The principles relating 
to SAR values and the degree to which sodium is adsorbed 
from water by soils are generally applicable in both arid and 
humid regions. Some evidrnce is available (Lunin and 
Batchelder 1960), 350 however, to indicate that, for a given 
water quality, less sodium was adsorbed by an acid soil 
than by a base-saturated soil. For a given level of exchange
able sodium, preliminary evidence indicated more detri
mental effects on acid soils than on base-saturated soils 
(Lunin et al. 1964). 353 

Experimental evidence is not conclusive, so the detri
mental limits for SAR values listed previously should also 
apply to supplemental irrigation in humid regions. (See the 
recommendation in this section following the discussion of 
sodium hazard under \\Tater Quality Considerations for Ir
rigation.) 

Acidity and alkalinity. The only consideration not pre
viously discussed relates to soil acidity, which is more 
prevalent in humid regions where supplemental irrigation 
is practiced. Any factor that drops the pH below 4.8 may 
render soluble toxic concentrations of iron, aluminum, and 
manganese. This might result from application of a highly 
acidic water or from a saline solution applied to an acidic 
soil. (See the recommendation in this section following the 
discussion of acidity and alkalinity under Water Quality 
Considerations for Irrigation.) 

Trace elements. Criteria and related factors discussed in 
the section on Phytotoxic Trace Elements are equally ap
plicable to supplemental irrigation in humid regions. Cer
tain related qualifications must be kept in mind, however. 
First, foliar absorption of trace elements in toxic amounts is 
directly related to sprinkler irrigation. Critical levels estab
lished for soil or culture solutions would not apply to direct 
foliar injury. Regarding trace element concentrations in the 

soil resulting from irrigation water application, the volurn 
of the water applied by sprinkler as supplemental irrigatio 
is much less than that applied by furrow or flood irrigatio 
in arid regions. 

In assessing trace element concentrations in irrigatio 
water, total volume of water applied and the physicochem 
cal characteristics of the soil must be taken into consider2 
tion. Both factors could resul1 in different criteria for supple 
mental irrigation as compared with surface irrigation in ari 
reg10ns. 

Suspended Jo/ids. Certain factors regarding suspended solid 
must be taken into consideration for sprinkler irrigatior 
The first deals with the plugging up of sprinkler nozzles b 
these sediments. Size of sediment is a definite factor, bu 
no specific particle size limit can be established. If som 
larger sediment particles pass through the sprinkler, the 
can often be washed off certain leafy vegetable crops. Som 
of the finer fractions, suspended colloidal material, coul1 
accumulate on the leaves and, once dry, become extreme! 
difficult to wash off, thereby impairing the quality of th 
product. 

PHYTOTOXIC TRACE ELEMl:NTS 

In addition to the effect of total salinity on plant growth 
individual ions may cause growth reductions. Ions of bot! 
major and trace elements occur in irrigation water. Trace 
elements are those that normally occur in waters or soi 
solutions in concentrations less than a few mg/I with usua 
concentrations less than JOO microgram (µg)/1. Some mai 
be essential for plant growth, while others are nonessential 

When an element is added to the soil, it may combirn 
with it to decrease its concentration and increase the ston 
of that element in the soil. If the process of adding irrigatior 
water containing a toxic level of the element continues, tht 
:apacity of the soil to react with the element will \J( 
;aturated. A steady state may be approached in which th( 
amount of the element leaving the soil in the drainage water 
equals the amount added with the irrigation water, with nc 
further change in concentration in the soil. Removal in 
harvested crops can also be a factor in decreasing the ac
cumulation of trace elements in soils. 

In many cases, soils have high capacities to react witb 
trace elements. Therefore, irrigation water containing toxic 
levels of trace elements may be added for many years before 
a steady state is approached. Thus, a situation exists where 
toxicities may develop in years., decades, or even centuries 
from the continued addition of pollutants to irrigation 
waters. The time would depend on soil and plant factors as 
well as on the concentration of trace elements in the water. 

Variability among species is well recognized. Recent in
vestigations by Foy et al. ( 1 965), 402 and Kerriclge et al. 
( 1971) 425 working with soluble aluminum in soils and in 
nutrient solutions, have demonstrated that there is also 
variability among varieties within a given species 



Comprehensive reviews of literature dealing with trace 
element effects on plants are provided by McKee and Wolf 
(1963), 436 Bolland and Butler (1966), 378 and Chapman 
(1966). 386 Hodgson (!963) 417 presented a review dealing 
with reactions of trace elements in soils. 

In developing a workable program to determine accept
able limits for trace elements in irrigation waters, three 
considerations should be recognized: 

• Many factors affect the uptake of and tolerance to 
trace elements. The most important of these are the 
natural variability in tolerances of plants and of 
animals that consume plants, in reactions within the 
soil, and in nutrient interactions, particularly in the 
plant. 

• A system of tolerance limits should provide sufficient 
flexibility to cope with the more serious factors listed 
above. 

• At the same time, restrictions must be defined as 
precisely as possible using presently available, but 
limited, research information. 

Both the concentration of the element in the soil solution, 
assuming that steady state may be approached, and the 
total amount of the element added in relation to quantities 
that have been shown to produce toxicities were used in ar
riving at recommended maximum concentrations. A water 
application rate of 3 acre feet/acre/year was used to calcu
late the yearly rate of trace elements added in irrigation 
water. 

The suggested maximum trace element concentrations 
for irrigation waters are shown in Table V-13. 

The suggested maximum concentrations for continuous 
use on all soils are set for those sandy soils that have low 
capacities to react with the element in question. They are 
generally set at levels less than the concentrations that pro
duce toxicities when the most sensitive plants are grown in 
nutrient solutions or sand cultures. This level is set, recog
nizing that concentration increases in the soil as water is 
evapotranspired, and that the effective concentration in the 
soil solution, at near steady state, is higher than in the irriga
tion water. The criteria for short-term use are sugg-ested for 
soils that have high capacitites to remove from solution the 
element or elements being considered. 

The work of Hodgson (1963) 417 showed that the general 
tolerance of the soil-plant system to manganese, cobalt, 
zinc, copper, and boron increased as the pH increased, 
primarily because of the positive correlation between the 
capacity of the soil to inactivate these ions and the pH. 
This same relationship exists with aluminum and probably 
exists with other elements such as nickel (Pratt et al. 1964) 449 

and boron (Sims and Bingham 1968). 465 However, the abil
ity of the soil to inactivate molybdenum decreases with in
crease in pH, such that the amount of this element that 
could be added without producing excesses was higher in 
acid soils. 
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TABLE V-13-Recommended Maximum Concentrations of 
Trace Elements in Irrigation Waters" 

Element For waters used conbnuously For use up to 20 years on fine 
on all SOii textured soils of pH 6. O lo 8. 5 

mg/I 

Aluminum 5.0 
Arsenic 0 10 
Beryllium 0.10 
Boron 0. 75 
Cadmium 0.010 
Chromium 0.10 
Cobalt 0.050 
C01Jper 0.20 
Fluoride 1.0 
Iron 5.0 
Lead 5.0 
Lilhrum 2.5• 
Manganese 0.20 
Molybdenum 0.010 
Nickel 0.20 
Selenium 0.020 
Tine_ 

Titanium' 
Tungsten' 
Vanadium 0.10 
Zinc 2.0 

a These levels will normally no! adversely affect plants or soils. 
•Recommended maximum concentration for irrigating citrus is 0.075 mg/I. 
'See text for a discussion of these elements. 
a For only acid fine textured soils or acid soils with relatively high iron oxide contents. 

mg/I 

20.0 
2.0 
0.50 
2.0 
0.050 
1.0 
5.0 
5 0 

15.0 
20.0 
10.0 
2.5• 

10.0 
0. DSC" 
2.0 
0.020 

1.0 
10.0 

In addition to pH control (i.e., liming acid soils), another 
important management factor that has a large effect on the 
capacity of soils to adsorb some trace elements without de
velopment of plant toxicities is the available phosphorus 
level. Large applications of phosphate are known to induce 
deficiencies of such elements as copper and zinc and greatly 
reduce aluminum toxicity (Chapman 1966). 386 

The concentrations given in Table V-13 are for ionic 
and soluble forms of the elements. If insoluble forms are 
present as particulate matter, these should be removed by 
filtration before the water is analyzed. 

Aluminum 

The toxicity of this ion is considered to be one of the main 
causes of nonproductivity in acid soils (Coleman and 
Thomas 1967, 392 Reeve and Sumner 1970, 453 Hoyt and 
Nyborg 197la419). 

At pH values from about 5.5 to 8.0, soils have great 
capacities to precipitate ~oluble aluminum and to eliminate 
its toxicity. Most irrigated soils are naturally alkaline, and 
many are highly buffered with calcium carbonate. In these 
situations aluminum toxicity is effectively prevented. 

With only a few exceptions, as soils become more acid 
(pH <5.5), exchangeable and soluble aluminum develop by 
dissoltltion of oxides and hydroxides or by decomposition 
of clay minerals. Thus, without the introduction of alumi
num, a toxicity of this element usually develops as soils are 
acidified, and limestone must be added to keep the soil 
productive. 
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In nutrient solutions toxicities are reported for a number 
of plants at aluminum concentrations of 1 mg /1 (Pratt 
1966), 448 whereas wheat is reported to show growth reduc
tions at 0.1 mg/I (Barnette 1923). 370 Liebig et al. (1942) 432 

found growth depressions of orange seedlings at 0.1 mg/I. 
Ligon and Pierre (1932) 433 showed growth reductions of 
60, 22, and 13 per cent for barley, corn, and sorghum, re
spectively, at 1 mg/!. 

In spite of the potential toxicity of aluminum, this is not 
the basis for the establishment of maximum concentrations 
in irrigation waters, became ground limestone can be added 
where needed to control aluminum solubility in soils. 
Nevertheless, two disadvantages remain. One is that the 
salts that are the sources of soluble aluminum in waters 
acidify the soil and contribute to the requiremrnt for 
ground limestone to prevent the accumulation or develop
ment of soluble aluminum. This is a disadvantage only in 
acid soils. The other disadvantage is a greater fixation of 
phosphate fertilizer by freshly precipitated aluminum 
hydroxides. 

In determining a recommendation for maximum levels 
of aluminum in irrigation water ming 5.0 mg/I for waters 
to be.used continuously on all soils and 20 mg/I for up to 
20 years on fine-textured soils, the following was considered. 
At rates of 3 acre feet of water per acre per year the calcium 
carbonate equivalent of the .'i mg II concentration used for 
100 years would be 11.5 tons per acre; the 20 mg.11 concen
tration for 20 years would be equivalent to 9 tons of CaC03 

per acre. In most irrigated soils this amount of limestone 
would not have to be added, became the soils have sufficient 
buffer capacity to neutralize the aluminum salts. In acid 
soils that are already near the pH where limestone should 
be used, the aluminum added in the water would contribute 
these quantities to the lime requirements. 

Amounts of limestone needed for control of soluble alumi
num in acid soils can be estimated by a method that is based 
on pH control (Shoemaker et al. 1961). 463 A method based 
on the amount of soluble and exchangeable aluminum was 
developcd by Kamprath (1970). 424 

Recommendations 

Recommended maximum concentrations are 5.0 
mg/I aluminum for continuous use on all soils and 
20 mg/I for use on fine textured neutral to alkaline 
soils over a period of 20 years. 

Arsenic 

Albert and Arndt (I 931) 368 found that arsenic at 0.5 mg/I 
in nutrient solutions reduced the growth of roots of cowpeas, 
and at 1.0 mg/I it reduced the growth of both roots and tops. 
They reported that 1.0 mg/I of soluble arsenic was fre
quently found in the solution obtained from soils with 
demonstrated toxic levels of arsenic. Rasmussen and Henry 
(1965) 451 found that arsenic at 0.5 mg/I in nutrient solu
tions produced toxicity symptoms in seedlings of the pine-

apple and orange. Below this concentration no symptoms c 
toxicity were found. Clements and Heggeness (1939) 390 re 
ported that 0.5 mg/I arsenic as arsenite in nutrient soh 
tions produced an 80 per cent yield reduction in tomatoe 
Liebig et al. (1959) 431 found that 10 mg/I of arsenic ; 
arsenate or 5 mg/I as arsenite caused marked reductio 
in growth of tops and roots of citrus grown in nutrient soh 
tions. Machlis (I 94 l) 434 found 1hat concentrations of 1.2 an 
12 mg/l causcd growth suppression in beans and :mdan gra 
respectively. 

However, the most dcfinite work with arsenic toxicity i 
soils has been aimed at determining the amounts that ca 
be added to various t) pcs of 'oils without reduction in yielc 
of sensitive crops. The experiments of Cooper et al. (l 932), :i 
Vandecaveye et al. (1936), 472 Crafts and Rosenfels (l 939), :i 
Dorman and Colman (1939), 396 Dorman et al (1939), :1 

Clements and Munson (1947), 391 Benson (1953), 372 Chi: 
holm et al. (l 955), 388 Jacobs e1 al. (l 970), 422 'i\Toolson et a 
(l 971) 481 showed that the amount of total arsenic that pn 
duced the initiation of toxicity varied with soil texture an 
other factors that influenced the adsorptive capacity. A: 
suming that the added arsenic is mixed with the surface si 
inches of soil and that it is in the arsenate form, the amourn 
that produce toxic it) for sensitive plants vary from 1 () 
pounds (lb),'acre for sandy soils to 300 lb/acre for claye 
soils. Data from Crafts and Rosenfels (I 939) 394 for 80 soil 
showed that for a 50 per cent yield reduction with barle'~ 
120, 190, 230, and 290 lb arsenic/acre were required fo 
sandy loams, loams, clay loams, and clays, respective!) 
These amounts of arsenic indicated the amounts adsorbec 
into soils of different adsorptive capacities before 1 he toxici1 
level was reached. 

With long periods of time involved, such as would be th 
case with accumulations from irrigation water, possibl 
leaching in sandy soils (Jacobs et al. 1970) 422 and reversim 
to less soluble and less toxic forms of arsenic (Crafts am 
Rosenfels 1939) 3!l4 allow extensions of the amounts requirec 
for toxicity. Perhaps a factor oi at least two could be used 
:~iving a limit of 200 lb in sandy soils and a limit of 600 II 
in clayey soils over many year:;. Using these limits, a con 
centration of 0.1 mg 11 could be used for 100 years on sand~ 
::oils, and a concentration of 2 mg/I used for a period of 2( 
vears or 0.5 mg/l used for 100 years on clayey soils woulc 
provide an adequate margin of safety. This is assuming : 
acre feet of water are used per acre per year (1 mg/I equal: 
'.~.71 lb/acre foot of water or 8.13 lb/3 acre feet), and tha1 
1he added arsenic becomes mixed in a 6-inch layer of soil. 
Removal of small amounts in harvested crops provides an 
additional safety factor. 

The only effective management practice known for soil> 
1hat have accumulated toxic levels of arsenic is to change to 
more tolerant crops. Benson and Reisenauer (1951) 373 

developed a list of plants of three levels of tolerance. 'i\Tork 
by Reed and Sturgis ( 1936) 452 suggested that rice on flooded 
wils was extremely sensitive to small amounts of anenic, and 



that the suggested maximum concentrations listed below 
were too high for this crop. 

Recommendations 

Recommendations are that maximum concen
trations of arsenic in irrigation water be 0.10 mg/l 
for continuous use on all soils and 2 mg,/l for use 
up to 20 years on fine textured neutral to alkaline 
soils. 

Beryllium 

Haas (1932) 408 reported that some varieties of citrus seed
lings showed toxicities at 2.5 mg .11 of berdlium whereas 
other' showed toxicity at 5 mg ii in nutrient solutions. 
Romnt'V et al. (1 fJn2) 4 ''·' found that bcrdlium at 0.5 mg/I 
in nutrient solutions reduced the growth of bw;h beans. 
Romnc\· and Childress ( 1965) 4" 4 found that 2 mg/'] or 
greater in nutrient solutions reduced the growth of toma
toes, pccis, so\'IJcans, lettuce, cine! cilfalfa plants. Additions of 
soluble bcrdlium salt-; at levels equivalent to 4 per cent of 
the cation-adsorption ca paeity of two acid soils reduced the 
yielcb of ladino clon·r. Beryllium carbonate and ber) llium 
oxide cit the same levels did not reduce yields. These results 
sugge't that berdl ium in ealcarcom soils might be rnuc h less 
actin· and less toxic than in acid soils. \\"illiams and LcRiclw 
( l 96(3'1 isn found that beryllium at 2 mg It in nutrient solu
tions was toxic to mustard, whereas 5 mg,'J wa-; required for 
growth reduction.-, with kale. 

It c;eems reasonable to recommend low levels of lier) l
limn in view of the fact that, at 0.1 mg/!, 80 pounds of 
bcrdlium would fw added in JOO years ming 3 acre feet of 
water per acre per \car. In 20 \ears, at 0.5 mg I, water at 
the same rate \mule! acid 80 pound-;. 

Recommendations 

In view of toxicities in nutrient solutions and in 
soils, it is recommended that maximum concen
trations of beryllium in irrigation waters be 0.10 
mg/I for continuous use on all soils and 0.50 mg/I 
for use on neutral to alkaline fine textured soils 
for a 20-year period. 

Boron 

Boron is an essential element for the growth uf plants. 
Optimum yields of some plants arc obtained at concentra
tions uf a few tenths mg/J in nutrient solutions However, 
at concentrations of l mg IJ, boron i<: toxic to a number of 
scmitivc plants. Eaton (1935, 400 1944401 ) determined the 
boron tolerance of a large number of plants and developed 
lists of sensitive, semitolerant, and tolerant speciec;. These 
lists, slightly modified, arc also given in the U.S.D.A. 
Handbook 60 (Salinity Laboratory 1954) 1:,9 and arc pre
sented in Table V-14. In general, sensitive crops showed 
toxicities at I mg'! or less, semi tolerant crops at I to 2 mg/l, 
and tolerant crops at 2 to 4 mg /J. At concentrations above 
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TABLE V-14-Relative Tolerance of Plants to Boron 

(In each group the plants first named are considered as bemg more tolerant and the last named 
more sensitive.) 

Tolerant Semitolerant Sens1t1ve 

Athel (Tamarix asphylla) Sunflower (native) Pecan 
Asparagus Potato Black Walnut 
Palm (Phoenix cananensis) Acala cotton Pers"n (English) walnut 
Date palm (P. dactyhfera) Pima cotton Jerusalem artichoke 
Sugar beet Tomato Navy bean 
Mangel Sweetpea American elm 
Garden beet Radish Plum 
Alfalfa Field pea Pear 
Glad10lus Ragged Robin rose Apple 
Broad bean Ohve Grape (Sultanina and Malaga) 
Om on Barley Kadota fig 
Turnip Wheat Persimmon 
Cabbage Corn Cherry 
Lettuce Milo Peach 
Carrot Oat Apricot 

Zin ma Thornless blackberry 
Pumpkm Orange 
Bell pepper Avocado 
Sweet potato Grapefruit 
Lima bean Lemon 

Sahmty Laboratory Staff 1954"'. 

4 mg /l, the irrigation water was generally unsatisfactory for 
mmt crops. 

Bradford (1966), rn in a review of boron deficiencies and 
toxicities, stated that when the boron content of irrigation 
waters was greater than 0. 75 mg/l, some sensitive plants, 
such as citrus, begin to show injury. Chapman (1968) 387 

concluded that citrus showed some mild toxicity symptoms 
when irrigation waters have 0.5 to 1.0 mg /1, and that when 
the concentration was greater than 10 mg/! pronounced 
toxicities were found. 

Biggar and Fireman (1960) 375 and Hatcher and Bower 
(l 95B) 111 showed that the accumulation of boron in soils is 
an adsorption process, and that before soluble levels of 1 or 
2 mg l can be found, the adsorptive capacity must be 
saturated. \Vi th neutral and alkaline soils of high adsorption 
capacities water of 2 mg l might be used for some time 
without injury to sensitive plants. 

Recommendations 

From the extensive work on citrus, one of the 
most sensitive crops, the maximum concentration 
of 0. 75 mg boron/I for use on sensitive crops on all 
soils seems justified. Recommended maximum 
concentrations for semitolerant and tolerant 
plants are considered to be 1 and 2 mg.fl respec
tively. 

For neutral and alkaline fine textured soils the 
recommended maximum concentration of boron 
in irrigation water used for a 20-year period on 
sensitive crops is 2.0 mg/l. With tolerant plants or 
for shorter periods of time higher boron concen
trations are acceptable. 
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Cadmium 

Data by Page et al. in press ( 1972) 444 showed that the 
yields of beans, beets, and turnips were reduced about 25 
per cent by 0.10 mg cadmium/! in nutrient solutions; 
whereas cabbage and barley gave yield decreases of 20 to 50 
per cent at 1.0 mg/I. Corn and lettuce were intermediate 
in response with less than 25 per cent yield reductions at 
0.10 mg/I a11d greater than 50 per cent at 1.0 mg/l. Cad
mium contents of plants grown in soils containing 0.11 to 
0.56 mg/I acid extractable cadmium (Lagerwerff 1971 ) 427 

were of the same order of magnitude as the plants grown by 
Page et al. in control nutrient solutions. 

Because of the phytotoxicity of cadmium to plants, its 
accumulation in plants, lack of soils information, and the 
potential problems with this element in foods and feeds, a 
conservative approach is taken. 

Recommendations 

Maximum concentrations for cadmium in irriga
tion waters of 0.010 mg/I for continuous use on all 
soils and 0.050 mg/1 on neutral and alkaline fine 
textured soils for a 20-year period are recom
mended. 

Chromium 

Even though a number of investigators have found small 
increases in yields with small additions of this element, it 
has not become recognized as an essential element. The 
primary concern of soil and plant scientists is with its toxic
ity. Soane and Saunders (1959) 466 found that 10 mg/I of 
chromium in sand cultures was toxic to corn, and that for 
tobacco 5 mg/l of chromium caused reduced growth and 
1.0 mg/I reduced stem elongation. Scharrer and Schropp 
(1935) 461 found that chromium, as chromic sulfate, was 
toxic to corn at 5 mg/l in nutrient solutions. Hewitt 
(1953) 412 found that 8 mg/l chromium as chrcmic or 
chromate ions produced iron chlorosis on sugar beets grown 
in sand cultures. Hewitt also found that the chromate ion 
was more toxic than the chromic ion. Hunter and V crgnano 
(1953) 4 ~ 1 found that 5 mg/I of chromium in nutrient solu
tions produced iron deficiencies in plants. Turner and 
Rust ( 1971) 470 found that chromium treatments as low as 
0.5 mg/I in water cultures and 10 mg/kg in soil cultures 
significantly reduced the yields of two varieties of soybeans. 

Because little is known about the accumulation of 
chromium in soils in relation to its toxicity, a concentration 
of less than 1.0 mg/I in irrigation waters is desirable. At this 
concentration, using 3 acre feet water/acre/yr, more than 
80 lb of chromium would be added per acre in 100 years, 
and using a concentration of 1.0 mg/l for a period of 20 years 
and applying water at the same rate, about 160 pounds of 
chromium would be added to the soil. 

Recommendations 

In view of the lack of knowledge concernin1 
chromium accumulation and toxicity, a maximun 
concentration of 0.1 mg/l is recommended for con 
tinuous use on all soils and 1.0 mg/1 on neutra 
and alkaline fine textured soils for a 20-year perio< 
is recommended. 

Cobalt 

Ahmed and Twyman (1953) m found that tomato plant 
showed toxicity from cobalt at 0.1 mg/I, and Vergnanc 
and Hunter ( 1953) 47

' found that cobalt at 5 mg/I was high!~ 
toxic to oats. Scharrer anCl Schropp (1933) 460 found tha 
cobalt at a few mg/I in sand and solution cultures was toxic 
to peas, beans, oats, rye, wheat, barley, and corn, and tha 
the tolerance to cobalt increased in the order listed. Vanse 
low (l 966a) 473 found additioris of 100 mg/kg to soils were 
riot toxic to citrus. 

The literature indicates that a concentration of 0.10 mg/ 
for cobalt is near the threshold toxicity level in nutrien 
solutions. Thus, a concentration of 0.05 mg/I appears to bt 
:;atisfactory for continuous use on all soils. However, bccaus< 
1:he reaction of this element with soils is strong at ncutra: 
.md alkaline pH value:; and it increases with time (Hodgsor 
l 960), 416 a concentration of 5.U mg l might be tolerated b) 
fine textured neutral and alkal me soils when it is added in 
~,mall yearly incrcmcms. 

Recommendations 

Recommended maximum. concentrations for CO·· 

bait are set at 0.050 mg/1 for continuous use on all 
soils and 5.0 mg/1 for neutral and alkaline fim~ 
textured soils for a 20-year period. 

Copper 

Copper concentrations of 0.1 to 1.0 mg/l in nutrient 
solutions have been found to be toxic to a large number of 
plants (Piper 1939, 447 Liebig el al. 1942, 432 Frolich cl al. 
1966, 403 Nollendorfs 1969, 442 Struckmcyer et al. 1969, 46

'1 

Scillac 1971 462). Westgate ( 1%2) 478 found copper toxicit) in 
soils that had accumulated BOO lb/acre from the use of 
Bordeaux sprays. Field studies in sandy soils of Florida 
(Reuther and Smith 1954) m showed that toxicity to citrus 
resulted when copper kvels reached 1.6 mg/meq of cation
exchange capacity per I 00 g of dry soil. 

The management procedures that reduce copper toxicity 
include liming the soil if it is acid, using ample phosphate 
fertilizer, and adding iron salts (Reuther and Labanauskas 
1966). 456 

Toxicity levels in nutrient solutions and limited data on 
soils suggest a concentration of 0.20 mg/I for continuous 
use on all soils. This level used at a rate of 3 acre feet of 
water per year would acid ah.rn t 160 pounds of copper in 
100 years, which is approaching the recorded levels of 



toxicity in acid sandy soils. A safety margin can be obtained 
by liming these soils. A concentration of copper at 5.0 mg/I 
applied in irrigation water at the rate of 3 acre feet of water 
per year for a 20-year period would add 800 pounds of 
copper in 20 years. 

Recommendations 

Based on toxicity levels in nutrient solutions and 
the limited soils data available, a maximum con
centration of 0.20 mg/I copper is recommended for 
continuous use on all soils. On neutral and alkaline 
fine textured soils for use over a 20-year period, a 
maximum concentration of 5.0 mg/I is recom
mended. 

Fluoride 

Applications of soluble fluoride salts to acid soils can 
produce toxicity to plants. Prince et al. ( 1949) 450 found that 
360 pounds fluoride per acre, added as sodium fluoride, 
reduced the yields of buckwheat at pH 4.5, but at pH values 
above 5.5 this rate produced no injury. 

Macintire et al. (l 942) 43 ;, found that I, l 50 pounds of 
fluoride in superphosphate, 575 pounds of fluoride in slag, 
or 2,300 pounds of fluoride a~ calcium fluoride per acre had 
no detrimental cfft'cts on g<'rmination or plant growth on 
well-limed neutral soils, and that vegetation grown on these 
soils showed onlv a slight increase in fluoride as compared to 
tho-;e grown in acid soils. However, Shirley ct al. (1970) 464 

found that bones of cow~; that had grazed pastures fertilized 
with raw rock and colloidal phosphate, which contained ap
proximately two to three per cent fluorides, for seven to 16 
vcars averaged approximately 2,900 and 2,300 mg of 
fluorine per kilogram of bone, respectively. The bones of 
cows that had grazed on pastures fertilized with relatively 
fluorine free supcrphosphate, concentrated superphosphate, 
ancl basic slag fertilizer contained only 1400 mg/kg fluorine. 

Recommendations 

Because of the capacity of neutral and alkaline 
soils to inactivate fluoride, a relatively high maxi
mum concentration for continuous use on these 
soils is recommended. Recommended maximum 
concentrations are 1.0 mg/l for continuous use on 
all soils and 15 mg/l for use for a 20-year period on 
neutral and alkaline fine textured soils. 

Iron 

Iron in irrigation waters is not likely to create a problem 
of pLrnt toxicities. It is so insoluble in aerated soils at all pH 
values in which plants grow well, that it is not toxic. In fact, 
the problems with this element are deficiencies in alkaline 
soils. In reduced (flooded) soils soluble ferrous ions develop 
from inherent compounds in soils, so that quantities that 
might be added in waters would be of no concern. However, 
Rhoads (1971) 458 found large reductions in the quality of 
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cigar wrapper tobacco when plants were sprinkler irrigated 
with water containing 5 or more mg soluble iron/I, because 
of precipitation of iron oxides on the leaves. Rhoad's ex
perience would suggest caution when irrigating any crops 
using sprinkler systems and waters having sufficient reducing 
conditions to produce reduced and soluble ferrous iron. 

The disadvantages of soluble iron salts in waters are that 
these would contribute to soil acidification, and the precipi
tated iron would increase the fixation of such essential ele
ments as phosphorous and molybdenum. 

Recommendations 

A maximum concentration of 5.0 mg/I is recom
mended for continuous use on all soils, and a 
maximum concentration of 20 mg/l is recom
mended on neutral to alkaline soils for a 20-year 
period. The use of waters with lar~e concentrations 
of suspended freshly precipitated iron oxides and 
hydroxides is not recommended, because these 
materials also increase the fixation of phosphorous 
and molybdenum. 

Lead 

The phytotoxicity of lead is relatively low. Berry (1924) 374 

found that a concentration of lead nitrate of 25 mg/I was 
required for toxicity to oats and tomato plants. At a concen
tration of 50 mg/I, death of plants occurred. Hopper 
( 193 7) 418 found that 30 mg/I of lead in nutrient solutions 
was toxic to bean plants. Wilkins (1957) 479 found that lead 
at 10 mg/I as lead nitrate reduced root growth. Since soluble 
lead contents in soils were usually from 0.05 to 5.0 mg/kg 
(Brewer 1966), m little toxicity can be expected. It was 
shown that the principal entry of lead into plants was from 
aerial deposits rather than from absorption from soils (Page 
ct al. 1971) 445 indicating that lead that falls onto the soil is 
not available to plants. 

In a summary on the effects of lead on plants, the Com
mittee on the Biological Effects of Atmosphere Pollutants 
(NRC 1972) 441 concluded that there is not sufficient evidence 
to indicate that lead, as it occurs in nature, is toxic to vege
tation. However, in studies using roots of some plants and 
very high concentrations of lead, this element was reported 
to be concentrated in cell walls and nuclei during mitosis 
and to inhibit cell proliferation. 

Recommendations 

Recommended maximum concentrations of lead 
are 5.0 mg/l for continuous use on all soils and 10 
mg/I for a 20-year period on neutral and alkaline 
fine textured soils. 

Lithium 

Most crops can tolerate lithium in nutrient solutions at 
concentrations up to 5 mg/I (Oertli 1962, 443 Bingham et al. 
1964, 377 Bollard and Butler 1966378). But research revealed 
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that citrus was more sensitive (Aldrich et al. 1951, 369 Brad
ford l 963b, 381 Hilgeman et al. 1970415). Hilgeman et al. 
(1970) 415 found that grapefruit developed severe symptoms 
of lithium toxicity when irrigated with waters containing 
lithium at O.IB to 0.25 mg/I. Bradford (1963a) 380 reported 
that experience in California indicated slight toxicity of 
lithium to citrus at 0.06 to 0.10 mg/l in the water. 

Lithium is one of the most mobile of cations in soils. It 
tends to be replaced by other cations in waters or fertilizers 
and is removed by leaching. On the other hand, it is not 
precipitated by any known process. 

Recommendations 

Recommendations for maximum concentrations 
of lithium, based on its phytotoxicity, are 2.5 mg/I 
for continuous use on all soils, except for citrus 
where the recommended maximum concentration 
is 0.075 mg/I for all soils. For short-term use on 
fine textured soils the same maximum concentra
tions are recommended because of lack of inactiva
tion in soils. 

Manganese 

Manganese concentrations at a few tenths to a few milli
grams per liter in nutrient solutions are toxic to a number of 
crops as shown by Morris and Pierre (1949), Ho Adams and 
\Vear ( 1957), 3134 Hewitt (1965), 4u and others. However, 
toxicities of this element are associated with acid soils, and 
applications of proper quantities of ground limestone suc
cessfully eliminated the problem. Increasing the pH to the 
5.5 to 6.0 range usually reduced the active manganese to 
below the toxic level (Adams and Wear 1957). 361 Hoyt and 
Nyborg (197lb) 420 found that available manganese in the 
soil and manganese content of plants were negatively cor
related with soil pH. However, the definite association of 
toxicity with soil pH as found with aluminum was not found 
with manganese, which has a more complex chemistry. 
Thus, more care must be taken in setting water quality cri
teria for manganese than for aluminum (i.e., management 
for control of toxicities is not certain). 

Recommendations 

Recommended maximum concentrations for 
manganese in irrigation waters are set at 0.20 mg/I 
for continued use on all soils and 10 mg/I for use up 
to 20 years on neutral and alkaline fine textured 
soils. Concentrations for continued use can be in
creased with alkaline or calcareous soils, and also 
with crops that have higher tolerance levels. 

Molybdenum 

This element presents no problems of toxicity to plants at 
concentrations usually found in soils and waters. The prob
lem is one of toxicity to animals from molybdenum in
gested from forage that has been grown in soils with rela-

tively high amounts of avaiable molybdenum. Dye am 
O'Hara ( 1959) 398 reported that the molybdenum concentra 
tion in forage that produced tc1xicity in ruminants was 5 11 
30 mg/kg. Lesperance and Bohman (1963) 430 found tha 
toxicity was not simply associated with the molybdenun 
content of forage but was influenced by the amounts c 
other elements, particularly copper. Jensen and Lcsperanc 
(1971) 423 found that the accumulation of molybdenum ii 
plants was proportional to the amount of the element adde< 
to the soil. 

Kubota et al. ( 1963) 126 found that molybdenum concen 
trations of 0.01 mg/I or great~r in soil solutions were as 
sociated with animal toxicity levels of this clement in alsiki 
clover. Bingham et al. (1970) m reported that molybdosis o 
cattle was associated with so ,Js that had 0.01 to 0.10 mg/ 
of molybdenum in saturation extracts of soils. 

Recommendations 

The recommended maximum concentration o 
molybdenum for continued use of water on al 
soils, based on animal toxicities from forage, ii 
0.010 mg/I. For short term use on soils that reacl 
with this element, a concentration of 0.050 mg/l 
is recommended. 

Nickel 

According to Vanselow (1966b), 474 many experiment~ 
-.vith sand and solution cultures have shown that nickel a1 
0.5 to 1.0 mg/I is toxic to a ciumber of plants. Chang and 
Sherman (1953) 385 found that tomato seedling~ were in
jured by 0.5 mg/I. Millikan ( 1949) 437 found that 0.5 to 5.0 
mg/I were toxic to flax. Brenchley ( 1938) 382 reportc<l toxic
ity to barley and beans from 2 mg/I. Crooke (1954 rm' 
found that 2.5 mg/I was toxic to oats. Legg and Ormerod 
( 1958) 429 found that 1.0 mg/I produced toxici1y in hop 
plants. Vergnano and Hunter (I 953) 175 found that 1.0 mg/I 
in solutions flushed through sand cultures was toxic to oats. 
Soane and Saunders (1959) 456 found that tobacco plants 
showed no toxicity at 30 mg/I., and that corn showed no 
toxicity at 2 mg/ 1 but showed toxicity at 10 mg 'I. 

Work by Mizuno (1968) 439 and Halstead et al. (1969) 40!1 

and the review ofVanselow (1966b) 471 showed that increas-· 
i1g the pH of soils reduces the toxicity of addt>d nickel. 

Halstead ct al. (1969) 409 fou ncl the greatest capacity to ad
s1xb nickel without development of toxicity was by a soil 
with 21 per cent organic matter. 

Recommendations 

Based on both toxicity in nutrient solutions and 
on quantities that produce toxicities in soils, the 
recommended maximum concentration of nickel 
in irrigation waters is 0.20 mg/I for continued use 
on all soils. For neutral fine textured soils for a 
period up to 20 years, the recommended maximum 
is 2.0 mg/I. 



Selenium 

Selenium is toxic at low concentrations in nutrient solu
tions, and only small amounts added to soils increase the 
selenium content of forages to a levd toxic to livestock. 
Broyer ct al. ( 1966) 384 found that selenium at 0.025 mg 11 
in nutrient solutions decreased the yields of alfalfa. 

Tlw best evidence for use in setting water quality criteria 
for this clement is application rates in relation to toxicit\· in 
foragl'> Amounts of selenium in forages required to pre\Tnt 
selenium deficiencies in cattle (Allawa> et al. J %7) 3

("' 

ram•;wl between 0.03 and 0.10 mg 'kg (depending on other 
factors), whcrea<> concentrations above 3 or 4 mg 'kg were 
considered toxic (linderwoocl 1966) l7l A number of in\"l:stl
gator, (Hamilton and Beath 1963, 410 Grant 1963, 107 Allaway 
ct al. 1966rrn1 have shown tha l small applications of selenium 
to soils at a rate of a few kilograms per hectare produced 
plant concentrations of selenium that were toxic to animals. 
Gissel-Nielson and Bisbjen.s (1970) 4oG found that applica
tions of approximately 0.2 kg hectare of :,clenium produced 
from 1.0 to I 0.5 mg/kg in tissues of forage and vegetable 
crops 

Recommendation 

With the low levels of selenium required to pro
duce toxic levels in forages, the recommended 
maximum concentration in irrigation waters is 
0.02 mg/l for continuous use on all soils. At a rate 
of 3 acre feet of water per acre per year this concen
tration represents 3.2 pounds per acre in 20 years. 
The same recommended maximum concentration 
should be used on neutral and alkaline fine textured 
soils until greater information is obtained on soil 
reactions. The relative mobility of this element in 
soils in comparison to other trace elements and 
slow removal in harvested crops provide a sufficient 
safety margin. 

Tin, Tungsten, and Titanium 

Tin, tungsten, and titantium arc effectively excluded by 
plants. The first two can undoubtedly be introduced to 
planb under conditiom that can produce specific toxicities. 
However, not enough is known at this time about any of the 
three to prescribe tolerance limits. (This is true with other 
trace clements such as silver.) Titantium is very insoluble, 
at present it i<> not of great concern. 

Vanadium 

Gericke and Rennenkampff (l 939) 400 found that vanad
ium at 0.1, 1.0, and 2.0 mg 11 added to nutrient solutions as 
calcium vanadate slightly increased the growth of barley, 
whereas at I 0 mg 11 vanadium was toxic to both tops and 
roots and that vanadium chloride at 1.0 mg/! of vanadium 
was toxic. \ Varington ( l 954, m 1956477

) found that flax, soy
beam, and peas showed toxicity to vanadium in the con-
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centration range of 0.5 to 2.5 mg1 !. Chiu (1953) 389 found 
that 560 pounds per acre of vanadium added as ammonium 
metavanadate to rice paddy soils produced toxicity to rice. 

Recommendations 

Considering the toxicity of vanadium in nutrient 
solutions and in soils and the lack of information 
on the reaction of this element with soils, a maxi
mum concentration of 0.10 mg/1 for continued use 
on all soils is recommended. For a 20-year period 
on neutral and alkaline fine textured the recom
mended maximum concentration is 1.0 mg/I. 

Zinc 

Toxicities of zinc in nutrient solutions have been demon
strated for a number of plants. Hewitt (1948) 41 :; found that 
zinc at 16 to 32 mg /1 produced iron deficiencies in sugar 
beets. Hunter and V ergnano (1953) 421 found toxicity to oats 
at 25 mg IL Millikan (1947) 438 found that 2.5 mg/I produced 
iron deficiency in oats. Earlev ( l 943) :rn 9 found that the 
Peking variety of soybeans was killed at OA mg/l, whereas 
the ~1anchu variety was killed at 1.6 mg/1. 

The toxicitv of zinc in soils is related to soil pH, and liming 
acid soil hac; a large effect in reducing toxicity (Barnette 
1 ~J36, :m Gall and Barnette 1940, 10 1 Peech 1941, m Staker 
and Cummings I 941, 16

' Staker 1942, 4 r; 7 Lee and Page 
I 967 128

). Amounts of added zinc that produce toxicity arc 
highest in cla) and peat soils and smallest in sands. 

On acid sandy soils the amounts required for toxicity 
would -;uggest a recommended maximum concentration of 
zinc of 1 mg 11 for continuous me. This concentration at a 
water application rate of 3 acre feet; acre/year would add 
813 pounds per acre in l 00 years. However, if acid sandy 
soils arc limed to pH values of six or above, the tolerance 
level is increased br at least a factor of two (Gall and 
Barnette 1940). 401 

Recommendations 

Assuming adequate use of liming materials to 
keep pH values high (six or above), the recom
mended maximum concentration for continuous 
use on all soils is 2.0 mg/1. For a 20-year period on 
neutral and alkaline soils the recommended maxi
mum is 10 mg/I. On fine textured calcareous soils 
and on organic soils, the concentrations can exceed 
this limit by a factor of two or three with low 
probability of toxicities in a 20-year period. 

PESTICIDES (IN WATER FOR IRRIGATION) 

Pe'iticies are used widely in water for irrigation on com
mercial crops in the U nitcd States (Sheets 1967). "02 Figures 
on production, acreage treated, and use patterns indicate 
insecticides and herbicides comprise the major agricultural 
pesticides. There are over 320 insecticides and 127 herbi
cides registered for agricultural use (Fowler 1972). 498 
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Along with the many benefits to agriculture, pesticides 
can have detrimental effects. Of concern for irrigated agri
culture is the possible effects of pesticide residues in irriga
tion water on the growth and market quality of forages and 
crops. Pesticides most likely to be found in agricultural 
water supplies are listed in the Freshwater Appendix II-D. 

Insecticides in Irrigation Water 

The route of entry of insecticides into waters is discmscd 
in the pesticide section under \'Yater for Livestock Enter
prises. For example, Miller et al. (196 7) 500 observed the 
movement of parathion from treated cranberry bogs into a 
nearby irrigation ditch and drainage canal, and Sparr et al. 
(1966) 503 monitored endrin in waste irrigation water used 
three days after spraying. In monitoring pesticides in water 
used to irrigate areas near Tule Lake and lower Klamath 
Lake Wildlife Refuges in northern California, Godsil and 
Johnson ( 1968) 49~1 detected high levels of endrin compared 
to other pesticides. They ob5erved that the concentrations 
of pesticides in irrigation waters varied directly with agri
cultural activities. 

In monitoring pesticides residues from 1965 to 1967 
(Agricultural Research Service l 969a), 483 the U. S. Depart
ment of Agriculture detected the following pesticide-; in ir
rigation waters at a sampling area near Yuma, Arizona: 
the DDT complex, dieldrin, methyl parathion, cndrin, 
endosulfan, ethyl parathion, dicofol, s ,s ,s ,-tributyl phos
phorotrithiate (DEF), and demeton. Insecticides mo;,t com
monly detected were DDT, endrin, and dieldrin. For the 
most part, all residues in water were less than 1.0 µgil. 
A further examination of the irrigation water at the Yuma 
sampling area showed that water entering it contained rela
tively low amounts of insecticide residues while water leav
ing contained greater concentrations. It was concluded that 
some insecticides were picked up from the soil by irrigation 
water and carried out of the fields. 

Crops at the same location were also sampled for insecti
cide residues. vVith the exception of somewhat higher con
centrations of DDT and clicofol in cotton stalks and canta
loupe vines, re-;pectively, residues in crop plants were rela
tively small. The mean concentrations, where cletectccl, 
were 2.6 µg/?; combined DDT, 0.01 µgig enclrin, 0.40 µg/g 
clielclrin, 0.05 µg/g lindanc, 5.0 µg/g clicofol, and 1.8 µg/g 
combined parathion. The larger residues for DDT and 
clicofol were apparently from foliage applications. Sampling 
of harvested crops showed that residues were generally less 
than 0.30 µg/ g and occurred primarily in lettuce and in 
cantaloupe pulp, seeds, and rind. DDT, clicofol, and endrin 
were applied to crops during the survey, and from 2.0 to 
6.0 lb/acre of DDT were applied to the soil before 1965. 

Some crops do not absorb measurable amounts of insecti
cides but others translocate the chemicals in various 
amounts. At the levels (less than 1.0 µg/l) monitorC'cl by the 
U. S. Department of Agriculture in irrigation waters (Agri
cultural Research Service l 969a), 483 there is little evidence 

indicating that insecticide residues in the water are dctr 
mental to plant growth or accumulate to undesirable or i 
legal concentrations in food or feed crops. 

Herbicides in Irrigation Wah~r 

In contrast to insecticides., misuse of herbicides can pre 
sent a greater hazard to crop growth. Herbicides are likcl 
to be found in irrigation water under the following circurr 
stances: (I) during their purposeful introduction into irriga 
tion water to control ·mbmcrsecl weeds; of (2) incic!C'ntal t 

herbicide treatment for control of weeds on banks of irriga 
tion canals. Attempt' arc seldom made to prevent wate 
containing herbicides such as )\ ylcne or acrolein trom bein: 
diverted onto cropland during irrigation. In most instance' 
however, water-use restrictiorn ·do apply when herbicide 
are used in reservoirs of irrigation water. The herbicide 
used in reservoirs arc rnorc per·sistent and inherently mar" 
phytotoxic at low levels than are xylene and acrolcin. 

The tolerances of a number of crops to various herbicide 
used in and around w,1tcr arc ltsted in Table V-15. Re'iiclu' 
levels tolerated by most crop; are U'mally much higher thar 
the concentrations found in water following normal use o 
the herbicides. Aromatic solvent (xylene) and acrolcin arc 
widely used in western state:; for keeping irrigation canal 
free of submersed weeds and algae and are not harmful t( 

crops at concentrations nccdc:l for weed control. (U. S 
Department of Agriculture', Agricultural Re-;earch Scrvict 
1963, ;,o 4 hereafter referred to as Agricultural Rcc;eard 

Service 1963). 18~ Xylene, \\·hic!t is non-polar, is !mt rapid!-) 
from water (50 per cent in 3 to ·1 hours) I>) volatility (Fran]~ 
et al. 1970). m Acrolcin, a po la" compound, ma) remain ir 
flowing water for periods of 24 hours or more at levels that 
:ire phytotoxic onh to ;;ubrner sec! aquatic weeds. C:op[)('t 
:;ulfatc is used frequently to control algae. It has also been 
'ouncl effective on submef'ied v.iscular weeds when applied 
continuously to irri[(ation water at low lcvcb (Bartlev 
l 969). 487 

The herbicides that have bee11 used most widely on irri[(a
tion ditchbanks arc 2 ,4-D, clalapon, TC:\, and silvcx. The 
application of herbicide-; ma) be restricted to a swath of a 
few feet along the margin of tbe water, or it may cover a 
swath 15 feet or more wide. A variable overlap of the spray 
pattern at the water margin i~ unavoidable and accounts 
for most of the herbicide residue' that occur in water durin~ 
citchbank treatments. Rates of application vary [rom '2 lb 
per acre for '2, 4-D to 20 lb per acre for clalapon. For ex
amples of residue levels that occur in water from these 
t 'eatments set' Table V-16. The residues generally occur only 
during the periods when ditchbanks arc treated. 

The rates of dissipation of herbicides in irrigation water 
were reported recenth· by Frank et al. (1970). 497 The hcrl>i
c tel es and formulations commm1 l y used on ditch banks a re 
readily soluble in water and not extensively sorbecl to soil 
or other surfaces. Reduction in levels of residues in flowing 
irrigation water is clue largely to dilution. Irrigation canals 
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TABLE V-15-Tolerance of Crops to Various Herbicides Used In and Around Waters" 

Herbicide Site of use Formulation Treatment rate Concentration that may occur in Crop injury threshold in 

1rngation waterb imgat1on water (mg/I)' 

----------- ------- -----

Acrolein fmgallon canals Liquid 15 mg/I for 4 hours 10 to 0.1 mg/I Flood or furrow; beans-60, corn-60, 
cotton-BO, soybeans-20, sugar beets-
60. 

0. 6 mg/I for B hours 0.4to0.02 mg/I Sprinkler; corn-60, soybeans-15, 
sugar beets·15. 

0.1 mg/I for 4B hours 0. 05 to 0.1 mg/I 
Aromatic solvents (xylene) Flow1 ng waler in canals or drams Emulsi flab le liquid 5 to 10 ga(/cfs (350 to 750 mg/I) 700 mg/I or fess Alfalfa> 1, 600, beans-1, 200, carrots-

applied in 30-60 mmutes 1, 600, corn-3, 000 cotton-1, 600, 
gram sorghum >BOO, oats-2,400, 
potatoes-I, 300, wheat> 1, 200. 

Copper sulfate Canals or reservoirs Pentahydrate crystals Continuous treatment 0 5 to 3. 0 O. 04 to 0 B mg/I durmg first 10 Threshold is above these levels. 
mg/I, slug treatment· Vi to 1 lb m1 les, 0. OB to 9. O mg/I durmg 
(0.15 to 0.45 kg) per els water first 10 to 20 miles. 
flow 

Dalapon Banks of canals and ditches Water soluble salt 15 to 30 lb/A or 17 to 34 kg/ha Less than 0 2 mg/I Beets>7.0, corn>O 35 
D1quat Injected into water or sprayed Liquid 3 to 5 mg/I, 1to1 5 lbs/A, or Usually less than 0.1 mg/I Beans-5.0, corn-125 

over surface 1.2 to 1.7 kg/ha 
Dwrnn Banks and bottoms of small dry Wettable powder Up to 64 lb/ A or 72 kg/ha No data No data 

powder ditches 
D1chlobenil Bottoms of dry canals Granules or wettable powder 7 to 10 lb/A or 7.9to 12. 6 kg/ha No data Alfalfa-10, corn> 10, soybeans-1. 0, 

sugar beets-1. 0 to 10. 
Endothall Ponds and reservoirs Water soluble Na or K salts 1to4 mg/I Absent or only traces Corn-25, field beans-1 0, Alfalfa 

>10 0 
Endothall amine salts Reservoirs and static-water Liquid or granules o. 5 to 2 5 mg/I Absent or only traces Corn>25, soybeans>25, sugar beets· 

canals 25 
Fe nae Bottoms of dry canals L1qmd or granules 10 to 20 lb/A or 12.6 to 25.2 Absent or only traces Alfalfa-1.0, corn-10, soybeans-0.1, 

kg/ha sugar beets·0.1 to 10 
Monuron Banks and bottoms of small dry Wettable powder Up lo 64 lb/ A or 72 kg; ha No data No data 

powder ditches 
S1lvex Woody plants and brambles on Esters in liquid form 2 lo 4 lb/A or 2 2to 4.4 kg/ha No data. Probably well under Corn>5 O, sugar beets and soybeans 

floodways, along canal, stream, 0 1 mg/I >0.02. 
or reservoir banks 

Floating and emersed weeds in 2 lo B lb/A or 2 2 lo B.B kg/ha 0 01to1 6 mg/11 day after appli-
southern waterways cation 

TCA Banks of canals and ditches Water soluble salt Up to 64 lb/ A or 72 kg/ha Usually less than O 1 mg/I No injury observed at levels used. 
2,4·D amme On banks ol canals and ditches L1qu1d 1to4 lb/A or 1.1to4/4 kg/ha O 01 to 0.10 mg/I Field beans> 1. 0, grapes-0 7, sugar 

beets>0.2, soybeans>O 02, corn· 
10, cucumbers, potatoes, sorghum, 
alfalfa, peppers> 1.0. 

Floating and emersed weeds 1n 2 to 4 lb/A or 2 2 lo 4 4kg/ha No data. Probably less than 
southern canals and ditches a 1 mg/I 

P1cloram For control of brush on water- Liquids or granules 1 to 3 lb.I A or 1 1 to 3 3 kg/ha No data Corn> 10, field beans 0.1, sugar 
sheds beets>l O 

a Sources of data included in this table are· U S Department of Agrr culture, Agricultural Research Semce (1969)'°'· Arie and McRae (1959,4'" 1960486), Bruns (1954,'" 1957,"" 1964, m 1969•"), Bruns and Clore (195B),493 Bruns 
and Dawson (1959),491 Bruns et al. (1955,m 1964,m unpublished data 19715<18) frank et al. (1910),497 Yeo (1959)'°'· 

'Herb1c1de concentrations given in this column are the highest concentrations that have been found in irrigatrnn water, but these levels seldom remain in the water when 11 reaches the crop. 
'Unless 1nd1cated otherwise, all crop tolerance data were obtained by flood or furrow 1rngat1on. Threshold ol in1ury 1s the lowest concentration causing temporary or permanent miury to crop plants even though, in many instances, 

neither crop yield nor quality was attected. 

are dec;ignccl to deliver a certain volumt> of water to be used 
on a :--pccific area of cropland. \\' ater is diverted from the 
canals at regular intcrvah, and this systcmaticall\' reduces 
the \·olumc of flow. Con-;cquc-nth, little or no water rc
maim at the ends of most canal-; where c\ic;posal of water 
containing herbicides might be trouble,mmc. 

Residues in Crops 

Successful application of herbicides for control of algae 
and submersed vascular weeds in irrigation channels is 
dependent upon a continuou-; flow of water. Because it is 
impractical to interrupt the flow and use of water during 
the application of herbicides in canals or on canal banks, the 
herbicide-bearing water is usually diverted onto croplands. 
lJ ncler these circumstances, measurable levels of certain 
her bieides may occur in crops. 

Copper sulfate is used most frequently for control of 
algae at concentratiom that are often less than the suggested 
tolerance for this herbicide in potable water. Application 
rates ma) range from one third pound of copper sulfate per 
cubic-fcct-st>concl (cfs) of water flow to two pounds per cfs 
of water flow (Agriculture Research Service 1963). 482 

Xylene is a common formulating ingredient for many pesti
cides and as such is often applied directly to crop plants. The 
distribution by furrow or sprinkler of irrigation water con
taining acrolein contributes to the rapid loss of this herbi
cide. Copper sulfate, xylene, and acrolcin arc of minor im
portance' as sources of objectionable residues in crop;;;, 

Phcnoxy herbicides, dalapon, TCA, and amitrole arc 
most persistent in irrigation water (Bartley and Hattrup 
1970). 488 It is possible to calculate the maximum amount of 
a herbicide such as 2 ,4-D that might be applied to crop-
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TABLE V-16-Maximum Levels of Herbicide Residues 
Found in Irrigation Water as a Result of 

Ditchbank Treatment" 

Herbicide and canal treated Treatment rate, lb/A Water flow in els Maximum concentration 
of residue, µg/ I 

DALAPON 
F1ve-m1le Lateral 20 15 365b 
Lateral No. 4 6 7 290 23 
Manard Lateral 9 6 37 39 
Yolo Lateral 10.5 26 162 

TCA 
Lateral No. 4 3.8 290 11 
Manard Lateral 5.4 37 20 
Yolo Lateral 5.9 16 69 

2,4-D AMINE SALT 
Lateral No. 4 1.9 190 
Manard Lateral 2. 7 37 13 
Yolo Lateral 3.0 16 36 

a Frank et al. (1970)497• 

• High level of residue probably due to atypical treatment. 

land following its use on an irrigation bank. A four-mile
long body of irrigation water contaminated with 2 ,4-D 
and flowing at a velocity of one mile per hour, would be 
diverted onto an adjacent field for a period of 4 hours. A 
diversion rate of two acre inches of water in 10 hours would 
deliver 0.8 inch of contaminated water per acre. If this 
amount of water contained 50 µg/I of 2, 4-D (a higher con
centration than is usually observed), it would deposit slightly 
less than 0.009 lb of 2 ,4-D per acre of cropland. Levels of 
2 ,4-D residues of greater magnitude have not caused in
jury to irrigated crops (see Table V-15). 

The manner in which irrigation water containing herbi
cides is applied to croplands may influence the presence 
and amounts of residues in crape; (Stanford Research Insti
tute 1970). 009 For example, residues in leafy crop' ma1 be 
greater when sprinkler irrigated than when furrow irri
gated, and the converse may be true- with root crops. 

If there is accidental contamination of field, forage, or 
vegetable crops by polluted irrigation water, the time inter
val between exposure and harvesting of the crop is im
portant, especially with crops used for human consumption. 
Factors to be considered with those mentioned above in
clude the intensity of the application, stage of growth, dilu
tion, and pesticide degradability in order to assess the 
amount of pesticide that may reach the ultimate comumer 
(U. S. Department of Health, Education and \\'clfarc 
1969). 506 Pesticides applied to growing plants may affect 
the marke-t quality by causing changes in the chemical com
position, appearance, texture, and flavor of the product 
harvested for human consumption (NRC 1968).''01 

Recommendation 

Pesticide residues in irrigation waters are variable 
depending upon land and crop management prac
tices. Recent data indicate pesticide residues are 
declining in irrigation waters, with concentrations 

less than 1.0 µg/l being detected. To date there 
have been no documented toxic effects on crops 
irrigated with waters containing insecticide resi·· 
dues. Because of these factors and the marked 
variability in crop sensitivity, no recommendation 
is given for insecticide residues in irrigation waters. 
For selected herbicides iin irrigation water, it i~ 

recommended that levels at the crop not exceed 
the recommended maxin1um concentration listed 
in Table V-16. 

PATHOGENS 

Plant Pathogens 

The availability of "high qu,1lity" irrigation water may 
lead to the reuse of runoff water or tailwater and subse
quently lead to a serious but generally unrecognized prob
lem, that of the distribution of plant pathogenic organism• 
rnch as bacteria, fungi, nematodes, and possibly viruses. 
This is most serious when it occurs on previously nonfarmed 
lands. 

Distribution of Nematodes Wide distribution of 
plant-nematodes in irrigation waters of south central Wash
ington and the Columbia Basin of eastern \!Vashington was 
demonstrated by Faulkner and Bolander (1966,'' 1

:' 197()·i16). 

'"7hen mrface drainage from agricultural fields is collected 
and reintroduced into irrigation systems, without first being 
impounded in settling basins, large numbers of nematodes 
can be transferred. Faulkner and Bolander's data indicated 
that an acre of land in the LJwer Yakima Vallev may re-
ceive from 4 million to over IO million plant-parasitic 
nematodes with each irrigation. :'\umbers of nematodes 
transported \·ary \Vith the growing season, but ,;omc that 
were detectable in irrigation water and demonstrated to be 
i 1fcctivc were Jf,'lo1d11grnc haj1/a, Hetnodna .1clwrh/11, Pra(;'1m-
clms sp., and T_ylenchorfrrnchus sp. 

Meagher ( 196 7) 0 ~ 6 found tha 1'. plant-parasitic n ematodcs 
such as the citrU'> nematode, Tyle11ch11!11s semzjJrnctrans, may 
be spread by subsoil drainage water reused for irrigation. 

Thomason and Van Gun cl y ( 1 !361) r,ao showed another 
means by which nematodes may possibly enter irrigation 
s ~pplies. Two species of rootknot nematode, J;f elozdogyne 

mcogmta and Jf. ;avamca, were found reproducing on arrow
wecd, Pluc/1ea srrz'cea, at the edge of sandbars in the Colorado 
River at Blythe, California. 'Ju conclusive evidence that 
nematodes entered the river was presented, but infested soil 
and infected roots were in direct contact with the water. 

Plant-parasitic nematodes arc essentially aquatic animals 
and may survive for days or weeks immersed in water. 
Unless provi:-ions arc made :oi- excluding them from or 
settling them out of irrigatior1 water, they may seriously 
deteriorate water quality in areas of the United States de
pendent on irrigation for crop production. 

Distribution of Fungi Surveys were conducted to de
termine the origins and prevaknce of Phytoj1hthora sp., a 



fungus pathogenic to citrus, in open irrigation canals and 
reservoirs in five southern California counties by Klotz et 
al. ( 1959). 523 PlrytojJhthora progagules were detected by trap
ping them on healthy lemon fruits suspended in the water. 

Of the 12 canals tested from September 195 7 to Septem
ber 1958, all yielded PhytojJhthora sp. at one time or another, 
some more consistently than others. PhytojJhthora cztrojJhthora 
was the most common and was recovered from 11 canals. 

In the five canals where it was possible to set the lemon 
traps at the source of the water, no PhytojJhthora sp. were 
recovered. However, as the canals passed through citrus 
area'i \\here exce-,s irrigation \\·ater or rain runoff could 
drain into the canals, the fungi \\ere readily isolated. Soil 
samples collected from paths of runoff water that drained 
into irrigation canals yielded P. cztrojJhthora, indicating that 
Ph)'iojJhtlwrn zoospores from infe,tcd citrus groves cari be in
troclucecl into ca11al'i. 

One of three reservoirs was found to be infested with P. 
j1ara1·1t1rn. Application of copper sulfate effectively con
trolled the fungus under the static condition of the water 
in the reservoir. Chlorination (2 mg/ l for 2 minutes) 
effectively killed the infecti\'e zoospores of PhytojJhthora sp. 
under laliorator) conditions. 

Mcintosh (l 966r'25 established that Phytojihthora racto
rum, which cames collar-rot of fruit trees in British Co
lumbia, contaminates the water of many irrigation systems 
in the Okanagan and Similkamcn Valleys. The fungus 
was i-;olatcd from l 5 sources including ponds, reservoirs, 
rivers, creeks, and canals. It had been established previously 
that P. cactorum was widespread in irrigated orchard soils 
of the area, but could not be readily detected in non
irrig;ited soils. 

Man) plant-pathogenic fungi normally produce fruiting 
bod1e' that arc widely clisscminated by wind. A number 
do not, however, and these could easily be disseminated 
by irrigation water. 

Distribution of Viruses Most plant pathogenic vi
rusc' do not remain infestivc in the soil outside the host or 
vector. Two exceptions may be tobacco mosaic virus 
(TMV) and tobacco necrm,i' virus (T::'\V). There is some 
evidence that these persist in association with soil colloids 
and can gain cntr) to plant roots through wounds. Hewitt 
ct al. (1958)''2" demon.~tratcd that fan leaf virus of grape 
is transmitted by a dagger nematode, XzjJhinema indn. To 
date, three genera of nematodes, X1jihi11ema, Longzdoru>, 
and 'f rzclwdorus are known to transmit viruses. The first 
two of these genera transmit polyhedral viruses of the 
Ara bis mosaic group. Tru hdorus spp. transmit tubular 
viruses of the Tobacco Rattles group. 

Infective viruses are known to persist in the nematode 
vector for months in the absence of a host plant. This 
information, coupled with Faulkner and Bolander\ (1966,''1'' 

l 970r>I<i proof of the distribution of nematodes in irrigation 
watCT, suggested the possibility that certain plant viruses 
could be distributed in their nematode vectors in irrigation 
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water. To date, no direct evidence for this has been pub~ 
lished. 

Several other soil-borne plant-pathogenic viruses are 
transmitted to hosts by soil fungi. The ability of the fungus 
Olpidzum brasszcae to carry and transmit Lettuce Big Vein 
Virus (LEVY) was recently demonstrated (Grogan et al. 
1958, 51

g Campbell 1962, 513 Teakle 1969529). It is carried 
within the zoospore into fresh roots and there released. 
The most likely vehicle for its distribution in irrigation 
water would be resting sporangia carried in runoff water 
from infested fields. The resting sporangia are released 
into the soil from decaying roots of host plants. Another 
economically important virus transmitted by a soil fungus 
is Wheat Mosaic Virus carried by the fungus Polymyxa 
graminzs (Teakle 1969). 529 

Another meam of spread of plant viruses (such as To
bacco Rattles Virus and Arabis ·Mosaic Viruses that are 
vectored by nematodes) is through virus-infected weed 
seed carried in irrigation water. 

Distribution of Bacteria Bacterial plant pathogens 
would appear to be easily transported in irrigation water. 
However, relatively few data have been published con
cerning these pathogens. Kelman ( 1953) 522 reported the 
spread of the bacterial wilt organism of tobacco in drainage 
water from fields and in water from shallow wells. He also 
noted spread of the disease along an irrigation canal carry
ing water from a forested area, but no direct evidence of 
the bacterium in the water was presented. Local spread in 
runoff water is substantiated but not in major irrigation 
systems. 

Controlling plant disease organisms in irrigation water 
should be preventive rather than an attempt to remove 
them once they are introduced. In assuring that irrigation 
water docs not serve for the dispersal of important plant 
pathogens, efforts should be directed to those organisms 
that are not readily disseminated by wind, insects, or 
other means. Attention should be focused on those soil
borne nematodes, fungi, viruses, and bacteria that do not 
spread rapidly in nature. 

Two major means of introduction of plant pathogens 
into irrigation systems arc apparent. The most common is 
natural runoff from infested fields and orchards during 
hl'avy rainfall and floods. The other is collection of irriga
tion runoff or tailwatcr and its return to irrigation canals. 
If it is necessary to trap surface water, either from rainfall 
or irrigation drainage, provisions should be made to im
pound the water for sufficient time to allow settling out 
of nematodes and possibly other organisms. 

Water may be assayed for plant pathogens, but there 
are thousands, or perhaps millions of harmless microorgan
isms for every one that causes a plant disease. However, 
plant pathogenic nematodes, and perhaps certain fungi, 
can be readily trapped from irrigation water, easily identi
fied, and used as indicators of contamination (Klotz et al. 
1959, m Faulkner and Bolander 1966, 515 Mcintosh 1966525). 
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Plant infection is not considered serious unless an eco
nomically important percentage of the crop is affected. 
The real danger is that a trace of plant disease can be 
spread by water to an uninfected area, where it can then 
be spread by other means and become important. It is 
unlikely that any method of water examination would be 
as effective in preventing this as would the prohibitions 
such as those suggested above. 

Human and Animal Pathogens 

Many microorganisms, pathogenic for either animals or 
humans, or both, may be carried in irrigation water, 
particularly that derived from surface sources. The list 
comprises a large variety of bacteria, spirochetes, protozoa, 
helminths, and viruses which find their way into irriga
tion water from municipal and industrial wastes, including 
food-processing plants, slaughterhouses, poultry-processing 
operations, and feedlots. The diseases associated with these 
organisms include bacillary and amebic dysentery, Sal
monella gastroenteritis, typhoid and paratyphoid fevers, 
leptospirosis, cholera, vibriosis, and infectious hepatitis. 
Other less common infections are tuberculosis, brucellosis, 
listeriosis, coccidiosis, swine erysipelas, ascariasis, cysti
cercosis and tapeworm disease, fascioliasis, and schisto
som1as1s. 

Of the types of irrigation commonly practiced, sprinkling 
requires the best quality of water from a microbiological 
point of a view, as the water and organisms are frequently 
applied directly to that portion of the plant above the 
ground, especially fruits and leafy crops such as straw
berries, lettuce, cabbage, alfalfa, and clover which may be 
consumed raw by humans or animals. Flooding the field 
may pose the same microbiological problems if the crop is 
eaten without thorough cooking. Subirrigation and furrow 
irrigation present fewer problems as the water rarely reaches 
the upper portions of the plant; and root crops, as well as 
normal leafy crops and fruits, ordinarily do not permit 
penetration of the plant by animal and human pathogens. 
Criteria for these latter types may also depend upon the 
characteristics of the soil, climate and other variables which 
affect survival of the microorganisms. 

Benefits can be obtained by coordinating operation of 
reservoir releases with downstream inflows to provide 
sedimentation and dilution factors to markedly reduce 
the concentrations of pathogens in irrigation water (Le
Bosquet 1945, 524 Camp et al. 1949512). 

The common liver fluke, Fasciola hepatica, the ova of 
which are spread from the feces of many animals, com
monly affects cattle and sheep (Allison 1930, 510 U.S. Dept. 
Agriculture 1961 531), and may affect man. The intermediate 
hosts, certain species of snails, live in springs, slow-moving 
swampy waters, and on the banks of ponds, streams, and 
irrigation ditches. After development in the snail, the cer
carial forms emerge and encyst on grasses, plants, bark, or 
soil. Cattle and sheep become infected by ingestion of 

grasses, plants, or water in damp or irrigated pastun 
where vegetation is infested with metacercariae. Ma 
contracts the disease by ingesting plants such as watercre: 
or lettuce containing the encysted metacercariae. 

Ascaris ova are also spread from the feces of infected an 
mals and man and are found in irrigation water (Wang an 
Dunlop 1954). 532 Cattle and hogs are commonly infcctec 
where the adult worms mature in the intestinal tract, some 
times blocking the bile ducts. Ascaris ova have been n 

ported to survive for 2 years in irrigated soil and have bee 
found on irrigated vegetables even when chlorinated eJ 
fluent was used for irriga1 ion (Gaertner and Muetin 
1951).517 

Schistosomiasis, although not yet prevalent in the Unite• 
States except in immigrants from areas where the diseas 
exists, should be considered because infected individual 
may move about the country and spread the disease. Th 
life cycle of these schistosomes is similar to that of the live 
fluke, in that eggs from the feces or urine of infected indi 
viduals are spread from domestic wastes and may reacl 
surface irrigation water where the miracidial forms ente 
certain snails and multiply, releasing cercariae. Althougl 
these cercariae may produce disease if ingested by man, th• 
more common method of infection is through the skin o 
individuals working in infes1ed streams and irrigatior 
ditches. Such infections are mo:;t common in Egypt (Barlm~ 
1937) 511 and other irrigated areas where workers wade in th1 
water without boot::;. It is unlikely that the cercariae wouk 
survive long on plants after harvest. 

Little is known of the possibility that enteric viruses sud 
as polioviruses, Coxsackie, ECHO, and infectious hepatiti: 
viruses may be spread througl'l irrigation practices. Murph') 
and his co-workers (Murphy el al. 1958) 527 tested the sur· 
vival of polioviruses in the root environment of tomato anc 
pea plants in modified hydroponic culture. In a seconc 
paper, Murphy and Syverton ( 1958) 528 studied the recoveq 
.rnd distribution of a variety of viruses in growing plants 
The authors conclude that it is unlikely that plants or plan1 
fruits serve as reservoirs and carriers of poliovirus. How· 
ever, their findings of significant absorption of a mammalian 
virus in the roots of the plants suggest that more research ii 
needed in this area. 

Many microorganisms other than those specifically men-
1ioned in this section may be transmitted to plants, animals, 
and humans through irrigation practices. One of the more 
~erious of these is vibriosis. In some cases, definitive infor
mation on microorganisms is lacking. Although others, such 
as the cholera organisms, are significant in other parts Oif 
the world, they are no longer important in the United 
States. 

Direct search for the presence of pathogenic micro-· 
organisms in streams, reservoirs, irrigation water, or on ir-
rigated plants is too slow and cumbersome for routine con-· 
trol or assessment of quality. Instead, accepted index 
organisms such as the coliform group and fecal coli (Kabler 



et al. 1964), 521 which are usually far more numerous from 
these sources, and other biological or chemical tests, are 
used to assess water quality. 

Recent studies have emphasized the value of the fecal 
coliform in assessing the occurrence of salmonella, the most 
common bacterial pathogen in irrigation water. Geldreich 
and Bordner (1971) 518 reviewed field studies involving ir
rigation water, field crops, and soils, and stated that when 
the fecal coliform density per 100 ml was above 1,000 
organisms in various stream waters, Salmonella occurrence 
reached a frequency of 96.4 per cent. Below 1,000 fecal 
coliforms per 100 ml (range 1-1000) the occurence of 
Salmonella was 53.5 per cent. 

Further support for the limit of 1,000 fecal coliforms per 
100 ml of water is shown in the recent studies of Cheng et al. 
(1971 ),;,14 who reported that as the fecal coliforms density 
reached less than B 10 per 100 ml. downstream from a sewage 
treatment plant, Salmonella were not recovered. 

Recommendation 

Irrigation waters below the fecal coliform den
sity of 1,000/100 ml should contain sufficiently low 
concentrations of pathogenic microorganisms that 
no hazards to animals or man result from their 
use or from consumption of raw crops irrigated 
with such waters. 

THE USE OF WASTEWATER FOR IRRIGATION 

An expanding population requires new sources of water 
for irrigation of crops and development of disposal systems 
for municipal and other wastewaters that will not result in 
the contamination of streams, lakes, and oceans. Irrigation 
of crops with wastewater will probably be widely practiced 
because it meets both needs simultaneously. 

Wastewater From Municipal Treatment Systems 

Various human and animal pathogens carried in munici
pal wastewater need to be nullified. Pathogens carried in 
municipal wastewater include various bacteria, spirochetes, 
helminths, protozoa, and viruses (Dunlop 1968). :,n Tanner 
(1944) 558 and Rudolfs et al. (1950) 555 have reviewed the 
literature on the occurrence and survival of pathogenic and 
nonpathogenic enteric bacteria in soil, water, sewage, and 
sludges, and on vegetation irrigated or fertilized with these 
materials. It would appear from these reviews that fruits 
and vegetables growing in infected soil can become con
taminated with pathogenic bacteria and that these bacteria 
may survive for periods of a few days to several weeks or 
more in the soil, depending upon local conditions, weather, 
and the degree of contamination. However, Geldreich and 
Bordner (1971) 541 noted that pathogens are seldom detected 
on farm produce unless the plant samples are grossly con
taminated with sewage or are observed to have fecal particles 
clinging to them. The level of pathogen recovery depends 
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upon the incidence of waterborne disease in the area, the 
soil type, soil pH, soil moisture content, soil nutrient 
levels, antagonistic effects of other organisms, temperature, 
humidity, and length of exposure to sunlight. 

Norman and Kabler (1953) 551 made coliform and other 
bacterial counts in samples of sewage-contamination river 
and ditch waters and of soil and vegetable samples in the 
fields to which these waters were applied. They found that 
although the bacterial contents of both river and ditch waters 
were very high, both soil and vegetable washings had much 
lower counts. For example, where irrigation water had 
coliform counts of 230,000/100 ml, leafy vegetables had 
counts of 39,000/100 grams and smooth vegetables, such as 
tomatoes and peppers, only 1,000/100 grams. High entero
coccus counts accompanied high coliform counts in water 
samples, but enterococcus counts did not appear to be cor
related in any way with coliform counts in soil and vegetable 
washings. 

Dunlop and Wang (1961) 539 have also endeavored to 
study the problem under actual field conditions in Colorado. 
Salmonella, Ascaris ova, and Entamoeba coli cysts were re
covered from more than 50 per cent of irrigation water 
samples contaminated with either raw sewage or primary
treated, chlorinated effluents. Only one of 97 samples of 
vegetables irrigated with this water yielded Salmonella, but 
Ascaris ova were recovered from two of 34 of the vegetable 
samples. Although cysts of the human pathogen, Entamoeba 

histo!ytzca, were not recovered in this work, probably due to 
a low carrier rate in Colorado; their similar resistance to 
the environment would suggest that these organisms would 
also survive in irrigation water for a considerable period of 
time. It should be pointed out, however, that this work was 
done entirely with furrow irrigation on a sandy soil in a 
semiarid region, and the low recoveries from vegetables 
cannot necessarily be applied to other regions or to sprinkler 
irrigation of similar crops. In fact, Muller (195 7) 550 has re
ported that two places near Hamburg, Germany, where 
sprinkler irrigation was used, Salmonella organisms were iso
lated 40 days after sprinkling on soil and on potatoes, 10 
days on carrots, and 5 days on cabbage and gooseberries. 

Muller (1955) 549 has also reported that 69 of 204 grass 
samples receiving raw sewage by sprinkling were positive 
for organisms of the typhoid-paratyphoid group (Salmonella). 

The bacteria began to die off 3 weeks after sewage applica
tion; but 6 weeks after application, 5 per cent of the sam
ples were still infected. These findings emphasize the im
portance of having good quality water for sprinkler irriga
tion. 

Tubercle bacilli have apparently not been looked for on 
irrigated crops in the United States. However, Sepp 
( 1963) 557 stated that several investigations on tuberculosis 
infection of cattle pasturing on sewage-irrigated land have 
been carried out in Germany. The investigators are in gen
eral agreement that if sewage application is stopped 14 days 
before pasturing, there is no danger that the cattle will con-
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tract bovine tuberculosis through grazing. In contrast, 
Dedie (1955) 537 reported that these organisms can remain 
infective for 3 months in waste waters and up to 6 months 
in soil. The recent findings of a typical mycobacteria in 
intestinal lesions of cattle with concurrent tuberculin sensi
tivity in the united States may possibly be due to ingestion 
of these organisms either from soil or irrigated pastures. 

Both animals and human beings arc subject to hclminth 
infections-ascariasis, fascioliasis, cysticcrosis and tapeworm 
infection, and schistosomiasis-all of which may be trans
mitted through surface irrigation water and plants infected 
with the ova or intermediate forms of the organisms. The 
ova and parasitic worms are quite resistant to sewage 
treatment processes as well as to chlorination (Borts 1949) m 
and have been studied quite extensively in the application 
of sewage and irrigation water to various crops (Otter 
1951, 553 Selitrennikova and Shakhurina 1953, 556 V/ang and 
Dunlop 1954500). Epidemics have been traced to crop con
tamination with raw sewage but not to irrigation with 
treated effluents (Dunlop 1968). 538 

The chances of contamination of crops can be further re
duced by using furrow or subirrigation instead of sprinklers, 
by stopping irrigation as long as possible before harvest 
begins, and by educating farm workers on sanitation prac
tices for harvest (Geldreich and Bordner 1971). ii41 It is 
better to restrict irrigation with sewage water to crops that 
are adequately processed before sale and to crops that are 
not used for human consumption. 

Standards are needed to establish the point where irriga
tion waters that contain some sewage water must be re
stricted and to indicate the level to which wastewater must 
be treated before it can be used for unrestricted irrigation. 

The direct isolation of pathogens is too slow and com
plicated for routine analyses of water quality (Geldreich 
and Bordner 1971). 541 A quantitative method for Salmonella 

detection has been developed recently (Cheng et al. 
1971). 536 However, the minimum number of Salmonella 

required to cause infection are not known, and data arc not 
available to correlate incidence of Salmonella with the inci
dence of other pathogens (Geldreich 1970). 540 The fecal 
coliform group has a high positive correlation with fecal 
contamination from warm-blooded animals and should be 
used as an indicator of pollution until more direct methods 
can be developed. 

Information is available indicating the levels of fecal 
coliform at which pathogens can no longer be isolated from 
irrigation water. Salmonella were consistently recovered in 
the Red River of the north when fecal coliform levels were 
1000/100 ml or higher, but were not detected at fecal coli
form levels of 218 and 49/100 ml ( 0 RSAN CO Water Users 
Committee 1971). 552 Cheng et al. (1971) 536 reported num
bers of fecal coliform at various distances downstream, 
and Salmonella was not isolated from samples containing 
less than 810 fecal coliforms/100 ml. Geldreich and Bordner 
(1971 ) 541 presented data from nationwide field invcstiga-

tions showing the relationship between Sa!monrlla o< 
currcncc and fecal coliform densities. Salmone!la occu 
rence was 53.5 per cent for streams with less than 1,000 fee. 
coliforms per 100 ml and 96 4 per cent for streams wit 
more than 1,000 fecal coliforms per 100 ml. A maximm 
level of 1,000 fecal coliforms per 100 ml of water appca 
to be a realistic standard for water used for unrestricted i 
rigation. 

Secondary sewage effiuem can be chlorinated to rcdll( 
the fecal coliform bacteria below the 1,000 per ml limit, bL 
viruses may survive chlorine tion. vVastewater used for UI 

restricted irrigation should receive at least primary an 
biological secondary treatment before chlorination Filtr< 
tion through soil is another effective way to remove fee 
bacteria (Merrell et al. 196 7. 548 Bouwer 1968, 534 BomH 
and Lance I 97CV 35 Lance and vVhislcr 1972). 544 

The elimination of health hazards has been the primar 
consideration regulating the use of sewage water in tb 
past. But control of nutrient loads must also be a prime cor 
cern. The nutrients applied tu the land must be balance 
against the nutrient removal capacity of the soil-plant sy~ 
tern to minimize groundwater contamination. Kardc 
(1968) 542 reported th.it various crops removed only 20 t 

60 per cent of the phosphorus applied in sewage water, bu 
the total removal by the soil-plant system was about 99 pe 
cent. 

l\1any biological reactions account for nitrogen remova 
from wastewater, but heavy applications of sewage wate 
can result in the movement c_,f nitrogen below the root zon 
(Lance 543 zn press 1972). 

\Vork with a high-rate groundwater recharge ;;ystcm uti 
lizing sewage water remlted in 30 per cent nitrogen remova 
from the sewage water (Lance and Whisler 1972). 544 

Nitrate can accumulate in plants supplied with nitroge1 
in excess of their needs to the point that they are a hazan 
to livestock. Nitrate mually accumulates in stems and leave 
rather than in seeds (Viets 1965). 559 

The concentration of trace clements in sewage water use< 
for irrigation should meet the general requirements estab 
lished for other irrigation waters. Damage to plan ts by toxi• 
elements has not yet been a problem on lands irrigated witl 
sewage water in the United States. Problems could develof 
in some areas, however, if industries release potentially toxi< 
elements such a5 zinc or copper into sewage treatment sys 
terns in large quantities. The concentration of boron ir 
sewage water may become a problem if the use of this ele· 
ment in detergents continues to increase. The guidelines frn 
salinity in irrigation "'ater also apply to sewage water uscc 
for irrigation. 

The organic matter content of secondary sewage water 
does nd't appear to be a problem limiting its use in irrigation. 
Secondary sewage effiucnt has been infiltrated into river 
:;and at a rate of 100 meters per year in Arizona (Bouwer 
.md Lance 1970). 535 The COD of this water was consistently 
.-educed from 50 mg/] to 17 mg/l or the same COD as the 



native groundwater of the area. The organic load might be 
a factor in causing clogging of soils used for maximum irri
gation to promote groundwater recharge. Suspended solids 
have not been reported to be a problem during irrigation 
with treated effluents. 

Wastewater From Food Processing Plants and Animal 
Waste Disposal Systems 

Vv astcwatcr from food processing plants, dairy plants, 
and lagoons ll'iecl for treatment of wastes from feedlots, 
poultry houses, and swine operations, may also be used for ir
rigation. Some food proee';c,ing wastewater is high in salt 
contl'.'nt and the guidelines for salinity control concerning 
unrestricted irrigation in the Section, Irrigation Q.uality for 
Ariel Regions, should lie follmvecl (Pearson zn fnen l 972;,;, 4). 

Effluents from plants using a lye-peeling process are gen
erally unsuitable for irrigation clue to their high sodium 
content. All of the wastewaters mentioned above are 
usually much higher in organic content than secondary 
se\vagl· ef11uent. This can result in clogging of the soil 
surfoce, if application rates arc excessive (Lawton ct al. 
1960, :, 47 Law 1968, ;,.i:, Law et al. 1970). r' 46 Only well 

drained soils should be irrigated, and runoff should be pre
vented unless a closely managed spray-runoff treatment 
system is used. The nutrient content of the wastewaters 
varies consiclerabl). The nutrient load applied should be 
balanced against the nutrient removal capacity of the soil. 
Food processing wastes present no pathogenic problem and 

Water for Irrigation/353 

may be used for unrestricted irrigation. Since some animal 
pathogens also infect humans, water containing animal 
wastes should not be applied with sprinkler systems to crops 
that are consumed raw. 

Recommendations 

• Raw sewage should not be used in the United 
States for irrigation or land disposal. 

• Sewage water that has received primary treat
ment may be used on crops not used for human 
consumption. Primary effluents should be free 
of phytotoxic materials. 

• Sewage water that has received secondary treat
ment may also be used to irrigate crops that are 
canned or similarly processed before sale. 

• Fecal coliform standard for unrestricted irri
gation water should be a maximum of 1,000/100 
ml. 

• The amount of wastewater that can be applied 
is determined by balancing the nutrient load of 
the wastewater against the nutrient removal 
capacity of the soil. 

• Phosphorus will probably not limit sewage appli
cation because of the tremendous adsorption 
capacity of the soil. 

• The nitrogen load should be balanced against 
crop removal within 30 per cent unless additional 
removal can be demonstrated. 
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INTRODUCTION 

WATER USE 

Since the advent of the industrial era, the use and 
availability of water has been of primary concern to industry 
both in the selection and design of plant sites and in plant 
operation. By 1968 the water withdrawal of industry
including both industrial manufacturing plants and inves
tor-owned thermal electric utilities-had reached a total of 
approximately 84,000 billion gallons per year (bgy). Of 
these, about 93 per cent or 78,000 bgy was used for cooling 
or condensing purposes; 5 per cent or nearly 4,300 bgy 
was used for processing, including water that came in 
contact with the product as steam or coolant; and less than 
2 per cent or 1,000 bgy was used as boiler-feed water (U. S. 
Department of Commerce, Bureau of the Census I 97 l1 9 

hereafter referred to as Bureau of the Census 1971). 5 * 
Of the total intake nearly 30 per cent or 25,000 bgy was 

brackish water containing more than 1,000 milligrams per 
liter (mg/I) of dissolved solids. The freshwater intake 
amounted to 59,000 bgy; 56,000 of these took the form of 
surface water delivered by water systems owned by the user 

company. Groundwater amounted to 2,300 bgy, a relatively 
small percentage of the total intake, but its significance and 
importance cannot be overlooked in view of the number of 
industrial plants that use it for part or all of their supply. 

Thirty per cent of the approximately 4,000 bgy used by 
the manufacturing processes in 1968 was treated or secured 
from a public water supply. Ninety per cent of all the water 
the manufacturing industry used for boiler feed and pro
cessing was represented in this figure. Water for cooling or 
condensing represented over 90 per cent of total industrial 
water use. The largest part of this was on a once-through 
basis where only a minimum of treatment was economically 
feasible. 

Table VI-1 summarizes the information on water intake, 
recycling, and consumption for each industrial group con
sidered in this Section. Recycling may include reuse for dif
ferent cooling or process systems, recirculation through cool
ing towers or cooling ponds, recharge of water to an under
ground aquifer, or reuse of effluents from sewage or waste 
treatment plants. 

TABLE VI-I-Industrial Plant and Investor-Owned Thermal Electric Plant Water Intake, Reuse, and Consumption, 1968 

Water intake (bgy) 
Gross water use, 

SIC Industrial group Purpose Water recycled (bgy) including recycling Water consumed Water discharged 
(bgy) (bgy) (bgy) 

Cooling and condensing Boiler feed, Process Total 
sanitary service, etc. 

---------- --

20 Food and kindred products 427 93 290 810 535 1,345 57 753 
22 Textile mill products 24 11 109 155 174 319 19 136 
24 Lumber and wood products 61 20 37 119 81 206 26 93 
26 Paper and a lhed products 651 113 1,478 2,253 4,270 6,523 175 1,078 
28 Chemicals and alhed products 3,533 210 733 4,476 4,940 9,416 301 4, 175 
19 Petroleum and coal products 1,130 111 95 1,436 5,855 7,191 219 1,117 
31 Leather and leather products 1 14 16 4 20 1 15 
33 Primary metal industry 3,632 165 1,207 5,004 1, 180 7,784 308 4,696 

Subtotal 9,561 745 3,963 14,269 18,645 31,914 1, 106 13, 163 
Other lndustnes 574 191 331 1, 197 1,589 2, 786 84 1, 113 

Total Industry 10, 135 1,036 4,295 15,466 20, 234 35, 700 1, 190 14,276 
Thermal electnc plants 68,200 (a) 68, 200 8,525 76, 725 100 68, 100 

TOTAL 78,335 1,036 (h) 4,295 83, 666 28, 759 112,425 1,290 82, 376 

a Boiler-feed water use by thermal electnc plants estimated to be equivalent to industnal sanitary service, etc., water use. 
b Total boiler-feed water. 
Burnau of the Census 1971' 

•Literature citations appear at the end of the Section. They can be located alphabetically or by superscript number. 
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370/Section VJ--Industrial Water Supplies 

SCOPE 

After describing industry's use of water in steam genera
tion and cooling, the panel on Industrial Water Supplies 
examined ten groups of one or more industries as defined by 
the Standard Industrial Classification (SIC) coding used 
by the Bureau of the Census (U. S. Executive Office of the 
President, Bureau of the Budget 1967).22 

The industries included textile mills (SIC 22), lumber 
and wood (SIC 24), pulp and paper (SIC 26), chemical and 
allied products (SIC 28), petroleum refining (SIC 2911), 
primary metals (SIC 33), food canning (SIC 2032 and 
2033), bottled and canned soft drinks (SIC 2086), tanning 
(SIC 3111), and mining and cement (SIC IO). Only the 

major users of water were included, representing a variet) 
of industries in order to insure that a wide cross section o 
water qualities would be described. 

Industrial effluents cause water quality changes in th1 
receiving systems, but consideration of these changes wai 
not part of the charge to the Panel on Industrial Wate1 
Supplies. The other Sections in this Report include con 
sideration of the effects of man)' specific constituents of sud 
effluents as related to various water uses. 

WATER QUALITY REQUIREMENTS 

Water quality requirements differ widely for the broac 
variety of industrial uses, but modern water treatment tech 

TABLE VI-2-Summary of Specific Quality Characteristics of Surface Waters That Have Been l.lsed as Sources for Industria 
Water Supplies 

(Unless otherwise indicated, umts are mg/I and values are maximums. No one water will have all the maximum values sh,own) 

Boiler Makeup water Cooling Water Process Water 
------

Mimng Industry 
Fresh Brackish" Pulp and Prim. Oil Recovery 

Characterislics Industrial Utiltty 700 Textile Lumber Paper Chemical Petroleum NI eta ls Copper Injection Waters 
Otol,500 to 5,000 Once Makeup Once M1keup Industry Industry Industry Industry Industry Industry Sulfide Copper -------

psig psig through recycle through recycle SIC-22 SIC-24 SIC-26 SIC-28 SIC-29 SIC·33 Concentra- Leach Sea Formation 
tor Process Solution water Water 

Water 

- ~-- ----------·------- --------·---------------

S1hca (S102) 150 150 50 150 25 25 50 85 
Alum mum (Al) 3 12,000 
Iron (Fe) 80 80 14 80 1.0 1.0 O. l 2.6 10 15 12,000o 0.2 13 
Manganese (Mn) 10 10 2.5 10 0.02 0.02 1.J 
Copper (Cu) 0. 5 
C1lc1 um (Ca) 500 500 1,200 1,200 250 220 1,510 400 2, 727 

(CaCOa) 
Magnesium (Mg) 100 85 12,000 1,272 655 
Sodm m & potassium 230 10,840 42,000 

(Na+K) 
Ammoma (HHa) 40 
Bicarbonate (HCOa) 600 600 600 600 180 180 600 480 142 281 
Sulfate (SO,) 1,400 1,400 680 680 2, 700 2, 700 850 900 1,634 64,000 2,560 42 
Chloride (Cl) 19,000 19,000 600 500 22,000 22,000 20Qb 500 1,600 500 12 . 18,980 72, 782 
Fluoride (F) 1.2 
N1trate(NOa) 30 30 8 
Phosphate (PO,) 50 4 5 
DISSOived Sohds 35,000 35,000 1,000 1,000 35,000 35,000 150 1,080 2,500 3,500 1,500 2, 100 34, 292 118,524 
Suspended Sohds 15,000 15,000 5,000 15,000 250 250 1,000 (') 10,000 5,000 3,000 
Hardness (CaCOa) 5,000 5,000 850 850 7,000 7,000 120 475 1,000 900 1,000 1,530 
Alkalm1ty (CaCOa) 500 500 500 500 150 150 500 500 200 415 
Ac1d1ty (CaCOa) 1,000 1,000 0 200 0 0 75 
pH, units 5.IJ-8.9 3.5-9.1 5.ll-8.4 5.0-8.4 6.IJ-8.0 5-9 4.&-9.4 5.5-9.0 6.ll-9.0 3-3 to 11.7 3-3.5 to 6.5 
Color, units i,200 1,200 1,200 360 500 25 
Organics: 

Methylene blue ac· 2d 10 1.3 1.3 1.3 
live substances 

Carbon tetrachlonde 100 100 (') 100 (') 100 30 
extract 

Chemical oxygen de- 100 500 100 200 
mand (COD) 

Hydrogen sulfide (H2S) 4 4 20 
Temperature, F 120 120 100 120 100 120 951 100 

•Water contammg in excess of 1,000 mg/I dissolved sohds. 
• M1y be '.:: 1,000 for mechanical pulping operations. 
' No particles 2: 3 mm diameter. 
d One mg/I for pressures above 700 p~g. 
•No floatmg oil. 
1 Apphes to bleached chemical pulp and paper only. 
o 12,000 mg/I Fe mcludes 6,000 Fe+; and 6,000 Fe++. 
ASTM Standards 19704 or Standard Methods 1971 16 



nology is capable of treating almost any raw water to render 
it suitable for any industrial use. The treatment may be 
costly, and may require large ground space not always 
available at otherwise suitable plant locations. Somt>times 
the substitution of a more expensive alternative supply is 
necessary. Nevertheless, in most cases, the costs involved 
are but a small part of the total production and marketing 
costs· of the industrial product in question. 

It is evident that the more nearly the composition of an 
available water supply approaches the particular composi
tion needed, the more desirable that water is, and, con
versely, the more such compositions differ, the more difficult 
and expensive it is to modify the water for use. Improper 
operation or malfunction of control instruments or water 
treating equipment may cause a deterioration of the treated 
water, and this, in turn, can cause deterioration or loss of 
product and damage to equipment. The poorer the quality 
of the raw water, the more serious the consequences of such 
malfunctions. 

Improving the quality of a given water supply will only 
incrementally decrease the cost of treatment for an industrial 
installation, because it is often too late to make economical 
alterations in the existing water treatment facilities. For the 
same reason, if the quality characteristics of the water supply 
are allowed to deteriorate from their usual range, the cost 
for treatment can be substantially incr.eased. On the other 
hand, improved water supply characteristics at a given site 
may mean lower water treatment costs for other industries 
subsequently established there. 

Table Vl-2 summarizes quality characteristics of surface 
waters at the point of intake that have been used as sources 
of boiler makeup, cooling, and process water. 

CONCLUSIONS 

• Industry is diversified in kind, size, and product. It 
incorporates many processes, including different 
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ones to achieve the same ends. Water quality require
ments for different industries, for various industrial 
processes within a single plant, and for the same 
process in different plants vary widely. 

• Water quality requirements at point of use, as dis
tinguished from requirements at point of intake, are 
established for a number of industrial processes but 
are inadequately defined or nonexistent for others. 

• Modern water treatment technology permits water 
of virtually any quality to be treated to provide the 
characteristics desired by industry at point of use. 
Occasionally, this may be costly; but in general the 
cost of treating water for specific processes is ac
ceptable to industry, because it is only a small part 
of total production and marketing costs. 

• Although water quality at jwint of use is critical for 
many industrial processes, industry's intake ll'atrr 

quality requirements are not as stringent as those 
for public water supplies, recreational or agricul
tural use, or support of aquatic life. 

• Because of the diversity of industrial water quality 
requirements, it is not possible to state specific values 
for intake water quality characteristics for industrial 
use. Ordinarily these values lie between those that 
have been used by industries for sources of water 
(Table VI-2) and the quality recommended for 
other uses in other sections of this book. 

Recommendations 

Desirable intake water quality characteristics for 
industrial water supplies can be meaningfully 
designated as a range lying between the values that 
have been used by industry for sources of water 
(Table Vl-2) and the quality characteristics recom
mended for other water uses in other chapters of 
this Section. Values that exceed those in Table VI-2 
would ordinarily not be acceptable to industry. 



BASIC WATER TREATMENT PROCESSES 

A wide range of treatment processes is available to pro
duce water of the required quality for industry at the point 
of use. Treatment methods fall into two general categories: 
external and internal. External treatment refers to pro
cesses utilized in altering water quality prior to the point of 
use. The typical household water softening unit is an external 
treatment. Internal treatment refers to processes limited 
basically to chemical additives utilized to alter water quality 
at the point of use or within the process. Water softening 
compounds used in laundering are forms of internal treat
ment. Water treatment processes are in themselves users of 
water. Normally, 2 to 10 per cent of the feed water ends up 
as waste generated by treatment processes (see Table VI-3). 
Thus, the actual water intake is greater than the treated 
water produced. 

EXTERNAL WATER TREATMENT PROCESSES 

Figure VI-1 is a schematic diagram of the most common 
external water treatment processes. Properly applied, alone 
or in various combinations, these processes can convert any 
incoming water quality to a usable quality. A dramatic ex
ample is the conversion of brackish water to a water that 
exceeds the quality of distilled water. 

Note that the flow chart illustrates many processes and 
that a particular process is applied to remove a particular 
contaminant. If that contaminant does not appear in the 
water or is harmless for the intended use of the water, that 
process would not be used. For example, a clear well water 
might not need filtration prior to further treatment. In 
addition, the water use determines the extent of treatment. 
For example, to use Mississippi River water for cooling, 
rough screening to remove the floating debris may be suf
ficient for some applications, whereas clarification and filtra
tion may be required for other uses. To use that same water 
for makeup for a super critical pressure boiler would require 
further treatment by ion exchange, perhaps strong cation, 
strong anion, and mixed bed exchangers. 

As previously stated, industry's need for water can be met 

even under the poorest conditions. However, the use c 
water treatment systems is not without consequence. Ex 
ternal water treatment processes concentrate a particula 
contaminant or contaminants. Thus, in the quest for pun 
water, a waste product is generated. The waste product is < 

Jollutant and the cost of its disposal must be considered a 
·Jart of the overall cost of wai:er treatment. 

The estimates of waste volume and solids in Table VI-~ 
are based on treating a water with an analysis such as showr 
m Table VI-4. Table VI-4 also illustrates an analysis o 
::everal common forms of water treatment. The estimate: 
arc thus typical only of the water described and will vaq 
with different water supplies. v\Taste volumes are stated as' 
percentage of inlet flow. Thus, a 2,000 gallon per minut( 
lgpm) clarifier will discharge 40 to 100 gpm of sludge. 

The following paragraphs briefly describe the availabl( 
treatment methods, outline their capabilities, and eombinec 
with Table VI-3, provide a general idea of the vvastc pro 
duced. (The groupingo, A, B, and C do not imply treatmen1 
;chemcs or nece'>sarily indicate a sequence of treatment.: 
The processes are applicable to various water characteris· 
tics; it is immaterial whether the supply is surface or grounc 
water. Since the equipment used can be of appreciable size. 
available land area can be an important factor in the selec· 
tion of a particular process. 

Group A Processes 

Rough Screens Generally installed at the actual point 
of intake, rough screens are simple bars or mesh screens 
used to trap large objects and prevent damage to pumps 
2nd other mechanical equipment. 

Sedimentation This process takes place in large open 
basins used to reduce the water velocity so that heavier 
suspended particles can settle out. 

Clarification Chemical additives (e.g., aluminum 
salts, iron salts, lime) are used in large open basins so that 
practically all suspended matter, color, odors, and organic 
comeounds can be removed efficiently. 

Lime Softening (cold) The equipment used here is 
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similar to that used for clarification. In addition to ftoccu
lent chemicals, lime and sometimes soda ash are used in 
large open basins. Clarification is obtained, and a large 
portion of the calcium and magnesium bicarbonates are 
removed. 

Lime Softening (hot) The process is, in general, the 
same as cold except that it is carried out at or above 212 F. 
The results are the same but with the added benefit of silica 
removal. Tl}e characteristics of wastes are the same but at a 
high temperature. Note that further treatment of hot lime 

TABLE VI-3-Waste Generated by Treatment Processes 

Example of waste 
Treatment prrn:ess" Character of waste produced Waste volume we1ghtb dry baSIS 

percentage flow pounds solids/1, 000 

Rough screens 
Sed1mentat1on 
Clan ficat1on 

Cold Ii me softening 

Hot lime softening( +112 F) 

Aeration 

F1ltrat1on, gravity, or pressure 

Adsorpl1on, activated carbon for 
odors, tastes, color, organics 

Manganese zeolite, for iron 
removal 

Miscellaneous, e.g., precoat, 
membrane, dual media fillra· 
t1on fine straining 

Reverse osmosisr 

Electrodialysis• 

Distillation 

Ion exchange processes< 
Sodium cation 

1-bed demineralization 

Mixed bed demineralization 

Internal processes 

Large objects, debns 
Sand, mud slurry 
Usually ac1d1c chemical sludge 

and settled matter 
Alkaline chemical sludge and 

settled matter 
Alkaline chemical sludge and 

settled matter 
Gaseous, possible air pollutant, 

such as hydrogen sulfide 
Sludge, suspended solids 

5-10 
1-5 

1-5 

1-5 

1-5 

Exhausted carbon 1f not re· 
generated. Small amounts 
carbon Imes and other solids 

(for packed bed um ts) 

1-5 

can appear in backwash 
Carbon regenera lion IS sepa· 
rate process (usually thermal) 
in which air pollution prob· 
lems mus! be mel 

Iron oxide suspended solids Similar to other 
filtration prodesses 

As in other filters Precoat 1-5 
waste includes precoat ma
terials 

Suspended and 90-99 percent 10-50 
of dissolved solids plus chem· 
1cal pretreatment 1f required 

Suspended and 80-95 percent 10-50 
of dissolved so 11 ds plus chem· 
ical pretreatment 1f required 

Concentrated dissolved and 10-75 
suspended solids 

Dissolved calcium, magnesium 
and sodium chlorides 

Dissolved solids from feed plus 
regenerants 

Dissolved solids from feed plus 
regenerants 

Chemicals are added directly 
into operating cycle At least a 
portion of process steam con
taining added chemicals, dis· 
solved and suspended solids 
from feed, and possibly con· 
taminat1on from process can 
be extracted from the cycle for 
disposal or treatment and re· 
cycle. 

10-14 

10-14 

• Prrn:esses are used alone or in various combinations, depending upon need. 

gal processed 

1.3 

1.7 

1.7 

0.1-0.1 

0.1-0 1 
(plus precoat ma· 
tenals when used) 

1.0-1.0 

1.0-2.0 

1.5 

13 

4-5 

>5 

6 Amounts based on application of process to raw water shown m Table Vl·4. These values do not necessarily apply 
when these processes are used in combinations. 

' Feed must be relatively free ot suspended matter. 
•There are many variations. Listed here are a few of the most important. 
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TABLE VI-4-Typical Raw Water Analyses and Operating 
Results (mg/I,. unless otherwise indicated) 

Constituent 

Cations a 

Calcium 
Magnesium 
Sodium 
Potassium 

Total Cations 
Anions11 

Bicarbonate 
Carbonate , 
Hydroxide 
Sulfate 
Chloride 
Nitrate 

Total Anions 
lron 11 

S1l1ca 11 

Color'• 
Turb1d1ty' 
pH" 

Expressed 
a$ 

caco, 

Fe 
S102 
units 

Raw watera 

51 5 
19.5 
18.6 
1 8 

91 4 

56 8 
0 

21.8 
12 0 
0.8 

91 4 
0 16 
9 0 

15.0 
100 0 
6 5-7 5 

After 
After cold lime 

clanfica!ion softemng 
and and 

filtration filtration 

51.5 38.7 
19 5 17 5 
18.6 18 6 
1.8 18 

91.4 76 6 

47 8 
33 0 

30 8 30 8 
12.0 12 0 
0 8 0 8 

91 4 76 6 
Nil Nil 
9 0 9 0 
2-5 2-5 
0-2 0-2 

6 0-8 0 9 0-11.0 

Atter After 
clarification, clarification, 

filtration, filtration, 
and sodium- and 

cation deminera\i· 
exchange zat1on 
softening 

1 0 
1.0 

87.6 1-2 
18 0 

91.4 1-2 

47 8 

1-2 
30 8 
12.0 
0 8 

91 4 1-2 
Nil Nil 
9 0 0 01 
NII Nil 
Nil NII 

6 0-8 0 U-90 

"Taken from Livingstone 1963', adjusted slightli for ion balance and for expression as CaCOj equivalents. 
' Developed by the Panel for 1llustrat1ve purposes. 

effluent is generally limited to filtration and sodium cation 
exchange. 

Aeration This proct'ss, which can be in several dif
ferent physical forms, is app!it'd to reduce the concentration 
of carbon dioxide, thereby reducing the chemicals required 
for cold lime softening. Aeration oxidizes iron and manga
nese to allow their r<:'moval by clarification, lime softening, 
or filtration. :'.\'o solid wastes flow from an aerator, but re
leased gases such as hydrogen sulfide can present a problem. 

Miscellaneous There are other special variations of 
all the primary treatment methods that can be applied 
under specific circumstances. 

Group B Processes 

Filtration This process uses gravity or pressure units 
in which traces of suspended matter are removed by pas
sage through a bed of sand, anthracite coal, or other granu
lar material. In general, the effiuent at the primary stage 
must be filtered prior to further treatment. Some watt>rs 
can be filtered without primary treatment. A filter is cleaned 
by reversing the direction of the water flow (backwashing). 

Adsorption This is a separation process designed pri
marily to remove dissolved organic materials including 
odor, taste, and color-producing compounds. Activated 
carbon is generally used for this purpose. Backwashing of 
fixed adsorption units produces small amounts of solids as 
the feed has generally been filtered prior to passage over 
the carbon. Expanded bed adsorption units do not require 
regular backwashing. Chemical or thermal regeneration of 
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carbon can remove adsorbed impurities and restore adsorp
tive efficiency and capacity. 

Mang,anese Zeolite This process, specifically used for 
iron removal, is a special combined form of oxidation and 
filtration with a feed of potassium permanganate. 

Miscellaneous Many specialized forms applicable to 
specific conditions are available. These include precoated 
filters, membrane filters, strainers, and dual media filters. 

Group C Processes 

Ultrafiltration Various types of pressure filters in
cluding membranes, cartridges, and discs can remove sus
pended solids larger than 0. l to 1.0 micron, depending on 
the application. 

Reverse Osmosis This relatively new development 
uses high pressures to force water through a membrane, pre
venting the passage of all suspended matter and up to 90-
99 per cent of dissolved solids. The product water can be 
used directly or may require further treatment by ion ex
change. The influent must be essentially free of suspended 
solids. 

Electrodialysis A relatively new development, this 
proce'is uses cationic and anionic membranes with applied 
direct current to remove dissolved solids. The product water 
can Le used directly or may require further treatment by 
ion exchange. The feed must be essentially free of suspended 
matter. 

Distillation This process uses thermal evaporation 
and condensation of water so that the condensate is free of 
suspended solids and 98-99 per cent of the dissolved solids 
arc removed. Certain conditions may require the addition 
of special chemicals. The product water can be used directly 
or may require further treatment by ion exchange. The feed 
must be relatively free of suspended matter. 

Ion Exchang,e Ion exchange is a versatile process with 
several dozen variations. Ion exchange technology is rapidly 
advancing. New resins, regeneration techniques, and opera
tion modes are being introduced. Some of the mor<:> common 
applications arc shown in Table VI-3. The exact arrange
ment of an ion exchange system depends upon raw water 
quality, desired treated water quality, flow rate, and 
economio. Total demineralization can remove in excess of 
99 per cent of dissolved solids with feed' as high as 2,000 
parts per million (ppm) or more. The waste produced by 
an ion exchanger includes the backwash and rinse waters, 
the regeneration effluent containing the exchanged ions, and 
the excess regenerative chemical. In general, the feed to any 
ion <:>xchanger should contain no or only small quantities of 
suspended matter, color, and organics. 

Cation Cation exchange removes cations from the 
water and replaces them with other cations from an 10n 
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exchanger. When in the hydrogen or acid form, strong ca
tion (i.e., strong acid) can exchange hydrogen ions for the 
cations of either weak or strong acids, whereas weak cation 
(i.e., weak acid) exchanges hydrogen only for that fraction 
of cations equivalent to the weakly acidic anions present, 
such as bicarbonate. 

Sodium Cation This is the simplest form of ion ex
change. Sodium ions are exchanged for hardness ions (e.g., 
calcium, magnesium). 

Anion Anion exchange removes anions from the water 
and replaces them with other anions from the ion exchanger. 
When in the base form, strong anion exchangers are capable 
of exchanging hydroxyl ions for the anions of either weak or 
strong acids, whereas weak anion exchangers exchange only 
with anions of strong acids. 

Demineralization In industrial water treatment, de
mineralization refers to a sequence of cation exchange in 
which hydrogen ions are substituted for other cations fol
lowed by anion exchange in which hydroxyl ions are substi
tuted for other anions. The product is H+ plus OH-; i.e., 
water. 

Mixed Bed Mixed bed exchange provides complete 
demineralization in one step by the use of an intimate mix
ture of cation and anion resin in one unit. It is generally 
used for the polishing service step of high purity water. A 
cation-anion exchange system might produce a water con
taining 1.0 ppm of dissolved solids. After treatment by 
mixed bed, the solids would be clown as low as 0.01 ppm. 

Miscellaneous There are ;,cveral specialty ion ex
changers including: dealkalizers--chloride anion exchange 
for the removal of alkalinity; desilicizcrs-hyclroxicle anion 
exchange for the removal of silica (without previous hydro
gen cation). Degasification equipment is used to remove 
carbon dioxide in order to reduce the work of the strong 
anion units that follow. 

INTERNAL WATER TREATMENT PROCESSES 

Internal water treatment processes are numerous. They 
include the addition of acid and alkali for pH control; 
polyphosphates, phosphonates, or polyelectrolytes for scale 
control; polymers for dispersal of sediment; phosphates and 
alkali for precipitation of hardness; amines, chromates, 
zinc, or silicates for corrosion control; sulfites or hydrazine 
for oxygen scavenging; and polyphosphates for sequestra
tion of iron or manganese. Here again, the chemical feed is 
determined by the requirements. The industrial user pro
duces the water quality that is needed, but a problem can 
be created when the user must dispose of all or part of the 
treated water. The choice of chemicals added to water must 
be considered in light of their potential as polJutants. 



MAJOR INDUSTRIAL USES OF WATER 

STEAM GENERATION AND COOLING 

Description of the Industry 

Steam generation and cooling are required in most in
dustries. Waters used for these purposes are in Standard 
Industry Classifications 20 through 39 (with the exception 
of 23 and 27), plus the electric utility industry and mining 
(U. S. Executive Office of the President, Bureau of the Bud
get 1967).22 (Water used as makeup for generation of steam 
that comes into direct contact with a product and cooling 
water that comes into direct contact with a product were 
considered to be process waters and, therefore, were not 
included in this Section.) 

Both steam generation and cooling are encountered under 
a wide variety of conditions that require a correspondingly 
broad range of water quality recommendations. For ex
ample, steam may be generated in boilern that operate at 
pressures ranging from less than 10 pounds per square inch 
gauge (psig) for space heating to more than 3,500 psig for 
electric power generation. For any particular operating 
pressure, the required boiler water quality recommenda
tions depend upon many factors in addition to the water 
temperature in the steam generator. Thus, the amount of 
potentially scale-forming hardness present in the makeup 
water to a low pressure boiler is of far less importance when 
the steam is used for space heating than when it is used for 
humidification of air. In the first case, virtually all of the 
steam is returned to the boiler as condensate so that there 
is only limited change in the amount of potential scale. In 
the second case, no condensate returns to the boiler so that 
scale-forming salts entering with the makeup water are con
centrated. 

The general recommendations for water to be used for 
boiler feed water could not be applied directly to an indi
vidual boiler without consideration of boiler design, operat
ing practices, operating temperatures and pressures, makeup 
rates, and steam uses. All of these affect the nature of 
water-caused problems that might be anticipated in a boiler 
and its auxiliaries. These statements apply equally to water 
at source and at point of use. 

Most high pressure boiler plants (Table VI-5) use some 

form of ion exchange in treatment of water for boiler feed. 
A few components of raw waters can cause abnormal dif
ficulties and expense in these treatment plants. Large 
organic molecules may block the exchange groups of the 
ion exchange resins and cannot be removed by normal 
regeneration procedures. Oily matter, especially of petrol
eum origin, will irreversibly coat ion exchange materials 
and filter media. Certain forms of silica may also block ion 
exchange resins irreversibly. Strong oxidants in polluted 
water have been known to deotroy ion exchange resins in a 
surprisingly short time. Although most of these problems 
can be solved by available pretreatment methods, the equip
ment needed for such treatment may require more space 
than is available. This is especially true in industrial plants 
located in cities. 

Cooling water uses are similarly diverse. They may be 
once-through or recirculated. Once-through cooling waters 
arc drawn from amply large sources such as rivers, lakes, 
e.;tuarics, or the sea. They arc returned to these sources or 
to other large bodies of water after having passed through 
heat exchange equipment just once. The quantities of Wdtcr 
required for once-through cooling arc so huge that it is 
rarely economically feasible to alter their quality by treat
ment. Therefore, when a plant uses water for cooling on a 
once-through basis, the construction materials for the cool
ing system must be selected to withstand corrosion by the 
\\<ater available at the site. In such cases, the quality, as well 
a:; quantity, of available wata may affect plant ~.itc selec
tion. 

The treatments commonly applied to once-through cool
ing waters are (a) screening for removal of debris, plants, 
or fish that can interfere with water flow, and (b) chlorina
tion for control of biological organisms that interfere with 
water flow or heat transfer and contribute to localized cor
rosion. A few components of the intake water have been 
known to cause catastrophic failures in once-through cool
ir,g equipment. Damaging substances include hydrogen 
sulfide, oil, and suspended solids. Particularly pernicious 
are plastic containers usually originating from garbage dis
posal operations, or sheets of Hexible plastic that can pass 
through a pump and then spread across a tube sheet in-
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TABLE VI-5-Quality Requirements of Water at Point of Use for Steam Generation and Cooling in Heat Exchangers 

(Unless otherwise indicated, units are mg/I and values that normally should not be exceeded. No one water will have all the maximum values shown.) 

Boller feedwater Cooling waler 

Quality of water prior to the addition of chemicals used for internal cond1t1onmg 

Characteristic Industrial Electric ut1libes Once through Makeup for recirculation 

Low pressure I nlermed1ale High pressure 1, 500 to 5, 000 ps1g Fresh Brackish" Fresh Brackish• 
Oto 150 psig pressure 700 to 1,500 ps1g 

Silica (S102) 
Aluminum (Al) 
Iron (Fe) 
Manganese (Mn) 
Calcium (Ca) 
Magnesium (Mg) 
Ammonia (NH,) 
Bicarbonate (HCOJ) 
Sulfate (SO,) 
Chloride (Cl) 
D1siolved solids 
Copper (Cu) 
Zmc (Zn) 

----

30 

0.3 
(h) 
(b) 

0.1 
170 
(b) 
(h) 

700 
0.5 

(b) 

350 
350 

150 to 700 ps1g 

10 
0.1 
0.3 
0.1 
0.4 
0.15 
0.1 

110 
(b) 

(b) 

500 
0.05 
0.01 
1.0 

100 

---· 

0.1 0.01 
0.01 0.01 
0.05 0.01 
0 01 0.01 
0.01 0.01 
0 01 0.01 
0.1 .07 

48 0.5 
(b) (d) 
(h) (b, d) 

200 0.5 
0.05 0.01 
0.01 0.01 
0.07 0.07 

40 1 

50 15 50 25 
(b) (b) 0.1 0.1 
(b) (b) 0.5 0.5 
(b) (b) 0.5 0.02 
200 420 50 420 

(b) (h) (b) (b) 

(b) (b) (b) (b) 

600 140 24 140 
680 2, 700 200 2, 700 
600 19,000 500 19,000 

1,000 35,000 500 35,000 
(h) (b) (b) (b) 

(b) (b) (b) (b) 

850 6,150 650 6,150 
500 115 350 115 

Hardness (CaCO.,) 
Alkalinity (Ca CO.,) 
pH, units 7.0-10.0 B.2-10.0 B.2·9.0 8.8-9.4 5.0-8. 3 6.0-8.3 (b) (b) 

Organics: 
Methylene blue active substances 
Carbon tetrachloride extract 

Chemical oxygen demand (COD) 
Hydrogen sulfide (H2S) 

0.5 
0.5 

5 5 1.0 
(b) (b) (b) 

Dissolved oxygen (02) 
Temperature, F 

1.5 0.001 0.001 
(h) (h) (b) 

Suspended solids 10 5 0.5 

•Brackish water-dissolved solids more than 1,000 mg/I by definition 1963 Census of Manufacturers. 
b Accepted as received (if meeting other limiting values); has never been a problem at concentrations encountered. 
' Zero, not detectable by test. 
" Controlled by treatment for other constituents. 
'No floating 011. 
ASTM 1970' or Standard Methods 1971" 

stantaneously shutting off a substantial part of the cooling 
water flow. 

Treatment of once-through cooling waters drawn from 
underground aquifers is further limited if the water is con
served by return to an aquifer through recharge wells. In 
such cases treatment must not create changes that can cause 
clogging of the return aquifer. 

\'\'hen cooling ponds arc used for heat rejection, the eco
nomics of water treatment are similar to those encountered 
with once-through cooling waters. On the other hand, most 
recirculating cooling water systems utilize cooling towers, 
and in these the water withdrawn from surface, ground, or 
municipal sources is small in comparison with the rate of 
circulation through the heat transfer equipment. Under 
these conditions, water treatment is economically feasible. 
Indeed, it becomes a necessity because of the changes in 
water composition produced by evaporation, air scrubbing, 
and other processes occuring during recirculation. 

As in the case of steam generation, there is such a great 
variety of materials and operating conditions encountered 
in industrial heat exchange equipment, such a wide range 
of chemical and physical changes that can take place in the 

0.1 (h) (h) 

(b, c) (e) (e) 

1.0 75 75 75 75 
(b) (b) (h) 

0.001 present present (b) (b) 

(b) (b) (b) (b) (b) 

0.05 5,000 2,500 100 100 

recirculated cooling water, and such a variety of water 
treatment and conditioning methods, that quality recom
mendations for makeup water for recirculating cooling 
systems can have only very limited practical significance. 
The needs of any specific system must be established on the 
basis of the makeup water composition and the construction 
and operating characteristics of each system. In general, the 
lower the hardness and alkalinity of the water supply, the 
more acceptable it is for cooling tower makeup. 

Processes Utilizing Water 

Steam Generation In 1968, manufacturing plants 
used about 1,036 billion gallons of water for boiler feed 
(makeup), sanitary service, and uses other than process or 
cooling (Bureau of the Census 1971). 5 No basis is given for a 
breakdown of this figure into its components, but boiler 
feed is the largest part. 

Boiler makeup requirements of steam electric powerplants 
are small compared with their cooling water requirements. 
They are estimated to be only about 0.3 million gallons per 
day for a 1 million kilowatt plant operating at full load 
(Water Resources Council 1968).24 
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Based on the 1970 figures of 281 million kilowatts capacity 
of steam electric plants, a maximum of about 31 billion 
gallons of water was the total intake for steam generation in 
these plants (Edison Electric Institute personal communication 
1970).25 It is estimated that this quantity approximates the 
"sanitary service and other uses" in the industrial require
ments, so that of the 1,036 billion gallons for combined 
"boiler feed and sanitary services" (Bureau of the Census 
1971) 5 the intake for steam generation alone in 1968 is as
sumed to have been approximately 1,000 billion gallons. 

Recycling condensed steam back to the boiler will vary 
from zero for some industrial uses and district steam generat
ing plants to almost I 00 per cent for thermal power genera
tion plants. 

Boiler makeup will vary from negligible losses and blow
down in the thermal power plants to substantially the total 
water intake in district steam generating plants with no re
turn of steam condensate. Even for these district steam gen
erating plants, the condensate usually goes to a sewer from 
which it ultimately returns to a surface water course and so 
cannot be said to have been consumed. It is estimated that 
10 per cent of the intake water used for boiler feed in in
dustrial plants is either lost to the atmosphere or incor
porated in products. Thus, the total water consumption for 
steam generation is about 100 bgy. 

Discharge is boiler blowdown and steam condensate that 
is lost to sewers. This corresponds to the difference between 
intake and consumption or 900 bgy (Bureau of the Census 
1971). 5 

Cooling Waters Once-through cooling water use dur
ing 1968 in industry other than commercial power genera
tion was at the rate of approximately 3,000 bgy for steam 
electric power generation, and 7,000 bgy for other uses 
(Bureau of the Census 1971). 5 It is estimated that water 
recirculation for cooling in these plants was at least 20,000 
bgy. 

Total cooling water drawn from source by commercial 
steam electric power plants approximated 58,200 bg in 
1970, including the Tennessee Valley Authority and a 
number of other publicly owned steam electric plants 
(Federal Power Commission 1971). 6 Recirculating cooling 
systems in these plants are estimated to provide 10 to 15 
per cent of the total cooling requirements for this industry, 
which represents a small proportion of the total water in
take. The use of recirculating cooling water systems is ex
pected to increase rapidly as cooling water volume require
ments increase and as restrictions become more stringent on 
maximum discharge temperatures. 

Including sea water, approximately one-third of the 
water used for once-through cooling was brackish. Some 
plants recirculate brackish water, but because of the limited 
number of such operations, water quantities have not been 
established for this type of cooling. 

Recirculating cooling water systems require a much 
smaller withdrawal for makeup than the amount withdrawn 

TABLE Vl-6-Total Water Quantities Used For 
Once-Through Cooling 

llse 

Industrial sleam·electric generaton 
Other 
Commercial power, 

TOTAL 

Water quantities (bgy) 

3,000 
1,000 

58,000 

68,000 

for once-through cooling systems of equivalent heat re
moval capacity. Although the rate of recirculation is fre
quently only two or three times as high as the once-through 
flow rate for equivalent cooling, the withdrawal rate for 
once-through cooling may be '20 to 80 times as high as that 
required for makeup to a cooling tower system of equivalent 
cooling capacity. The actual reduction in volume of water 
drawn from source by recirculation depends upon the tem
perature difference across the cooling tower and the chemical 
composition of the recirculating water. No data are avail
a0le to provide actual totals of water withdrawn from 
sources for cooling tower makeup or returned as cooling 
tower blowdown. 

An increasing number of plants use municipal sewage 
treatment plant effluent or industrial waste treatment plant 
e!Ruent as makeup water for recirculation through cooling 
towers. This, in effect, is a double recirculation of available 
water supplies or, from another viewpoint, an elimination 
of most water withdrawal from natural sources. The use of 
such treatment plant effiuen1 :is cooling tower makeup 
must be approached with caution since inadequate removal 
of organic matter, particularly detergents, nitrogen com
pounds, and phosphates, in th(:: i:reatment plant can create 
severe operating difficulties in cooling towers as a result of 
fcaming, excessive microbiological growths, or calcium 
phosphate deposits. 

Significant Indicators of Water Quality 

Table VI-2 shows the quality characteristics of waters 
that have been treated by existing processes to produce 
waters acceptable for boiler makeup and cooling. In general 
terms, the water fed to a steam boiler should be of such qual
ity that it: 

• forms no scale or other deposits; 
• causes no corrosion of the metals present in the boiler, 

feedwa ter system, or condensate return system; 
• does not foam or prime ; 
• does not contain enough silica to form turbine blade 

deposits in high-pressure boilers. 

In order to produce waters meeting these requirements, 
the waters from available supplies are first processed 
through external water treatment equipment, such as 
filters or ion exchangers, and then internal conditioning 
chemicals are added. Table VI-5 shows quality require-



ments for boiler feed waters that have already been pro
cessed through a required external water treatment equip
ment, but have not yet received any required application of 
internal conditioning chemicals. 

The values for boiler feed water quality requirements 
must be considered only as rough guides. Usually, more 
liberal maximum concentrations are acceptable in feed 
water for boilers operating at lower pressures within each 
range. However, even here there are many deviations in 
practice because of differences in the construction and opera
tion of different boilers. For example, all other things being 
equal, the higher the makeup rate, the higher the quality of 
the makeup water should be. 

Ideally, cooling waters should be: 

• nonscaling with reference to such limited solubility 
compounds as calcium carbonate, sulfate, and phos
phate; 

• nonfouling as a result of formation of sedimentary 
deposits or of biological growths; 

• noncorrosive at operating flow rates and skin tem
peratures to materials of construction in the system, 
including metals, wood, concrete, asbestos-cement, 
and plastics. 

Table VI-5 shows quality requirements for cooling waters 
both once-through and makeup for recirculation, subse
quent to any required external treatment (other than so
called side stream filters or centrifugal separators for re
moval of suspended matter from recirculating cooling 
waters) but prior to the addition of any internal treatment 
chemicals. 

For both steam generation and cooling, the mure nearly 
the composition of water at the source (Table VI-2) ap
proaches the quality required at point of use (Table VI-5), 
the more desirable it is. However, in some instances it may 
be preferable to resort to a lower-quality, lower-cost raw 
water, if economic treatment can be expected to yield a 
lower overall cost. 

Water Treatment Processes 

The water treatment processes marked by an X in Table 
VI-7 arc used in producing water of the appropriate quality 
for either cooling or boiler makeup. In addition to external 
treatment processes outlined in Figure VI-I, commonly 
used internal conditioning processes are also included in 
Table VI-7. Not all of these processes are used for the 
treatment of any individual intake water. Only those pro
cesses to produce the quality required are used. 

The fact that external water treatment processes may be a 
source of potential waste water problems has been men
tioned. The blowdown from evaporative systems, both boiler 
waters and recirculated cooling water, can become one of 
these potential problems. This can be caused by increased 
concentration of dissolved solids from the evaporative pro
cess, by increased suspended solids scrubbed from the air or 
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TABLE VI-7-Processes Used in Treating Water for Cooling or 
Boiler Makeup 

Suspended solids and colloids removal: 
Straining 
Sedimentation 
Coagulation 
Filtration 
Aeration 

Dissolved solids modification Softening 
Cold lime 
Hot lime soda 
Hot hme zeohte 
Calion exchange Sodium 

Alkalinity Reduction Cation exchanre 
hydrogen 
Cation exchange hydrogen and sodium 
Amon exchange 

Dissolved solids removal: 
Evaporation 
Demmeralizabon 

Dissolved gases removal: 
Degas1ficat1on 

mechanical 
vacuum 
heat 

Internal cond1bomng: 
pH adiustment 
Hardness sequestering 
Hardness prec1p1tabon 
Corrosion mhib1t1on General 
Embntflement 
Oxygen reducbon 

Sludge dispersal 
Biological control 

Once throurh 

x 
x 

x 
x 

x 
x 

Coolin1 

Recirculated 

x 
x 
x 
x 
x 

x 

x 

x 
x 

x 

x 
x 

x 

x 
x 

x 
x 
x 
x 
x 

x 
x 
x 
x 

x 

x 

x 
x 

x 
x 
x 

x 

x 
x 
x 
x 
x 

developed by growth of biological organisms, or by chemi
cals added to the recirculated water for control of scale, cor
rosion, or biological growths. 

TEXTILE MILL PRODUCTS (SIC 22) 

Description of the Industry 

In the 1967 Census of Manufacturers (Bureau of the Census 
1971), 5 the textile industry was reported to employ 929,000 
individuals in 7,080 plants, adding over $8 billion of value 
annually through manufacturing. The Statistical Abstract of 
the United States: 1969 (U. S. Department of Commerce, 
Bureau of the Census 1969) 18 reported that the industry 
invested over $1 billion in new facilities during that year. 

Cotton is the most important fiber in American textiles 
and represents about one-half of the total fiber used. Wool 
and rayon approximate 10-15 per cent of the consumption, 
and uses of noncellulosic synthetic fibers are increasing 
rapidly. 

The basic processes involved in finishing textiles include 
scouring, dyeing and printing, bleaching, and special finish
ing (U. S. Department of The Interior Federal Water Pol
lution Control Administration 1968) .21 Wool is usually 
scoured before being woven into cloth. Cotton is woven in 
the dry state except for stiffening of the warp, known as 
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sizing. Subsequently, the cloth is scoured to remove size and 
natural impurities before bleaching and dyeing. Synthetic 
fibers do not require scouring, but cloth made from blends 
of synthetics and natural fibers may be scoured before 
finishing. 

Water of proper quantity and quality is essential to the 
textile industry. Most of the early mills in the United States 
were located in New England, where rivers were capable of 
providing water for power and ample high quality process 
water with only minimum treatment. In recent years the 
trend has been for textile plants to move to the Southeast 
and locate closer to the raw material (cotton). Need for 
water as a source of energy has diminished because of the 
ability to operate with various fuels and electricity. Raw 
water quality has become Jess important, because develop
ments in treatment technology have made it economically 
possible to produce water of adequate quality with the exist
ing wide range of raw water characteristics. This combina
tion of circumstances makes raw water supply and quality 
less vital in determining plant location today, although 
emphasis on treatment to correct deficiencies in raw water 
quality continues. 

Processes Utilizing Water 

Total I 967 water intake for textile industries using over 
20 million gallons annually (684 plants) was I 54 billion 
gallons, 71 per cent of which was used as process water. Of 
all water intake by the industry, 51 per cent i.s derived from 
company-developed surface supplies, I 0 per cent from 
ground water, 1 per cent brackish, and 38 per cent from pub
lic supplies. Gross water me by textile plants totalled 328 bg, 
174 bg of which was reused in 353 of the 684 facilities 
(Bureau of the Census 1971). 5 Trends in new textile tech
nology are toward increased reuse of water. 

Cotton and wool finishing plants use 30,000 to 70,000 gal
lons per 1,000 pounds of cloth. Synthetic finishing mills use 
considerably less (3,000-29,000 gal/1,000 lb), because lack 
of natural impurities reduces washing requirements. 

\o\'ool usually is scoured by moving it through a two- to 

six-bowl "train," the first one or two of which contain de
tergents or soaps, and alkalis at 30-50 C. Subsequent bowls 
are for rinsing and often may be operated in counterflow 
pattern to conserve water. Usually scouring solutions are not 
recycled, although effluent rinse waters may be used to make 
up scouring baths. 

Cotton scouring removes natural impurities, as well as 
sizes added during conversion of fibers into cloth. Scouring 
operations in series of tanks (" ]" boxes) arc carried out 
under highly alkaline conditions (pH 12) and temperatures 
of 80- I 20 C and must be followed by thorough rinsing to 
remove residual color and other chemicals. "Mercerizing 
cotton has involved a major use of water in many mills, but 
mercerizing is decreasing with increased adoption of cotton 
and synthetic blends. 

Bleaching cotton is done generally with chlorine, while 

hydrogen peroxide is used for wool and blends containing 
synthetic fibers. Chlorine is used under slightly alkaline 
solution (pH 9) and hydrogen peroxide under acid condi
tions (pH 2.5-3.0). Rinsing of bleached fiber or cloth re
quires high quality water. 

Dyeing also requires high quality water. Specific require
ments and process conditions vary widely depending on 
types of fibers and characteristics of dyes employed. Cotton 
generally is dyed at moderately high pH, wool at slightly 
acidic pH, and synthetics under various conditions depend
ent upon character of fiber. Dyeing operations constitute 
major uses of water in the textile industry. 

Significant Indicators of Water Quality 

The textile industry employs a great variety of raw ma
terials, chemical additives, and manufacturing processes to 
meet a broad range of finished product specifications. Ac
cordingly, water quality requirements in this industry vary 
extensively, depending on circumstances attending uses, 
and no single listing of recommendations could be meaning
ful for the industry as a whole. 

To be desirable for use in the textile industry, water 
should be low in iron, mangane,e, and other heavy metals, 
dissolved solids, turbidity, color, and hardness; it should be 
free from undesirable biological forms (Nordell 196I,13 

McKee and \Volf I 963r'. Although raw water supplies of 
rather undesirable quality have been employed successfully 
bv textile industries (see Table VI-2) with appropriate 
treatment to correct deficiencies, it is apparent that the 
more closely raw water quality approaches requirements at 
the point of use (Table VI-8), the more dcsira ble that 
source would be. 

Turbidity and color are objectionable in water used in 
textile industries, because they can cause streaking and stain
ing. Iron and manganese stain or cause other process dif
ficulties at low concentrations. Hardness is objectionable in 
many operations, especially in scouring where soap curds 
may be produced, and in processes where deposits of pre
cipitated calcium and magnesium may adhere to the ma
terial. In wool processing, all scouring, rinsing, and dyeing 
operations may require zero hardness water. Zeolite .. softened 
or deionized water may be used for manufacturing syn
thetic fibers (Nordell 1961). 13 r-l"itrates and nitrites have 
been reported as injurious in dyeing of wool and silk 
(Michel 1942). 10 

In Table VI-8 typical ranges of desirable maximum con
centrations of constituents that have been suggested for 
waters used in textile production are summarized (Mussey 
1957,12 Nordell 1961,13 McKee and Wolf 1963,9 Ontario 
Water Resources Commission 197014). The values relate to 
water quality at point of use before addition of internal 
conditioning or manufacturing process chemicals. Although 
data in Table Vl-8 may give general guidelines to water 
quality requirements in this industry, each plant must be 



TABLE VJ-8-Quality Requirements of Water at Point of 
Use by the Textile Industry" 

Iron, mg/I Fe 
Manganese, mg/I Mn 
Copper, mg/I Cu 
Dissolved solids, mg/I 
Suspended matter, mg/I 
Hardness, mg/I as CaCO, 
Color, units 
Turb1d1ty, units 
Sulfate, mg11 
Chlondes, mg/I 

Characteristic 

Alkaltmty, mg/I as CaCOJ 
Aluminum oxide, mg/I Al ,o, 
S11tca, mg/I S10, 
Organic growths 

Typical maximum ranges 

0.f)-0.3 
0.01-0.05 
0. 01-5 
101)-200 

f)-5 
f)-50 
f)-5 

0.3-5 
100 
100 

51)-200 
8 

25 
absent 

a Water quality pnor to addition of substances.used for internal conditioning. 

considered in light of the manufacturing processes and other 
circumstances specific to that installation. 

Water Treatment Processes 

Some ground supplies are capable of furnishing large 
quantities of water having quality consistent with industry 
requirements. However, in many instances other factors de
sirable in plant location can make it necessary to use a raw 
water supply of quality not meeting process requirements. 
In particular, most surface sources are not capable of sup
plying water suitable for textile industry uses without treat
ment. 

The 7967 Census of Manufacturers (Bureau of the Census 
1971) 5 indicated that of 154 bg water intake (for plants using 
over 20 million gallons annually), 89 bg were treated in 
some fashion. Table VI-9 summarizes the total quantity of 
water and water treatment method employed by each 
process for 1971 and the number of establishments employ
ing them. 

Another approach employed by many textile industries 
is to obtain potable water through purchase from public 
supplies. Although this often provides a satisfactory ar
rangement, it must be noted that some waters adequate in 

TABLE Vl-9-Water Treatment Processes Employed by 
Textile Industrial Establishments in 1971 

Aerabon 
Coagulat1 on 
F1ltrat1on 
Softening 
Ion exchange 
Corrosion control 
pH ad juslment 
Settling 
Other 

Type of process 

Total employing treatment 
No treatment performed . 

Bureau of the Census 1971 • 

bgy treated Number of establishments 

16 
52 116 
70 184 
33 209 

27 
30 121 
4B 132 
33 64 

45 
408 
276 
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quality for potable purposes do not meet requirements for 
some types of textile processing. Also, methods of treatment 
employed in some public systems may have adverse effects 
on water quality for use in the textile industry. 

The 1967 Census of Manufacturers reported discharge of 
136 bg by the textile industry, leaving 18 bg (12 per 
cent) evaporation or incorporation into products (Bureau of 
the Census 1971). 5 Of the 136 bg discharged, 54 bg re
ceived some degree of treatment prior to discharge. 

LUMBER AND WOOD PRODUCTS (SIC 24) 

Description of the Industry and Processes Utilizing Water 

The total amount of lumber used for various purposes in 
the United States has not changed significantly in the past 
three decades (Landsberg et al. 1963). 7 There have, how
ever, been some important shifts in the end products manu
factured by the industry. The use of pulpwood for veneer 
logs has shown steady increases. Lumber for use in wooden 
containers has been declining, as has wood used for fuel, 
although fuel wood still accounts for almost 15 per cent of 
lumber use. 

In recent years, about 40 per cent of wood consumption 
has been for building purposes and 20 per cent for the manu
facture of a variety of wooden and paperboard containers, 
furniture, and other wood products. Paper products, other 
than containers, account for about 12 per cent of lumber 
consumption. The remaining 13 per cent is used in a variety 
of wood-related products such as charcoal, synthetic fibers, 
and distillation products. 

The wood and lumber products industry is a relatively 
small water user. Of the 36, 795 establishments surveyed in 
the 7967 Census of Manufacturers (Bureau of the Census 
1971), 5 only 0.5 per cent or a total of 188 reported the use 
of 20 million gallons of water or more in 1968. Total water 
withdrawn by plants using 20 million gallons or more per 
year showed a decrease from 151 billion gallons in 1964 to 
l 18 billion gallons in 1968. Less than 10 per cent of the 
water withdrawn by these larger water using plants is given 
any form of treatment prior to use. 

In general, the lumber industry collects logs from the 
forest and prepares them for use by sawing the logs into 
various shapes. Earlier in this country's history, logs were 
cut in the winter when the snow was on the ground to 
facilitate their transfer by dragging them overland to rivers. 
The rivers transported the logs to millsites. The logs were 
frequently left in the water, if they could be fenced off or 
driven into a backwater to prevent them from going further 
downstream. While the log was floating, the water prevented 
it from drying and cracking at the cut end. 

Today, lumber may be transported to a mill that may 
not be near a river. If the logs accumulate, the ends are 
moistened by floating them in a pond or by spraying the log 
pile to prevent cracking. The log is frequently debarked by 
water jets before it is cut into the desired shape. 
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TABLE VI-10--Quality Characteristics of Waters That Have 
Been Used by the Lumber Industry 

Suspended Solids 
pH, units 

Characteristic 

ASTM 1970< or Standard Methods 1971" 

Value 

3 mm, diameter 
5 lo 9 

Some lumber is treated with chemicals to reduce fire 
hazards, retard insect invasion, or prevent dry rot. These 
preservative processes use small volumes of water in a 
preparation of chromates, cupric ions, aluminum ions, 
silicates, fluorides, arsenates, and pentachlorophenates. 
Some forest products are processed mechanically or chem
ically to make a variety of consumer products. 

Significant Indicators of Water Quality 

There are few significant indicators of water quality for 
the lumber industry. The suspended solids should be less 
than 3 millimeters in diameter and the pH should prefer
ably be between 5.0 and 9.0 to minimize corrosion of the 
equipment (Table VI-10). (Water used for transportation 
does not qualify as process water.) 

Water used to prepare solutions for treatment of lumber 
should be reasonably free of turbidity and precipitating 
ions. Frequently, because of the highly toxic nature of these 
solutions, efforts are made to recycle as much solution as 
possible. Thus, makeup water is required to compensate for 
the portion of the solution lost when forced into the lumber 
under pressure, and thus evaporated during seasoning. 

Water Treatment Processes 

For the lumber production phase only, straining may be 
required. Clarification may be practiced for water used in 
lumber preservation, but this would be necessary in only 
very small volume. 

PAPER AND ALLIED PRODUCTS (SIC 26) 

Description of the Industry 

The United States is the world's largest producer and 
user of paper and allied products. The industry's net sales 
in 1970 were over $21 billion with over 52 million tons of 
product produced (American Paper Institute 1970) .1 The 
per capita consumption of paper products in 1969 was 
roughly 560 pounds per person, an increase of more than 
100 pounds per person in the past decade. It is anticipated 
that close to 62 million tons of paper and paperboard will 
be produced in the United States in 1980, as compared with 
44 million tons in 1965 (Miller Freeman Publications un
dated).11 

The pulp and paper industries described encompass a 
number of basic manufacturing processes involved in the 

TABLE VI-11-Basic Categories of the Pulp and Paper 
Industry 

Type ol plant Number ol plants in 
United States 1969 

·------------ --~--- ----- ·--------

Paper and paperboard 
Pulp mills . 
lnterrated pulp and paper mills 
Roofing paper mills 
Converlinr plants (umts owned by pulp and paper companies) 
Headquarters, offices, research and engineering labs (separate from mills) 

Totals 

493 
48 

228 
77 

787 
152 

1, 785 

production of a wide variety of paperboard and pap 
products. These include packaging, building materials, ar 
paper products ranging from newsprint to coated and u. 
coated writing papers, tissues, and a number of other speci 
types of paper and paperboard for domestic and industri 
purposes. Table VI-I I shows the basic categories of ti 
industry. 

Processes Utilizing Water 

The manufacture of pulp and paper is highly depender 
upon an abundant supply of water. The major proce 
water uses are for preparation of cooking and bleachir 
chemicals, washing, transportation of the pulp fibers to tr 
next processing step, and formation of the pulp into the dr 
product. 

The industries involved in th.e manufacture of paper an 
allied products rank third in the withdrawal of water fr 
manufacturing purposes (behind primary metal industric 
and chemical and allied products). Of the 5,890 plan 
surveyed by the 7967 Census of Manufacturers (Bureau of ti
Census 1971), 5 619 plants reported withdrawing 20 millio 
gallons of water or more in 1968. Table VI-12 shows ti
amount of water withdrawn in 1964 and 1968 for thrn 
plants using more than 20 million gallons per year. Mor 
than half of the water withdrawn in 1968 was treated pric 
to use and recirculated about three times before discharge 
Less than 10 per cent of the water withdrawn was consume 
in the manufacturing processes. 

TABLE VI-12-Total Water Intake and Use-Paper and Allie 
Products (billion gallons) 

Total 
Treated pnor lo use 

Water intake 

Gross water used (Includes recirculated waler) 

Water discharged 

Total 

Bureau ol the Cen$UI 19715 

1968 1964 

--------~ 

2,252 2,064 
1,311 987 
6,522 5,491 

1968 1964 

2,078 1,942 



TABLE Vl-13-Water Process Used by Paper and Allied 
Products Manufacturing 

Manufacturing process 

Wood Preparation 
Hydraulic barking 
Drum barking 
Wood washing 

Groundwood Pulp 
Stone groundwood 
Reimer groundwood 
Cold soda pulp 

Neutra I Sulfite Sem1chemical 
No recovery 
With recovery 

Kraft and Soda Pulping 
Prehydrolys1s 
Kraft Bleaching 

Sem1bleach 
H1ghbleach 
D1ssolv1 ng grades (soft wood) 
Dissolving grades (hard wood) 

Acid Sulfite Pulping 
No recovery 
MgO recovery 
NH, recovery 

Sulfite Pulp Bleaching 
Paper grade 
D1ssolv1ng grade 

De-mkmg Pulp 
MagaZ1ne & ledger 
News 

Paper Making 
Coarse paper 
Fine paper 
Book paper 
Tissue paper 

Specialt1es1• 

Waste Paperboard 
Building Products 

Building papers 
Felts 
Insulating board 
Hardboard 
Exploded 

Typical water use in 1,000 gallons/ton product" 

0.3 
0.2 

15 
10 
25 

25 
25 
50 
50 

70 

20 
45 

28 
28 

10 
30 
10 
30 

10 

10 
3 

15 
13 

" Figures shown represent averages over two-week period with 90 percent frequency. 
"Vanes widely depending upon product. 
Enmonmental Protection Agency, unpublished data''' 

Approximately 70 per cent of the water used in the in
dmtry was withdrawn from surface supplies. Other water 
sources were ground water supplies (about l 7 per cent) and 
public water supplie-; (about 11 per cent). Tidewater ac
counted for the remainder of the water used. Water with
drawn for process purposes constituted the largest percent
age of water used by the industry (about 65 per cent) while 
the other major water uses were for cooling purposes. 

\Vhile the industry has been aptly categorized in general 
terms by SIC code numbers, a typical plant falling under an 
SIC code may be engaged in a variety of individual manu
facturing processe-;. For this reason, a clearer picture may 
be obtained by describing water use in terms of manufactur
ing processes rather than by SIC subcategories. Table VI-13 
classifies the processes used in producing pulp and paper 
products manufactured in the United States. 

These processes have been categorized based on the 
logical sequence in production along with the use of water 
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made by each process. Presenting the information in this 
fashion makes it possible to estimate water requirements for 
any individual mill based on the manufacturing processes 
employed and the tons of product produced. 

Significant Indicators of Water Quality 

A survey by the Technical Association of the Pulp and 
Paper Industry (TAPPI Water Supply and Treatment 
Committee unpublished data I 970,27 Walter 1971 )23 of water 
quality requirements for the paper industry revealed a total 
of 23 specific water quality problems resulting from im
purities in the raw water source. The primary causes of the 
problems centered on hardness, alkalinity, turbidity, color, 
and iron. In addition, manganese along with iron and color 
was reported as having an adverse effect on bleaching pro
cesses; manganese also produced black spots on paper. In 
some cases, algae and bacteria interfered with the paper 
machine operations by causing slime. In addition to causing 
scale in the mill water supply, high hardness interferes with 
washing operations and causes fouling in resin sizing and 
digesting processes. Suspended matter and turbidity inter
fere with the brightness of the product and cause difficulties 
by clogging wires and felts in the paper machines. Highly 
colored waters have an adverse effect on paper brightness 
and arc particularly undesirable for white and dyed papers 
as well as pulps. Control of pH of the water supply at the 
mill is important to avoid corrosion of the equipment and 
for effective use of fillers, sizes, and dyes in the process 
water. 

To avoid some of the problems mentioned above, the 
7967 Census of Manufacturers reported that in 1968 more than 
one half of the water withdrawn for use by plants in the 
pulp and paper industry utilizing more than 20 million 
gallons per day was treated prior to use (Bureau of the 
Census I 971). 5 The treatment consisted of the various pro
cesses shown in Table VI-14. 

The source of water and its composition vary widely de
pending on plant location. The treatment of the mill water 
supply consequently varies. In general, however, TAPPI 

TABLE Vl-14-Water Treatment Processes-Paper and Allied 
Products 

Aeration 
Coagulation 
Filtration 
Softening 
Ion exchange 
Corrosion control 
pH ad1ustment 
Settling 
other 

Total 

Process 

Bureau of the Census 1971' 

Billion gallons treated 

62.8 
811.8 
890.4 
116.1 
53.5 

187.5 
357 5 
494.5 
93.1 

1,311.4 

Number of establishments 

28 
194 
272 
239 
148 
126 
119 
107 
45 

466 
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TABLE VI-15-Summary of TAPPI Specifications for 
Chemical Composition of Process Water for 

Manufacture 

Kraft paper Groundwood Soda and 
Substance-max ppm Fine paper papers sulfite pulp 

Bleached Unbleached 

Turbidity (Si02) 10 40 100 50 25 
Color in platinum units 5 25 100 30 5 
Total hardness (CaCOa) 100 100 200 200 100 
Calcium hardness (CaCOa) 50 50 
Alkalinity lo M.O. (CaCOa) 75 75 150 150 75 
Iron (Fe) 0.1 0.2 1.0 0.3 0.1 
Manganese (Mn) 0.03 0.1 0.5 0.1 0.05 
Residual chiorine (Clo) 2.0 
Silica (soluble) (Si02) 20 50 100 50 20 
Total dissolved solids 200 300 500 500 250 
Free carbon dioxide (C02) 10 10 10 10 10 
Chlorides (Cl) 200 200 75 75 
Magnesium hardness (CaCOa) 50 

Technical Association of the Pulp and Paper Industry 195717 

indicates that the chemical composition of process water 
for use by the paper and allied products industry should 
have the specifications shown in Table VI-15. The produc
tion of some specialty papers, however, requires water of 
considerably higher quality. 

CHEMICAL AND ALLIED PRODUCTS (SIC 28) 

Description of the Industry 

The chemical and allied products industry is quite com
plex because of its wide range of products and processes. 
This industry produces more than 10',000 commercial 
products covering a broad range of uses. Most of the prod
ucts are converted to another form by other industries be
fore reaching the consumer. Thus, many are little known or 
understood by the general public. 

Processes Utilizing Water 

The Bureau of the Census subdivides chemical and allied 
products into 27 industries. Many of these are shown in 
Table VI-16, along with estimates of the water intake for 
process uses by each industry. 

Water is essential to most of the processes used in chemical 
manufacturing. It can be used to separate one chemical 
from another or to remove a chemical from a gas stream. 
It can be the medium in which a chemical reaction occurs. 
It can be employed as a carrier to introduce materials into a 
reaction system or to dissolve or wash impurities from a 
product. It often is part of the final product. Water can also 
be used in the vapor form as steam heat to facilitate chem
ical reactions or process operations. It can be used in the 
liquid form to remove heat generated by other chemical re
actions or operations. Water is also the product of some 
chemical reactions. 

Generally, the minimum water quality required for a 
specific process has been determined through experience 

and is discussed below. In some cases the minimum quali 
has never been establishe~ because the available water 
use is acceptable and not necessarily the minimum quali 
that can be used. 

Significant Indicators of Wc11ter Quality 

The number and diversity of manufacturing facilities 
the chemical and allied products industry and their wid 
spread geographical locations in the United States are sue 
that the waters used for process applications vary widely 
chemical constituents. Table Vl-17 lists some of the quali 
characteristics in ra"W water supplies that have been used 
provide water for process use in this industry. The figures 
Table VI-17 represent extremes, and no water would ha' 
all the values shown. 

Because of the multitude of products and processes in ti 
chemical industry, only general characteristics can be a 
plied for process water qua! ity required at the point of us 
The ranges of quality are so wide, even for similar produc1 
that specific characteristics are not meaningful. In ti 
manufacture of plas1ic materials and resins, for exampl 
some products require water equivalent to potable wat• 
with a maximum total dissolved solids limit of 500 mg/ 
while other products require a high level of treatment (i.e 
clarification, demineralization, sterilization, and membrar 
filtration) with a maximum total solids limit well belo 
I mg/I. 

Low turbidity is the key quality requirement for most • 
the process water used in the chemical and allied produc 
industries. Other general quality requirements niay invoh 

TABLE VI-16-Process Watef' Intake by Chemical and Allie 
Product Industries with Total Water Intake of 20 or 

More bg During 1968 

Process water intake" 
SIC Industry group and industry 

bg per cent 

----------------

2t12 Alkalies and Chlorine 18.9 2.6 
2813 Industrial Gas 5.3 0 1 
2815 Cyclic Intermediates and Crudes . 19.3 2.6 
2816 Inorganic Pigments 21.2 2.9 
2818 Organic Chemicals, n.e c b 394.0 53. 7 
2819 Inorganic Chemicals, n.e.c.' 75.2 10.3 
2821 Plastic Materials and Resins 50.9 6.9 
2822 Synthellc Rubber 15.1 2.1 
2823 Cellulos1c Man-made Fibers 30 5 4.2 
2824 Organic Fibers, noncellulos1c 7. 7 1.0 
2833 Med1cmals and Botanicals 2.7 0.4 
2834 Pharmaceubcal Preparations 3.9 0.5 
2841 Soap and Other Detergents 1.9 0.3 
2861 Gum and Wood Chemicals 0.8 0.1 
2871 Fert1Uzers 24.2 3.3 
2892 Explosives 28.0 3.8 

Subtotal 699.6 95.4 
Nonhsted Industries . 33.8 4.6 

28 Chemicals and Allied Products ............ 733.4 100.0 

a Not including use for sanitary, boiler feed, or coolini water purposes. 
• Not elsewhere classified. 



TABLE VI-17-Quality Characteristics of Waters That Have 
Been Used by the Chemical and Allied Products Industry 

(Unless otherwise indicated, units are mg '1 and values are maximums. No one water will have all the maximum 
values shown.) 

S1hca (S102) 
Iron (Fe) 
Manganese (Mn) 
Calcium (Ca) 
Magnesium (Mg) 
Ammonia (NH1) 
Bicarbonate (HCO,,) 
Sulfate (SO ) 
Chloride (Cl) 
Dissolved Sol1 ds 
Suspended Solids 
Hardness (CaCOJ) 
Alkalinity (CaC01) 
pH, units 
Color, umts 

Charaetenst1c 

Odor threshold number 
BOD (02) 
COD (02) 

Tempera ure 
DO (02) 

Concentration 

(a) 
10 

250 
100 

(a) 

600 
850 
500 

2,500 
10,000 
1,000 

500 
5. 5-9.0 

500 
(a) 
(a) 
(a) 
(a) 
(a) 

a Accepted as rece1Yed (1f meeting other limiting values), has never been a problem at concentrations encountered 
ASTM mo' or Standard Methods 1971" 

total dissolved solids, hardness, alkalinity, iron, and 
manganese. Where these latter requirements apply, they 
generally fall in the range of the Drinking Water Standards 
(U. S. Dept. of Health, Education, and \iVelfare, Public 
Health Service 1962). 20 Thus, water from public and private 
drinking water systems is widely used without further treat
ment for process applications in the chemical industry. The 
rigorous water quality requirements for certain products can 
include nearly all of the characteristics used in describing 
water quality; however, this high quality represents a very 
small fraction of the industry's total water use for process 
purposes. 

Table Vl-18 shows an example of the quality of process 
water .it point of use in a large chemical plant that manu
facture,· a \Vidc variety of products. The distribution of 
water processes used is not to be considered typical for the 
industry. The table is presented to show the levels of treat-

TABLE VI-18-Quality Characteristics of Process Water at 
Point of Use in a Large Multiproduct Chemical Plant 

Treatment process percent Dissolved sohds Hardness (mg/ I as 
mg/I CaC01) 

Raw w•ler (screened)a 11 95 50 
Clanficatron, frltratron, and chlor1nat1on' 10 95 50 
Softening (ion exchange)" 14 95 <0.5 
Demmerahzatron (Ion exchange) <1 

" DISsolved solids and hardness are actual values at lhlS plant locatron. fn most cases waler of higher dissolved 
sohds (500 mg/I max) and higher hardness (250 mg/I max) would be acceptable. 

' Turb1drty less than one unit. 
a Includes steam and boiler teed water used in processes. 
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ment applied in merely one multiproduct plant. The pro
cess water usage in that plant is 1.2 gallons per pound of 
product. This is only 2 per cent of the plant's gross water 
usage; cooling water accounts for all but a slight amount of 
the balance. 

Water Treatment Processes 

The normal water purification process for raw surface 
water supplies usually involves clarification (coagulation, 
sedimentation, filtration). This may be supplemented by 
softening, demineralization, and other special treatment 
processes. However, most of the treatment methods shown 
in Figure VI-1 could be used. 

In many cases waters from public supplies or from private 
wells are acceptable as received and are used without treat
ment. This constitutes a large portion of the total process 
water used in the chemical industry. 

Generally, the cost of process water treatment is a small 
part of the overall cost of manufacturing in the chemical 
industry because of the modest water quality requirements 
acceptable for many process uses. By contrast, certain pro
cesses require exceedingly high-quality water resulting in 
water treatment costs that can be more than a significant 
share of the manufacturing costs. 

PETROLEUM REFINING (SIC 2911) 

Description of the Industry 

The principal use of water in the petroleum industry is in 
refining. Other operations, such as crude oil production 
and marketing, rely on water but do not use significant 
amounts. Some water is used in the exploration branch for 
drilling wells and some is used in the operation of natural 
gasoline plants, but the amount is insignificant in relation 
to that used for the refining process. 

Refinery Water Consumption Trends 

The 7967 Census of .lvf anufacturers (Bureau of the Census 
1971) 5 indicated a gross water use (including recycle) of 
7,290 bg. This represented an 18 per cent increase over the 
1964 usage. However, the water intake to refineries report
ing both in I 964 and 1967 was indicated to be 1,400 bg. 

This stable demand can be attributed to the increased use 
of air for cooling purposes, resulting from increasingly 
scarce fresh water. In addition, the growing cost of water 
quality improvement prior to use and prior to final dis
posal encourages conservation and reuse. Of those refineries 
included in the 1967 census report, 91 per cent are reusing 
water. 

The total discharge from these refineries was about 
1,210 bg, a 7 per cent decrease from 1964. 

About 13 per cent of the total water intake by refineries 
comes from public water supplies, and the remaining 87 per 
cent comes from company-owned facilities. The company
owned water supply comes from surface (53 per cent), 
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TABLE Vl-19-Summary of Specific Quality Characteristics 
of Surface Waters That Have Been Used as Sources for 

Petroleum Water Supplies 

Characteristic 

Silica {SiO,) . . . . . . . . . . . . . . . . . . . . . . . 
Iron {Fe). . .. . . . . . . . .. . . . . . . . . . ..... . 
Calcium (Ca) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Ma1nesium (Mg) . . . . . . . . . . 
Sodium and Potassium (Na and K) ..... 
Ammonia (NH,) . 
Bicarbonate (HCO,). 
Sulfate (SO,). . . . . . . . . 
Chloride (Cl) 
Fluoride (F) 

Nitrate (NO,) 
Dissolved So1ids 
Suspended Solids 
Hardness (CaC03) 
Alkalinily (Caco,) 
pH, units .... 
Color, units 
Chemical Oxygen Demand (D2) 
Hydrogen Sulfide (H2S) ..... 

Concentration me/I 

85 
15 

220 
85 

230 
40 

480 
900 

1600 
1.2 
8 

3500 
5000 
900 
500 

6.0-9.0 
25 

1000 
20 

ground (9 per cent), and tidewater (38 per cent). The use 
of ground water is being phased out in many locations in 
favor of impounded surface water. The quality character
istics of surface waters treated to produce waters acceptable 
for process use are given in Table Vl-19. 

Processes Utilizing Water 

Of the total water intake to all refineries, 86 per cent is 
used for heat removal by either once-through or recirculat
ing cooling systems, 7 per cent is used for steam generation 
and sanitary purposes, and 7 per cent for processing. The 
water distribution in a hypothetical refinery limited to fresh
water makeup is shown in Figure Vl-2. Here, the distribu
tion is about 56 per cent for cooling, 24 per cent for boilers 
and sanitary purposes, and 20 per cent for processing. These 
values differ from the overall average, because the cooling 
water is circulated. 

Process Water Properties 

Process water used in refineries may be characterized t 
the physical and chemical properties of the water. The rel 
vant properties are described in the following paragrapl 
and in Table Vl-20. 

A. Inorganic salts that cause deposition and corrosic 
can be removed from crude oil by a solvent action. Desai 
ing by intimate contact with water is the preferred metho1 
Oil products are frequently purified by washing with ac 
or caustic solution; diluent water and afterwash water 
used in these processes. Catalytic cracking produces quant 
ties of ammonia and carbon dioxide that form deposi 
unless water is injected into 1he system to keep them in soh 
tion. 

B. To transfer heat in numerous operations, barometr 
condensers are used to create low pressure conditions i 
fractional distillation. Some catalytic processes requi1 
quenching of furnace effluents. Hot water is sometim 
pumped through pipelines to facilitate the transfer of higl 
viscosity petroleum products. 

C. Chemical reactions can occur in process water. \Vhe 
quicklime is used in water f.oftening, water enters into t} 
slaking process. At certain times in platforming, water 
introduced to chemically condition the catalyst. 

D. \Yater used merely as a carrier must be considerec 
such as in the periodic cleaning of the plant or in transpor 
ing solids through pipelines. 

E. Kinetic energy in the form of hydraulically operate 
cutters is used in decoking furnaces and descaling boil< 
tubes. Hydraulically opera1ecl brushes are used to clea 
condenser tubes. 

F. Some processes use me.in" than one of these properti• 
simultaneously; e.g., water can be introduced into fra1 
tionator overhead lines both as a solvent and as a carrie 
Ion exchange backwash also relies on these two properties c 
water. 

TABLE VI-20-Process Water Uses in Oil Refineries 

Washing 
Desalting 

Use 

Barometnc condenser 

Causbc dllutant 
Absorber injection 
Flue Gas quench 
Waler wash after caustic 
Tank ballasl . 
Furnace quench 
Fractionator O.H. injection . 
Pipelines 
Lime slaking 
Ion exchange backwash 

Quantity used gal/bbla 

1.5-6.0 
2.0-8.0 
3.0-6.0 

0.1-U.5 
0.4-1.5 
0.5-2.0 
0.1-ll.4 

0 1-U 3 

3 0-7 0 
0 1-ll 3 

Property (see above) Treatment (see page 387) 

D&E 
A 
a 

A 2 
A 2 

3 
A 2 

A&D 
B&C 

c 
A&D 

Recommendations 

Recyc1ed plant eftluent 1s satisfactory. 
Prec1p1tabon of calcium and magnesium !;alts are undesirable in lh1s process. 
Recycled plant eftluent may be sat1slactory. Caution should be exercised because components in I 

effluent can react with components in lhe gaseous material being condensed. These reactions, 1 

curring in inbmate contact with water, c11n result in the formation of stable emulsions and/or calciu 
soaps, which would require downstream chemical treatment. 

Calcium, magnesmm, carbonate, and bicarbonates are undesirable 
Calcium salts are undesirable. 
Deionized water or steam condensate must be used in this process. 
Calcmm and magnesium salts are undesirable. 
Sea water 1s satisfactory. 
Recycled steam condensate employed lor th11 process. 
Deion11ed water or steam condensate must be employed in this process. 
Raw water supply with Ryznar Index adjusted below 6.0. 
Raw water supply satisfactory. Recycled 1ilant eftluent not sat1slactory. 
Raw water supply or ion exchanged watei', depending upon type ol 1on exchange. 

a Gallons ol water per barrel of crude oil processed. Refinery capacities are in the range ol 20,000to180,00 barrels of crude 011 per day. 



Process Water Treatment 

The treatments of refinery process water before use gen
erally fall into three categories. These are shown below and 
in Table VI-20. 

1. No treatment needed. The dissolved and suspended 
solids are limited only by the restrictions on the plant 

Makeup 
(2300) 

Process 
water 

Tot.ii (850) 
water ~1--~~~~~~~~~--i~ 

(4150) 

Condensate 
return 

Makeup 
{1000) 

(500) 

Evaporation 1 
(1550) 

1 
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effluent. In many instances, the plant waste discharge can 
be recycled. 

2. Some treatment, external or internal, needed. Some 
normal constituents of water undergo physicochemical 
changes, e.g., calcium carbonate is precipitated by heat. 
These must be removed or neutralized. 

t 

3. Complete of removal solids needed. Usually, these 

Figures m l ,OOO's gallons water/day 

Cir cu la ting 
cooling water 

(750) 

Cooling 
tower 

.blowdown 
(750) 

Process water 
to waste 

(850) 

Condensate 
to waste 

(400) 

J Steam lost 
(500) 

Blowdown 
(100) 

Total 
Plant 

Waste 
(2100) 

FIGURE VI-2-Water Distribution in a Hypothetical $55 Million Refinery That Processes 50,000 bbl./Day of Crude (Courtesy 
of Chemical Engineering Magazine) 
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waters are vaporized and any water soluble salts remaining 
are undesirable. These waters may be deionized water or 
steam condensate. 

PRIMARY METALS INDUSTRIES (SIC 33) 

Description of the Industry 

The primary metals industrial group is defined in the 
SIC Manual as those "establishments engaged in the smelt
ing and refining of ferrous and nonferrous metals from ore, 
pig, or scrap; in the rolling, drawing, and alloying of fer
rous and nonferrous metals; in the manufacture of castings, 
forgings, and other basic products of ferrous and nonferrous 
metals; and in the manufacture of nails, spikes, and insu
lated wire and cable. The major group also includes the 
production of coke." (U. S. Executive Office of the Presi
dent, Bureau of the Budget 1967).22 

Process water utilization by the primary metals industry 
as given in the 1967 Census of Manufacturers (Bureau of the 
Census 1971) 5 is summarized in Table VI-21. The produc
tion of iron and steel utilized almost 88 per cent of all pro
cess water used by the industry. For this reason, water 
quality requirements have been included only for this seg
ment of the industry. 

Processes Utilizing Water 

The iron and steel industry as defineq for this report 
includes pig iron production, coke production, steel making, 
rolling operations, and those finishing operations common to 
steel mills, such as coke reduction, tin plating, and galvaniz
ing. Although many steel companies operate mines for ore 
and coal, this Section does not dismiss ore beneficiation 
plants, coal cleaning plants, or fabricating plants for a 
variety of specialty steel products. 

Most of the iron and steel making facilities in the United 
States are centered in integrated plants. These have gen
erally been located in the Midwest and East where major 
water sources are available. A few mills have been built in 
water-short areas because of economic advantages that 
outweighed the increased cost of recirculating water. The 
major processes involved in the manufacture of steel require 
process water, some in several ways. The succeeding para-

TABLE VI-21-Process Water Utilization 

Industry 

Iron and steel producfion 
Iron and steel loundnes 
Copper industry 
Aluminum industry 
All other primary metal industries 

Total process water, primary metals 

Bureau ol the Census 1971 5 

SIC No. 

331 
332 

3331; 3351 
3334; 3352 

33 

Process water used, 1968 
bg. 

1,049 
12 
50 
36 
60 

1,207 

graphs present a brief description of the process and tl 
process use of water. 

The production of coke involves the heating of coal in tr 
absence of air to rid the coal of tar and other volati 
products. Process water is u.sed in the direct cooling of tt 
incandescent coke after removal from the coke oven in 
process called coke quenching. This quenching process 
nothing more than dousing the coke with copious amoun 
of water. 

Pig iron production is accomplished in the blast furnac: 
Process water is used to cool or quench the sla~; when it 
removed from the furnace. The major use of process wat1 
in the blast furnace is for r~as cleaning in wet scrubber 
Steel is manufactured in open hearth or basic oxygen fu 
naces. Process water may be used in gas cleaners for eith1 
of these furnaces. 

The major products of the steel making processes a1 
ingots. Ingots, after temperature conditioning, arc rollt 
into blooms, slabs, or billet~: depending upon the fin. 
product desired. The'e shapes are referred to as semifinishe 
steel. \\Tater is used for cooling and lubricating the roll 
These scmifinishcd product~: are med in finishing mills 1 

produce a variety of product; such as plates, rails, strw 
tural shapes, bars, wire, tubes, and hot strip. Hot strip is 
major product, and the manufacturing process for this ite1 
will be briefly descriL1ed. 

The continuous hot strip miil receives temperature cone! 
tioned slabs from reheating furnaces. Oxide scale is loosene 
from the slabs by mechanical action and removed by hig 
pressure jets of water prior to a rough rolling stand, whic 
produces a section that can be further reduced by the finis! 
ing stand of rollers. A second scale breaker and series 1 
high pressure water sprays precede this stand of rolls i 
which final size reductions are made. Cooling water is use 
after rolling for cooling the strip prior to coiling. Most ho 
rolled strip is pickled by pas,ing the strip through solutim 
of mineral acids and inhibitors The strip is then rinsed wit 
water. 

Much hot-rolled strip is further reduced in thickne:;s int 
cold rolls in which the heat generated by working the met; 
is dissipated by water sprays. Palm oil or synthetic oils ar 
added to the water for lubrication. After cold reduction, tb 
strip is often cleaned by using an alkaline wash and rins( 

Tin plate is made from cold-rolled strip by either a 
electrolytic or hot-dip proce>s, more commonly by tb 
former. The electrolytic proces.; consists of cleaning the stri 
using alkaline cleaners, rinsi,ng with water, light picklin.~ 
rinsing, plating, rinsing, he2 t treating, cooling with wate 
(quenching), drying, and coating with oil. The galvanizin 
or coating of steel strip with various other products is car 
ried out basically by the same general scheme as tinning. 

The volume of water used in the manufacture of steel is 
variable that depends on the quantity and quality of th 
available water supply. The quantity presently being use1 
varies from a minimum of about 1,500 gal/ton of product 



where water is reused intensively, to about 65,000 gal/ton, 
where water is used on only a once-through basis. Both of 
these figures include total water utilized, not just process 
water. These figures contrast the range of water intake be
tween plants in areas having extremely limited water sup
plies and those in areas with almost unlimited water sup

plies. 
Data on the amount of process water required as com

pared with other water uses indicate that only 24 per cent 
of the water taken into a steel plant is termed process water 
(Bureau of the Crnsus 1971)." Representatives of the in
dustry have indicated that process water may account for as 
much as 30 to 40 per cent of the total water intake. 

Recycling of water is receiving much attention from the 
industry as a method to reduce water utilization, reduce 
stream pollution, and minimize the cost of controlling this 
pollution. Although individual plants within the iron and 
steel industry have been practicing reuse of water to varying 
degrees for some years, the major changes arc yet to come. 
According to the 7967 Cmrnr r!f Jfanujarturas (Bureau of the 
Ccnsm 1971 ), ;, the gross water used in the iron and steel 
inclustn (SIC 331) in 1963 was approximately 6,500 billion 
gallons. This gross water usc whcn compared with a water 
intake of about 4,400 billion gallons indicates that 2,100 
billion gallons were reused. This quantity reflects total water 
reuse, not just of process water. The consumption of water 
by the industry amounted to approxirnately 263 billion 
gallons in 1968. (No corresponding calculation can be made 
because no data on process water discharge arc available.) 

Significant Indicators of Water Quality 

The quality of ,urfacc waters that arc being utilized by 
the iron and steel industry varies comidcrably from plant 
to plant. The desired quality of water for various process 

TABLE 22-Quality Requirements of Water at Point of Use 
for the Iron and Steel Industry (SIC 33) 

(Unless otherwise indicated, units are mg· I and values that normally should not be exceeded. Table indicates quality 
of the water prior lo the addition of substances used for internal cond1t1oning.) 

Quenching, Selected rinse waters 
Charatlenst1cs ho\ rolling, Cold rolling 

gas cleaning Partially Softened Demineralized 

---- -- -

Sellleable solids 100 5 0 5 0 0.1 
Suspended solids (a) 10 5 0 0.1 
Dissolved solids (a) (a) (a) 0.5 
Alkalinity (Ca CO,) (h) (h) (h) 0.5 
Hardness (Ca CO,) (h) (h) 100 0.1 
pH, units 5-9 5-9 6-9 (d) 
Chlonde (Cl) (a) (a) (a) 0.1 
Dissolved Oxygen (02) (<) (r) (r) (r) 
Temperalure, F 100 100 100 100 
011 (a) 1.0 1.0 0.02 

a Accepted as received 1f meeting other limiting values: has never been a problem al concentrations encountered. 
b Controlled by treatment for other constituents. 
'Minimum lo maintain aerobic cond1t1ons. 
d Concentration not known. 
ASTM 1970< or Standard Methods 1971'" 
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uses is difficult to define. For a few processes using relatively 
small quantities of water, limits on some constituents are 
known. For most of the process water used, however, only a 
few of the water quality characteristics have been recog
nized as a cause of operational problems. For the other 
characteristics or properties neither the technological nor 
economical limits are known. (However, the quality of the 
water available has been much less important than the 
quantity in dt'termining where a steel mill should be built.) 
Ranges of values for the selected quality characteristics for 
existing supplies are listed in Table VI-22. The water qual
ity indicators that are considered important to the industry 
arc settleable, suspended, and dissolved solids; acidity and 
alkalinity; hardness; pH; chlorides; dissolved oxygen; 
temperature; oil; and floating materials. 

Water Treatment Processes 

Most integrated steel plants have two or more process 
water systems. One system is the general plant water supply. 
It receives only mechanical skimming and straining for 
control of floating and suspended materials that could harm 
pumps and possibly internal conditioning. This water is 
used for such diverse tasks as coke quenching, slag quench
ing, gas cleaning, and in the hot-rolling operations. For 
some of these operations, many mills use effluent from 
another process or recycle water in the same process, and 
the water might actually be of very poor quality. However, 
the only limits for these process uses which could be estab
lished based on present knowledge are those listed in 
Table VI-22. The other process waters used by the steel 
industry comprise only 2 to 5 per cent of the total volume 
but often require considerably improved quality. 

Almost universally, one of these two improved supplies is 
clarified while the second is, in addition, either softened or 
dcmineralized. The clarified water is usually a coagulated, 
settled, and filtered supply that is either treated by the steel 
company or purchased from a municipality. The use for 
this water is mainly in the cold-rolling or reduction mill 
where surface properties of the product arc particularly 
important. 

The softened or dcmincralized water is required for rinse 
waters following some pickling and cleansing operations. 
The more particular processes from a water quality point of 
view are the coating operations, such as tin plating, gal
vanizing, and organic coating. Some plants use softened 
and others demineralizcd water for identical purposes. The 
quality limits desired for these two types of water, softened 
and demineralized, arc given in Table VI-22. 

FOOD CANNING INDUSTRY (SIC 2032 AND 2033) 

Description of the Industry 

The U. S. canning industry is comprised of about 1,700 
canneries. These plants produce some 1,400 canned food 
items such as fruits, vegetables, juices, juice drinks, seafoods, 
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meats, soups, and specialty products. In 1970, canned foods 
amounted to about 28 billion pounds packed in 938 million 
standard cases. The quantities of the major products are: 
vegetables, 294 million cases; fruits, 153 million cases; juices, 
130 million cases; fish, 26 million cases. 

Processes Utilizing Water 

One of the most important operations in commercial 
canning is thorough cleaning of the raw foods. The pro
cedures of cleaning vary with the nature of the food, but all 
raw foods must be freed of adhering soil, dried juices, in
sects, and chemical residues. This is accomplished by sub
jecting the raw foods to high-pressure water sprays while 
being conveyed on moving belts or passed through revolv
ing screens. The wash water may be fresh or reclaimed from 
an in-plant operation, but it must contain no chemicals or 
other materials in concentrations that adversely affect the 
quality or wholesomeness of the food product. 

Washed raw products are transported to and from the 
various operations by means of belts, flumes, and pumping 
systems. These involve major uses of water. Although the 
freshwater makeup must be of potable quality, recirculation 
is practiced to reduce water intake. Chlorination is used to 
maintain recycled waters in a sanitary condition. 

Another major use of water is for rinsing chemically 
peeled fruits and vegetables to remove excess peel and caus
tic residue. Water of potable quality must be used in the 
final rinsing operation. 

Green vegetables are immersed in hot water, exposed to 
live steam or other sources of heat to inactivate enzymes 
and to wilt leafy vegetables, thus facilitating their filling 
into cans or jars. Blanching waters are recirculated, but 
makeup waters must be of potable quality. Steam genera
tion, representing about 15 per cent of water intake, when 
used for blancing or injection into the product must be pro
duced from potable waters free of volatile or toxic com
pounds. Syrup, brine, or water used as a packing medium 
must be of high quality and free of chlorine. 

After heat processing, the cans or jars are cooled with 
large volumes of water. This water must be chlorinated to 
prevent spoilage of the canned foods by microorganisms in 
case cooling water is aspirated during formation of a vacuum 
in the can. 

Figure VI-3 shows a flow sheet of the various uses of 
water and origin of waste streams. 

Most fruit and vegetable canning, as opposed to canning 
of specialty products, is highly seasonal. The demand for 
water may vary 100-fold throughout the months of the 
year. The water-demand variation may be severalfold 
even for plants that pack substantial quantities of non
seasonal items. 

The gross quantities of water used per ton of product 
vary widely among products, among canneries, and during 
years in the same cannery. The proportion of gross water 
supplied by recirculation has increased over the years, and 

Water 
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tratin1~ 
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Fluming 

' Liquid Waste 

Solid 
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FIGURE VI-3-Uses of Wal'er in Food Canning Industry 



TABLE VI-23-Gross Water Intake (annual use over 20 mg) 
for Canning Plants 

Item Water quantity (bgy) Percent of intake quanbty 

Intake 59 100 
Reuse 35 59 
Consumption 6 10 
Discharge 53 90 

the trend is expected to continue. A tendency has been 
noted to use more water per ton of product as the proportion 
of recirculated water increases. New methods of processing 
are being evaluated that will reduce the amount of water 
being used for a given operation and will discharge less 
organic matter into the wastewater. The trend toward more 
recirculation of water will continue to increase. As recircu
lation increases, methods will be employed to improve the 
quality of the recirculated water and to reduce the amount 
of fresh water added to the system. Unfortunately, the 
maximum use of reclaimed water is hindered by specific 
federal and state regulations originally adopted for other 
guiding principles that do not now necessarily apply. 

The same problem occurs with water conservation, 
whereby regulations in certain instances demand fixed 
volumes of water use that, because of process and equip
ment changes, are no longer necessary. 

Table VI-23, gives the rate of gross water intake as based 
on the 7967 Census of Manefacturers (Bureau of the Census 
1971) 5 for canning plants. 

A breakdown of the quantities and percentages of the 
total water used in the various process operations based on 
data from the National Canners Association is as follows, 
Table VI-24. 

TABLE VI-24-Total Water Use in Canning Plants 

In-plant use 

Raw product washing . 
Product transporta 
Product preparabonb 
tncorporabon in product' 
Steam and water sterilization of containers 
Container cooling 
Plant cleanup 

a Flum1 ng and pumpin1 of raw product. 
' Blanching, heating, and soaking of product. 

Water quantity (bgy) 

J4. J 
9.4 
9.4 
5.6 

J4.1 
33.9 
7.5 

'Preparabon of syrups and brines that enter the container. 

Significant Indicators of Water Quality 

Percent of total use 

JS 
JO 
10 
6 

J5 
36 

Of the 48 billion gallons of water intake for canned and 
cured seafoods and canned fruits and vegetables 24 billion 
gallons were drawn from public surface water supplies and 
more than 20 billion gallons from groundwater sources. 
Approximately 4 billion gallons came from private surface 
water supplies. 
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The quality of raw waters for use in the food canning 
industry should be that prescribed in Section II on Pubiic 
Water Supplies in this Report. 

Table Vl-25 has been prepared to indicate the quality 
characteristics of raw waters that are now being treated for 
use as process waters in food canning plants. The values 
given are not intended to imply that better quality waters 
are not desirable or that poorer quality waters could not be 
used in specific cases. Significant water quality require
ments for water at point of use are given in Table VI-26. 

Although the quality characteristics indicated in Table 
VI-26 may be desirable, it is recognized that many sources 
of water supplies contain chemicals and other materials in 
excess of the indicated levels, but with advance treatment 
these waters may also provide any quality desired at a price. 

If the water needs of the nation are projected into the 
future, the time may come when a completely closed-cycle 
system will be required in some areas. This means that the 
waste effluent from a food plant may have to be treated to 
achieve a high quality water for reuse. 

Water Treatment Processes 

Surface waters used by the food canning industry require 
treatment before use as process waters. Usually, this treat
ment involves coagulation, sedimentation, filtration, and 
disinfection. More extensive treatment may be required for 
those waters incorporated in the product. 

Container cooling waters are routinely treated by heavy 
chlorination to render them free of significant types of bac-

TABLE VI-25-Quality Characteristics of Surface Waters That 
Have Been Used by the Food Canning Industry 

(Unless otherwise indicated, units are fllt/J and Yatues are maximums.) 

Alkalinity (Caco,) 
pH, units 
Hardness (CaCO,) 
Calcium (Ca) 
Chlorides (Cl) 
Su I fates (SO,) 
Iron (Fe) 
Manganese (Mn) 
Silica (S102) d1ssolYBd 
Phenols 
Nitrate (NO,) 
Nitrite (N02) 

Characteristic 

Fluoride (F) 
Organics: carbon chloroform extract 
Chemica I oxygen demand (02) 
Odor, threshold number 
Taste, threshold number 
Color, units 
Dissolved solids 
Suspended solids 
Coliform, count/JOO ml 

Concentration mg/I 

300 
8.5 

3JO 
J20 
300 
250 

0.4 
0.2 

50 
(a) 

45 
(c) 

(a) 
0.3 

(b) 
(a) 
(a) 

5 
550 
12 
(a) 

• As specified in Water Quafity Recommendations for Pubfic Water Supply in this Report 
b Accepted as received (1f meetin1 other limiting values); has never been a problem at concentrations 1ncounllrtd 
' Not detectable by test. 
ASTM J970• or Standard Methods 1971.1• 
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TABLE VI-26-Quality Requirements of Water at Point of 
Use by the Canned, Dried, and Frozen Fruits and 

Vegetables Industry 

(Unless otherwise indicated, units are mg 11 and values that normally should not be exceeded. The Table indicates 
quality of water prior to the addition of substances used for internal cond1t1oning.) 

Ac1d1ty (H2SO,) 
Alkahnity (CaCO,) 
pH, units 
Hardness (Ca CO,) 
Calcrnm (Ca) 
Chlorides (Cl) 
Sulfates (SO,) 
Iron (Fe) 
Manganese (Mn) 
Chlorine (Cl) 
Fluorides (F) 
Silica (Si02) 
Phenols 
Nitrates (NO,) 
Nitrites (N02) 
Organics: 

Characteristic 

Carbon tetrachloride extractables 
Odor, threshold number 
Tast~. threshold number 
Turbidity 
Color, units 

Dissolved sohds 
Suspended sohds 
Cohform, counl/100 ml 
Total bacteria, counl/100 ml 

Canned spec1alt1es (SIC 2032) 
Canned fruits and vegetables (SIC 2033) 
Dried fruits and vegetables (SIC 2032) 

Frozen lruits and vegetables (SIC 2037) 
mg/I 

250 
6.5-8. 5 
250 
100 
250 
250 

0.2 
0.2 
(a) 

1 (b) 
50 
(3, 4) 
10 (b) 
(c) 

0.2 (e) 

(c) 
(c) 

(/) 
5 

500 
10 
(f) 
(~) 

a Process waters for food canning are purposely chlorinated to a selected, uniform level. An unchlorinated supplY 
must be available for preparation of canning syrups. 

' Waters used in the processing and formulation of foods for babies should be low in fluorides concentration. Be
cause high nitrate intake is alleged lo be involved in infant illnesses, the concentration of nitrates in waters used for 
processing baby foods should be low. 

' Not detectable by test. 
d Because chlorination of food processing waters is a desirable and widespread practice, the phenol content of 

intake waters must be considered. Phenol and chlonne in water can react to form chlorophenol, which even in trace 
amounts can impart a medicinal on-flavor to foods. 

•Maximum permissible concentration may be lower depending on type of substance and its enect on odor and 
taste. 

J As required by U.S. Department of Kealth, Education, and Welfare, Public Keallh Sen ice (t962"). 
a The total bacterial count must be considered as a quality requirement for waters used in certain food Pfocessing 

operations. other than aesthetic considerabons, high bacterial concentration in waters coming in contact with frozen 
foods may significantly increase the count per gram for the food. Waters used to cool heat-sterilized cans or jars of 
food must be low in total count for bacteria to prevent serious spoilage due lo aspiration of organisms through con· 
tainer seams. Chlorination is widely practiced lo assure low bacterial counts on container cooling waters. 

ASTM 1970• or Standard Methods 1971" 

teria. Waters used for washing and transporting raw foods 
are generally chlorinated, particularly if all or a portion 
of the water is recirculated. In some cases, waters in which 
vegetables are blanched may require treatment to reduce 
hardness. 

BOTTLED AND CANNED SOFT DRINKS (SIC 2086) 

Description of the Industry 

Since 1954 there has been a marked reduction in the 
number of plants producing soft drinks-from 5,469 in 
1954 with a production of 1, 176,674,000 cases to 3,230 in 
1969 with a production of 2,913,110,000 cases (National 

Soft Drink Association).* It is obvious that numerous sma 
plants have been discontinued as producing units. This tren 
continues. 

Processes Utilizing Water 

In the production of soft drinks, water is used not only i 
the finished product itself but also for washing container 
cleaning production equipment, cooling refrigeration an 
air compressors, plant clean-up, truck washing, sanitar 
purposes (restrooms and showers), lawn watering, lov 
pressure heating boilers, and air conditioning. 

Estimates of the total water quantities utilized in the so 
drink industry for all purposes are: intake, approximate] 
18 bgy; recycle, 4 bgy; consumption, 4 bgy; and discharg1 
14 bgy (Bureau of the Census 1971). 5 

The figure of 18 bgy intake is based upon production < 

2.9 billion cases per year and an average of 6 gallons < 

water used per case by the 130 largest plants surveyed th< 
represent only 5 per cent of 1 he plants in the industry. (Tb 
figure of 6 gallons per case is based on the limited data no' 
available.) 

The 7967 Census of Manufallurers lists the gross water usag 
in 1968, including recycle, a~ 9 billion gallons and tot< 
water intake as 8 billion gallons (Bureau of the Censt 
1971). 5 The reuse of water within the industry has for som 
years increased and is still increasing as the older an 
smaller plants are replaced by new and larger plants the 
use recirculating rather than once-through cooling watc 
equipment, modern bottle washers that use less water pe 
case than older equipment and other devices. The increase' 
use of nonreturnable containers in recent years has resulte1 
in lower quantities of water used for bottle washing. 

The consumption figure of 4 billion gallons is based upo 
the water content of the total quantity of beverage pre 
duced in 1968. 

The discharge figure of 14 billion gallons is the differenc 
between the estimated 18 billion gallons of intake and th 
4 billion gallons of product water. 

Significant Indicators of Wat·er Quality 

Water that is mixed with flavoring materials to produc 
the final product must be potable. Likewise, potable wate 
is needed for washing fillers, syrup lines, and other produc 
handling equipment. The water used for washing produc 
containers must also be potable. Although other wate 
uses do not require potability, it has not been customary tc 
use nonpotable water for any purpose in a soft drink plant 

The water that becomes a part of the final product mus 
not only be potable, but must also contain no substance 
that will alter the taste, appearance, or shelflife of the bever 
age (Table VI-27). Because beverages are made from man~ 

* A case is defined as 24 bottles each containing 8 ounces of beverage 
In the above figures, bottles larger or smaller than 8 ounces have beer 
converted to 8 ounce equivalents. 



TABLE VI-27-Quality Requirements of Water at Point of 
Use by the Soft Drink Industry (SIC 2086)• 

(Unless otherw1Se indicated, units are mg/I and values that normally should not be exceeded. The Table indicates 
the quality of water prior to the add1t1on of substances used for internal cond1t1oning.) 

Alkalinity (CaCQ3) 
pH, units 
Hardness (Caco,) 
Chlorides (Cl) 
Sulfates ( S<h) 
Iron (Fe) 
Manganese (Mn) 
Fluoride (F) 
Total d1Ssolved solids 
Organics, CCE 
Coliform ha .teria 
Color, units 
Taste 
Odor 

Characteristic Concentration mg/I 

85 
(h) 

(b) 
500 (c) 

500 (r) 
0.3 
0.05 
(d) 
(h) 

0.2 (r) 
(d) 

5 
(r, f) 
(r, f) 

a The more important parameters are l1Sted. Although not included in the table, all Drinking Water Standards 
(U.S. Department of Health, Education, and Welfare, Public Health Service 1962)" for potability apply. 

6 Controlled by treatment for other constituents. 
If present with equivalent quantities of Mg and Ca as sulfates and chlorides, the permissible limit may be some· 

what below 500 mg/I. 
a Not greater than PHS Drinking Water Standards (1962)'0. 
•In general, public water supplies are coagulated, chlorinated, and filtered through sand and granular activated 

carbon to insure very low organic content and freedom from taste and odor. 
1 Not detectable by test. 
ASTM 19704 or Standard Methods 19J1l'. 

different syrup bases, however, the concentration and type 
of substances that affect taste, or other characteristics, are 
not th<? same for all beverages. For this r<?ason, a single 
standard cannot apply to all types of soft' drinks. 

The majority of plants use only water from a public sup
ply. Some use water from private wells. None use water 
directly from surface sources. The quality characteristics 
for intake water are essentially the same as requirements for 
potable water. 

Water Treatment Processes 

There are few, if any, public water supplies that are 
suitable as product water without some in-plant processing. 
Almost I 00 per cent of the bottling plants have as minimum 
treatm<?nt sand filtration and activated carbon purification. 
About 80 per cent of the plants also coagulate and super
chlorinate the water preceding sand filtration and carbon 
purification. When the total alkalinity of the intake water is 
too high, lime is used to precipitate the alkaline salts. 

There are very few bottling plants whose intake water is 
so highly mineralized that the brackish taste affects soft 
drinks. Among the reasons are the facts that flavoring com
ponents in soft drinks mask the taste of many brackish 
waters without altering the taste of the drink and that 
towns with highly mineralized water supplies are either 
avoided as locations for bottling plants or suitable private 
supplies are used. 

Uniformity of water composition is most desirable. Con
trol of in-plant processing is difficult when the composition 
of the water varies from day to day. Surface waters that are 
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subject to heavy biological growths or heavy pollution from 
organic chemicals are also difficult to process. 

Except for process water, most public water supplies arc 
suitable for all other usages without external treatm<?nt. 
Occasionally, cation exchangers are used to soften water 
for bottle washing, cooling, and boiler feed water, but in
ternal conditioning is used in most plants for scale and 
corrosion control. 

TANNING INDUSTRY (SIC 3111) 

Description of the Industry 

The leather tanning industry is many industries, as each 
type of leather constitutes a diff<?rent process. Basically, 
there are only three or four types of tannage (vegetable, 
mineral, combination of vegetable-mineral, and synthetics) 
but many finishing processes. 

Processes Utilizing Water 

\ \' ater is used in all processes of storage, sorting, trim
ming, soaking, green fleshing, unhairing, neutralizing, 
pickling, tanning, retanning, fat-liquoring, drying, and 
finishing of the hides. It is an essential factor in each 
process. The chemical composition of the water is considered 
critical in obtaining the desired quality of leather. There is 
limited reuse of process water in the tanning industry. 

Data on water utilization by the leather tanning and 
finishing industry as reported in the 7967 Census of Manu
facturers (Bureau of the Census 1971) 5 includes 14.8 bgy 
intake, 3. 7 bgy reuse and recirculation, and 0.8 bgy con
sumption. 

TABLE VI-28-Quality Requirements of Water at Point of 
Use by Leather Tanning and Finishing Industry 

(SIC 3111) 

(Unless otherw1Se indicated, units are mg/1 and values that normally should not be exceeded. Table indicates 
the quality of water pnor to addition of substances used for internal conditioning.) 

Characteristic Tanning processes General finishing Coloring 
processes 

·--- ·--- -----

Alkalinily (CaCQ3) (a) (a) (a) 

pH, units 6.0-8.0 6.0-8.0 6.0-8.0 
Hardness (CaCQ3) 150 (h) (c,d) 

Calcium (Ca) .. 60 (b) (c, d) 

Chloride (Cl) 250 250 (r) 

Sulfate (SO,) 250 250 (e) 

Iron (Fe) 50 0.3 0.1 
Manganese (Mn) (e) 0.2 0.01 
Organics· carbon chloroform extract .. (e) 0.2 (c) 

Color, units 5 5 5 
Cohform bacteria (f) (j) (e) 

Turb1d1ty (c) (c) (c) 

a Accepted as received (11 meetin1 other l11ted limiting values); has never been a problem at concentrations 
encountered. 

' lime softened. 
' Nol detectable by test 
a Demineralized or d1Sl1lled water. 
• Concenlrat1on not known at which problems occur. 
t PHS Drinking Water Standards (1962).2• 

ASTM 1970' or Standard Methods 1971" 
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Significant Indicators of Water Quality 

The chemical composition of the water is important m 
producing high-quality leather. For some processes, such as 
the finishing of leather, distilled or demineralized water is 
best. The microbiological content of the water is equally im
portant, but this can be controlled by use of disinfectants. 
The quality requirements at point of use are shown in Table 
VI-28. 

Water Treatment Processes 

Most tanning and leather product industries are located 
in urban areas and use public water supplies or ground 
water. A few tanneries use surface supplies, usually chlori
nated. They may also need additional treatment such as 
clarification, and iron and manganese removal. 

A limited volume of water, whether from the public 
water supply or company-owned systems, may be softened, 
distilled, or demineralized. 

MINING AND CEMENT INDUSTRIES (SIC 10) 

Mining 

Description of the Industry Industrial usage of the 
term mining is broad and includes mining operations and 
quarrying; extraction of minerals, petroleum, and natural 
gas; well operations and milling (e.g., crushing, screening, 
washing, froth flotation); and other processing used to 
render minerals marketable. 

Processes Utilizing Water Mining operations are 
numerous, and many of them involve the use of water. 
However, the amount of water used is often relatively small, 
or its use is simply that of providing a suspending medium 
(as in coal washing) with minimal requirements of water 
quality. The principal consideration in these operations i.s 
that water acidity be relatively low so that corrosion of 
equipment is kept to a minimum. 

On the other hand, a number of the operations involved 
in this general category require the use of large quantities of 
water with certain quality requirements relating to im
purity, type, and level. These operations are froth flotation, 
mine clump leaching, and secondary oil recovery. With re
gard to froth flotation, an operation extensively used to re·
cover valuable minerals from low-grade ores, large ton
nages of material are processed each clay. For example, in 
one large plant, 100,000 tons of copper ore per day are 
treated for recovery of copper sulfide. Generally, flotation is 
carried out at approximately 25 per cent solids by weight, 
and freshwater makeup constitutes about 25 per cent of the 
total water requirement. In such systems, water is normally 
recycled so that the impurity level of both inorganic and 
organic constituents builds up with repeated reuse. It is not 
possible to list maximal limits of impurity levels for such 
waters, but the levels found in the processing water of one 
operating plant (i.e., a copper sulfide concentrator) are 

TABLE Vl-29-Analysis of 'Typical Freshwater Makeup a 
Process Water for a Copper Sulfide Concentrator 

Water type 
H 

Freshwater makeup 100 
Process water 1530 

Ca 

81 
1510 

M 

104 
415 

Constituent (mg/I) 

0 

345 

so, 

18 
1634 

Cl 

12 

TDS 

140 
2100 

pH 

8. 
11. 

a H is total hardness expressed as Caco,; Ca is total calcium hardness expressed as caco,; M IS total alkal 
expressed as CaCO,; 0 is total hydrate expressed as CaCO,; so, is total sulfate; Cl is total chloride; TDS is 
dissolved solids. 

listed in Table VI-29. Also listed is the analysis of the fre~ 
water makeup that i> added to the recycled water. This co 
bination provides the total process water used for this pla 

This fresh water is excellent for flotation. The actl 
process water used can probably be best described as o 
bordering on being problematic. The high Ca++- concent1 
tion together with the high content of hydroxides of hea 
metals (column 0) place this water in this category. 

Another process that is used extensively in the industry 
the leaching of mine waste for recovery of copper. Lar 
quantities of leach solution--approximately 225 milli 
gallons per day--are added to properties located in ti 
country. Most of the properties are located in arid are. 
so that water reuse is mandatory. Solutions returned to t 

mine dumps for leaching have been subjected to treatme 
for copper recovery by replacement with metallic iron a1 
then to further treatment to set the level of iron in solutic 
The analysis of a typical leach solution is presented 
Table VI-30. Of these species, the amount of ferric ion 
perhaps the most critical, in that if the concentration is t, 
high, precipitation of basic iron sulfate occurs within t 
dump and renders the dump impermeable to solution flo 
In this regard it is also important that there be no conce 
tration of suspended solids in such leach solutions as th 
too render the dump impermeable to flow of solution. As 
result, these solutions are ftltered prior to introduction 
the mine dump. 

Secondary oil recovery has assumed great importance 
the oil industry. One of the techniques used in recoveri1 
oil is water flooding of a formation. With this techniq1 
water is pumped into a formation under high pressure, and 
mixture of water and oil i:; then recovered from anoth 
well drilled into the formation. Such a process requir 

TABLE VI-JO-Typical Analysis of Leach Solution in Durr 
Leaching of Copper 

Constituent 

At+++ ..... . 
Mg++ .. . 
fe++ 
fa+++ .... 
so.-.. .. . ..... . 
pH ........................ .. 

Concentration (mg/I) 

12,000 
12,000 
6,000 
6,000 

64,000 
3-3.5 



careful consideration of a number of factors, including 
permeability of the rock of which the formation is composed; 
type and amount of clay in the rock; ionic composition of 
the connate water; and composition, solids, and bacterial 
content of the water injected into the formation. If the clay 
content of the host rock is of a bentonitic nature (i.e., a 
swelling type clay, which when used with fresh water is not 
in equilibrium with the ions contained in the connate water), 
the clay will swell and render the formation impermeable to 
water fl.ow. An effective means of obviating this is to re
inject the same water, filtered of solids, into the formation. 
Another means is to keep the salt content of the water high. 

Stabilization of the water exiting from the formation 
must be considered, because gases such as carbon dioxide, 
sulfur dioxide, and hydrogen sulfide are released from the 
water. If these gases are not added to the water prior to re
injection into the formation, the water will not be in equilib
rium with the connate water, salts, and rock of the forma
tion. Precipitation of compounds may result, and permeabil
ity will be altered. 

\\Taters that are conveniently available are used for 
water injection. In addition to formation and surface 
waters, sea water is often used. The composition of sea water 
and a water from a sand formation are listed in Table Vl-31. 

Anaerobic bacteria are also a problem in water flooding, 
since they are capable of producing such compounds as 
hydrogen sulfide in the water. Effective bactericides are 
available to control this potential problem. 

The quantity of water used in water flooding depends on 
the production of the well involved. A commonly added 
quantity would be 400 to 500 barrels per day, which is 
equivalent to 16,800 to 21,000 gallons per day. In view of 
all of the secondary oil production using this technique, 
then, extremely large quantities of water are involved. For 
example, in 1960 approximately 634 million barrels of oil 
were produced by injection techniques in California, Illi
nois, Louisiana, Oklahoma, Texas, and Wyoming (Ostroff 
1965).15 
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TABLE Vl-31-Composition of Sea Water and a Formation 
Water Expressed as mg/I. 

Consbtuent Sea water Marginuia sand (la.) 

co,~ ... 
HCO,-. 142 281 
sor. 2,560 42 
c1- 18,980 72. 782 
ca++ . 400 2. 727 
Mg++ 1,272 655 
Na++K+ 10,840 42,000 
Fe (total) 0.02 13 
ea++ . 24 
TDS .. 34, 292 118,524 
pH ,,5 

Ostroff 1965" 

Cement 

The manufacture of cement involves combining lime
stone with silica sand, alumina, and iron oxide, crushing 
and grinding this mixture, burning at high temperature, 
cooling, and regrinding clinker to fine size. If water is used 
at all, it is used in the initial grinding step. In terms of 
water consumed, approximately 200 gallons are used per 
ton of finished cement. 

Because of the high temperatures used in the burning 
process (approximately 2500 F), water quality requirements 
are minimal. The alkali content of the process water can be 
a problem, however, if it is present in relatively high con
centration, because the alkali oxides are volatilized and 
condensed on the fine particulate matter produced during 
the burning process. If the amount of oxide is relatively 
high, oxide will build up as the fine particulate matter is 
recycled to the kiln. Alkali oxide may be removed from the 
fine particulate matter by water leaching, but this practice 
results in the problem of disposing of water very high in 
alkali salts. Even if water leaching is not used, the problem 
of disposing of the oxide-bearing particulate matter also 
exists. 
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QUANTIFYING AESTHETIC AND RECREATIONAL VALUES ASSOCIATED 
WITH WATER QUALITY 

Provisions of the Wild and Scenic Rivers Act (U. S. 
Congress 1968), 13 The National Environmental Policy Act 
(U.S. Congress l 970a),14 and the Flood Control Act, Sec
tion 209 (U.S. Congress 1970b), 15 have added impetus to 
the need for quantification of aesthetic and recreational 
values associated with water quality. 

Evaluation Techniques 

The two techniques necessary to assess total aesthetic and 
recreational values are (a) monetary benefit evaluations, 
and (b) nonmonetary benefit evaluations. 

A1onrtary brrzefit evaluations usually start by determining 
costs of visiting a site from various distances and adopt a 
weighted average based on calculations of individual costs 
to visit a particular site from various zones and the number 
of visitors from each zone. The representative unit cost is 
then multiplied by the total number of expected visitors 
(the demand) to determine the total minimum benefit. (Sec 
Hotelling (1949), 5 Trice and Wood (1958), 12 Clawson 
( 1959),2 and Knetsch (1963). 6) Another procedure for 
imputing dollar values to benefits is to presume that 
benefits are equal to foregone costs of doing the same thing 
auother way. Frankel (1965) 4 showed that the cost of down
stream removal of coliforms at a water treatment plant was 
less than the upstream cost of disinfection at a waste water 
treatment plant. The conclusion to be drawn was that the 
benefits of chlorination at the particular waste water treat
ment plant were not equal to the costs saved downstream, 
and hence the practice could be discontinued at the waste 
water treatment plant. 

Nonmonetary benefit evaluations attempt to attach quantita
tive scales in terms of dollars and dimensionless scores to 
nonmonetary recreational and aesthetic values. These at
tempts fall into three categories. 

1 Waste treatment evaluation techniques Son
nen (1967) 11 devised a scheme of multipliers ranging from 0 
to about 10 that, when multiplied by the identifiable mone
tary benefits of waste treatment, yielded an estimate of in
tangible benefits. The value of the multipliers was a function 
of: (a) the downstream users' local, regional, or national 
scope; (b) the private or public affiliation of the downstream 
users; (c) the number of people involved in each downstream 

use; and (cl) the relative importance of each constituent in 
the waste that might influence the enjoyment or use of the 
water. Only the subfactor for constituent influence was re
calculated for each constituent to be partially removed by 
the alternative treatment processes under consideration. The 
objective was a benefit-cost analysis of waste treatment al
ternatives with intangible benefits given quantitative 
weight. It was shown in a hypothetical stream discharge 
case that net benefits calculated with monetary benefits 
alone were maximized by a less complete removal process 
than was optimal when nonmonetary benefits were included 
in the analysis. Partial removals of 27 constituents to serve 
five downstream users, including recreational and aesthetic 

use, were evaluated. 
Water Resources Engineers, Inc. (1968) 16 modified this 

procedure to evaluate alternatives for: ( 1) wastewater 
reclamation to protect current recreation benefits and to 
provide more; and (2) protection of a particular water to 
levels (of coliforms) suitable for harvesting shellfish while 
other competing uses of the water predominated (WRE 
1969).17 Ralph Stone and Co. (1969), 10 in assessing the 
value of cleaning up San Diego Bay, asked 27 knowledgeable 
people to rank the Bay's 12 possible uses, giving weights 
from 1 to 10 to both the economic value and the social 
value of each use to the community as the interviewee 
perceived that value. In both the economic and the social 
value responses, tourism, fishing, marina activities, and park 
and recreation use ranked highest while industrial activity 
rated low, and waste disposal rated last in both responses. 

2 Water Resource Project Recreation Evalu
ation WRE (1970) 18 devised two methods for evaluating 
intangible benefits as functions of the monetary benefits 
identified: a "benefits foregone-subjective decision" 
method, and a "nonmonetary expression of benefits" 
method. In the former the intangible benefits associated 
with wild, undeveloped streams are presumed to be equal 
to the foregone monetary benefits that would accrue to other 
users if the streams were fully developed. In the latter in
tangible, aesthetic benefits are presumed to be estimable 
fractions of the identifiable monetary benefits. These two 
WRE methods have been demonstrated for both a wild 
river area and a developed stream in the Pacific Northwest. 
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3 Ecological Impact Analysis Six notable studies 
in recent years derived evaluation methods that require 
ranking sites on various scales, with constant upper and 
lower limits. (!) Whitman (1968) 19 developed a rating 
scheme for streams in urban areas based on seven factors 
related to the environment: three factors are assigned 20 
per cent relative weights, and four 10 per cent relative 
weights. Each stream is to be given a rating from 0 to the 
upper limit for each factor on the basis of how uniquely 
each or" the subjective criteria is satisfied. (2) Dearinger 
( 1968) 3 developed weighted ratings for subfactors encom
passing a range of environmental characteristics including 
climate, scenery, hydrology, user characteristics, and water 
quality. (3) Leopold (1969) 7 ranked scenic values by placing 
each stream in categories that measure the site's uniqueness 
with respect to all others evaluated. His three major cate
gories embraced physical factors, biological and water 
quality factors, and human use and interest factors. No 
superior-inferior ranking was implied for any category. 

(4) Morisawa and Murie (1969) 9 presented a 1 to 10 
value-rating scale to apply quantitative weight to otherwise 
subjective stream characteristics, placing major emphasis 
on total dissolved solids content and sediment load with 
respect to water quality. (5) Leopold et al. (1971) 8 devised 
a 3' X3' score sheet on which 86 "existing characteristics 
and conditions of the environment" are scored according to 
how they will be affected by any of 98 possible "actions 
which may cause environmental impact." Of the 86 charac
teristics, water quality was only one, although, temperature 
was given a row of its own too. Unfortunately, no explicit 
score is given to the goodness or badness of the scores, and 
much subjective decision-making remains after these analy
ses have contributed what objectivity they can. (6) Battelle
Columbus ( 1971) 1 desired a hierarchical arrangement of 
critical environmental quality characteristics arranged in 
four major categories: ecology, environmental pollution, 
aesthetics, and human interest. The system measure;; en
vironmental impacts m environmental qualitv units 
(EQU); each analysis produces a total score in EQU based 
on the magnitude of specific environmental impacts ex
pressed by the relative importance of various quality char
acteristics as prescribed by a predetermined weighting and 
ranking scheme. 

Current Least-Cost Evaluations 

The economic objective for water-quality-oriented pro
jects, such as water and waste treatment plants, has been 
to meet stipulated water quality standards or criteria at 
least cost. However, least-cost analysis, which is important 
and proper at the design stage, has entered water quality 
management evaluations too soon on most occasions. The 
hasty assumptions are made that ( 1) certain uses are to be 
provided or protected, and (2) water quality criteria to pro
tect those uses are absolutely correct both with respect to 
constituents named and concentrations assigned. But 

caveats by the experts throughout this book about lack of 
scientific evidence to support meaningful criteria attest to 
the fallacy of these assumptions. Clearly if some prior 
analysis, such as a benefit-cmt analysis including aesthetic 
values, could demonstrate that secondary treatment of 
wastes would provide adequate protection of the most 
justifiable mix of downstream mes in a specific set of circum
stances, then least-cost analysis would be the proper tool to 
determine the cheapest secondary treatment process to 
install. Unfortunately, the biggest stumbling block to this 
more nearly ideal sequence of analyses has been the lack of 
procedures for quantifring all the relevant values discussed 
above, including both monetary and nonmonetary ones. 
But it should be recognized that least-cost analysis is prop
erly applied only after the uses to be protected and the 
quality criteria to protect them have been determined 
through prior evaluation. 

Special Evaluation Problems 

There are problems that have not yet been addressed by 
researchers. 

• The perception of median value by the average 
person enjoying himself or his surroundings has not 
been normalized. The average recreator is not aware 
of his environment in terms of the silt load or coli
form organism measure> that the scientists use to 
characterize the environment. 

• A related problem is that of vicarious pleasure and 
its benefit to society as a whole. 

• There is no method available that defines absolute 
and relative uniqucnecs. Methods that rank relative 
uniqueness on scales of l to 10 do not answer the 
optimal questions of water resource use, and methods 
like WRE's (1970) 18 cannot claim validity for more 
that comparative evaluations of projects within a 
single river basin. 

• There is no <;ingle, meaningful measure of water 
quality that can be related to the costs of attaining 
it and the benefits stemming from it. In his study of 
waste treatment alternatives, Sonnen ( 1967) 11 was 
unsuccessful at separating the benefits that over
lapped from removal of one constituent and were 
undoubtedly counted again in assessing the benefit< 
of removal of others. 

• The quantification of aesthetic and recreational 
values associated with marine and estuarine waters 
demands particular at1:ention. 

Further research must attempt to determine the levels of 
each constituent that enhance, preserve, reduce, or elimi
nate use of water. \Vith these quality-use spectra, sociolo
gists, psychologists, economists, engineers, and politicians 
will eventually be able to characterize objectively the aver-
age, normative response of the populace to the environment 
and to deduce the values and relative values people wish to 
place on the conditions to be found there. 
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APPENDIX II-A 

MIXING ZONES 

A. Mathematical Model References 

Mathematical models based, in part, on the considera
tions delineated in General Physical Consideration of 
Mixing Zones are available for prediction of heated-water 
discharge from power plants into large lakes (Wada, 1966; 32 

Carter, 1969 ;6 Edinger and Polk 1969, 10 Sundaram et al. 
1969, 3° Csanady, 1970, 7 Motz and Benedict 1970,22 Pritch
ard 1971, 27 Stolzenbach and Harleman 1971, 29 Zeller et al. 
1971, 36 Policastro and Tokar in press),26 cooling ponds and 
impoundments (Brady et al. 1969, 4 D'Arezzo and Masch 
1970), 8 rivers (Jaske and Spurgeon 1968,17 \\Tater Resources 
Engineers 1968, a5 Parker and Krenke! 1969, 25 Kolesar and 
Sonnichsen 1971), 19 estuaries (Ward and Espey 1971) aa and 
ocean outfalls (Baumgartner and Trent 1970). a 

Mathematical models of the distribution of non-thermal 
discharges into various receiving systems are also available 
for diffusion in lakes, reservoirs and oceans (scale effects) 
(Brooks 1960, 5 Allan Hancock Foundation 19651), diffusion 
in bays and estuaries where tidal oscillations and density 
stratification are factors (O'Connor l 965,2 a Masch and 
Shankar, 1969,21 Fischer 1970, 12 Leendertse 1970),20 and 
dispersion in open channels and rivers (Glover 1964, la 
Bella and Dobbins, 1968, 2 Dresnack and Dobbins, 1968, 9 

Fischer 1968, 11 Thackston and Krenke! 1969, al Jobson and 
Sayre 1970, 18 O'Connor and Toro 1970).24 

Time-of-exposure models are discussed by Pritchard 
(1971).27 

B. Development of Integrated Time-Exposure Data For a 
Hypothetical Field Situation 

I. A proposed discharge of a waste containing alkyl
benzene sulfonates (ABS) to a lake containing rainbow 
trout is under consideration. The trout regularly swim paral
lel to the shoreline where the shallows drop off to deeper 
water. The expected plume configuration, estimated ABS 
concentrations, and time of exposure for a swimming trout 
to various concentrations are shown in Figure II-A-I. No 
avoidance or attraction behavior is assumed. It is decided 

that an ET2 is appropriate for this situation (see Comment 
a. below). 

2. To test if this mixing zone meets necessary water 
quality characteristics, toxicity bioassays with rainbow 
trout are performed (see Section III, pp. 118-123). Ob
serve mortality after each exposure to selected concentra
tions at time intervals of approximate geometric or logarith
mic progression: i.e., 10, 15, 30 and 60 minutes; 2, 4, 8, 
between 12 and 16, 24, and between 30 and 36 hours; 2, 3, 4, 
and if desired 7, IO or more days. While only the shorter 
time periods are involved in this example, greater periods 
are necessary in some cases. After exposure, trout should be 
held in uncontaminated water for extended periods so that 
delayed effects of exposure can be evaluated. While mor
tality was selected in this example as the response to be 
assessed, a more conservative physiological or behavioral 
response would provide a more positive factor of safety. 

3. Plot percentage mortality on a probability (probit) 
scale with time on a logarithmic scale as in Figure 11-A-2, 
and fit by eye a straight line to the set of points for ach 
concentration. The object of this is to determine for each 
concentration the median lethal time where the fitted line 
crosses 50 per cent mortality (the ET50) and the ET2, the 
time causing 2 per cent mortality. 

4. Plot the sets of ET50 and ET2 values on logarithmic 
paper and fit each set of points to create the toxicity curves 
as in Figure 11-A-3. 

5. Substitute the information on plume characteristics 
and time of passage (Figure II-A-I) and the toxicity curves 
(Figure 11-A-3) in the summation of effects formula: 

T 1 T2 Ta + Tn ::;I 
ET2 at C 1 + ET2 at C 2 + ET3 at Ca . . . ET2 at Cn 

Since the total is slightly over 1.0 a mortality greater 
than 2 per cent is expected, and the recommendation is not 
met. If the total was 1.0 or less, a mortality of 2 per cent or 
less would be expected and the recommendation would be 
met. 
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Average Ccncentration = 8 mg/1 

ET2 = ex> (greater than 4 days) 

5 mg/I 

10 

...JC-_

2
..,.
0 ~ ~ 12 min. 13min.~.~--... 

40 

Shoreline 

Average concentration 
= 15 mg/l 

Average concentration 
= 30 mg/l 

ET2 = 52 min. 

ET 2 = 17 min. 

FIGURE II-A-1-Predicted Concentrations of ABS in an Effluent Plume, and Times of Passage of Migrating Fish. Hypothetica. 

Comments 

a. Use of the ET(X). A probability distribution is involved 
in mortality, and it is therefore impossible to give any valid 
estimate of an exposure time which would cause zero per 
cent mortality. The probability of mortality merely be
comes increasingly smaller as the exposure time becomes 
less. Therefore it is necessary to choose some arbitrary per
centage mortality as equivalent to negligible effect. Two 
per cent was chosen as a useful level in the example above 
since it is a low number yet still high enough that the ex
trapolation of the probit line to that value has reasonable 
validity. Other mortality levels can be selected to fit given 
situations. 

When mortality is the response measured rather than a 
more conservative one, a safety factor can be utilized by 

requiring the sum of the integrated time-exposure effects t• 
equal less than unity. 

b. Toxicity Curves. For orher toxicants, the curves ma 
be greatly different from those shown in Figure H-A-3, e.g. 
complex reflex or rectangular hyperbolas. Further dis 
cussion of toxicity curves, and illustration of curves of var 
ious shapes is given by Warren (1971, 34 pp. 199-203) arn 
Sprague (1969).28 

It is possible to calculate equations for the toxicity curves 
or portions of them, as was done for temperature-mortalit: 
data (pp. 151 ff.). However, the equations for many toxi 
cants are cumbersome because of logarithms or other trans 
formation. Since the equations are merely the result o 
empirically fitting the observed experimental curves, it i 
easier and about equally effective to read values of interes 
directly from a graph such as Figure II-A-3. 
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FIGURE II-A-3-Toxicity Cun•es for ABS to Rainbow Trout. 

The times to 50 per cent mortality and times to 2 per cent mortality have been read from the lines fitted in Figure II-A-2. 



c. Threshold Effective Time. Organisms may survive for 
30 minutes, an hour, or sometimes several hours, even in 
extremely high concentrations of the pollutant (see caveat 
under d). 

d. Lethal Threshold Concentration. Survival for an in
definitely long period may be possible at the lethal threshold 
concentration which may be close to concentrations which 
are quickly lethal. Organisms which exhibit an abrupt lethal 
threshold or a long threshold effective time may be es
pecially vulnerable to sublethal effects and careful investiga
tion of this possibility should be made. 

e. Need for Experimental Determination of ET(X). Al
though it would be convenient to have some rule of thumb 
for estimating the ET(X) from the ET50, as is done by the 
"2° rule" for short-term exposure to high temperature 
(see Section III, pp. 161-162), there does not seem to be 
any such simple generalization which can be applied to 
toxicants in general. The relatively few examples which can 
be found in the literature indicate variable relationships. A 
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series of comparisons between toxicity curves for 5 per cent 
and 50 per cent mortality are given by Herbert ( 1961, 14 

196515) and Herbert and Shurben (1964). 16 The ratios be
tween LC5 and LC50 for the same exposure times are as 
follows: fluoride 0.4; a demulsifier 0.55; ammonium chlor
ide 0.55 (high concentrations) and 0.8 (low concentra
tions); washing powders 0. 75, and a corrosion inhibitor 
0.88. Even for the same pollutant the ratio is different for 
different concentrations when the time-concentration rela
tion is curved, as it is for many substances. A difference is 
also found when the toxicity curves are not parallel, as for 
ABS in Figure II-A-3. The LC2/LC50 ratio for ABS varies 
from 0.46 to 0. 72 at high concentrations and short times, 
and increases to 0.87 for the 96-hour exposures. 

Because of this variability, no simple rule of thumb can 
be proposed for estimating, from the 50 per cent values, the 
concentrations which will produce negligible mortality or 
the exposure times for negligible mortality. It is necessary to 
determine this empirically by the steps used in constructing 
Figure II-A-2. 
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COMMUNITY STRUCTURE AND DIVERSITY INDICES 

Evaluation Systems for Protection 

There are two basic approaches in evaluating the effects 
of pollution on aquatic life: the first by a taxonomic group
ing of organisms; the second by identifying the community 
of aquatic organisms. 

First, the saprobian system of Kolkwitz and Marsson 
(1908, 49 1909:'0), modified and used by Richardson (1928), 63 

Gaufin (1956), 14 Hynes (1962) 48 and Beck (1954, 38 1955 39), 

depended upon a taxonomic grouping of organisms related 
to their habitat in clean water, polluted water, or both. This 
approach requires a precise identification of organisms. It 
is based on the fact that different organisms have different 
ranges of tolerance to the same stre'ls. Patrick (1951) 59 and 
Wurtz (1955) 67 used a system of histograms to rcport the 
results of stream surveys based on the differences in toler
ance of various groups of aquatic organisms to pollution. 
Beck ( 1955) 3g developed a biotic index as a method of 
evaluating the effects of pollution on bottom fauna or
ganisms. The biotic index is calculated by multiplying the 
number of intolerant spccies by two and then adding the 
number of facultative organi;,ms. Beck designated a biotic 
index value greater than 10 to indicate clean water and a 
value lcs-; than 10 to indicate polluted water. Other tech
niques based on the tolerance of aquatic organisms to pol
lution have been reported by Gaufin (1958) 45 and Beak 
(1965).:37 

The breakdown of an assemblage of organisms into pol
lution-tolerant, -intolerant, and -facultativc categories is 
somewhat subjective, because tolerance for the same 
organisms may vary under a different set of environmental 
conditions. Needham (1938) 58 observed that environmental 
conditions other than pollution may influence the distribu
tion of organisms. Pollution-tolerant organisms are also 
found in clean water areas (Gaufin and Tarzwell, 1952). 46 

Therefore, the concept of the use of taxonomic groupings of 
organisms to evaluate water quality biologically has certain 
difficulties and is not commonly accepted today. 

The second approach is to use the community structure 
of associations or populations of aquatic organisms to 

evaluate pollution. Hairston (1959) 47 defined communit' 
structure in terms of frequency of species per unit area 
<>patial distribution of individuals, and numerical abundanc< 
of species. Gaufin (1956) 44 found that the community struc· 
ture of bcnthic invertebrates provided a more reliable cri 
terion of organic enrichment than presence of a specifi< 
species. 

Diversity indices that permit the summarization of larg( 
.lmounts of information about the numbers and kinds 0 1 

organisms have begun to replace the long descriptive list~ 

common to early pollution survey work. These diversity 
indices result in a numerical expression that can be used tc 
make comparisons between communities of organisms. 
Some of these have been developed to express the relation
'hips of numbers of species in various communities and 
overlap of species between communities. 

The J accard Index is one of the commonest used to ex·
prcss species overlap. Other indices such as the Shannon
Weincr information theory (Shannon and \\leaver 1963) 64 

have been used to express the evenness of distribution of 
individuals in species composing a community. The divers
ity index increases as cvcnne's increases (Margalef l 958, 5:i 

Hairston 1959, 47 MacArthur and MacArthur 1961, 55 and 
Il.1acArthur 1964·'3). Various methods have been developed 
for comparing the diversity of communities and for de
t·~rmining the relatiomhip of the actual diversity to the 
maximum or minimum diversity that might occur within a 
given number of species. Methods have been thoroughly 
discussed by Lloyd and Ghelardi (1964),r'1 Patten (1962), 60 

MacArthur (1965), 54 Pielou ( l 966, 61 196962), Mcintosh 
(l967) 57, Mathis (1965) 56, Wilhrn (1965), 65 and Wilhm and 
Dorris ( 1968) 66 as to what ind Lees are appropriate for what 
k[nds of samples. An index for diversity of community 
structure also has been developed by Cairns, Jr. et al. 
( 968) 40 and Cairns, Jr. and Dickson (1971) 41 based on a 
modification of the sign test and theory runs of Dixon and 
Massey (1951). 42 

Diversity indices derived from information theory were 
first used by Margalef (1958) 5'! to analyze natural com
munities. This technique equates diversity with informa
tion. Maximum diversity, and thus maximum information, 
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exists m a community of organisms when each individual 
belongs to a different species. Minimum diversity (or high 
redundancy) exists when all individuals belong to the same 
species. Thus, mathematical expressions can be used for 
diversity and redundancy that describe community struc
ture. 

As pointed out by Wilhm and Dorris (1968), 66 natural 
biotic commun,ities typically arc characterized by the 
presence of a few species with many individuals and many 
specie3 with a few individuals. An unfavorable limiting 
factor such as pollution results in detectable changes in com
munity structure. As it relates to information theory, more 
information (diversity) is contained in a natural community 
than in a polluted community. A polluted system is simpli
fied, and those species that survive encounter le,s competi
tion and therefore may increase in numbers. Redundancy in 
this case is high, because the probability that an individual 
belongs to a species previously recognized is increased, and 
the amount of information per individual is reduced. 

Af!jJerzdix II-B-Commurzity Structure arzd Diversity lrzdices/409 

The relative value of usi~g indices or models to interpret 
data depends upon the information sought. To see the rela
tive distribution of population sizes among species, a model 
is often more illuminating than an index. To determine in
formation for a number of different kinds of communities, 
diversity indices arc more appropriate. Many indices over
emphasize the dominance of one or a few species and thus 
it is often difficult to determine, as in the use of the Shannon
vVeiner information theory, the difference between a com
munity composed of one or two dominants and a few rare 
species, or one composed of one or two dominants and one 
or two rare species. Under such conditions, an index such as 
that discussed by Fisher, Corbet and \Villiams (1943) 43 is 
more appropriate. To use the Shannon-\Veiner index, much 
more information about the community is obtained if a 
diversity index is plotted. 

This section is the basis for the criteria on change of 
diversity given in the sections on Suspended Solids and 
Hardness, Temperature, and Dissolved Oxygen. 



APPENDIX 11-C 

THERMAL TABLES-Time-temperature relationships and lethal threshold temperatures for resistance of aquatic· 
organisms (principally fish) to extreme temperatures (from Coutant, in press75 1972). Column headings, where not self-
explanatory, are identified in footnotes. LDSO data obtained for single times only were included only when they amplified 

temperature-time information. 
·----------- , _______________ -

----- ------- ---- --- - . --------

Acclimation log time= a+ll (temp.) Data limits Lethal 
Species Stage/age Length Weight Sex Location Reference Edreme ------- -------------- (oC) LD50 threshold" 

Tell\fl" Time N'' r' ----- (°C) 
upper lower 

- -- ·---------- ------- - ------- - - ·--------

Abudefduf saxa- Adult Northern Gulf Heath, W. G. Upper 32 42 9005 -0. 0934 -0. 9945 37. 0 36.0 
tills (Sargent of California (1967)" 
major) 

Ad1ma xenica Adult Jetterson Co., Strawn and U1per 35 (0 °/oo)' 21-9337 -0-4866 -0.9930 43.0 40.5 
(diamond Kiili· Texas Dunn 35 (5 °/oo)' 27 7919 -0 6159 -0.9841 43.5 41.0 
fish) (1967)" 35 (10 o;oo')' 26.8121 -0.5899 -0.9829 43.5 41.0 

35 (20 °/oo)' 28.3930 -0.6290 -0 9734 43.5 41.0 

Athermops attm1s Juvenile 6.0-6.2 cm Lalolla, Calif. Doudoroff Upper 18.0 30.5(24) 
(lopsmelt) (1945 79) 20 42.2531 -1.2215 -0. 9836 33 5 31.5 31.0 

Lower 14.5 7.6(24) 
18.0 8.8(24) 

20 -0.4667 0.3926 0.9765 11 0 5.0 10.5 
25 5 13.5(24) 

Brevoortia tyran· Larval 17-34 mm Mixed Beaufort Har· Lewis (1965)'1 Lower 7.0 0.96111 0.2564 o. 9607 4.0 5.0 

nus (Atlantic bor, North 10 0 0 7572 0. 2526 12 0 9452 5.0 -1.0 6.0 

menhaden) Carolina 12.5 0 6602 0.2786 12 0. 9852 5.5 >7.0 
(36°N) 15.0 0.5675 0.2321 14 0.9306 7.0 >8.0 

20.0 0 2620 0.1811 3 0.9612 4.0 

Brevoortia tyran· Young-of-the· Beaufort; Lewis and Hel· Upper 21 (5 °/ou) 57.9980 -0.1643 35.0 34.0 

nus (Atlantic year N.C. lier (1968)" 27 (5 O/oo) 85 1837 -2.3521 35.0 34.5 

menhaden) Lower 16 (26-30 o / oo) 7.0 3.0 6.5 
18 (10 O/oo) 7.0 3.0 6.5 

Brevoort1a tyran- Yearling Beaufort, Lewis and Hel· Upper 21 (5 O/ oo) 35 7158 -1.0468 -0.9174 34 33 
nus (Allanbc N.C. lier (1968)"' 22-23 (4-GO/oo) 21.8083 -0.6342 10 -0.9216 35 31 32.5 

menhaden) 

Crmius auratus Juvenile 2g ave Mixed Commercial Fry, Brett, & Upper 1-2 28 (14) 

(goldfish) dealer Clawson 10 31 (14) 

(Toronto) (1942)'1 (and 17 34 (14) 

Fry, Hart, & 24 36 (14) 

Walker, 32 20.0213 -0.4523 2 41.0 39.0 39.2(14) 

1946)" 38 21.9234 -0.4773 2 43.0 41.0 41.0(14) 41.0 

Lower 19 1.0(14) 

24 5.0(14) 

38 15.5(14) 

Calostomus com· Adult (1-2 yr) 10-19.9 Mixed Don River, Hart (1947") Up11er 5 33. 6957 -1.1797 2 27.5 27.0 26.3 

mersonni (while (mode) Thornhill, 10 19. 9890 -0.6410 3 -0.6857 29 28 27. 7 

sucker) Ontario 15 31.9007 -1.0034 2 30 29.5 29.3 

20 27.0023 -0.8068 -0. 9606 31.5 30 29.3 

25 22.2209 -0.6277 -0.9888 32.5 29.5 29.3 

Lower 20 2.5 

25 6.0 

0 II is assumed in this table that the acclimation temperature reported is a true acclimation in the context of Breit • = lnc1p1ent lethal temperature of Fry, et al., (1946)." 
(1952)." •Salinity. 

• Number of median resistance times used for calculating regression equation. 1 Log time in hours to 50% mortality. Includes 2-3 hr. re11u1red for test bath to reach the test temperature. 
' Correlation coefficient (perfect fit of all data points to the regression line= 1.0). 

410 



Appendix Il-C/411 

THERMAL TABLES-Continued 

Species 

Careganus astedi1 Juvenile 
(Cisco) 

Careganus hay1 
(bloater) 

Juvenile 
(age 1) 

Cyprinodon varie- Adult 
1atus (sheeps-
head minnow) 

Cyprmadan vane- Adult 
gatus vanegatus 
(sheepshead 
minnow) 

Dorosoma cepedi- Underyearling 
anum (g11zard 
shad) 

Dorasoma cepedi- Underyearlin11 
anum (gizzard 
shad) 

Esox lucius Juvenile 
(Northern Pike) 

Esax masquinangy Juvenile 
(Muskellunge) 

Esax hybrid Juvenile 
(luciusx masqui-
nangy) 

Fundulus chryso- Adult 
tus (golden top
minnow 

Length 

60.0 mm 
5.0. 5.8 

Minimum 
5.0 cm 

Minimum 
5.0 cm 

5.0 cm 
minimum 

Weight Sex 

Mixed 

M11ed 

Location 

Pickerel 
lake,• 
Washtenaw 
Co., Mich. 

lake Michi
gan av 
Kenosha, 
Wisc. 

JeHerson 
County, 
Texas 

Galveston 
Island, Gal-
veston, Texas 

Reference 

Edsall and 
Colby, 
197010'2 

Edsall, Rottiers 
& Brown, 
197080 

Strawn and 
Dunn 
(1967 99) 

Simmons 
(1971)91 

Put-m-Bay, Hart (1952)" 
Ohio 

KnolVllle, 
Tenn. 

Hart (1952)" 

Maple, On- Scott (1964)" 
tano, Canada 

Deerlake Scott (1964)" 
Hatchery 
Ontario, 
Canada 

Maple, On- Scott (1964)" 
tano, Canada 

Jefferson 
County, 
Texas 

Strawn & Dunn 
(1967)" 

Fundulus d1apha- Adult 
nus (banded 

Halifax Co. Garside and 

k1ll1fish) 

Fundulus grandis Adult 
(gull k1lhfish) 

and Annapo- Jordan 
hs Co., Nava (1968) 84 

Scalia 

Jefferson 
County, 
Texas 

Strawn & 
Dunn 
(1967)" 

Fundulus hetera- Adult 
chtus (mummic-

Halifax Co. Garside and 

hag) 
and Annapo- Jordan 
lis Ca., Nava (1968)81 

Scalia 

• II 1s assumed m this table that the acclimation temperature reported is a true acchmat1on in the context al Brett 
(1952)." 

'Number of median resistance times used tor calculabni regression equation. 
'Correlation coeHic1ent (perfect fit of all data points to the reiression hne= 1.0). 
•=Incipient lethal temperature or Fry, et al., (1946).83 

• Exp111imental fish were hatched !ram eggs obtained from adults from this locabon. 

Accl1maf1an lag bme=a+b (femp.) Dataf1m1fs 
(oC) Extreme------

Upper 

lower 

Upper 

Upper 

Upper 

Upper 

Lawer 

Upper 

Upper 

Upper 

Upper 

Upper 

Upper 

Upper 

Upper 

Temp• Time 

10 
20 
25 

10 
20 
25 

10 
15 
20 
25 

35 
35 
35 
35 

30 

25 

30 
35 
25 
30 
35 

25 
30 
35 

25.0 
27 5 
30.0 

25 0 
27 5 
30.0 

25.0 
27.5 
30.0 

35 
35 
35 

15 
15 
15 

35 
35 
35 
35 

15 
15 
15 

8 wks 
4wks 

>2wks 
2wks 
3 wks 
8wks 
4 wks 

>2wks 
2 wks 
3 wks 

11 dau 
5 da 
5 da 
5 da 
5 da 

(0 O; oo) 

(5 O/oo) 
(10 u;oo) 
(20 0/o.) 

16.5135 -0.6689 
10.1799 -0.3645 
11.4993 -0 4098 
17.2967 -0.5333 
15. 1204 -0. 4493 

2 7355 
2.5090 
1.7154 

0.3381 
0.2685 
0.1652 

15. 8243 -0 5831 
9.0700 -0.2896 

17 1908 -0 5707 
28.6392 -0 9458 
21.3511 -0.6594 

27.9021 -0.6217 
35.3415 -0. 7858 
30.0910 -0.6629 
30. 0394 -0. 6594 

700 hrs.• 35.0420 -0.8025 
(from 21 3 C) 

field & 
3-4 da 

47.1163 -1 3010 

38.0658 -0.9694 
31. 5434 -0. 7710 

32.1348 -0.8698 
41.1030 -0.0547 
33.1846 -0 8176 

17.3066 -0. 4523 
17.4439 -0.4490 
17.0961 -0.4319 

18. 8879 -0 5035 
20.0817 -0.5283 
18 9506 -0. 4851 

18. 6533 -0. 4926 
20. 7834 -0.5460 
19.6126 -0.5031 

(0 '/oo)- 23 7284 -0.5219 
(5 O/oo)- 21.2575 -0 4601 

(20 '/oo)- 21.8635 -0 4759 

(0 °/oo)• 
(14 O/oo) 

(32 O/oo) 

(0 O/oo) 
(5 ':oo) 

(10 0/oo) 
(20 O/oo) 

(0 °/oo)' 
(14 °/oo) 
(32 "/oo) 

22.2809 -0.5179 
27. 6447 -0. 6210 
24. 9072 -0. 5535 
23. 4251 -0 5169 

upper lower 

-0. 9789 23. 0 19. 0 
-0.9264 24.0 20.0 
-0 9734 28.0 24.0 
-0.9487 30.0 26.0 
-0. 9764 30. 0 25 5 

1.5 o. 3 
1.0 0 5 

0.9021 3. 0 
0.9637 4.5 
0.9175 9.5 

0.5 
0 5 
0.5 

-0 9095 26.0 22.0 
-0.9516 30 0 23.0 
-0 9960 28.0 14 5 
-0 9692 29.0 25 5 
-0.9958 30.0 16.5 

-0.978l 43.0 40.5 
-0. 9787 43.5 41.0 
-0.9950 43.5 41.5 
-0 9981 43. 5 41.5 

41.4 40.8 

-0.9975 35.5 34 5 

-0 9921 38.0 36.5 
-9.9641 39.0 37.0 

35.5 35.0 
-0.9991 38.0 36.5 
-0 9896 39 36. 5 

-0. 9990 34.5 32. 5 
-0 9985 35.0 33.0 
-0.9971 35.5 33.5 

-0.9742 34.5 32.5 
-0.9911 35.0 33.0 
-0.9972 35.5 33.5 

-0. 9941 34. 5 33 0 
-0.9995 35.0 33.0 
-0. 9951 35. 5 33. 5 

-0.9968 43.0 39.0 
-0.9969 43.5 40 0 
-0.9905 43.5 40.0 

-0 9781 42. 0 38. 5 
-0.9967 42.5 39.5 
-0.9926 43.0 39.0 
-0.9970 43.0 39.5 

1 Experimental fish were reared from eggs taken from adults from this location. 
u These times after holding at 8 C for> 1 ma. 
•Acclimated and tested al 10 °/oo saflmly. 
• Tested m three sahmbes. 
' Tested at 3 levels of salm1ty. 

LD50 
lefhaf 

threshold• 
(oC) 

19. 7 
21.7 
24.2 
26.2 
25. 7(u) 

<0.3 
<0.5 

3.0 
4. 7 
9. 7 

22.2 
23 6 
14 8 
26 2 
26. 7 

40.5 

34.0 

36.0 
36.5(U) 
10.8 
14.5 
20.0 

34.5 
36.0 
36.5 

32.25 
32. 75 

33.25(u) 

32.25 
32. 75 
33.25 

(u) 

32.5 
32. 75 
33.25 

(U) 

38.5 

27.5 
33.5 
27.5 

28.0 
34.0 
31.5 



412/Appendix /I-Freshwater Aquatic Life and Wildlife 

THERMAL TABLES-Continued 

Species Stage/age 

Fundulus par· Adult 
v1pmms (Cali· 
fornia k1lhfish) 
(tested m seawater 
except as noted) 

Fundulus pul· Adult 
vereus (bayou 
kllhtish) 

Fundulus simihs Adult 
(longnose kill1· 
fish) 

Gambusia affm1s Adult 
affmis (mosquito· 
fish) 

Gambus1a affm1s Adult 
(mosqmlofish) 
(freshwater) 

Gambus1a affm1s Adult 
(mosqu1tof1sh) 
(saltwater) 

Gambusia affinis Adult 
holbrook1 
(mosquitofish) 

Garmannia Adult 
ch1qmta (goby) 

Gasterosteus acu- Adult 
leatus (three· 
spme st,.kle· 
back) 

G1rella nigricans Juvenile 
(opaleye) 

lctalurus 
(Am1curus) neb· 
ulosus (brown 
bullhead) 

lctalurus puncta· Juvenile 
tus (channel (44-57 da 
catfish) old) 

Length Weight 

6-1 cm 

31 mm ave. 0.50gave. 

7.1-8.0 cm 

Sex 

Mixed 

Mixed 

Mixed 

Mixed 

Mixed 

Mixed 

Location Reference 

Mission Bay, Doudoroff 
Cahf. (sea· (1945)79 

water) 

Jefferson 
County, 
Texas 

Jefferson 
County, 
Texas 

Knoxville, 
Tenn. 

Strawn and 
Dunn 
(1967)99 

Strawn and 
Dunn 
(1967) 99 

Hart (1951)" 

Jefferson Co., Strawn & 
Texas Dunn 

(1961)" 

Jefferson Co., Strawn and 
Texas Dunn 

Welaka, 
Florida 

(1967)99 

Hart (1951)" 

Northern Gull Heath (1967)89 

of California 
Coast 

Columbia 
River near 
Prescott, 
Oregon 

Blahm and 
Parente 
(1970)HH Un· 
published 
data 

LaJolla, Call· Doudoroff 
lornia (33°N) (1941)7' 

Florida to On· Hart (1952)" 
tario (4 lo· 
cations) com· 
bined 

Centerton, Allen & 
Ark. Strawn 
(hatchery) (1968) 72 

o It" assumed in this table that the acclimation temperature reported is a true acclimation in the context of Brett 
(1951).74 

b Number of median resistance times used for calculating regression equation. 

Acclimation log lime= a+b (temp.) Data limits 
Extreme------ (°C) LOSO 

Temp0 Time 
upper lower 

Upper 14 23.3781 -0.6439 -0.9845 34.0 32.0 
20 
28 

50. 6011 -1.3457 11 
24.5411 -0.5801 

-0.9136 31.0 34.0 
-0.9960 40.0 36.0 

Lower 14 2.1908 1.0151 0.9449 1.6 0.4 

Upper 

Upper 

Upper 

Upper 

Up0er 

Upper 

Lower 

Upper 

Upper 

Upper 

Lower 

Upper 

Lower 

Upper 

20 
20 

2. 1381 0.2169 
2. 5635 0. 3481 

0.9469 u 2.0 
0.8291 4.0 2.0 

20 (mto45% 2.6552 0.4014 0. 7348 4.0 2.0 
sea water 1 day before 

testing) 

35 
35 
35 
35 

35 
35 
35 
35 

15 
30 
35 

35 
35 
35 
35 

35 
35 
35 
35 

15 
10 
30 
35 
15 
20 
35 

32 

19 

12 
20 
28 
12 
20 
28 

5 
10 
15 
20 
25 
30 
34 
20 
25 
30 

26 
30 
34 

(O '/oo) 
(5 'loo) 

(10 O/oo) 
(20 'loo) 

28.1418 -0. 6304 
29.3714 -0.6514 
25.0890 -o.5m 
30. 4102 -0. 6745 

-0.9141 43.0 39.0 
-0.9831 43.5 40.0 
-0.9956 43.5 41.5 
-0. 9849 43. 5 40. 0 

(O 'loo)' 22.9485 -0.5113 6 -0.9892 43.0 40.5 
(5 '/oo) 15 6165 -0. 5690 6 -0. 9984 43. 5 41. 0 

-0.9915 43.5 41.0 (10 "loo) 16. 4675 -0. 5863 
(20 'loo) 26.5612 -0.5819 -0. 9953 43. 0 40. 5 

39.0004 -0.9711 
30.1523 -0.1141 
23.8110 -0.5408 

39 38 
-0.9938 40 37.5 
-0. 9918 41.5 39 

(0 '/oo)' 21. 4434 -0. 5108 5 -0.9600 41.0 40.0 
(5 "loo) 23.1338 -0. 5214 5 -0. 9815 42. 5 40. 5 

(10 "loo) 23 4911 -0.5304 8 -0.9852 42.5 40.0 
(20 "loo) 22.1994 -0. 5001 6 -0. 9881 42 5 40. 0 

(O "loo)• 

(5 "loo) 
(10 '/oo) 
(20 "loo) 

11.6144 -0.3909 
18. 9339 -0. 4182 
23 0184 -0. 5165 
22. 8663 -0 5124 

31. 4692 -0. 8507 
38. 3139 -0. 9613 
31.4312 -0.1411 
28 1212 -0. 6564 

21.7119 -0.516i 

19.3491 -9.5940 

21.1217 
19.1641 
24.7213 
1.4851 

-1.3878 
-0.1138 

-0. 6339 
-0 5080 
-0.6740 

0. 4886 
0. 6248 
0.1614 

5 
5 
l 

14.6802 -0.4539 4 
16.4221 -0.4842 16 
28.3281 -0.8239 3 
23.9586 -0.6413 11 
22.4970 -0.5132 11 
24.2203 -0.5911 19 
19. 3194 -0. 4500 5 

-0. 9822 42. 5 40. 5 
-0. 9990 42. 5 40. 5 
-0.9981 42.5 39.5 
-0. 9957 42 5 40. 0 

-0. 9813 31 36 
-0.!843 38.5 37.5 
-0. 9995 40 38 
-0.9909 40 38.5 

-0 9905 37.0 36.0 

-0.9998 32 26 

-0.9338 31.0 27.0 
-0. 9930 35. 0 31. 0 
-0.9822 33.0 31.0 

0.955£ 5.0 1.0 
0.9895 8.0 5.0 
0.9120 13.6 6.0 

-0.9782 29.5 28.0 
-0.9526 31.5 29.5 
-0. 9881 33. 0 32. 5 
-0. 9112 35. 0 32. 5 
-0.9794 37.0 34.0 
-0.9938 38.5 35.5 
-0.9912 37.5 36.0 

34 1119 -0.8816 11 -0.9793 39.0 36.6 
32.1136 -0.1811 11 -0.9516 40.6 37.4 
26.4204 -0.6149 21) -0.9638 42.0 38.0 

' Correlation coefficient (perfect fit of all data pomts to thu regression line= 1.0). 
d =Incipient lethal temperature of Fry, et al., (1946)." 
•Salinity. 

Lethal 
threshold' 

("C) 

32.3 
34.4 
36.5 
1.2 
5.6 
3.6 
3.8 

38.5 

37.0 
37.0 
37.0(u) 

35 5 
37.0 
37.0 
37.0(u) 
1.5 
5.5 

14.5 

25 8 

28.1 
31.4 
31.4 
5.5 
8.5 

13.5 

27.8 
29.0 
31.6 
32.5 
33.8 
34.8 
34.8 
0.5 
4.0 
6.8 

36.6 
37.8 
38.0 
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THERMAL TABLES-Continued 

Species Stage/age 

lctalurus puncta- Juvenile 
tus (channel (11.5 mo) 
catfish) 

lctalurus puncta- Adult 
tus (I. lactJstns) 
(channel catfish) 

Lepomis macro- Adult 
chirus purpures-
cens (bluegill) 

Lepomis macro- Adult 
chirus (bluegill) 

Lepomis megalotis Juvenile 
(longear sunfish) 

Lepomis sym- Adult 
metncus (ban-
tam sunfish) 

Lucania parva Adult 
(rainwater k111i-
fish) 

Memdia memdia 
(common sifm· 
11de) 

M1cropterus sal- 9-11 mo. age 
mo1des flon-
danus (large-
mouth bass) 

Micropterussal
mmdes (large
mouth bass) 

M1cropterus sal- Under yearhng 
mo1des (large-
mouth bass) 

Micropterus saf
mo1des (large
mouth bass) 

Mymrehcta 
(Opposum 
shnmp) 

Adult 

Length 

>12mm 

8.3-9.2cm 
(average 
for test 
groups) 

Weight 

4.3-5.2 gm 
(average 
for test 
groups) 

Sex 

Mixed 

Mixed 

Mixed 

Location 

Joe Hogan 
State Fish 
Hatchery, 
Lonoke, 
Arkansas 

Reference 

Allen & 
Strawn 
(1968)72 

Welaka, Fla. Hart (1952)88 

and Put-m-
Bay, Ohio 

Welaka. Hart (1952)" 
Florida 

Lake Mendota, Hart (1952)" 
W1sconsm 

Middle Fork, Neifl, Strawn & 
White Rwer, Dunn 
Arkansas (1966)" 

Jefferson Co , Strawn & 
Texas Dunn 

(1967) 99 

Jefferson Co., Strawn and 
Texas Dunn 

New Jersey 
(40"N) 

Welaka, 
Florida 

(1967)" 

Hoff & West· 
man (1966)'° 

Hart (1952)" 

Put-1n-Bay, Hart (1952)88 

OhlO 

Knornlle, 
Tenn 

Hart (1952)88 

Lake Men- Hart (1952)"' 
dota, WIS· 
consin 

Trout Lake, Smith (1970)98 

Cook 
County, 
Minnesota 

a It IS assumed m this table that the acclimation temperature reported 1s a true acchmat1on in the context of Brett 
(1952).7' 

• Number of median resistance times used for calculating regression equation. 

Aa:kmation 
Extrane------

Upper 

Upper 

Lower 

Upper 

Lower 

Upper 

Upper 

Upper 

Upper 

Upper 

Lower 

Upper 

Lower 

Upper 

Lower 

Upper 

Upper 

Upper 

Temp" Time 

25 
30 
35 

15 
20 
25 
15 
20 
25 

15 
20 
25 
30 
15 
20 
25 
30 

20-23 
30 

25 
30 
35 

35 
35 
35 

35 
35 
35 
35 

14 
21 
28 

14 
21 
28 

20 
25 
30 
20 
25 
30 

20 
25 
30 
20 
30 

30 
35 

22 
30 

7.5C 

(0 °/oo)• 
(5 °/oo) 

(20 °/oo) 

(0 °/oo)' 
(5 0/oo) 

(10 O/no) 

(20 °/oo) 

>1 wk 

log t1me=a+b (temp.) Data limits 

34.5554 0.8854 
17. 7125 -0.4058 
28.3031 -0.6554 

34. 7829 -1. 0637 
39 4967 -1.1234 
46. 2155 -1.2899 

25. 2708 -0. 7348 
28. 0663 -0. 7826 
23.8733 -0.6320 10 
25 7732 -0 6581 5 

38. 6247 -1. 0581 
30.1609 -0. 7657 

35 4953 -0. 9331 14 
20.5981 -0 4978 22 
30. 7245 -9. 7257 43 

20. 7487 -0. 4686 
23.5649 -0 5354 
10 4421 -0. 2243 

21.2616 -0 4762 
24.3076 -0.5460 
24.3118 -0.5467 
21. 1302 -0. 4697 

19.8801 -0. 7391 
18. 7499 -0. 6001 
65 7350 -2.0387 
37. 6032 -1. 0582 

-9.8144 8.9079 
-1 2884 2.5597 
-1. 4801 1.1484 
-8. 2366 1.3586 

35.5107 -1.0112 
19. 9918 -0. 5123 
17.5645 -0.4200 

50. 8091 -1. 4E38 
26.3169 -0.6846 
29.0213 -0. 7150 

36. 0620 -0. 9055 
23.9185 -0.5632 

34. 3649 -0. 9789 
35. 2777 -0 9084 

6.1302 -0.1470 

("C) LOSO 

upper lower 

-0.9746 37.5 35.5 
-0.9934 40.0 37.5 
-0 9906 41.0 38.0 

-0. 9999 31. 5 30. 5 
-0. 9980 34. 0 33. 0 
-0 9925 35.0 34.0 

-0.9946 33.0 31.0 
-0.9978 34.5 32.5 
-0.9750 36.0 33.0 
-0. 9965 38 34. 5 

-0. 8892 35. 5 34. 0 
-0.9401 38.0 36.0 

-0.9827 36.9 35.4 
-0.9625 39.0 36.5 
-0.9664 41.5 37.3 

-0.9747 42.0 39.0 
-0.9975 42.0 39.0 
-0.9873 41.5 39.5 

-0.9844 42.5 38.5 
-0.9846 42.5 39.0 
-0.9904 42 5 39.0 
-0 9940 42.5 39.5 

-0.9398 24.0 20 
-0.9616 27.0 23.0 
-0.9626 32.0 28.0 
-0 8872 34. 0 30 

0.8274 
0.8594 
0.9531 
0 9830 15 

-0. 9787 34 32 
-0 9972 36.5 33 
-0. 9920 38 34. 5 

34 33 
-0.9973 36.5 35 
-0 9959 38. 5 37 

-0. 9788 38. 5 37 
-0.9958 40 37.5 

-0.9789 33.8 32.0 
-0.9845 37.5 35.5 

o. 9245 26 16 

' Correlation coefficient (perlect fit of all data points to the regression line= 1.0). 
d =Incipient lethal temperature of Fry, et al., (1946)." 
•Salinity. 

Lethal 
threshoJdd 

(°C) 

35.5 
37.0 
38 

30.4 
32.8 
33.5 
0.0 
0.0 
0 0 

30.5 
32.0 
33.0 
33.8 
2 5 
5.0 
7.5 

11.0 

15.6 
36.8 
37 5 

22.0 
25.0 
30.4 
32.5 
1.5 
2.0 
4.3 
8. 7 

32 
33 
33 7(U) 
5 2 
7.0 

10.5 

32.5 
34.5 
36.4(u) 
5.5 

11.8 

36.4 
36.4(u) 

31.5 

16 



414 /Appendix II-Freshwater Aquatic Life and Wildlife 

THERMAL TABLES-Continued 

Species Stage/age 

Neomysis awal- Adult 
schensis (opos-
sum shrimp) 

Hotemigonus Allult 
crysoleucas 
(golden shiner) 

Notropis atheri- Juvenile 
noides (emerald (<lyr) 
shiner) 

Notropis cornutus Adult 
(common shiner) 

Notropis cornutus Adult 
(common (mostly 2 yr) 
shiner) 

Notrop1s cornutus Adult 
(common shmer) 

length 

>7mm 

sex 

Mixed 

0-1.9 g.mode Mixed 

4.0-5.9g 
(mode) 

Mixed 

Oncorhynchus Juvenile fresh- 3.81±0.29 0.30±0.15g Mixed 
gorbuscha (pmk water fry cm 
salmon) (3. 8 mo.) 

Oncorhynchus 
keta (chum 
salmon) 

Oncorhynchus 
keta (chum 
salmon) 

Juvenile fresh- 5. 44±0. 89 
water fry cm 
(4 9 mo.) 

Juvenile 

1.62± 1. 03g Mixed 

Location Reference 

Sacramento- Hair (1971)" 
San Joaquin 
delta, Cali-
fornia 

Compositeo Hart (1952)88 

of I. Welaka, 
Fla. 2. Put-
in-Bay, Ohio 
3. Algonquin 
Park, On-
tario 

Chippewa Hart (1947)" 
Creek, Wel-
land, Ontario 

Toronto, On- Hart (1952)88 

tario 

Don RIYer, Hart (1947)87 

Thornhill, 
Ontario 

Knoxville, 
Tenn. 

Hart (1952}'8 

Dungeness, Brett (1952) 74 

Wash. 
(hatchery) 

Nile Creek, Brett (1952)" 
B.C. 
(hatchery) 

Big Creek 
Hatchery, 
Hoodsport, 
Wash.• 

Blahm and 
Parente 
(1970)101 
unpublished 
data 

•II is assumed m this table that the acclimation temperature reported is a true acclimation m the context of Brett 
(1952).74 

' Number of median resistlnce times used for calculatmg regression equation. 
'Correlation coefficient (perfect fit of all data pomts to the regression hne= 1.0). 
d =Incipient etlhal temperature of Fry, et al., (1946)." 
•All temperatures estimated from a graph. 

Acclimation 
Exfreme------

Upper 

Upper 

Lower 

Upper 

Lower 

Upper 

Upper 

~ower 

Upper 

lipper 

Upper 

I ower 

lipper 

Temp• Time 

10 3• 
11.0 
15.1 
18 3 
19.0 
19.0 
21. 7 
22.0 
22.4 

10 
15 
20 
25 
30 
15 
20 
25 
30 

10 
15 
20 
?5 
15 
20 
25 

10 
15 
20 
25(win· 

ter) 
25 
30 

10 
15 
20 
25 
10 
25 

25 
30 

5 
10 
15 
20 
24 

10 
15 
20 
23 
5 

10 
15 
20 
23 

10%t 
50% 
90% 

log bme=a tb (femp.) Data hmits 
------------ c·c> LD5o 

Nb re 

8 4694 -0.2150 

42 7095 -1.3507 
30.2861 -0.8933 
31.0275 -0.8722 15 
34. 2505 -0. 9226 
26.3829 -0.6615 10 

20.9532 -0. 7959 
36.5013 -1.2736 
47. 4849 -1.5441 
33.4714 -0.9858 
26. 7096 -0. 7337 

45. 4331 -1.3979 
34.5314 -1.0116 
24 9610 -0 6878 

28. 5059 -0 7741 
28. 12s1 -o. 7316 

40. 7738 -1.3522 
45.0971 -1 3874 
34 5314 -1. 0116 
24. 9620 -o. 6878 

upper lower 

-0.9998 30 5 29.5 
-0.9844 32.5 31.0 
-0.9869 34.5 31.0 
-0 9665 36. 0 34 
-0.9940 37.5 35 

-0.9519 24.5 23.5 
27.5 27.0 

-0.9803 30.5 29.5 
-0.9805 32.5 31.5 
-0.9753 34.0 31 5 

29.0 29.0 
31.5 31.0 

-0.9560 33.0 31.5 
-0.9915 34.0 32 0 

-0. 9973 35. 5 32. 0 
-0.9946 36.5 34.0 

-0.9729 30.0 29.0 
-0.9999 32.0 31.0 
-0. 9560 33 0 31.5 
-0 9915 34.0 31.0 

25.5152 -0.6794 -0.9938 35.5 33.0 
24.9660 -0 6297 11) -0.9978 38.0 34.5 

11.1817 -0.4115 
11 9011 -0 3865 
12.8937 -0.4074 
16.2444 -0 4074 
14. 7111 -0 4459 

14.3819 -0.5320 
14.1773 -0 4766 
15 8911 -0 5252 
16.1894 -0.5168 
15. 3815 -0. 4711 

16.9145 -0.5995 
15. 9271 -0. 5575 
16.8763 -0.5881 

-D.9573 14.0 11.0 
-0.9840 16.5 13.0 
-0.9884 17.0 23.5 
-0.9681 27.5 14.0 
-0. 9690 27 5 24 5 

-0.9839 24 0 11.0 
-0.8665 26.5 21.5 
-0.9070 27.0 23.0 
-0.9750 27.5 23.5 
-0.9651 27.0 24.0 

-0. 9927 29 
-0 9972 29 
-0. 9995 29 

17 
17 
17 

73 (48) 
72.5(48) 
73.8(48) 
76.1(48) 
74.0(48) 

77.0(48) 
77.5(48) 
76.0(48) 

Lethal 
threshol 

c0 c> 

24.1-25 . 

29.5 
30.5 
32.0 
33.5 
34.5 
1.5 
4.0 
7.0 

11.2 

23.3 
26. 7 
28.9 
30. 7 
30.7 
1.6 
5.2 
8.0 

29.0 
30.5 
31.0 
31.0 

31.0 
31 O(u 

26. 7 
28. 6 
30.3 
31.0 
31.0 
3. 7 
7 8 

33 0 
33 5(U 

11.2±0 
22 5±0 
23 1±0 
23.9±0. 

23 9 

11.8 
11.6 

23 1±0. 
23. 7 

23.8±0.• 

0.5 
4 7 
6.5 
7.3 

22.0 
23.2 
23.6 

1 For maximum of 48 hr exposure. The lower temperature is uncorrected for heavy mortality or control animals at 
"acclimabon" temperatures above about 21 6. 

u The author concluded that there were no geographic differences. The Welaka, Florida subsper.ies was N.c. bos1i, 
the others N.c. auratus, based on morphology. 

•Tested in Columbia River Waler a\ Prescott, Oregon. 
• Mortality Value. 
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Species 

Oncorhynchus 
Kisutch (coho 
salmon) 

Oncorhynchus 
kisutch (coho 
salmon) 

Oncorhynchus 
k1sutch (coho 
salmon) 

Oncorhynchus 
nerka (sockeye 
salmon) 

Oncorhynchus 
nerka (sockeye 
salmon) 

Oncorhynchus 
nerka (sockeye 
salmon) 

Oncorhynchus 
tshawytscha 
(Chinook 
salmon) 

Stage/age Length 

Juvenile fresh· 4. 78±0. 6 
water fry cm 
(5.2 mo.) 

Juvenile 

Adult a 570 mm 
ave 

Juvenile fresh- 4.49±0.84 
water fry cm 
(4. 7 mo) 

Juvenile 
(under 
yearling) 

Juvenile 
(yearling) 

67 mm ave. 

100-105 mm 
are for test 
groups 

Juvenile fresh- 4. 44±0 40 
water fry cm 
(3.6 mo.) 

Weight Sex 

l.37±0.62g Mixed 

a 2500 gave. Mixed 

0. 87±0 45g Mixed 

Mixed 

1. 03±0. 27g Mixed 

Location 

Nile Creek, 
8.C. 
(hatchery) 

Reference 

Brett (1952)" 

Kalama Falls, Blahm & 
Wash. 
(hatchery)" 

Columbia 
River at 
Priest Rap
ids Dam 

Issaquah, 
Wash. 
(hafchery) 

McConnell 
(1970)100 
unpublished 
data 

Coutant 
(1970)76 

Brett (1952) 74 

National Fish McConnell & 
Hatcherr 
Leaven
worth, 
Wash. 

Blahm 
(1970)103 
unpublished 
data 

National Fish McConnell & 
Hatchery Blahm 
Leaven· (1970)103 
worth, unpublished 
Wash.• data 

Dungeness, Brett (1952)" 
Wash. 
(hatchery) 

• It is assumed 1n this table that the acclimation temperature reported 1s a true acclimation m the conteit of Brett 
(1952).74 

' Number of median resistance times used for calculating regression equation. 
' Correlation coeff1c1ent (perfect fit of all data points to the regression lme= 1.0). 
•=Incipient lethal temperature of Fry, et al., (1946).83 

• 10 C-acchmated fish came directly from the hatchery. 
f Data were presented allowing calculatrnn of 10% and 90% mortality. 

Acclimabon 
Extreme------

Upper 

Lower 

Upper 

Upper 

Upper 

Lower 

Upper 

Upper 

Upper 

Lower 

Temp• Time 

5 
10 
15 
20 
23 
5 

10 
15 
20 
23 

10 

14• 

11• 

10 
15 
20 
23 
5 

10 
15 
20 
23 

10 

20 

(103)! 
(50%) 
(903) 
(103) 
(503) 
(903) 

1031 
503 
90% 
103 
50% 
90'/~ 

10 l'C (1C%)1 
per day rise 
to acct. temp. 

(50%) 
(903) 

12" (10%) 
(50'/'c) 
(903) 

15.5" (10%) 
(50%.) 
(90%) 

17" (10%) 

10 
15 
20 
24 
10 
15 
20 
23 

(50%) 
(903) 

log time=a+b (temp.) Data limits 

21.3050 -0. 7970 
19.5721 -0.6820 
20 4066 -0.6858 
20.4022 -0.6713 
18.9736 -0.6013 

15.4616 -0.5522 6 
18.4136 -0.6410 6 
15.9026 -0.5423 4 
8.5307 -0.2969 10 
8.5195 -0.2433 10 

5. 9068 -0.1630 

17. 7887 -0.6623 
14. 7319 -0. 4988 
15.8799 -0.5210 
19. 3821 -0. 6378 
20.0020 -0.6496 

18.4771 -0.6458 
18. 5833 -0. 6437 
20. 6289 -0. 7166 
17 5227 -0. 5861 
16. 7328 -0.5473 
15 7823 -0.5061 

6. 4771 -0. 2118 

9.0438 -0.2922 
9.0628 -0.2859 

13.2412 -0 4475 
18.1322 -0.6178 
17.5427 -0.5900 
12.1763 -0.4004 
13.6666 -0.4432 
12 7165 -0. 4057 
17.4210 -0.6114 
17.2432 -0.5885 
17.2393 -0.5769 

9. 3155 -0. 3107 
16.4595 -0.5575 
16. 4454 -0. 5364 
22.9065 -0 7611 
18.9940 -0.5992 

("C) LD50 

upper lower 

24.0 23.0 
-0.9847 26.0 24.5 
-0.9681 27.0 24.5 
-0.9985 27.5 25.5 
-0.9956 27.5 25.0 

-0.8533 29 
-0. 9705 29 
-0.9130 29 
-0.9063 29 
-0.8483 29 

-0.9767 30 

-0.9383 24.0 
-G.9833 26.5 
-0.9126 27.5 
-0. 9602 27. 5 
-C.9981 26.5 

-0. 9671 29 
-0.9750 29 
-0. 9553 29 
-0. 9739 29 
-0. 9552 29 
-0. 9539 29 

-0.9887 32 

-0.9392 32 
-0. 9534 32 
-0.9955 29 
-0. 9598 29 
-0. 9533 29 
-0.9443 32 
-0.9720 32 
-0. 9748 32 
-0. 9549 29 
-0. 9450 29 
-0. 9364 29 

1.0 

1.7 
17.0 
17.0 
14.0 
0.14 

26 

22.5 
23.5 
24.5 
24.5 
24.5 
0 
0 
0 
0 
1.0 

17 
17 
17 
21 
21 
21 

14 

14 
14 
17 
17 
17 
17 
11 
17 
20 
20 
20 

-0.9847 25.0 22.5 
-0.9996 26.5 24 5 
-0.9906 27.0 25.5 
-0.9850 27.5 25.0 
-0.9923 27.5 25.0 

1.0 0 
3.0 0.5 
5.0 0.5 
8.0 1.0 

Lethal 
threshold• 

("C) 

22.9±0.3 
23.) 
24.3±0.3 
25.0±0.2 
25.0±0.2 

0.2 
1.7 
3.5 
4.5 
6.4 

23.2 
23.5 
23. 7 
14.0 
17.0 
22.0 

22.2±0.3 
23.4±0.3 
24.4±0.3 
24.9±0.3 
24.8±0.3 

0 
3.1 
4.1 
4. 7 
6. 7 

21.5 
22.5 
23.0 
23.5 
23.5 
23.5 

23.5 

23.5 

22.5 

23.5 

21.5 
24.3±0.1 
25.0±0.1 
25.1±0.1 
25.1±0.1 

0.8 
2.5 
4.5 
7.4 

'14 C-acclimated fish were collected from the Columbia R!ver 4-6 wks following release from the hatchery 
(and may have included a few fish from other upstream sources). RIYer water was supersaturated with Nitrogen, 
and 14·C fish showed signs of gas·bubble disease dunng tests. 

• RIYer temp. during fall migration. 
• Tested in Columbia R1Yer water at Prescott, Oregon. 
' Per cent mortalities. 
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THERMAL TABLES-Continued 

Species 

Oncorhynchus 
tshawytscha 
(chi nook 
salmon) 

Stage/age 

Juvenile 

Oncorhynchus Juvenile 
tshawytscha 
(Chinook salmon 
spring run) 

Oncorhynchus Juvenile 
tshawytscha 
(Chinook salmon) 

Oncorhynchus Juvenile 
tshawytscha 
(chinook salmon 
fall run) 

Length 

39-124 mm 
averages 
for various 
test groups 

84 mm ave. 

40 mm. ave. 

Weigh I 

6.3g ave. 

90.6 mm ave. 7.8 gave. 

Sex 

Mixed 

Mixed 

Mixed 

Mixed 

Oncorhynchus 
tshawytscha 
(Chinook 
salmon) 

"Jacks" 2500 mm ave. 2000 g. ave. Males 
1-2 yrs old 

Perea flavescens Juvenile 
(yellow perch) 

Perea navescens Adult (4 yr 
(yellow perch) mode) 

Petromyzon Prolarvae 
marinus (sea 
lamprey, land· 
locked) 

49 mm ave. 1.2 gave. 

8.0-9. 9 g 
mode 

Mixed 

Mixed 

Location 

Columbia 
River at 
Prescott, 
Oregon 

Little White 
Salmon, 
River 
Hatchery, 
Cook, 
Washington 

Eggs from 
Seattle, 
Wash. 
raised trom 
yolk·sac 
stage in 
Columbia 
River waler 
at Prescott, 
Oregon 

little White 
Salmon 
River hatch· 
ery, Cook, 
Washington 

Reference 

Snyder & 
Blahm 
(1970)105 
unpublished 
data 

Blahm & 
McConnell 
(1910)'"" 
unpublished 
data 

Snyder & 
Blahm 
(1910)105 

unpublished 
data 

Blahm & 
McConnell 
(1970)'"" 
unpublished 
data 

Coutant 
(1970)76 

Columbia 
River at 
Grand Rapids 
Dam 

Columbia 
River near 
Prescott, 
Ore. 

Blahm and 
Parente 
(1970)101 
unpublished 
data 

Black Creek, Hart (1947)" 
Lake Sim· 
coe, Ontario 

Great Lakes McCauley 
(1963)94 

•It 1s assumed in this table that the acclimation temperature reported 1s a true acclimation in the context of Breit 
(1952).7• 

• Number of median resistance times used for calculating regression equation. 
'Correlabon coefficient (perfect fit of all data points to the regression line= 1.0). 
•=Incipient lethal temperature oi Fry, et al., (1946)." 
•Fish tested shortly alter capture by beach seine. 
I Data were also available for calculation ol 103 and 903 mortality of June test groups. 

Acclimation log time=.1+b (temp.) 
Extreme------

Temp 0 Time 

Data limits 
("C) 

upper lower 

l050 
Letha 

threshc 
("C) 

--------------

Upper 

Upper 

Upper 

Upper 

Upper 

Upper 

Upper 

10, 

12 
13 

11 

20 

11 

20 

171 
19' 

19 

(10'.~') 
(90S;) 

oosn 
(90' ;) 

(10':;) 
(90'.;) 

(10?;) 
(90';) 

2-3-wks 
10%i 
50'/o 
90% 

lC/day rise 
from lOC 

103 
503 
90r;1v 

(10~~)' 

(907c)' 

2-3 wks 
10%' 
50% 
90% 

lC/day nse 
from lOC 

lOS{i 
50% 
90% 

field plus 
4 da. 

16.8109 -0.57!:7 
18. 9770 -0. 66<'1 
17.0278 -0.5845 
15. 7101 -0. 54(,3 
15.1583 -0.5312 
15.2525 -0.5130 
18.2574 -0.6149 
12.4058 -0.3914 
10.1410 -0.3218 
12. 7368 -0. 4040 

-0. 9998 29 
-0. 9918 29 
-0. 9997 29 
-0.9255 29 

8h -0.9439 29 
8 -0.9360 29 
5h -0. 9821 29 
6 
1 
6 

-0.9608 32 
-0.9496 32 
-0. 9153 32 

13.3175 -0.4240 11 -0.9550 30 
11.5122 -0.3745 12 -0.9413 30 
14 2456 -0.4434 10 -0.9620 30 

13.3696 -0 4691 
14. 6268 -0. 5066 
19.2211 -0.6679 

22. 6664 -0. 1197 
21.3981 -0. l25l 
20. 9294 -0. 702'1 

13.5019 -0.4871 
8.9126 -0.31911 

10.6491 -0. 3771 

18. 6889 -0. 656!1 
20.5471 -0.7147 
20.8960 -0. 7231 

21.6756 -0. 743! 
22.2124 -0. 752E· 
20.5162 -0.6860 

13. 2502 -0 4121 
9. 4683 -0 2504 

15.3601 -0 4126 

6 
6 

-0. 9504 29 
-0 9843 29 
-0.9295 29 

-0. 9747 29 
-0.9579 29 
-0. 9463 29 

-0. 9845 29 
-0. 9618 29 
-0. 9991 29 

-0.9618 29 
-0.9283 29 
-0. 9240 29 

-0. 9550 29 
-0. 9738 29 
-0. 9475 29 

-0. 8206 30 
-0. 9952 26 

38 

25 
23 
25 
20 
20 
20 
23 
17 
17 
11 
20 
20 
20 

17 
11 
17 

21 
21 
21 

8 
8 
8 

17 
11 
17 

21 
21 
21 

26 
22 

32 

Upper 
11 
15 
25 
25 

1.0095 -0.2214 
11.6536 -0.6021 
12.4149 -0.3641 
21.2718 -0.5909 

-0.9904 26.5 22.0 
26.5 26.0 

-0.9994 30.5 28.5 
-0.9698 33.0 30.0 

lower 

Upper 15 and 20m 17 5642 -0.4680 18 -0.9683 34 

•These were likely sy1iergisl1t ettecls of high N2 supersaturation in these tests. 
• Excluding apparent long-term secondary mortality. 
' Data were available for 103 and 903 mortality as 1¥ell as 503. 
'Data also available on 10% and 90% mortality. 
• Data available for 103 and 903 mortality as well a; 50% 
' River temperatures during fall migrations two d1ffernnt years. 

m No difference was shown so data are lumped. 

29 

24.5 
22.9 
24.5 
23.5 
20.5 
23.5 
20. 5 
20.0 
19. 5 
23.0 
20.5 
20.0 
23.5 

23.0 
23.5 
23.8 

23.8 
24. 7 
24.8 

20 
13.5 

23.5 
24.2 
24.5 

24.5 
24.5 
24.5 

22 

21.3 
25.0 
27.7 
29.7 
3.1 

28.5 
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Stage/age 

Pimephales Adult (mostly 
(Hyborhynchus) 1 yr) 
notatus (blunt-
nose minnow) 

Pimephales Adult (1 yr) 
promelas(fat-
head minnow) 

Poec1ha lat1p1nna Adult 
(Sa1ftm molly) 

Pontoporeia affinis Adult 

Pseudopleuro· 
nectes amen
canus (winter 
flounder) 

Rhin1chthys Adult 
atratulus 
(blacknose dace) 

Rh1mchlhys Adult(?) 
atratulus (black· 
nose dace) 

Rhin1chthys Adult 
atratulus (Black· 
nose dace) 

Salmo gairdnern Juvenile 
(Rainbow trout) 

Salmo gairdnern Yearling 
(rainbow trout) 

Salmo gairdneru Juvenile 
(rainbow trout) 

Length 

6.0-7.1 cm 
(averages 
for test 
groups) 

4.5±0 4 cm 

9.4±6 O cm 
and 15.5± 
l.B cm 

Weight Sex 

mostly 0-2 g Mixed 

2.0-3 9 g 
mode 

3 4-4.lg 
(averages 
for test 
groups) 

2.0-3 9 
(mode) 

Mixed 

Mixed 

Mixed 

Mixed 

Mixed 

Mixed 

location Reference 

Etob1coke Cr., Hart (1947)87 
Ontario 

Don River, Hart(1947)87 
Thornhill, 
Ontario 

Jefferson Co., Strawn and 
Texas Dunn 

(1967) 99 

Lake Superior Smith (1971)'"' 
near Two unpublished 
Harbors, data 
Minn. 

New Jersey 
(40'N) 

Knoxville, 
Tenn. 

Toronto, 
Ontario 

Hoff & West
man (1966)'" 

Hart (1952) 88 

Hart (1952) 88 

Don RIYer, Hart (1941)87 
Thornhill, 
Ontario 

Alabaster & 
Welcomme 
(1962)10 

East end of Cra1g1e, D.E. 
Lake (1963)" 
Superior 

London, 
England 
(Hatchery) 

Alabaster & 
Downing 
(1966)" 

" It 1s assumed in this table that the acclimation temperature reported 1s a true acclimation m the context of Brett 
(1952).71 

b Number of median resistance times used for calculating regression equation. 
' Correlation coeff1c1ent (perfect fit of all data points to the regression line~ 1.0). 
d ~Incipient lethal temperature of Fry, et al., (1946)." 

·----. ----------

Acclimation log bme~a+b (temp.) Data limits Lethal 
threshold• 

(°C) 
Extreme------

Upper 

Lower 

Upper 

Lower 

Upper 

Upper 

Upper 

Lower 

Upper 

Tempa Time 

10 
15 
20 
25 
15 
20 
25 

10 
20 
30 
20 
30 

35 
35 
35 
35 

14 
21 
28 

14 
21 
28 

(0 °/oo)' 
(5 0/oo) 

(10 O/oo) 
(20 O/oo) 

24. 6417 -0. 8602 
55. 8357 -1.8588 
28.0377 -0.8337 
34.3240 -0.9682 
50.8212 -1.4181 

6Q.1182 -2.0000 
6. 9970 -0 1560 

41.3696 -1. 1317 

27.4296 -0.6279 
25 6936 -0.5753 
28 8808 -0.6535 
27.1988 -0.6146 

9 1790 -0 5017 

28. 2986 -1.1405 
24.3020 -0.8761 
49.0231 -1.6915 
60.8070 -1.9610 

1.4914 0.8165 
2 2145 0. 2344 

21 1115 -0.5958 20 
25 
28 

19 6451 -0.5124 10 

Upper 

Upper 

Lower 

Upper 

15 
20 
25 

10 
15 
20 
25 
20 
25 

Raised in soft water 
Upper 20 (tested m soft 

Upper 

water) 
20 (tested m hard 

water) 
Raised in hard water 

20 (tested in soft 
water) 

20 (tested m hard 
water) 

15 
20 

•Salinity. 

21 3360 -0 5651 

19.8158 -0.5771 
24. 5749 -0. 7061 
20.1840 -0.5389 

77.1817 -1.7959 
49 1469 -1. 6021 
19.6975 -0.5734 
26.5951 -0 7719 
23. 5765 -0 6629 

18 4654 -0.5801 
13 6531 -0 4164 

14.6405 -0.4470 

15.0392 -0.4561 

15.1473 -0. 4683 

11.8718 -0.3837 

15.6500 -0.500 
19.6150 -0.6150 

1 Dissolved oxygen Cone. 7.4 mg/I. 
o Dissolved oxygen Cone. 3.8 mg/I. 
•See note (under Salmo salar) about Alabaster 1967."' 

2• 
2 

(°C) LD50 

upper lower 

27.0 16.5 
19.5 19.0 

-0.9974 31.0 31.0 
-0.9319 34.0 31.5 
-0.9490 35.0 34.0 

30.0 19.5 
-0 7448 33. 0 18. 5 
-0. 9670 36.0 34.0 

-0.9901 42.5 38.5 
-0.9835 42 5 39.0 
-0.9949 41.0 39.0 
-0.9791 41.5 39.5 

16.0 
28.3 
30.6 
31.7 
33.3 
10 
4.1 
7.5 

28.1 
31.7 
33.1 
1.5 

10.5 

12 10 8 10.5 

-0.9851 14.0 10.0 
-0.9507 26.0 13.0 
-0.9137 19.0 26.0 
-0.9181 30.0 29.0 

1.0 1.0 
1.0 1.0 

0 7816 6.0 1.0 
0.9970 7.0 4.0 

-0. 9935 33 30 
-0.9979 35 30.5 
-0.9946 35.5 31.5 

11 27 
-0.9631 31.5 30.0 
-0. 9916 33 30. 0 
-0.9968 35 31.0 

27.5 17.0 
-0.8511 30 5 29.5 
-0.9571 31.5 30.0 
-0. 9897 33 5 29 5 
-0.9937 34.0 30.0 

-0.9787 29.6 26.3 
-0 9741 29.1 26.3 

-0. 9787 29 27 

-0.9917 29 27 

-0.9781 19 27 

-0. 9841 19 11 

10.4 
(30 da) 

17(1 hr) 

11.0 
23. 7 
27.0 
19.1 
1 0 
1.0 

14 
6.0 

29 3 
19.3 
29.3 

19.3 
29 3 
29 3 

26.5 
28.8 
19.6 
29.3 
29.3 
1.1 
5.0 

26.5 
26.5 
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THERMAL TABLES-Continued 
----~-------------

Acclimation log time=a+b (temp.) Data limits Lethal 
Species Stage/age Length Weight Sex L~tion Reference Extreme (oC) LD50 lhreshol 

Tempa Time K' r• ----- (°C) 
upper lower 

Salmo gairdneri1 Adult 2650 mm 4000 g ave. Mixed Columbia Coutant Upper 19• 10. 9677 -0. 332!1 -0. 9910 29 21 21 
(anadromous) ave. River at (1970)76 
(Steelhead Priest 
trout) Rapids Dam 

Salmo salar Smolts(H About 16 cm Mixed River Axe, Alabaster Upper 9 2 (field) 43.6667 -1.666;• 21 (I) (/) 

(Atlantic salmon) yrs) ave. Devon, (1967)68 9.3" 23.7273 -0.9091 2 
England 10.9" 126.5000 -5.000 

Tested m 30% seawater 
9.2 (field) 44. 6667 -1. 666J 

Tested in 100% sea· 
water 
9.2 (field) 14. 7368 -0.526:1 

Acclimated 7 hr in sea· 
water; tested in sea· 
water 
9.2 (field) 36. 9999 -1.42811 

Salmo salar Newly hatched Mixed Cullercoats B1sha1 (1960) 73 Upper 6 (brought up to 13.59 -0.4281 -0. 9678 28. 0 20.0 22.0 
(Atlanbc salmon) larvae North test temp. m 

Shields, 6 hours) 
England 
(hatchery) 

Salmo salar 30 da after Mixed Cullercoats, B1shai (1960)73 Upper 8.9631 -0.2877 -0.9791 25.0 22 22.2 
(Atlantic salmon) hatch mg North 10 15. 7280 -0.5396 -0.9689 26.0 22 23.3 

Shields, 20 11.5471 -0. 3406 -0.9143 26.0 22 23.5 
England 
(hatchery) 

Salmo salar Parr (1 yr) 10 cm ave. Mixed River Axe, Alabaster Upper 9.3 (field) 33.3750 -1.2500 20 

(Atlantic salmon) Devon, (196))68 10.9 (field) 28.0000 -1.0000 2 
England 

Salmo salar Smolb(l-2 11.7±1.Scm Mixed RJVer North Alabaster Upper 11.1 25. 9091 -0.9091 20 

(Atlanbc salmon) yrs) Esk, Scotland (1967)" 

Salmo salar Smolts(l-2 14.6±1.3 cm Mixed R1mSemn Alabaster Upper 16.7 14.5909 -0.4545 20 
(Atlanbc salmon) yrs) Gloucester, (1967)68 

England 

Salmo trutta Newly hatched Mixed Cullercoats, Bisha1 (1960)" Upper 6 (raised to lest 
(brown trout) fry North temp. over 6 hr 

Shields, penod) 12. 7756 -0.4010 -0. 9747 28. 0 20.0 22.0 
England 
(hatchery) 

Salmo trutta 30 da after Mixed Cullercoats, Bishai (1960)" Upper 5 15.2944 -0.5299 -0.8783 25.0 22.0 22.2 
(Brown trout, hatching North 10 23.5131 -0.8406 -0. 9702 26.0 22.0 23.4 
searun) Shields, 20 14.6978 -0.4665 -0. 9797 26.0 22.0 23.5 

England 
(hatchery) 

Salmo trutta Juvenile 10.1±0.8 cm Mixed London, Alabaster & Upper 36.1429 -1.4286 2• 
(brown trout, 7.4±4.5 England Downing 15 21.5714 -0. 7143 2 
searun) cm (hatchery) (1966)" 20 17.6667 -0.5556 

Salmo trutta Smolts (2 yr.) About 21 cm Mixed Ri>er Ate, Alabaster Uppe 9. 3 (field) 18.4667 -0.6667 20 
(brown trout, ave. Devon, (1967)68 10.9" 33.0000 -1.2500 2 
sea run) England 

Salvelinus fonti- Juvenile Pleasant McCauley Upper 10 17.5260 -0. 6033 -0.9254 25.5 24.5 
nalis (Brook Mount (1958)" 20 20.2457 -0.6671 -0.9723 27.0 25.0 
trout) Hatchery, 

Wayne Co., 
Penna. and 
Chatsworth 
Hatchery, 
Ontario• 

• It is assumed in this table that the acclimation temperature reported is a true acclimation in the context of Brett •River temp. during fall migration 
(1952).74 t Alabaster fitted by eye, a straight lme to median dea'lh hmes plotted on semilog paper (log lime), then reporte1 

'Number of median resistance times used for calculating regression equation. Qnly the 100 and 1000 min intercepts. These intercepts am the basis for the equation presented here. 
'Correlation coefficient (perfect fit of all data points to the re11ession line= 1.0). o See note for Alabaster 1967.68 

•=Incipient lethal temperature of Fry, et al., (1946)." • Results did not differ so data were combined. 
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THERMAL TABLES-Continued 

Species Stage/age 

Salvelmus fonti· Yearling 
nalis (brook 
trout) 

Salvelinus font1· Juvenile 
nalis (namaycush 
hybrid) 

Salvelinus 1-2 yr. old 
namaycush 
(Lake trout) 

Scard1mus Adult 
erythrophthala· 
mus (rudd) 

Semot1lus atro· Adult 
maculatus 
(Creek chub) 

Semotilus alro· Adult 
maculatus 
(Creek chub) 

Sphaero1des annu- Adult 
latus (Puffer) 

Length 

10 cm 

X=7.881 
range 2-
25 g 

Sex 

Mixed 

27. 7 gm ave. Mixed 
(1 yr) 82.8 
gm ave. 
(2 yr) 

Mixed 

2.0-3.9gm Mixed 
mode 

location 

Codrington, 
Ont. (hatch

ery 

Ontario. 
Canada 

Reference 

Fry, Hart & 
Walker 
(1946)" 

Fry and Gib· 
son (1953)" 

Hatcheries in Gibson and 
Ontario Fry (1954)" 

Bntain (field) Alabaster & 
Downing 
(1966)" 

Don River, Hart (1947)87 

Thornhill, 
Ontario 

Toronto, Harl (1952)" 
Ontario 
Knoxville, 
Tenn. 

Northern Gulf Heath (1967)89 

of Calif. 
Coast 

Acclimation log time=a+b (temp.) 
Extreme------ ------------

Data limits 
(oC) 

Upper 

Upper 

Upper 

Upper 

Upper 

Lower 

Upper 

Upper 

Temp• Time 

3 
11 
15 
20 
22 
24 
25 

10 
15 
20 

15 
20 

20 

10 
15 
20 
25 
10 
25 

1 wk 

10 (Toronto only) 
15 (Toronto only) 
20 (Toronto 011ly) 
25 
30 

32.0 

13.4325 -0.4556 
14.6256 -0.4128 
15.1846 -0.4833 
15.0331 -0.4661 
17. 1967 -0.5367 6 
17.8467 -0.5567 10 
17.8467 -0.5567 3 

13.2634 -0 4381 
16. 9596 -0. 5540 
19.4449 -0.6342 

14. 4820 -0. 5142 
14 512l -0. 4866 
17.3684 -0.5818 

26. 9999 -0. 7692 2• 

42.1859 -1 6011 
31.0755 -1.0414 
20.8055 -0.6226 
21.0274 -0.5933 
16.8951 -0.4499 

20.8055 -0.6116 
19.1315 -0. 5318 
19.3186 -0.4717 18 
22 8982 -0. 5844 19 

25.4649 -0.6088 

upper lower 

-0.9997 26.0 23.5 
28.0 25.0 
28.5 25.5 
29.0 25.5 
29.0 26.5 
30.0 25.5 
29.0 26.0 

-0.9852 26.5 24.0 
-0.9652 28.0 24.5 
-0. 9744 28. 0 24. 5 

-0. 9936 26 
-0. 9989 27 
-0. 9951 27 

23 
24 
24 

-0.9408 26.0 25.0 
-0.8628 29.0 28.0 
-0.9969 31 0 30.0 
-0. 9844 33. 5 30. 5 
-0.9911 35.0 31.0 

29 
-0.9969 31 
-0. 9856 33 
-0. 9921 36 
-0. 9961 37 

28 
30 
30.5 
32 
33 

-0.9716 37.0 36.0 

Sphaero1des macu
latus (Northern 
putter) 

13.8-15.9 cm 62.3-79.3 gm Mixed New Jersey Hoff and West- Upper 10 
14 
11 
28 
14 
21 
28 

11.3999 -0.1821 
35.5191 -1.0751 
21.5353 -0.5746 
23 7582 -0. 6183 

-0.9988 30.0 25.0 

Thaleichthys 
pac11icus 
(Eulachon or 
Columbia River 
Smelt) 

Sexually 
Mature 

T1lap1a mossam· 4 months 
b1ca (Mozam-
bique mouth-
breeder) 

Tmca linca 
(tench) 

Juvenile 

(average) (average) 

161 mm ave. 31 gm ave. 

8.0-12.0 cm 10.0-17.D gm 

4.6±0.4 cm 

Mixed 

Mixed 

(40 N) man (1966)'° 

Cowlitz River, Blahm & 
Wash. McConnell 

Transvaal 
Africa 

England 

(1970)100 
unpublished 
data 

Allanson & 
Noble 
(1964)71 

Alabaster & 
Downing" 
(1966) 

"II 1s assumed in lhis table 11131 the accl1matioo temperature reported 1s a true acclimation in thecootext ot Brei\ 
(1952)" 

'Number or median resistance times used lor calculalmg regression equation. 

Lower 

Upper 

Upper 

Upper 

22 
26 
28 
29 
30 
32 
34 
36 

15 
20 
25 

river temp. 

-1.7104 0.6141 
-3.9939 0. 7300 
-7.4513 0.8498 

7. 7440 -0 2740 

313.3830 -8.3878 
14.0458 -0.2800 
41 1610 -0. 9950 
94.8243 -2.4125 
41.3233 -1.0018 
34.0769 -0.8123 

123.1504 -3.1223 
68. 6764 -1.7094 

33. 2000 1. DODO 2• 
29.6667 0.8333 3 
27.1429 0.7143 

-0.9449 32 0 27.0 
-0.9914 32.0 30.0 
-0.9239 33.5 31.1 

0.9760 10.0 6.0 
0.9310 12.0 8.0 
0.9738 16.0 10.0 

-0.9142 29.0 8.0 

-0.8898 37.10 36.5 
-0.2140 37.92 37.5 
-0. 3107 38. 09 37. 9 
-0.7781 38. 10 27.0 
-0.9124 38.50 37.6 
-0.9209 38.4 37.6 
-0.9938 38.4 38.2 
-0.9053 38.71 37.9 

•Correlation coefficient (perfect fil of all data points to the regression line= 1.0). 
•=Incipient letl\31 temperature of Fry, et al., (1946)." 
•See previous note lor Alabaster 1967."' 

LD50 
Lethal 

threshold' 
(oC) 

23.5 
24.6 
25.0 
25.3 
25.5 
25.5 
25.5 

23.5-24.0 
? 

24.0-24. 5 

22 1 
23.5 
23.5 

24. 7 
27.3 
29.3 
30.3 
30.3 
0.1 
4.5 

27.5 
29 
30.5 
31.5 
31.5 

27.5 
30.2 
31.2 
32.5 
8.8 

10. 7 
13.0 

10.5 

36.94 
37. 7 
37.89 
37.91 
37.59 
37.6 
38.25 
38.2 



APP EN DIX 11-D 

Organochlorine Insecticides 

Acute tox1c1ty LCSO Sub-acute effects 
Pesticide Organism µg/hter Reference 

µg/hter hours 

------------- --------- --------~ -----

ALDRIN CRUSTACEANS 
Gammarus lacustris 9800 96 Sanders 1969"' 
Gammarus fasc1atus 4300 96 Sanders in press1" 
Palaemonetes kadiakens1s 50 96 
Asellus brevicaudus 96 
Daphma pulex 28 48 Sanders and Cope 1955121 
S1mocephalus serrulatus 23 48 
INSECTS 
Pteronarcys cal1formca 1.3 96 Sanders and Cope 19681" 

Pleronarcys cahfornica 180 96 2. 5 µg/liter (30 day LC50) Jensen and Gaufin 1966118 
Acroneuna pac1fica 200 96 22 µg/titer (30 day LC50) . Jensen and Gaufin 195511s 
FISH 
P1mephales promelas 28 96 Henderson etal. 1959m 
Lepomis macrochirus 13 96 
Salmo ga1rdnen 17. 7 96 Katz 1961119 

Oncorhynchus k1sutch 45.9 96 
Oncorhynchus tschawytscha 7.5 96 

DDT CRUSTACEAN 
Gammarus lacustns 1.0 96 Sanders 1969124 
Gammarus fasc1atus 0.8 96 Sanders in press120 
Palaemonetes kad1akensis 2.3 96 
Orconectes nais 0.24 96 
Asellus brevicaudus 4.0 96 
S1mocephalus serrulatus 2.5 48 Sanders and Cope 1966127 
Daphma pulex 0.36 48 
INSECT 
Pteronarcys cahfornica 7.0 96 Sanders and Cope 196812' 
Pteronarcella badia 1.9 96 
Claassenia sabulosa 3 5 96 
FISH 
P1mephales promelas 19 96 Macek and McAllister 1970121 
Lepom1s macrochirus 8 96 
Lepom1s m1crolophus 96 
M1cropterus salmo1des 96 
Salmo ga1rdnen 96 
Salmo gairdneri 0. 26 µg/I (15 day LC50) FPRL Annual Report1" 
Salmo trutta 96 Macek and McAllister 1970121 
Oncorhynchus k1Sutch 96 
Perea flavescens 96 
lctalurus punctatus 16 96 
lctalurus melas 5 96 

TDE (DDD) Rhothane® CRUSTACEAN 
Gammarus lacustris 0.64 96 Sanders 1269124 
Gammarus fasc1atus 0 86 96 Sanders in press1" 
Palaemonetes kadiakenS1s 0.68 96 
Asellus breviacaudus 10.0 96 
S1mocephalus serrulatus 4.5 48 Sanders and Cope 19661'1 
Daphma pulex 3.2 48 
INSECT 
Pteronarcys californica 380 96 Sanders and Cope 19681'8 

420 
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Organochlorine Insecticides-Continued 

Acute tox1c1ty LCSO Sub-acute effects 
Pesticide Organism µg/liter Reference 

µg/liter hours 
----~--· 

OIELDRIN CRUSTACEAN 
Gammarus lacustns 460 96 Sanders 1969124 

Gammarus fasciatus 600 96 Sanders in press126 

Palaemonetes kadtakensis 20 96 
Orconectes nats 740 96 
Asellus brevicaudus 96 
Stmocephalus serrulatus 190 48 Sanders and Cope 1966"' 
Daphma pulex 250 48 
INSECTS 
Pteronarcys caltforn1ca 0.5 96 Sanders and Cope 1968128 
Pleronarcys caltforn1ca 39 96 2. 0 (30 day LC50) Jensen and Gaufin 196611 ' 

Acroneuna pactfica 24 96 0. 2 (30 day LC50) 
Pteronarcella badta 0.5 96 Sanders and Cope 196812' 

Claassema sabulosa 0.58 96 
FISH 
Ptmephales promelas 16 96 Henderson et al. 1959113 

Lepomis macrochirus 8 96 
Salmo ga11dnen 10 96 Katz 1961119 

Oncorhynchus ktsutch 11 96 
Oncorhynchus tschawytscha 96 
Poecillia latiptpna 3.0 (19 week LC50) Lane and Ltvmgston 19701'° 
Poectllta lat1p1pna 0. 75 (reduced growth & reproduction-34 

week) 
Lepomis g1bbosus 6. 7 96 1. 7 (affect swimming abihly and oxygen con· Cairns and Scheir 196410' 

sumption-100-day) 
lctaluras punctatus 4.5 96 FPRL"7 

CHLORDANE CRUSTACEAN 
Gammarus lacustns 26 96 Sanders 19691" 

Gammarus fasciatus 40 96 Sanders in press'" 
Palaemonetes kad1akens1s 4.0 96 2. 5 (120 hour LC50) 
Stmocephalus serrulatus 20 48 Sanders and Cope 1966'27 
Daphma pulex 29 48 
INSECT 
Pteronarcys caltformca 15 96 Sanders and Cope 19681" 

FISH 
P1mephales promelas 52 96 Henderson et al. 1959"' 
Lepomts macroch11us 22 96 
Salmo gairdneri 44 96 Katz 196111• 
Oncorhynchus kisutch 56 96 
Oncorhynchus tschawytscha 57 96 

ENDOSULFAN THIODAN CRUSTACEAN 
Gammarus fasciatus 5.8 96 Sanders 1969'" 
Daphnta magna 52.9 96 Schoettger 197012 ' 

INSECT 
Pteronarcys caltlorn1ca 2.3 96 Sanders and Cope 19681" 

lschnura sp 71.8 96 Schoettger 1970'" 
FISH 
Salmo gairdnen 0.3 96 Schoettger 1970129 

Catastomus commersont 3.0 96 
ENDRIN CRUSTACEAN 

Gammarus lacustris 3.0 96 Sanders 19691" 

Gammarusfasciatus 0.9 120 Sanders m press'" 
Palaemonetes kadtakensis 0.4 120 
Orconectes nats 3.2 96 
Asellus brev1caudus 1.5 96 
S1mocephalus serrulalus 26 48 Sanders and Cope 1966'27 
Daphnta pulex 20 48 
INSECT 
Pteronarcys caltfornica 0.25 96 Sanders and Cope 1968'" 
Pteronarcys cahformca 2.4 96 1. 2 (30 day LCSO) Jensen and Gaufin 1966118 
Acroneuna pac1fica 0.32 96 0. 03 (39 day LCSO) 
Pteronarcella badta 0.54 96 Sanders and Cope 1968128 

Claassenta sabulosa 0. 76 96 
FISH 
P1mephales promelas 1.0 96 Henderson et al. 1959113 

Lepom1s macrochtrus 0.6 96 
Salmo gairdnen 0.6 96 Katz 1961119 
Oncorhynchus ktsutch 0.5 96 
Oncorhynchus tschawytscha 1.2 96 

HEFUCHLOR CRUSTACEAN 
Gammarus lacustns 29 96 Sanders 1969"' 
Gammarus fasciatus 40 96 Sanders m press"' 
Palaemonetes kadtakenstS 1 8 96 
Orconectes nais 7.8 96 
S1mocephalus serrulatus 47 48 Sanders and Cope 1966"' 
Daphnta pulex 42 48 
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Pesbcide Or1anism 

HEPTACHLOR INSECTS 
Pteronarcys cahlormca 
Pteronarcella badia 
Claassenia sabulosa 
FISH 
Pimephales promelas 
Lepomis macroch1rus 
Lepomis microlophus 
Salmo ga1rdneri 
Oncorhynchus k1sutch 
Oncorhynchus tschawytscha 

LIN DANE CRUSTACEAN 
Gammarus lacustns 
Gammarus fasciatus 
Asellus brevicaudus 
Simocephalus serrulatus 
Daphnia pulex 
INSECT 
Pleronarcys californiea 
FISH 
P1mephales promelas . 
Lepomis macroch1rus . 
Lepomis microlophus 
Micropterus salmo1des 
Salmo gairdnen 
Salmo trutta 
Dncorhynchus kisutch .. 
Perea flavescens 
lctalurus punctatus 
lctalurus melas 

METHOXYCHLOR .. CRUSTACEAN 
Gammarus lacustris 
Gammarus tasc1atus 
Palaemonetes kadiakensis . 
Orconectes nais 
Asellus brevieaudus 
S1mocephalus serrulatus 
Daphma pulex 
INSECT 
Pleronarcys cahformea 
Taeniopteryx mvalis 
Stenonema spp 
FISH 
Pimephales promelas .. 
Lepomis macroch1rus . 
Salmo gairdneri 
Oncorhynchus kisutch 
Oncorhynchus tschawytscha 
Perea fiaYescens 

TDXAPHENE .. .. CRUSTACEAN 
Gammarus lacustris .. 
Gammarus fasciatus 
Palaemonetes kadiakensis 
S1mocephalus serrulatus 
Daphnia pulex 
INSECTS 
Pteronarcys cahforniea 
Pteronarcella bad1a 
Claassenia sabulosa 
FISH 
Pimephales promelas 
Lepomos macrochirus 
Lepomis m1crolophus 
Micropterus salmoides 
Salmo ga1rdnerii 
Salmo trutta. 
Oncorhynchus kisutch 
Perea flavescens 
lctalurus punctatus . 
lclalurus melas .. 

Organochlorine Insecticides-Continued 

Acute toxicity LC50 

1.11/hter 

1.1 
0.9 
2.8 

56 
19 
11 
19 
59 
11 

48 
10 
10 

520 
460 

4.5 

87 
68 
83 
32 
21 
2 

41 
68 
« 
64 

0.8 
1.9 
1.0 
0.5 
3.2 

0. 18 

u 
0.98 
0.63 

7.5 
62.0 
62.6 
66.2 
27.9 
20.0 

26 
6 

28 
10 
15 

2.3 
3.0 
1.3 

14 
18 
13 
2 

ti 

12 
13 

hours 

96 
96 
96 

96 
96 
96 
96 
96 
96 

96 
96 
96 
48 
48 

96 

96 
96 
96 
96 
96 
96 
96 
96 
96 
96 

96 
96 
96 
96 
96 
48 
48 

96 
96 
96 

96 
96 
96 
96 
96 
96 

96 
96 
96 
48 
48 

96 
96 
96 

96 
96 
96 
96 
96 
96 
96 
96 
96 
96 

Sub-acute effects. 
1.11/liter 

0.125 (reduced egg hatchabililJ) .. 

0.6(reduced1rowth) 8 months ..... 

Reference 

. . Sanders and Cope 19681" 

Henderson et al. 1959113 

Brid1es 1961'" 
Katz 1961119 

Sanders 1969124 

Sanders in press"' 

Sanders and Cope 1966127 

Sanders and Cope 1968'" 

Macek and McAllister 1970121 

Sanders 196912' 
Sanders in press'" 

Sanders and Cope 1966127 

Sanders and Cope 1968'" 
Merna unpublished datat" 
Merna 

. . Merna unpublished dala"' 
Handerson et al 1959'" 
Katz, 1961119 

Merna unpublished dala"' 

Sanders 1969124 

Sanders in press"' 

Sanders and Cope 1966"' 

Sanders and Cope 1968"' 

Macek and McAllister 1970121 

Macak and McAllister 1970121 
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Organophosphate Insecticides 

Acute toxicity LC50 Sub-acute effects No effect 
Pesticide Organism µg/liter µg/liter Reference 

µg/liter hours 

ABATE® CRUSTACEAN 
Gammarus lacustris 82 96 Sanders 1969124 
INSECT 
P!eronarcys cahformca 10 96 Sanders and Cope 1968"' 
FISH 
Salmo gairdnen 158 96 FPRL"' 

AZINPHOSMETHYL GUTHIQN® CRUSTACEANS 
Gammarus lacustris 0.15 96 Sanders 19691" 
Gammarus fasciatus 0.10 96 Sanders in press"' 
Gammarus pseudohmneaus 0.10-30 day Bell unpublished data"' 
Palaemonetes kad1akengs 1.2 120 0.16 (20 day LC50) Sanders m press"' 
Asellus brevicaudus 21.0 96 
INSECTS 
Pteronarcys dorsata 12.1 96 4. 9 (30 day LC50) Bell unpubhshed data"' 
Pteronarcys californica 1.5 96 Sanders and Cope 1968128 

Acroneuna lycorias 1.5 (30 day LC50) 1.36-30 day Bell unpublished data"• 
Ophiogomphus rupinsulensis 12.0 96 2. 2 (30 day LC50) 1.73-30 day 
Hydropsyche bettoni 7. 4 (30 day LC50) 4.94-30 day 
Ephemerella subvana 4. 5 (30 day LC50) 2.50-30 day 
FISH 
P1mephales promelas 93 96 Katl 196111' 
Lepom1s macroch1rus 5.2 96 
Lepomis microlophus 52 96 Macek and McAllister 1970121 
Micropterus salmo1des 96 
Salmo gairdneri 14 96 
Sa Imo trutla 4 96 
Oncorhynchus k1sulch 17 96 
Perea flavescens 13 96 Macek and McAllls\er 1970121 
lctalurus puncta\us 3290 96 
tctalurus melas 3500 96 

AZINPHOSETHYL ETHYL GUTHIQN® CRUSTACEANS 
S1mocephalus serrulalus 48 Sanders and Cope 1966127 
Daphma pulex 3.2 48 
FISH 
Salmo gairdnen 19 96 FPRL"' 

CARBOPHENOTHION TRITHION ® CRUSTACEANS 
Gammarus lactustris 5.2 96 Sanders 1969124 

Palaemoneles kad1akensis t.2 96 Sanders in press126 

Asellus brevicaudus 1100 96 

CHLOROTHION. CRUSTACEAN 
Daphma magna 4.5 48 Water Qualiy Criteria 

1968 
FISH 
P1mephales promelas 2800 96 Pickering el al. 1962"' 
Lepom1s macroch11us 700 96 

CIODRIN® CRUSTACEANS 
Gammarus lacustris 15 96 Sanders 1969124 
Gammarus fasc1a\us 11 96 Sanders in press"' 
FISH 
Lepom1s macrochirus 250 96 FPRL137 

M1croplerus salmo1des 1100 96 FPRL1" 
Salmo gairdneri 55 96 FPRL"' 
lctalurus punclatus 2500 96 

COUMAPHOS CO-RAl ® CRUSTACEANS 
Gammarus lacustns 0.07 96 Sanders 19691" 
Ga mmarus fasciatus 0.15 96 Sanders in press1" 
Da phma magna 1.0 48 Water Quality Criteria 

1968 
INSECTS 
Hydrop>yche sp. 5 24 Carl•on 1966no 
Hexagema sp. 430 24 
FISH 
P1mephales promelas 18000 96 Katz 1961110 

Lepom1s macroch1rus 180 96 
Salmo fairdnen 1500 96 
Oncorhynchus kisutih 15000 96 

OEMETON SYSTDx® CRUSTACEANS 
Gammarus fasciatus 27 96 Sanders in press"' 
FISH 
P1mephales promelas 3200 96 Pickering et al. 1962121 
Lepomis macrochirus 100 96 
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Organophosphate Insecticides-Continued 

Acute toxicity LCSO Sub-acute eHects No eHect 
Pesticide Organism µg/liter µg/hter Reference 

µg/liter hours 

---------

DIAZINON. CRUSTACEANS 
Gammarus pseudolimneaus 0. 21 (30 day LCSO) O. 20 (30 day) Bell unpublished datai" 
Gammarus lacustris 200 96 Sanders 1959124 
S1mocephalus serrulatus 1.4 48 Sanders and Cope 1966127 
Daphma pulex 0.90 48 
Daphma magna 0. 26 (21 day) Biesinger unpublished datai" 
INSECTS 
Pteronarcys cahfornica 25 96 Sanders and Cope 1968128 
Pteronarcys dorsata 4. 6 (30 day LC50) 3.29 (30 day) Bell unpubhshed datai" 
Acroneuria lyconas .. 1.1 96 1.25 (30 day LC50) 0.83 (30 day) 
Ophmgomphus rupmsulensis 2.2 1.29 
Hydropsyche bettom 3.54 1.79 
Ephemereha subvaria 1.05 0.42 

DICHLORVOS DDVP VAPONA®. CRUSTACEANS 
Gammarus lacustris 0.50 96 Sanders 1959124 
Gammarus lac1atus 0.40 96 Sanders in pressm 
S1mocephalus serrulatus 0.26 48 Sanders and Cope 1955121 
Daphma pulex 0.07 48 
INSECTS 
Pteronarcys cahfornica 0.10 96 Sanders and Cope 1968128 
FISH 
Lepom1s macroch1rus 869 96 FPRL137 

DIOXATHION DELNAV® .... CRUSTACEANS 
Gammarus tacustris 270 96 Sanders 1969124 

Gammarus fasc1atus 8.6 96 Sanders m pressi" 
FISH 
P1mephates promelas 9300 96 Pickering et al. 195212J 
Lepom1s macroch1rus 34 96 
Lepom1s cyanellus 61 96 
M1tropterus salmo1des 36 96 

DISULFOTON Dl·SYSTON® . CRUSTACEANS 
Gammarus lacustris 52 96 Sanders 1969114 

Gammarus fasciatus 21 96 Sanders m press120 
Palaemonetes kad1akensis 38 96 
INSECTS 
Pteronarcys cahformca 96 Sanders and Cope 1968'28 
Pteronareys cahfornica 24 96 1. 9 (30 day LC50) Jensen and Gaufin 1964117 
Acroneuria pac1f1ca 8.2 26 1. 4 (30 day LC50) 
FISH 
P1mephales promelas 3700 96 Pickering et al. 1962"' 
Lepom1s macroch1rus 63 96 

DURSBAN®. ........... CRUSTACEANS 
Gammarus lacustris 0.11 96 Sanders 1969124 
Gammarus fasciatus 0.32 96 Sanders in press126 

INSECTS 
Pteronarcys cahlornica 10 96 Sanders and Cope 1968128 
Pteronarcella bad1a 0.38 96 
Claassenia sabulosa 0.57 l6 
FISH 
Lepom1s macroch1rus 2.6 l6 FPRL137 

Salmo gairdneri 11 96 FPRL'" 

ETH ION NfALATE® ............... CRUSTACEANS 
Gammarus lacustris 1.8 36 Sanders 1969'" 
Gammarus fasciatus 9.4 ~ Sanders in press'" 
Palaemonetes kad1akens1s 5. 7 36 Sanders m pressm 
INSECTS 
Pteronarcys calilornica 2.8 36 Sanders and Cope 19681"' 

FISH 
Lepom1S macroch1rus. 220 96 FPRL"' 
Micropterus salmo1des 150 96 
Salmo gairdneri. 560 96 
Salmo clark1i 120 96 
lctalurus punctatus 7500 96 

EPN ................................ CRUSTACEAN 
Gammarus lacustris. 15 96 Sanders 19691" 

Gammarus fasc1atus 1 96 Sanders m press'" 
Palaemonetes kad1akensis 0.56 96 
FISH 
P1mephales promelas 110000 96 Solon and Nair 1970"' 
Lepom1S macrochirus .. 100 96 Pickering et al. 19621" 
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Organophosphate Insecticides-Continued 

Acute tox1c1ty LC50 Sub-acute effects No effect 
Pest1c1de Organism µg/hter µg/hter Reference 

µg/hter hours 

FENTHION BAYTEX® CRUSTACEANS 
Gammarus lacustns 8.4 96 Sanders 1969"' 
Gammarus fasc1atus 110 96 Sanders m press'" 
Palaemonetes kad1akensis 5 120 1.5 (20 day LC50) 
Orconectes nais 50 96 
Asellus brev1caudus 1800 96 
S1mocephalus serrulatus 0.62 48 Sanders and Cope 1966127 
Daphma pulex 0 80 48 
INSECTS 
Pteronarcys cahlorn1ca 4.5 96 Sanders and Cope 1968'" 
FISH 
P1mephales promelas 2440 96 Macek and McAlhster 1970121 
Lepom1s macroch11u• 1380 96 
lepomis m1crolophus 1880 96 
Micropterus salmo1des 1540 96 
Sa Imo gairdnen 930 96 
Salmo trutta 1330 96 
Oncorhynchus k1sutch 1320 96 
Perea flavesens 1650 96 
lctalurus punctatus 1680 96 
lctalurus melas 1620 96 

MALATHION CRUSTACEANS 
Gammarus pseudohmneaus 0. 023 (30 day LC50) o. 008-30 day Bell unpublished data"' 
Gammarus lacustrts 1.0 96 Sanders 19691" 
Gammarus fasctatus o. 76 96 0.5 (120 hour LC50) Sanders m press'" 
Palaemonetes kad1akensis 12 96 9.0 
Orconectes nais 180 96 
Asellus brev1caudus 3000 96 
S1mocephalus serrulatus 3.5 48 Sanders and Cope 1966'" 
Daphn1a pulex 1 8 48 
Daphn1a magna 0.6-21 day Biesinger unpubhshed data"' 
INSECTS 
Pteronarcys cahformca 10 96 Sanders and Cope 19681" 
Pteronarcys dorsata 11. 1 (30 day LC50) 9.4-30 day Bell unpublished data"' 
Acroneuna lyconas 1.0 0. 3 (30 day LC50) 0.17-30 day 
Pteronarcella bad1a 1.1 96 Sanders and Cope 1968"' 
Classen1a sabulosa 2.8 96 
Boyeria vmosa 2 3 (30 day LC50) 1. 65-30 day Bell unpublished data"' 
Oph1ogomphus rupmsulensis 0 52 O. 28-30 day 
Hydropsyche bettom 0.34 0. 24-30 day 
FISH 
P1mephales promelas 9000 96 580 (spinal deformity 10 month) 200-10 month exposure Mount and Stephen 1957122 
lepomis macrochirus 110 96 7. 4 (spinal deformity several 3. 6-11 months Eaton 1971111 

months) 
Lepomis cyanellus 120 96 Ptcke11ng et al. 1962'" 
Lepomis m1crolophus 170 96 Macek and McAlhster 1970121 

M1cropterus salmo1des 285 96 
Sal mo gairdnen 170 96 
Salmo trutta 200 96 
Oncorhynchus k1Sutch 101 96 
Perea flamcens 263 96 
lctalurus punctatus 8970 96 
lctalurus melas 12900 95 

METHYL PARATHION BAYER E601 FISH 
P1mephales promelas 8900 96 Macek and McAllister 1970121 
lepom1S macroch11us 5720 96 
Lepomis microlophus 5170 96 
M1cropterus salmo1des 5220 96 
Salmo ga11dnen 2750 96 
Salmo trutta 4740 96 
Oncorhynchus k1Sutch 5300 96 
Perea flavescens 3060 96 
ltalurus punctatus 5710 96 
ltalurus melas 6640 96 

MEVlllPHOS PHOSDRIN® CRUSTACEAN 
Gammarus lacuslm 130 96 Sanders 1969"' 
Gammarus lasc1atus 2.8 96 Sanders m press"' 
Palaemonetes kad1akensis 12 96 
Asellus brev1candus 56 96 
S1mocephalus serrulatus 0.43 48 Sanders and Cope 1966"' 
Daphn1a pulex 0.16 48 
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Pesticide 

MEVINPHOS PHOSDRIN®. 

NALEO DI BROM® 

OXYDEMETON METHYL META
SYSJOX®. 

PARATHION 

Organism 

INSECTS 
Pleronarcys cal1fornica 
FISH 
Lepom1s macrochirus 
Micropterus salm01des 

CRUSTACEANS 
Gammarus lacustris 
Gammarus fastiatus 
Palaemoneles kadiakensis 
Orconectes nais 
Asellus brev1caudus 
S1mocephalus serrulatus 
Daphnia pulex 
INSECTS 
Pteronarcys californica 
FISH 
lepom1s macrochirus 
Salmo gairdnen 

CRUSTACEANS 
Gammarus lacustns 
Gammarus fasc1atus 
INSECTS 
Pleronarcys cal1lormca 
FISH 
lepom1s macrochirus 
Salmo gairdneri . 

CRUSTACEANS 
Gammarus lacustris 
Gammarus fasciatus 
Palaemonetes kad1akensis 
S1mocephalus serrulatus 
Daphnia pulex 
Orconectes na1s 
Asellus brev1caudus 
INSECTS 
Pleronarcys calilormca 
Pteronarcys dorsata 
PteronarceUa bad1a 
Claassema sabulosa 
Acroneuna pacifica 
Acroneuria lyconas 
Ephemerella subvana 
Oph1gomphus rupmsulensis 
Hydropsyche bellom 

Organophosphate Insecticides-Continued 

Acute toxicity LC50 Sub-acute effects No effect 
µg/liter µg/hter Reference 

µg/liter hours 

----------------------------

5.0 96 Sanders and Cope 1968128 

70 96 FPRLm 
110 96 FPRll37 

110 96 Sanders 1969124 

14 96 Sanders in press"' 
90 96 

1800 96 
230 96 

1.1 48 Sanders and Cope 1966121 
0.35 48 

8.0 96 Sanders and Cope 1968128 

180 96 FPRL137 
132 96 FPRll37 

190 96 Sanders 1959124 
1000 96 Sanders in pressm 

35 96 Sanders and Cope 19681" 

14000 96 FPRL137 
4000 96 FPRL137 

3.5 96 Sanders 1969124 

2.1 96 1.6 (120 hour LC50) Sanders m press1" 
1.5 96 
0.37 48 Sanders and Cope 1966127 
o.so 48 
0.04 96 Sanders m press1" 

600 96 

36 96 2.2 (30 day LC50) Jensen and Gaufin 1954n1 
3.0 96 0. 90 (30 day LC50) Bell unpublished datam 
4.2 96 Sanders and Cope 1968128 
1.5 96 
3.0 96 0. 44 (30 day LC50) Jensen and Gaufin 1964ll7 

0.013 (30 day LC50) Bell unpublished data1" 
0.16 96 0.056 (30 day LC50) Bell unpublished data1" 
3.25 96 0.22 

0.45 
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Organophosphate Insecticides-Continued 

Acute toxicity LC50 Sub-acute enects No enect 
Pesticide Organism µg/hler µg/liter Reference 

µg/hter hours 

PARATHION FISH 
P1mephales promelas 1410 96 Solon and Nair 1970"' 
lepom1S macroch1rus 65 96 Pickering et al. 1962"' 
Lepomis cyanellus 425 96 
M1cropterus salmo1des 190 96 

PHORATE THI MET® CRUSTACEANS 
Gammarus lacustns 9 96 Sanders 1969124 

Gammarus lasc1atus 0.60 96 Sanders m press1" 
Orconectes nais 50 96 

PHOSPHAMIDON CRUSTACEANS 
Gammarus lacustns 2.8 96 Sanders 1969124 
Gammarus lasc1atus 16 96 Sanders in press1" 
Orconectes nais 7500 96 
S1mocephalus serrulalus 6.6 48 Sanders and Cope 1966127 
Daphn1a pulex 8.8 48 
INSECTS 
Pleronarcys calilornica 150 96 Sanders and Cope l 9681" 
FISH 
P1mephales promelas 100000 96 FPRL1" 
Lepomis macroch1rus 4500 96 
lctalurus punctatus 70000 96 

ROHN EL FISH 
Pimephales promelas 305 96 Solon and Nair 1970100 

TEPP CRUSTACEANS 
Gammarus lacustns 39 96 Sanders 1969124 
Gammarus lasc1atus 210 96 Sanders m press'" 
FISH 
P1mephales promelas 1900 96 P1ckenng et al. 1962"' 
lepomis macroch1rus 1100 96 

TRICHLOROPHON DIPTEREX CRUSTACEANS 
DYL OX Gammarus lacustns 40 96 Sanders 1969124 

S1mocephalus serrulatus 0 32 48 Sanders and Cope 196612' 

Daphma pulex 0.18 48 
INSECTS 
Pteronarcys cahformca 69 96 9. 8 (30 day LC50) Jensen and Gaufin 1954111 
Pteronarcys calilornica 35 96 Sanders and Cope 19681" 

Acroneuria pacinca 16.5 96 8. 7 (30 day LC50) Jensen and Gaufin l964ll7 
Pteronarcella badia 11 96 Sanders and Cope 19681" 

Claassema sabulosa 22 96 Sanders and Cope 196812' 

FISH 
P1mephales promelas 109000 96 Pickering et al. 1962"' 
Lepomis macroch1rus 3800 96 
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Carbamate 

Acute toxicity LC50 Sub-acute eftects No eftect 
Pestn:ide Organism µg/hter µg/liter Reference 

µg/liter 1ours 

------

CARBARYL SEVIN® CRUSTACEANS 
Gammarus lacustns 16 96 Sander& 1969"• 
Gammarus fasciatus 26 96 Sanders in press126 

Palaemonetes kadiakensis 5.6 96 
Orconectes nais 8.6 96 
Asellus brev1caudus 24{) 96 
Simocephalus serrulatus 1.1) 4& Sanders and Cope 1966121 

Daphnia pulex 6.4 48 
Daphma magna 5.063day Biesinger unpublished datam 
INSECTS 
Pleronarcys eahforniea 4.8 96 Sanders and Cope 1968128 
Pteronarcys dorsata 23. 0 (30 day LC50) 11.5 30 day Bell unpubhshed data"' 
Pleronarcella badia 1.7 96 Sanders and Cope 1968'28 
Claassema sabulosa 5.6 96 
Acroneuria lyconas 2.2 (30 day LC50). 1.3 30 day ·- Bell unpubhshed da!a1" 
Hydropsyche bettoni 2. 7 (30 day LC50) 1.8 30 day 
FISH 
Pimephales promelas 9000 96 680 (delme survival and re- 210 (6 month) Carlson unpublished datam 

production 6 months) 
Lepom1s macrochirus. 6760 96 Macek and McAllister 1970"' 
Lepom1s microlophus 11200 96 
M1cropterus salmo1des 6400 96 
Salmo gairdnen 4340 96 
Salmo trutta 1950 96 
Oncorhynchus kisutch 764 96 
Perea flavescens 745 96 
tctalurus punctatus 15800 96 
lctalurus melas 20000 96 

BAYGON .. CRUSTACEANS 
Gammarus lacustns 34 96 Sanders 1969124 

Gammarus fasciatus 50 96 Sanders m press"' 
INSECT 
Pteronarcys califormca 13 96 Sanders and Cope 1968128 

AMINOCARB METACIL. .. CRUSTACEAN 
Gammarus lacustns 12 96 Sanders 1969124 

BAYER 37344 INSECTS 
Pteronarcys ealilormca 5.4 96 Sanders and Cope 1968'28 

ZECTRAN ... CRUSTACEANS 
Gammarus lacustns 46 96 Sanders 1969"" 
Gammarus fasciatus 4{) 96 Sanders in press'" 
Palaemonetes kadiakensis 83 96 25 (20 day LC50) 
S1mocephalus serrulatus 13 48 Sanders and Cope 1966127 
Daphnia pulex 10 48 
INSECTS 
Pleronarcys ealiforniea 10 96 Sanders and Cope 1968128 
FISH 
P1mephales promelas 17000 96 Macek and McAllister 1970121 
Lepomis macrochirus 11200 96 
Lepom1s m1crolophus 16700 96 
Micropterus salmo1des 14700 96 
Salmo gairdnen 10200 96 
Salmo trulla 8100 96 
Oncorhynchus kisutch 1730 96 
Perea flavescens 2480 96 
tctalurus punctatus 114{)0 96 
lctalurus melas 16700 96 



Pest1c1de Organism 

ACROLEIN AQUAUN FISH 
lepom1s macrochirus 
Salmo trutta 
Lepom1s macroch1rus 

AMINOTRIAZOLE AMITROL CRUSTACEAN 
Gammarus fasciatus 
Daphnia magna 
Cypndops1s v1dua 
Asellus brevicaudus 
Palaemonetes kadiakens1s 
Orconectes nais 
F\Sli 
lepom1s macroch1rus 
Oncorhyncus k1sutch 

BAL AN CRUSTACEAN 
Gammarus faciatus 

BENSULFIDE CRUSTACEAN 
Gammarus faciatus 

CHLOROXURON FISH 
lepomis macrochirus 

CIPC FISH 
lepom1s macrochirus 

DACTHAL FISH 
Lepom1s macroch1rus 

DALAPON (SODIUM SALT) CRUSTACEAN 
S1 mocephalus serrulatus 
Daphnia pulex 
INSECT 
Pteronarcys cal1fornica 
FISH 
P1mepha les promelas 
leporn1s macrochirus 
Oncorhynchus k1sutch 

DEF CRUSTACEAN 
Gammarus lacustns 
INSECT 
Pteronarcys cahforn1ca 

DEX ON CRUSTACEAN 
Gammarus lacustns 
INSECT 
Pteronarcys cal1forn1ca 

DICAMBA CRUSTACEAN 
Gammarus lacustns 
Gammarus fasciatus 
Daphnia magna 
Cypndops1s vidua 
Asellus brev1caudus 
Palaemonetes kad1akens1s 
Orconectes na1s 
FISH 
Lepom1s macroch1rus 

DICHlOBENll CASARON® CRUSTACEAN 
Gammarus lacustris 
Gammarus fasc1atus 
Hyallella azteca 
S1mocephalus serrulatus 
Daphnia pulex 
Oaphnia magna 
Cypndopsis vidua 
Asellus brevicaudus 
Palaemonetes kadiakens1s 
Orconectes na1s 
INSECTS 
Pteronarcys cahforn1ca 
Tend1ped1dae 
Calhbaetes sp. 
L1mneph1lus 
Enallegma 
FISH 
Lepom1s macrochirus 

Herbicides, Fungicides, Defoliants 

Acute toxicity LC50 

µg/hter 
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48 

Sub-acute effects 
µg/hter 

No effect 
µg/hter 

100, 000 µg/I 48 hr. 

100,000 µg/148 hr. 
100, 000 µg/148 hr. 
100, 000 µgif 48 hr. 

100. 000 µg/148 hr. 

100, 000 µg/I 96 hr. 

100,000µg/l 48 hr. 
100,000 µg/t 48 hr. 
100,000 µgit 48 hr. 
100,000 µg/148 hr. 
100, 000 µg/I 48 hr. 
100,000µg/l 48 hr. 

Appendix 11-D/429 

Reference 

Bond et al. 196010• 
Burdick et at. 19541os 

Sanders 1970125 

Sanders 1970125 

Bond et al 1960100 

Sanders 1970125 

Sanders 1970125 

Hughes and Davis 1964116 

Hughes and Davis 1954115 

Hughes and Davis 1954115 

Sanders and Cope 1955121 

Sanders and Cope 1968128 

Surber and P1ckenng 1962!!1 

Bond et al. 1960'0" 

Sanders 1969"' 

Sanders and Cope 1968"' 

Sanders 1959121 

Sanders and Cope 1968'28 

Sanders 19691" 
Sanders 1970125 

Hughes and Dam 196211• 

Sanders 1959124 
Sanders 1970125 

Wilson and Bond 1969"' 
Sanders and Cope 1968128 

Sanders 19701" 

Sanders and Cope 1968'" 
Wilson and Bond 1969"' 
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Herbicides, Fungicides, Defoliants-Continued 

Acute to1icitJ LCSO Sub-acute enects No enect 
Pesticide Dr1anism µg/llter µg/liter Reference 

µg/hter hOU!s 

DICHLDNE PHYGDN XL CRUSTACEAN 
Gammarus lacustris 1100 96 Sanders 19591u 
Gammarus fasciatus . 100 96 Sanders 19701" 
Oaphnia magna 25 48 
Cypridopsis vidua 120 48 
Asellus brevicaudus 200 48 
Palaemonetes kad1akensis 450 48 
Orconectes nais 3200 48 
FISH 
Lepomis macrochirus 70 48 Bond et al. 19601" 
Micropterus salmoides 120 48 Hughes and Davis 196211• 

DIQUAT CRUSTACEAN 
Hyallella azteca 48 96 Wiison and Bond 19691" 
INSECTS 
Calhbaetes sp .. 16400 96 Wilson and Bond 1959133 
Limnephilus 33000 96 
Tend1pedidae > 100000 96 
Enallagma > 100000 96 
FISH 
Pimephales promelas 14000 96 Surber and Pickering 19621'1 
Lepomis macroch1rus 35000 96 Gilderhus 1961112 
Micropterus salmoides 7800 96 Surber and Pickering 1962u1 
Eso1 lucius 16000 48 Gilderhus 1957112 
Sbzostedion v1treum vitreum 2100 96 
Salmo 1a1rdneri 11200 48 
Oncorhynchus tshawytscha 28500 48 Bond et al. 1960100 

DIURON CRUSTACEAN 
Gammarus latuslris 160 96 Salldus\969124 

Gammarus fasciatus 700 96 Sanders 1970125 

Simocephalus serrulatus 2000 48 Sanders and Cope 1955121 
Oaphnia pulez 1400 48 
INSECT 
Pteronarcys cahfornica 1200 96 Sanders and Cope 195912• 
f!Sll 
Oncorhynchus kisutch 16000 48 Bond et al. 196011• 

DIFOLITAN CRUSTACEAN 
Gammarus lacustris 800 96 Sanders 1969'" 
INSECT 
Pteronarcys callfornica 40 16 Sanders and Cope 19681" 

DINITROBUTYL PHENOL CRUSTACEAN 
Gammarus fasciatus 1800 16 Sanders 1970'" 

DIPHENAMIO ..... CRUSTACEAN 
Gammarus fasciatus 100, 000 1•1/1 48 hr. Sanders 19701" 
Daphnia marna. 56000 48 
Cypndop11s YldUa 50000 48 
Asellus breYicaudus 100, DOD ~11/I 48 hr. 
Palaemonetes kadiakensis 58000 48 
Drconectes nais 100, ODO ~-1/I 48 hr. 

DURSBAN CRUSTACEAN 
Gammarus lacustns . 0.11 96 Sanders 1969"' 
INSECT 
Pteronarcys cahfornica 10 96 Sanders and Cope 19681"' 
Pteronarcella badil 0.38 96 
Claassenia sabulosa 0.57 96 

2,4-0 (PGBE) CRUSTACEAN 
Gammarus lacustris 1600 P6 Sanders 1969124 

Gammarus fasciatus 2500 ~6 Sanders 197012' 
Daphnia m11n1 100 48 
Cypridopsis vidua 320 48 
Asellus brevicaudus 2200 48 
Palaemonetes kad1akemi1 ...... 2100 48 
Orconectes nais 100, ODO ~-1/1 48 hr. 

2,4·0 (BEE) ... CRUSTACEAN 
Gammarus lacustris 440 96 Sanders 196912'1 

Gammarus fasciatus 5900 96 Sanders 197012" 
Oaphnia ma1na 5600 48 
Cypridopsis vidua 1800 48 
Asellus brevicaudus 3200 41 
Palaemonetes kldiakensis 1400 48 
Orconectes nais 100,0001'1/148-hr 
INSECT 
Pleronarcys californica 1600 9; Sanders and Cope 1968•" 
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Herbicides, Fungicides, Defoliants-Continued 

Acute tox1aty LC50 Sub-acute effects No effect 
Pest1c1de Organism µg/hter µg/liter Reference 

µg/ilter hours 

2,4-D (BEE) FISH 
P1mephales promelas 5600 96 1500 µg/l lethal to eggs in 48 300 µg/110 mo. Mount and Stephan 1967122 

hour exposure 
2, 4-D (IOE) CRUSTACEAN 

Gammarus lacustns 2400 96 Sanders 1969"' 
2,4-D (DIETHYLAMINE SALT) CRUSTACEAN 

Gammarus lacustris Sanders 1969'" 
Gammarus fasc1atus 100,oooµg/l 48 hr. Sanders 1970'" 
Daphn1a magna 4000 48 
Cryp!dopsis Yidua 8000 48 
Asellus bm1caudus 100, 000 µg/I 48 hr. 
Palaemonetes kadiakensis 100,000 µg/148 hr. 
Orconectes nais 100, 000 µg/I 48 hr. 

ENDOTHALL DI SODIUM SALT FISH 
P1mephales notatus 110000 96 Walker 1964'" 
Lepomis macroch1rus 125000 96 
M1cropterus salmmdes 120000 96 
Notropis umbratilus 95000 96 
M1cropterus salmo1des 200000 96 Bond et al. 1960106 
Oncorhynchus tschawytscha 136000 96 

ENDOTHALL DIPOTASSIUM SALT CRUSTACEAN 
Gammarus lacustris 100,000 µg/196 hr. Sanders 19691" 
FISH 
P1mephales promelas 320000 96 Surber and Pickering 1962111 
Lepom1s macroch1rus 160000 96 

EPTAM CRUSTACEAN 
Gammarus fasciatus 23000 96 Sanders 1970"' 

FENAC (SODIUM SALT) CRUSTACEAN 
Gammarus lacustris 12000 96 Sanders t9691" 
Gammarus fasciatus 100, 000 µg/I 48 hr. Sanders 1970"' 
Daphma pulex 4500 48 Sanders and Cope 19661" 
S1mocephalus serrulatus 6600 48 
Daphma magna 100, 000 ,,g/I 48 hr. Sanders 1970"' 
Cypndopm vidua 100, 000 µg/I 48 hr. 
Asellus breY1caudus 100, 000 µg/I 48 hr. 
Palaemonetes kadiakensis 100,000 ,.g/148 hr. 

Orconectes "'" 
INSECT 
Pteronarcys cal1f01nica ssooo 96 Sanders and Cope 19681" 
FISH 
Lepom1s 15000 48 Hurhes and Dam 1962"' 

HYAMINE 1622 FISH 
P1mephales promelas 1600 96 Surber and Pickerin1 1962111 
Lepom1s macroch11us 1400 96 
Oncorhynchus kisutch 53000 96 Bond et al. 19601 °' 

HYAMINE 2389 FISH 
P1mephales promelas 2400 96 Surber and P1ckerin1196211' 

Lepomis macrochirus 1200 96 
HYO ROTH AL 47 CRUSTACEAN 

Gammarus fasciatus 510 96 Sanders 1970126 
HYDROTHAL 191 CRUSTACEAN 

Gammarus lacustris 500 96 Sanders 1969'" 
Gammarus fasciatus 480 96 Sanders 19701" 

HYO RO THAL PLUS FISH 
Lepom1s macrochirus 3500 48 Hughes and Dam 1964111 

IPC CRUSTACEAN 
Gammarus lacustris 10000 96 Sanders 1969"' 
Gammarus fmiatus 19000 96 Sanders 1970126 
S1mocephalus serrulatus 10000 48 Sanders and Cope 1966"' 
Daphnia pulex 10000 48 

KU RON CRUSTACEAN 
S1mocephalu1 serrulatus 2400 48 Sanders and Cope 1966127 

Daphma pulex 2000 48 
MCPA FISH 

Lepomis macrochirus 1500 41 Hurhes ind Davis 1964111 

MOLINATE CRUSTACEAN 
Gammarus lacustris 4500 96 Sanders 1969"' 
Gammarus fasciatus 300 96 Sanders 1970125 
Daphma magna 600 48 
Allllus brevicaudus 400 48 
P1/aemonetes k1di1kensis 1000 48 
Orconecter nair 5600 48 



432 /Appendix II-Freshu·atrr Aquatzc Life and Wildlife 

Herbicides, Fungicides, Defoliants-Continued 

Acute toxicity LC50 
Pest1c1de Organism 

,,g/hter 

·--------

MONURON FISH 
Oncorhynchus k1sutch 110000 

PARAQUAT CRUSTACEAN 
Gammarus lacustns 11000 
S1mocephalus serrulatus 4000 
Daphma pulex 3700 
INSECT 
Pteronarcys californ1ca 

PEBULATE CRUSTACEAN 
Gammarus fasciatus 10000 

PICLORAM CRUSTACEAN 
Gammarus lacustns 27000 
INSECT 
Pleronarcys californrca 48000 

PROPANIL CRUSTACEAN 
Gammarus fasciatus 16000 

SILVEX (BEE) CRUSTACEAN 
Gammarus fasciatus 250 
Daphnia magna 2100 
Cypndopsis v1dua 4900 
Asellus brev1caudus 40000 
Palaemonetes kad1akens1s 8000 
Orconectes nais 60000 
FISH 
Lepom1s macrochirus 1100 

SILVEX (PGBE) CRUSTACEAN 
Gammarus fasciatus 840 
Daphma magna 180 
Cypndops1s v1dua 200 
Asellus brev1caudus 500 
Palaemonetes kad1akens1s 3200 
Orconectes na1s 
FISH 
Lepom1s macrochirus 16600 

SILVEX (IOE) FISH 
Lepom1s macroch1rus 16000 

Sil VEX (POTASSIUM SAL 1) FISH 
Lepom1s macrochirus 83000 

SIMAZINE CRUSTACEAN 
Gammarus lacustns 13000 
Gammarus fasc1atus 
Daphma magna 1000 
Cypndops1s v1dua 3200 
Asel/us brev1caudus 
Palaemonetes kad1akensis 
Orconectes nm 
FISH 
Oncorhynchus k1sutch 6600 

TRIFLURALIN CRUSTACEAN 
Gammarus lacustns 2200 
Gammarus fasc1atus 1000 
Daphma magna 560 
Daphma pu\ex 240 
S1mocephalus serrulatus 450 
Cypndops1s v1dua 250 
Asellus brev1caudus 200 
Palaemonetes kad1akensis 1200 
Orconectes nais 50000 
INSECT 
Pteronarcys cahformca 3000 

VERNOLATE CRUSTACEAN 
Gammarus lacustns 1800 
Gammarus fasc1atus 13000 
Daphma magna 1100 
Cypndops1s YJdua 240 
Asellus brav1caudus 5600 
Palaemonetes kad1akensis 1900 
Orconectes na1s 24000 

hmrs 

48 

96 
48 
48 

96 

96 

96 

96 

96 
48 
48 
48 
48 
48 

48 

96 
48 
48 
18 
18 

·18 

·18 

•18 

~16 

48 
48 

48 

96 
96 
48 
48 
48 
48 
48 
48 
41 

9•l 

96 
93 
4.J 
4~ 

4~ 

4H 
4H 

Sub-acute effects 
,,g/liter 

No effect 
,,g/hter 

100, 000 ,,g/I 96 hr. 

100,000 1,g/l 48 hr. 

100, 000 ,,g/I 48 hr. 

100,000 1,g/l 48 hr. 
100,000 ,,g/148 hr. 
100, 000 ,,g/I 48 hr. 

Reference 

Bond et al. 196010' 

Sanders 1959121 
Sanders and Cope 1966127 

Sanders and Cope 1968"' 

Sanders 1970 " 

Sanders 1969' 24 

Sanders and Cope 1968128 

Sanders 1970"' 

Sanders 197012• 

Hughes and Davis 1963115 

Sanders 1970"' 

Hughes and Davis 1963m 

Hughes and Dav1S 1963"' 

Hughes and DaVIS 1953110 

Sanders 1969114 

Sanders 1970''" 

Sanders 1970''" 

Bond et al. 1960"' 

Sanders 19691"4 

Sanders 19701"' 

Sanders and CDpe 1966"' 

Sanders 1970"' 

Sanders and Cope 1968"' 

Sanders 1969"" 
Sanders 1970126 



Pesticide Organism 

ALLETHRIN CRUSTACEAN 
Gammarus lacustris 
Gammarus fasc1atus 
S1mocephalus serrulatus 
Daphma pulex 
INSECTS 
Pteronarcys cahformca 
FISH 
Lepo mis macroch1 rus 
Salmo gairdnen 

PYRETHRUM CRUSTACEANS 
Gammarus lacustris 
Gammarus fasciatus 
S1 mocephalus serrulatus 
Daphma puf ex 
INSECTS 
Pteronarcys cahformca 

ROTEN ONE CRUSTACEANS 
Gammarus lacustns 
Simocephalus serrulatus 
Daphma pulex 
INSECTS 
Pteronarcys cahformca 

Botanicals 

Acute toxicity LCSO 

µg/hter hours 

··---- ---- ----

11 96 
96 

56 48 
21 48 

2.1 96 

56 96 
19 96 

12 96 
11 96 
42 48 
25 48 

1.0 96 

2600 96 
190 48 
100 48 

380 96 

Sub-acute effects 
µg/hter 

------- ·- ---· 

No effect 
µg/hter 

Appendix /I-D/433 

Reference 

Sanders 1969124 

Sanders m presst26 
Sanders and Cope 1966127 

Sanders and Cope 1968128 

FPRLm 

Sanders 1969"4 

Sanders and Cope 1966"' 

Sanders and Cop• 1968128 

Sanders 196>··· 
Sanders and Cope 1955121 

Sanders and Cope 1968128 



APPENDIX 11-E 

GUIDELINES FOR AQUA TIC TOXICOLOGICAL 
RESEARCH ON PESTICIDES 

More than one billion pounds of pesticides were produced 
in the United States in 1969 (Fowler et al. 1971). 152 How
ever, before such materials can be transported in interstate 
commerce, they must be registed according to provisions of 
the Federal Insecticide, Fungicide, and Rodenticide Act 
and amendments. Responsibility for implementing this act 
is vested in the Pesticide Regulation Division of the En
vironmental Protection Agency. Properties of pesticides 
that must be considered in the registration process include: 
efficacy on the intended pest; safety to the applicator and 
to the consumer of treated products; and effects on non
target species including those of aquatic ecosystems. 

Guidelines for research into effects of pesticides on 
aquatic life are of concern to this Panel. ~n view of docu
mented effects of pesticides on aquatic life and the appar
ently ubiquitous distribution of certain pesticides in fish 
(Johnson 1968,158 Henderson, Johnson and Inglis 1969,155 

Mollison 1970172
), it seems reasonable to conclude that exist

ing guidelines are not sufficient. Mount (1967) 17
:1 reported 

that there were numerous studies on toxicological and 
physiological effects of pesticides in fish, but that the data 
were inadequate because of several common deficiencies. 
Further, he concluded that there was a paucity of data that 
could be used to correlate toxicological, physiological, or 
analytical findings with significant damage to aquatic forms. 
Therefore, research guidelines for predicting potential haz
ards of pesticides to be used in, or those with a high probabil
ity for contamination of aquatic communities must result in 
findings that are relatable within the scientific disciplines 
concerned. 

Guidelines for research and objectives suggested by this 
Panel are: 

(I) to provide a research framework that generates 
anticipatory rather than documentary information 
concerning effects of pesticides on aquatic com
munities; 

(2) to encourage research that is directly applicable 
to the process of pesticide registration. 

The framework (Figure H-E-1) is designed with fish a 
the primary test animal(s). However, it is also compatib\ 
with parallel investigations intended to provide data e~ 

sential to the protection of fah--food organisms. In all case1 
sufficient numbers of individuals and replications must b 
included to estimate statistical significance of results. A: 
studies should report sources, physical quality, diseas 
treatments, and holding conditions (photoperiod, diet arn 
feeding rate, water quality) of test animals. The Pane 
recommends that chemical analyses be performed on tes 
animals, diets, and holding waters to document pre 
exposure of test animals to pesticides or other contaminants 
Analytical methods should include results for reagent blanks 
and they should document limits of sensitivity, detection 
reproducibility, and recovery efficiency for extracts. 

The guidelines are general and arc not intended to limi 
research nor to present specific methods. If pesticide investi 
gations can be tailored, at least in part, along acceptec 
guidelines, then a much greater reservoir of interrelate< 
rnticipatory data will become available for the purpose o 
registering pesticides and establishing water quality criteria 
1\11, or parts of the guidelines, may be utilized by an investi 
:gator depending upon: the capacity of his laboratory anc 
:;taff; extent and applicability of biological or chemical dat< 
already available; intended use pattern(s) and target(s) o 
che pesticides; or research objectives other than registratiou 

I. PRINCIPAL SYSTEMS 

A. Acute Toxicity: Static Bioassay (Litchfield and Wil· 
coxon 1949, 164 Lennon & Walker 1964, 163 Nebeker & 
Gaufin 1964,176 Sanders and Cope 1966,180 Burdick 1967,14 ' 

Sprague 1969, 182 Schocttger 1970, 181 Environmental Protec· 
lion Agency 1971).1.111 

1. Purpose 
The limitations of static bioassays are recognized; 

however, they do provide the first, and probably quickest, 
index of relative toxicity. Further, they are useful in esti· 
mating the relative influence of variables such as species 
susceptibility, temperature, pH, water quality, and rate of 
chemical deactivation on toxicity. Thus, acute static bio-

434 
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assays are essential to delineate prerequisites for chronic 
studies. 

2. Scope 

a. Initial bioassay 
These studies are conducted with technical and 

formulated pesticides using one type of water 
(reconstituted). The 96-hour LC50 (tolerance limit 
for 50 per cent of the test animals) is determined for 
rainbow trout (Salmo gazrdnerz) at 12 C, and for 
bluegills (Lepomis machrochzrus), fathead minnows 
(Pimeplzales promelas), and channel catfish (Ictalurus 
punctatus) at 22 C. Suggested species of invertebrates 
included daphnids (Dap!mia magna), glass shrimp 
(Palaemonetes kadzakensis), scud ( Gammarus pseudo
limnaeus), and midge larvae (Chironomus plumosus). 

b. Definitive bioassay 
Bioassays conducted as described above. Trout 

are tested at 7 C and 17 C, whereas bluegills, fat
head minnows, and channel catfish arc tested at 
17 C and 27 C. Water quality (reconstituted) is 
modified to include soft and hard waters, and water 
of ca. pH 6 and 9 (Marking and Hogan 1967,107 

Berger, Lennon and Hogan 1969). 139 Other tem
peratures and pot<:>ntially threatened specic>s must 
be added or substituted d<:>pending upon spc>cific 
conditions undn which the pesticide is to be used. 

c. Deactivation index 
Several series of test concentrations as in a or b 

are prepared and stored for appropriate intervals, 
such as 1, 2, 4, 8, 16 N days. After storage, the 
solutions are bioassay conducted at the same time. 
Division of the reference 96-hour LC50 values by 
the values for stored solutions gives an estimate of 
rate of pesticide deactivation when plotted against 
storage time. Additional trials may he required to 
determine effects of variables such as pH, tempera
ture, light. Residue analyses of stored solutions 
provide excellent support data for mcasur<:>s of 
biological deactivation. 

B. Acute Toxicity: Intermittent-flow Bioassay Jensen & 
Gaufin 1964,1 .1

7 Mount and Brungs 1967,174 (Standard 
Methods 1971) .185 

1. Purpose 
Intermittent-flow bioassays are designed to minimize or 

overcome deficiencies characteristic of static bioassays, and 
are particularly suited for long exposures of test animals to 
pesticides with low water solubilities. Specialized apparatus 
is required for such studies, but results arc generally con
sidered more reliable, and more representative of actual 
toxicity than those derived from static bioassay. l'\everthe
less, the speed and flexibility of the latter make them essen
tial in establishing operational designs (e.g., water quality, 
temperature, species) for the former method. 

2. Scope 
a. 96-hour LC50 

This is a standard bwassay and is obtained witl 
any water supply (analyzed for chemical charac 
teristics) suitable to the selected test species. Whei 
variables such as temperature or water quality af 
feet toxicity (as determined in sections IA2b arn 
IA2c), flowing bioas~:ays must be designed accord 
ingly. In some instances, a design consistent witl 
water quality and species in the locality of pesti 
cide use may be appropriate. Because intermittent 
flow bioassays require analyzed concentration 
(rather than calculated values), analytical method 
must be developed prior to the start of bioassays 
The use of radio-labeied pesticides greatly assist 
analysis. Also, test animals treated with radioactiv1 
pesticides are invaluable for preliminary estimate 
of pesticide uptake, ,tcragc, and excretion. In ad 
dition, gross observations should be made fo1 
pathological and behavioral changes. 

b. Lethal threshold concentration (Threshold Leso: 
The Threshold LC50 is estimated subsequent tc 
determination of the ~16-hour LC50 and may re· 
quire lower concentrations. In gencraL. the bio
assay is conducted as in IB2a, but contined in 48-
hour increments after tl1e 96-hour observation per
iod. The Threshold LC50 is determined wher 
further mortality has ceased in all test tanks, com
pared to the cuntrol. Ir toxicant-related mortalit) 
continue5 beyond 30 to 60 days, the bioassay may 
be discontinued and the LCSO reported according 
to the test duration. Pesticide uptake, sturage, and 
excretion studies may be more meaningful, when 
conducted on tt'st animals, from these studies than 
on those expmed for only 96 hours. 

C. Growth and Reproductive Screening: Aquarium Fishes 
(Hisaoka and Firh't 1962,156 Clark and Clark 1964,14

" 

Breeder and Rosen 1966142). 

1. Purpose 
Mount (1967) 173 indicated that growth and reproduction 

of fish were important in as,essing safe concentrations of 
pesticides, and could be determined within one year. How-· 
ever, when estimates of potential hazards are needed for a 
r;':latively large number of pest 11cides, and space and time 
are limited, tests using fish with short life cycles may be 
desirable for establishing priorities for later research. Species 
such as the ovoviviparous guppy (Poeczlia reticulata) and 
oviparous zC'brafish (Brarlrydamo rerzo) produce numerous 
progeny that may reach sexual maturity within 5ix weeks 
under laboratory conditions. Thus, effects of pesticides may 
be followed through several generations within a sl10rt time. 

2. Scope 
Zebrafish and guppies are exposed to pesticides in inter

mittent-flow diluters. Also, the pesticide may be incor-



porated into their diets if food chain studies suggest that 
dietary uptake is a potentially significant route of exposure. 
Observations are made on mortality, growth, egg produc
tion, and hatchability, and on incidence of offspring anom
alies (e.g., terata, mutations). 

D. Chronic Effects: Diluter and Feeding exposures (Bur
dick, ct al., 1964,145 Macek 1968,16 " Eaton 1970,148 Environ
mental Protection Agency 1971, 1511 Johnson ct al. 1971 109). 

1. Purpose 
In general, these studies arc conducted as in IC2 and are 

central to predicting safe concentrations of pesticides to 
sport, commercial, or forage fishes, and to fish-food or
ganism<;. 

2. Scope 
Chronic studies may either include the complete life 

cycle or a portion of the cycle. Full chronic studies are 
conducted currently with fathead minnows, daphnids, and 
scuds and involve continuous exposures of eggs, juveniles 
and adulh. Rainbow trout, brook trout (Sa!urlznusfontznahs), 
channel catfish, bluegills, and largemouth bass (,Uicropterus 
safmonzdn) are use-d in partial chronics, and adults arc ex
posed continuously through spawning. Flow-through bio
as-;ays are performC'd by exposing the test ;rnimals to pesti
cides (or degradation products) in water, in the-ir diets, or 
both, depending upon relative stability of the pesticide 
and its tendency to accumulate in fish-food organisms. \\/here 
profiles of pesticide degradation in water are established, 
stuclie-s simulating degradation should be incorporated into 
the conce-ntration spectra by periodic modification of toxi
cant solutions (concentration and composition). Exposures 
should include the reproductive phase or a selected interval 
prior to reproduction depending upon species and antici
pated time of pc>ticicle application. Chronic studies should 
evaluate effects on growth, and on natural and artificial 
reproduction. Studies with inwrtebrates should include 
measured effects on metamorphosis and reproduction. 
Clinical observations on physiological, biochemical, and 
pathological effects, as well as analyses for residues, degra
dation product'i, and residue kinetics should be correlated 
with effects on growth and reproduction. 

E. Pond and Stream Ecosystem Studies (Cope, et al. 
1970, 14 ; Kennedy et al. 1970,rn Kennedy and \Valsh 
1970, 160 Lennon and Berger 1970 16~). 

1. Purpose 
Laboratory e;,timatcs of safe pesticide applications must 

be confirmed by controlled research in lcntic and lotic 
ecosy-;tems. Therefore, ponds or artificial streams are in
valuable in studying the impact of pesticides under inter
acting physical, chemical, and biological conditions. 

2. Scope 
Applications of pesticides are made according to antici

pated rate and use patterns. However, concentration spectra 
should include both excessive rates, and rates estimated to 
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be safe in laboratory studies. Species used in the studies 
should approximate those found in intended areas of pesti
cide usage. Factors to be studied include: 

a. mortality 
b. growth 
c. reproductive success 
cl. gross behavior 
e. clinical physiology, biochemistry and pathology 
f. invertebrate metamorphosis 
g. species diversity 
h. trophic level production 
I. energy transfer 
J. fate of the chemical 

II. SUPPORT SYSTEMS 

A. Chemical Methods Development 

1. Purpose 
Residue analyses of water and of fish and fish-food or

ganisms exposed to pesticides are potent indicators of 
probable biological accumulation or degradation of these 
chemicals. Biological systems used in the primary research 
framework easily provide study materials which permit cor
relations between biological effects and residues. The use of 
radio-labeled pesticides early in the research framework 
quickly pinpointed location of the pesticide and degradation 
products and greatly assisted refinement of analytical 
methods. Various combinations of isolation and identifica
tion techniques are required to analyze metabolites or 
degradation products in test animals exposed chronically to 
pesticides. 

2. Scope 
Methods may begin with acute, static bioassays for deac

tivation indexes (IA2c) or later with acute, intermittent
f!ow bioassays. The studies are expanded as dictated by in
terpretation of results. Concentrations of 14C-, 36Cl-, 32P-, or 
33S-labclcd pesticides are determine-cl racliometrically with
out extraction and cleanup (Hansen and Bush 1967,154 

Nuclear-Chicago Corporation 1967, 177 Biros l 970a140). At 
least four test animals (including fish) should be collected 
at five intervals during the pesticide exposure to estimate 
uptake and degradation rates. For smaller organisms, a 
minimum of 100 milligrams of wet sample are required. 
After development and refinement of analytical methods, 
spot checks of radioactive samples will confirm residues. 
Analyses of metabolites and degradation products require 
that sample extracts be cleaned up with gel permeation or 
adsorption chromatography (U. S. Department of Health 
Education and \Velfare 1968, 187 1969,188 Stalling, Tindle and 
Johnson l 971, 184 Tindle 1971 ). 186 Radioactive residues must 
be characterized by TLC autoracliography, and further 
identified by gas chromatography-mass spectrometry (GC
MS) or other spectroscopic methods (Biros l 970b, 141 

Stalling 1971) .183 
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8. Uptake, Storage and Excretion 

l. Purpose 
Investigations of chemical residues are undertaken early 

in the research framework to obtain a working perspective 
of pesticide persistence, degradation, and bioconcentration 
in aquatic organisms. The studies should attempt to corre
late residue kinetics with toxicology and chronic effects. 
Thus, later research can be better designed to assess inter
actions of pesticides with fish, fish-food organisms, and 
water quality (ID). 

2. Scope 
The studies should include: 

a. radiometric or chemical analyses or both, of test 
animals at intervals during acute, intermittent
ftow bioassays to determine rates of accumulation 
and residue plateaus; 

b. determination of biological half-life of accumulated 
residues after termination of exposure (Macek et 
al. 1970) ;166 

c. determination of degree of pesticide degradation in 
water and test animals by comparing residues of 
radioactive materials with concentration of parent 
chemical, measured chemically (Johnson et al. 
1971,109 Rodgers and Stalling 197l179). (Autoradio
grams of thin-layer chromatographic plates may 
provide the initial data on degradation products.) 

C. Food-Chain Accumulation (Brock 1966,143 Johnson et 
al. l 971, 10 u Metcalf ct al. 1971). 1711 

1. Purpose 
The functions of laboratory food chain studies include: 

estimates of propensity for pesticide (or its degradation 
product), uptake by each member of a 3-component food 
chain, estimates of potential pesticide transfer to higher 
trophic levels, and determinations of residue concentrations 
likely to be encountered in forage of fish. (Residue values 
are used in formulating pesticide-containing diets, section 
IC and ID.) 

2. Scope 
A suggested laboratory food chain may be composed of: 

an appropriate primary producer (green algae) such as 
Scenedesmus, Ankistrodesmus and Chlorel!a Spp.; or decomposers 
(bacteria) such as Aerobacter, Bacillus, Acfzromobactrr, Flavo

bacter, Aeromonas Spp.; a primary consumer such as Daplmia 

magna, D. pulex, or other suitable microcrustacea; and a 
secondary consumer such as fathead minnows or small blue
gills, largemouth bass, rainbow trout. Members of the food 
chain are exposed to radio-labeled pesticides in diluters 
(or other constant-flow devices) at concentrations appropri
ate for the most sensitive element. Rate of uptake and resi
due plateau are measured radiometrically and the identities 
of parent compound or degradation products are confirmed 
by chemical methods, whenever possible. The potentials 
for biotransfer and biomagnification arc determined by 
feeding pesticide-treated lower members to higher trophic 

levels with and without concurrent water exposures. A1 
alternative, but less desirable, type of feeding trial woulc 
utilize artificial foods fortified with appropriate amounts o 
pesticide. 

D. Clinical: Physiology, Biochemistry, Pathology (Mat 
tingly 1962,169 Mattenheimer 1966,168 Natelson 1968,17 

Pickford and Grant 1968, 1711 (}rant and Mehrle 1970,15 

Mehrle 1970171). 

1. Purpose 
Clinical studies are most closely associated with chroni( 

investigations of pesticidal effects on growth and reproduc: 
tion. It is likely that these effects are expressions of earlier 
:narc subtle physiological, biochemical, or pathologica 
dysfunctions. Thus, selected clinical examinations may re 
?ea! correlations that are useful in early detection of ad· 
verse effects. These studies may also reveal impaired homeo· 
~;tasis mechanisms for compensating ephemeral environ· 
mental stresses (e.g., oxygen deficiency, starvation, exercise. 
rapid changes in temperature, pH, salinity) that are no1 
otherwise anticipated Ln this reserach framework. 

2. Scope 
Routine clinical studies are impractical during full 

chronic investigations with fathead minnows (and other 
small test animals), because of their small size and the dif
ficulty in collection of adequate amounts of tissue. However, 
at hatching, young are observed for incidence of abnor·
rnalcy; and other young removed for thinning, should be 
used in histocytological examinations and stress tests. The 
latter tests measure relative survival under stresses such as 
those mentioned in IIDl above. Individuals from partial 
chronic and pond or stream studies are also examined and 
tested as in full chronic studies. Because of larger size, they 
are useful in clinical studies. These studies, however, are not 
r ecessarily intended as ends in themselves. Examples of ap·
propriate clinical examinations include: 

a. stress rcsponse---induced production of cortisol by 
injection of adrenocorticotrophic hormone (purified 
mammalian ACTH) ; 

b. thyroid activity-125iodine (1251) uptake; 

c. osmoregulatory ability--serum sodium, chloride, 
and osmolality; 

d. diagnostic enzymology--clinical analyses for ac
tivities of liver and serum glutamate-oxaloacetate 
transaminase, glutamate-pyruvate transaminase, 
glutamate dehydrogenase, alkaline phosphatase, 
and lactate dehydrogenase; 

e. ammonia detoxifying mechanism (brain and liver 
glutamate dehydrogen a~:e, brain glutamine synthe
tase, and ammonia concentrations in brain and 
serum); 

f. cholinesterase activity of serum and brain; 

g. general nutritional state and activity of microsomal 
and mitochondrial enzymes-injection of L4carbon-



labeled glucose and relative evolution of 14C02 by 
liver; and 

h. histocytological examinations of liver, brain, pan
creas, gill, and kidney by light and electron 
microscopy. 

E. Fate of the Chemical 

1. Purpose 
The environmental fate of a pesticide is determined by its 

interactions with physicochemical and biological processes. 
Its distribution is the result of partition between the biota 
and sedimentation processes, and degradation rates as
sociated with each of these. Segmentally, these studies at
tempt to predict the relative ecodistribution of pesticides, 
identify physicochemical and biological degradation prod
ucts, and describe their kinetics. Biological effects of these 
compounds must be correlated with residues in order to 
anticipate their ecological impact under the conditions of 
use. 

2. Scope 
a. Biodegradation and Residue Kinetics 

Fish and invertebrates-these studies on residue 
degradation and uptake are more definitive than 
the initial uptake studies involved in acute inter
mittent-flow bioassays. Equilibrium of the residues 
(parent compound or metabolites or both) in the 
organisms during the exposure period must be 
documented to strengthen correlation of exposure 
concentrations and biological effects. Special con
sideration must be given to multiple component 
pesticides. Both the composition and isomer ratios 
can be altered and should be included in determin
ing safe levels of pesticide exposure. The chemical 
burden and kinetics of uptake in the test organism 
are determined by sampling at not less than four 
intervals during the test exposures. No less than 
three fish or other samples per concentration are 
analyzed at each sampling period. 

Gas-liquid chromatography (GLC) and Gas
liquid chromatography-mass spectrograph (GLC
MS) analyses are then made on each sample to 
determine which fractions of the radioactive resi
dues are attributed to the parent compound(s) 
and what changes occurred in the composition and 
isomer-ratios of the pesticide. Thin layer chromato
graphic examination of nonvolatile metabolites is 
recommended for compounds which cannot be 
analyzed by G LC (Biros l 970b, 141 Johnson et al. 
1971159). 

Chemical information obtained from the various 
invertebrate organisms is examined in light of pos
sible impact on the food chain of fish and other 
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organisms. These data give an estimate of the rela
tive importance of bioconcentration, biopassage, 
and biodegradation in the various trophic levels in 
predicting the effect on ecosystems (Eberhardt, 
Meeks, and Peterle 1971) .149 

A1icroorganisms-These studies are designed to 
ascertain whether or not a pesticide or its degrada
tion product(s) is biodegradable by microorganisms 
in an aquatic environment (Faculty of American 
Bacteriologists 195 7) .151 Benthic muds are incu
bated with the pesticide (or degradation product(s) 
or both) in liquid culture. One sample is sterilized 
to distinguish chemical or biological degradation, 
or both. Variables investigated concerning the 
basic microorganism-pesticide interaction during 
incubation are: 

• duration: 1-3-7-14-21-30 days; 
• temperature: 15-25-35 C; 
• pH: 5.0-7.0-9.0; 
• oxygen tension: aerobic or anaerobic (nitro

gen overlay). 

b. Physicochemical Interactions 
These studies are designed to determine the in

teractions of water quality factors as they affect 
rates of sorption, desorption, and loss of chemicals 
from the aquatic system, and chemical modifica
tions of the parent compound. These data permit 
accurate assessment of the biological availability to, 
and effects of the subject chemical on, the aquatic 
biota. 

Sediment binding studies (i.e., sorption, desorp
tion rates) should consider the effects of as many 
combinations of the following as possible: 

•pH: 6, 7.5, 9; 
• hardness: 10, 45, 300 ppm as CaC03 ; 

• temperature: 7, 17, 27 C; 
• sediment type (heavy, light, high/low-or

ganic); binding profile, i.e., degree of binding 
as a function of particle size and composition. 

Chemical degradation rates as influenced by the 
previous characteristics should also be analyzed. 
In addition, the importance of photodegradation 
(visible and ultraviolet) must also be examined. 
Product identification will utilize analyses by 
GLC, mass spectrometry, and infrared spectrom
etry. Degradation products will be synthesized 
where necessary for biological or chemical testing. 
Volatization and loss of pesticides from the aqueous 
system· must also be considered, particularly where 
factors of pH or temperature are important. 



Common or trade name 

Aldrin 

Am1trole 
Arsen1c-containi ng pest1c1des (Inorganic and organ 1c) 
Atra1ine 
Azinphosmethyl (Guth1on®) 

Benzene hexachloride (BHC) 

Caplan 

Chlordane 

2, 4-D (mcluding salts, esters, and other derivatives) . 
DDT (mcluding its isomers and dehydrochlorinat1on 

products) 

Dicamba 
D1eldrin 

D1th1ocarbamate pesticides: 
Maneb 
Ferbam 
Zineb 

Endrin 

Heptachlor 

Heptachlor epoxide 

Lindane 

Malathion ... 

Mercury-containmg pesticides (Inorganic and organic) 
Methoxych lor 

Methyl parathion 
Mirex 

N1tralin (Planavin®) 
Parathion 
PCNB 
P1cloram 
Stlvex (including salts, esters, and other derivatives) 
Strabane® 
2, 4, 5-T (including salts, esters, and other derivatives) 
TOE (ODD) (including its isomers and dehydrochlonna-

t1on products) 
Toraphene 
Tnflurahn 

APPENDIX 11-F 

Pesticides Recommended for Monitoring in the Environment! 

Che mica I name" 

not less than 95 percent of 1, 2, 3, 4, 10, 10-hexachloro· 
1, 4, 4a, 5, 8, 8a-hexahydro-1, 4-endo-exo-5, 8-d1metha· 
no-naphthalene 

3-ammo-s-tnazole 

2-chloro-4-(ethylammo)·6·(1sopropylamino)-s-tna11ne 
0, O-d1methyl phosphorod1th1oate S-ester with 3-(mer

captomethyl)·l, 2, 3-benzotriazin-4(3H)-one 
1, 2. 3, 4, 5, 6-hexachlorocyclohexane,consistmg of several 

isomers and contain mg a specified percentage of gamma 
1somerb 

N ·[(tnchloromethyl)th10J -4 -cyc1ohexene- l, 2 · d1carbox1-
m 1de 

at least 60 percent of 1,2,4,5,6, 7,8,8-octachloro-3a,4, 
7. 7a-tetrahydro·4, 7-methanoindan and not over 40 
percent of related compounds 

(2, 4-d1chlorophenoxy)acet1c ac1 d 
1, 1, 1-tnchloro-2, 2-bis(p·chlorophenyl)ethane, technical 

DDT conmts of a mixture of the p,p'-1somer and the 
o, p' -isomer (in a ratio of about 3 or 4 to 1) 

3, 6-d1chrnro-o-an 1 sic acid 
not less than 85 percent of 1,2,3,4, 10, 10-hexachloro-

6, 7 ·epoxy -1, 4, 4a, 5, 6, 7, 8, Ba· oclahydro-1, 4-endo· 
exo-5, 8-d1methanonaphthalene 

[ethy leneb1s( d1lh1ocarbamato )jmanganese; 
tn s(dimethyld1th1 ocarba ma to )iron, 
[ ethyleneb1s(d1th1 ocarba mato)Jzinc, 
1, 2,3. 4, 10, 10 -hexachlor o. 6, 7 -epoxy -1, 4, 4a, 5, 6, 7 ,8, 

Sa -octahydro-1, 4-endo-endo-5, 8-dimethanonaphtha· 
lene 

1, 4, 5, 6, 7, 8, 8 • heptachloro -3a, 4, 7, la -tetrahydro- 4, 7 • 
methano1ndene 

1, 4, 5, 6, 7, 8, 8 · heptachloro-2, 3-epoxy-3a, 4, 7, la-tetra
hydro-4, 7-methanoindan 

1, 2. 3, 4, 5, 6-hexachlorocyclohexane, gamma isomer of 
not less than 99 percent purity 

diethyl mercaptosuccinate S-ester with 0, O-d1methyl 
phosphorodllh1oate 

1, 1, 1·lrichloro-2,2-bis(p-methoxyphenyl)elhane; tech· 
nical methoxychlor contains some o, p' -isomer also 

0, 0-dimethyl 0-(p-nitrophenyl) phosphorothmate 
dodecachlorooctahydro • 1, 3, 4 • metheno • 1 H • cyclobuta 

[cdjpentalene 
4-(methy\sulfonyl)·2, 6-dinitro-N, N-d1proylamllne 
0, 0-diethyl 0-(p-mtrophenyl) phosphoroth1oate 
pentachloronitrobenzene 
4-ammo-3, 5, 6-trichlorop1cohnic acid 
Z·(Z,4, 5-trichloropheno1y)prop1omc acid 
terpene polychlorinates containing 65 percent chlorine 
(2, 4, 5-trichlorophenoxy)acetic acid 
1, 1 • d1chloro • 2, 2 • b1s(p -chlorophenyl)ethane; technical 

TOE contains some o, p'-isomer also 
chlorinated camphene containing 67-69 percent chlorine 
a, a, a-tnfluoro-Z, 6·din1tro-N, N-d1propy\-p-tolmdine 

---- --- ---- ---------· 

Common or trade name Chemical namea 

Secondary List of Chemicals for Monitoring 

DCNA (Botran@) 
Carbary\ 
Demetron (Systox@) 

D1azmon 

D1sulfoton (D1-Syslon@) 
Oiuron 
E·1dosulfan (Th1odan@) 

Fi mace 
Fluometuron 
Inorganic bromide from bromme-containmg pest1c1des 
Lead-containing pest1c1des such as 1ead arsenate 
Linuron 
pi;p 

P1npaml" 
T11azme-type herbicides": 

Simazine 
Propazme 
Prometryne 

THA 

2, 6-dichloro-4-nitroamline 
1-naphthyl methylcarbamate 
m11ture of 0, 0-diethyl S (and 0)·[2-(ethylthio)ethylj 

phosphoroth1oates 
0, O-d1ethyl 0-(2-isopropyl-6-methyl-4-pyrimidinyl) 

phosphoroth1oate 
0, O-d1ethyl S-[2-ethylth1o)ethyl[phosphorod1th1oate 
l-(3, 4-dichlorophenyl)-1, l-d1methy1Urea 
I, 4. 5, 6, 7, 7 • hexachloro-5 -norbornene-2, 3-dimethanol 

cyclic sulfite 
<'.2, 3, 6-tnchlorophenyl)acetic acid 
I, 1-dimethyl-3-(a, a, a-tnfluoro-m-tolyl)urea 

.1-(3, 4-dichlorophenyl)· 1 ·methoxy-1-rnethylurea 
11entachlorophenol 
:1', 4' -d1chloroprop1onamltde 

:! -chloro-4, 6-b1s(ethyla mino)-s-tnazine; 
:• • chloro-4, 6-b1s(1sopropylamino)- s-tnazine; 
:•, 4-b1s(1sopropylamino)-6-(methylth10)-s-tnazine 
:',3,6-trichlorobenzoic acid, usually available as mixed 

isomers 

List of Spec;al Chemi1als for Monitoring• 

Prlychlorob1phenyls (PCBs) 

Polychlorod1benzo-p-dioxins 

Mixtures of chlorinated b1phenyl compounds having var•
ous percentages of chlormat1on. 

ll1benzo-p-d1oxins having various degrees of chlonnat1on 
such as the tetra-, hexa-, or octachlorodibenzo-p
d1oxins, present as impurities 1n various chlorine-con
tammg phenols and early samples of 2,4,5-T. 

• Chemical names are in accordance with Chemical Abs'lracts. 
' Report mdmdual isomers when possible. 
• Some compounds are used primarily on one or two crops or m certain regions rather than country-wide; for ex

ample, the herb1c1des lenac and propanil are used mainly t·n sugar cane and rice, respectively. 
• Note that atrazine has been moved to the Primary Lisi. 
•This hst contains chemicals which, although not considered lo be pesticides themselves, are of special interest in 

monitoring studies. 
1 Schechter, 1971.1" 
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APPENDIX 11-G 

TOXICANTS IN FISHERY MANAGEMENT 

There is much evidence that primitive people in Asia 
and South America used poisonous plants to capture fresh
water and saltwater fishes for food. In China, extracts from 
toxic plants have been employed for thousands of years to 
remove undesirable fish from ponds under intensive fish 
culture. The practice of applying toxicants in sport fishery 
management of waters by poisoning non-game fish has 
been used as a management tool (Prevost 1960).19:! Some of 
the many causes and instances of fishes in pest situations were 
discussed by Lennon (1970). m 

A survey commissioned by the Food and Agriculture 
Organization of the United .\-ations in 1970 disclosed that 
29 countries on the five continents are using toxicants in the 
culture or management of food and game fishes (Lennon 
et al. 1970) .192 Forty-nine of the 50 states in the United 
States and most provinces in Canada have used or are using 
piscicides in fishery programs. The toxicants arc employed 
to correct various problems in farm, ranch, and fish-produc
tion ponds; in natural lakes and reservoirs; and in streams 
and rivers. 

The chemicals that served most commonly as fish toxi
cants since the l 930's were basically insecticides in nature 
and formulation. Rotenonc and toxaphcne, for example, 
were applied predominantly as piscicidcs in the United 
States and Canada in 1966 (Stroud and Martin 1968),194 

but several dozens of chemicals including natural poisons, 
inorganics, chlorinated hydrocarbons, and organophos
phates have had testing or use to kill fish (Lennon et al. 
1970). 192 

There is a significant change in the use of toxicants in 
fishery management. Increasing concerns by the public 
and government regarding broad spectrum, persistent 
pesticides have resulted in stiff requirements for registration 
of fish toxicants and regulation of their use in public waters. 
Well justified emphasis is being placed now on the develop
ment and use of piscicides that are specific to fish, harmless 
at use levels to non-target plants and animals, non-persistent 
in the aquatic environment, and safe to handle and apply. 
An enormous amount of research is required now to secure 
or retain registration of a fish toxicant. The research rn-

eludes long-term studies on safety to man and mammals, on 
efficacy to target fish, on residues in fish and other aquatic 
life, and on degradation or deactivation of the toxicant in 
the environment. 

Programs for the management of public waters are being 
more closely scrutinized for any temporary or long-term ef
fects they will have on the environment. More emphasis is 
being placed on the enhancement and protection of the in
tegrity of ecosystems as the main goal for management of 
our living resource's. The importance of preserving a di
versity of aquatic habitats and natural communities as 
important gene pools, which may be of inestimable value to 
mankind in the future, as well as for education, research, 
and aesthetic enjoyment must be clearly recognized. If 
control measures are undertaken which will kill non-target 
aquatic species (fish or invertebrates), then careful con
sideration should be given to preserving populations of these 
species for rcstrocking in order to reestablish stability of the 
community. Furthermore, more attention should be given to 
beneficial use of nuisance populations of aquatic organisms 
and efficient harvesting methods should be developed as 
part of any integrated control program. 

There are five divisions of the management process that 
must be considered by fishery managers and project review 
boards. They arc: 

Demonstration of need 

A fishery problem is at first presumed to exist, then 
studied and defined, and proven or disprovcn. If proven, the 
need for immediate or eventual correction is assessed and 
weighed against all possible environmental, scientific, and 
political considerations. The need then is documented and 
demonstrated to those in a decision-making capacity. 

Selection of method(s) for solution of problem 

All possible solutions to the problem by means of chem
ical, biological, physical, and integrated approaches must 
be considered and evaluated in terms of effectiveness on 
target fishes, safety to non-target plants and animals, and 
environmental impact. An important rule of thumb is that a 
toxicant should be used only as a last resort. 
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The selection of an approach to solve the problem, there
fore, must be accomplished on the basis of sound fact-find
ing and judgment. Every opportunity for exploiting an 
integrated approach to management and control deserves 
consideration to protect the integrity of ecosystems. 

The selection of an approach to management of native 
fish populations and control of exotic species should be 
approved by an impartial board of review. 

Selection of a toxicant 

If a chemical approach to solution of the problem is 
chosen, the next major step is selection of the correct toxi
cant. The toxicant must be one registered for the use, specific 
to the target species, and relatively compatible with the 
environmental situation. 

Method of Application 

The proximity of application transects on lakes or meter
ing stations on streams is an important consideration. Ap
plication points fflUSt be close enough together to avoid 
locally excessive concentrations that may be harmful to 
n'on-target life. 

Every opportunity to achieve selective action on target 
organisms by adjusting the application method or timing 
should be exploited. 

Pre- and post-treatment assessments 

Careful surveys and assessments of the target and non
target life in the problem area are needed prior to a treat-

ment. The data must be quantitatively and qualitatively 
representative. 

The actual application must be preceded by competen1 
ecosystem study of the habitat 10 be treated. Moreover, on
site bioassays of the candidate toxicant must be conducted 
against representative target .and non-target organisms col
lected in the problem area. The dose (concentration plw 
duration of exposure) of toxicant needed for the reclama
tion is calculated from the results of the on-site bioassays. 

Following an application, 1 borough ecosystem studie~ 

1nd assessments of target and non-target life must be made 
m the problem area. Some surveys should be accomplishec 
mmediately; others should be prosecuted periodically for 
I to 2 years to evaluate the effect of the treatment to deter· 
·nine if the original problem was corrected, and to detec1 
.rny long-term and/or adverse effects on non-target lift 
and the environment in general. 

All chemical treatments of public waters should be re
viewed by impartial boards at appropriate state and federal 
levels. Resource administrators. managers and scientists in 
J1sheries, wildlife, ecology, and recreation should be repre
~:ented on the boards, and they should call in advisors from 
1 he private and public sectors as necessary to evaluate pro
posed projects realistically and fairly. A board must have 
decision-making authority . at each step of the treatment 
process; thus, a smoothly working system for getting facts 
from the field to the board and its decisions back to the field 
is necessary. Furthermore, a review board must have con
tinuity so that it can assess the results of preceding treat
ments and apply the experience obtained to subsequent 
management activities. 
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APPENDIX Ill-MARINE TABLES 1-6 

PREFACE 

Tables 1-3 in this Appendix have been compiled to pro
vide information on the effects of inorganic constituents on 
marine organisms. Data on bioassay tests with fre,h water 
organisms arc included, especially when the information 
concerning marine organisms is inadequate. This was also 
clone when the same investigator studied both fresh water 
and marine organisms The substances tested arc listed in 
alphabetical order, generally based upon the constituent in 
the compound considered to be critical. The entries are ar
ranged within substances by year of publication and author. 
The units used are those presented in the original publica
tion. In some cases it is impossible to know whether the 

concentration is expressed in terms of the element or the 
compound tested, but if the information was presented in 
the original publication, it is so indicated. The organism 
used in the test is identified as in the original reference, 
giving the specific name wherever it is available. \'ery ab
breviated descriptions of the conditions of the test are pre
sented. The value of the compilation is to indicate the range 
of concentrations tested, the species used, and the references 
to the original work The reader is urged to refer to the 
original reference for more precise detail,; about the test 
conditions or to the author if the necessary details were 
omitted in the publication. 

Cenerally, in Table I the acute close for a 96 hr LC50 is 

presented. If the time of the test was different, it is indicated 
in parentheses after the concentration listed, for example, 
(48 hr). 

L =Laboratory bioassay 
BS= bioassay static 

BCF = bioassay continuous flow 
BA= bioassay acute 

BCH = bioassay chronic 
a= water temperature 
b =ambient air temperature 
c=pH 

cl= alkalinity (total, phenolphthalein or caustic) 
e =dissolved oxygen 
f = hardne-;s (total, carbonate, Mg or Ca O) 
g =turbidity 
h =oxidation reduction potential 
i =chloride as Cl 
j =BOD, 5 day; (J) =BOD, short-term 
k=COD 
l =Nitrogen (as N02 or N03) 

m =ammonia nitrogen as NH3 

n =phosphate (total, ortho-, or poly) 
o =solids (total, fixed, volatile, or suspended) 
p=C02 

BOD= biochemical oxygen demand 

449 



450 /Appendix III-Marine Aquatic Life and Wildlife 

·rABLE 1-Acute dose of inorganic chemicals for aquatic organisms 

Constituent Acute dose 96 hr lC50 Species Cond1bons literature citation• Constituent Acute dose 96 hr lC50 Species Conditions literature citation 

Aluminum 250 ppm Micropterus sal- Al(SO,),; 18 H,O; pH Sanborn 19451os Ammonia 212 ppm (2 day) b1d1ty, ammonium 
(Al) moides 7. 2-7. 6; 64-3 ppm (HH,) d1chromate 

fish and river crab Podubsky and Sled- 37 ppm (2 day) static acute b1oassay; 
ronsky 1948" a,c,d,e,g, highly turbid 

88 ppm (few Hrs) Sebastes mannus Pulley 1950100 water; NH.OH 
17.8 m&/I (short Sebastes marmus AICb; sea water Pulley 1950100 1, 4000 ppm (2 day) Gambusia ;1ftm1s static acute b1oassay; Wallen et al. 

time) a,c; ammonium sul- 1957"3 

235 mg/I Gambusia aftmis 19-22 C; turbid water; Wallen et al. late; d,e,g, highly 
turbidity 235 to 25 1957"3 turbid water 
mg/I; A'2(S0,)1 · 248 ppm (2 day) Gambusia 11ttinis ammonium sulfide; Wallen et al. 
18 H,O static acute bioassay; 1957133 

133 mg/I Gambusia affinis highly turbid waler Wallen et al. a,c,d,e,g; highly 
1957133 turbid water used 

240 ppm (48 hr) Gambusia affmis A'2Cl.1, static acute b10· Wallen etal 240 ppm (2 day) same as above, but 
assay turbid water; 1957131 ammonium sulfite 
a,c,d,e,g used. 

135 mg/I (48 hr) Gambusia affmis A'2Cl1, static acute bio· Wallen etal. 420 ppm (2 day) static acute b1oassay; 
assay turbid water; 1957133 a,c,d,e,g, Ammonium 
a,c,d,e,g thiocyanate, highly 

Ammonia 18.5 mg/I (48 hrs) lepomis tap water, reoxygenated Turnbull et al. turbid 
(HHJ) macroch.rus 20 C; NH,OH 1954130 3.1 mg/I lepomis soil water, 30 C Academy of Hatur 

15 mg/I (48 hr) cone. as NH,OH; tap macrochirus Sciences 19602 

water; 20 C. 3.4 mg/I soil water; 20 C 
6.0 ppm lepom1s conllfluous flow, acute Cairns Jr. and 23.7mg1 1 hard water; 30 C 

macrochirus b1oassay, a,c,e,f; Scheier unpub· 24.4 mg/I hard water, 20 C 
aerated distilled l1shed 1955142 90 mg/I Physa hete1ostropha soft water, 20 C 
NH,CI 94. 5 mg;I soft water, 30 c 

300 mg/I (6 hrs) minnows hard water, NH,CI LeClerc and Deva· 133.9 mg/I hard water, 20 & 30 C 
mmck 1955" 6 mg/I lepomis In standard d1st1lled 

4000-5000 mg/I minnows d1sblled water; HH,CI leClerc and Deva· macrnchuus water; HH1CI 
(6 hrs) m1nck 1955" 8.2 ppm P1mephales static acute b1oassay; in Henderson et al. 

8.0 mg/I (time not Oaphma Meinck et al promelas hard water; c,d,e,f 196050 

specified) 195679 5.2 ppm Pimephales static acute bioassay; 
17.5 mg/I (48 hr) P1mephales cone. as NH.OH, Black et al. 195713 pro me las soft water, c,d.e,f. 

promelas tap water; 0. 4 (24 hr) Salmo g"rdnen union1Zed NH,; static Lloyd and Herbert 
7.7 ppm lepom1s HH,CI; distilled aerated Cairns Ir. and acute b1oassay; 196076 

macroch1rus water, static acute b10· Scheier 1957" a,b,c.d,e toxicity m· 
assay, a,c,d,f. NH,CI creased with 1ncreas· 
as N; mg pH (from 7.0 to 

248 mg/I Gambusia afflnis 21 C, 1n turbid water Wallen etal. 8 2) 
usmg (NH,)2S 1957"' 24. 6 ppm (2 day) Salmo gairdnen static acute b1oassay, Herbert and Shur-

490 mg/I Gambus" affm1s in turbid water; NH,CI Wallen et al. a,c,d.f HH,CI as H; hen 1964" 
1957"3 202 ppm (1 day) Carass1us mm1us static acute b1oassay; IJowden and Ben· 

240 mg/I usmg (NH,)2SO, H,O: a,c, "standard refer- nett 1965" 
20-21 C; turb1d1ty ence water" NH,CI 
lowered from 220 to 161 ppm (2 day) 
25 mi;1t 50 ppm 

114 mg/I Gambus" affm1s usmg NH,SCH; turbid Wallen et al. 139 ppm Daphnia magna 
water 16-23 C 1957133 725 ppm (1-4 day) lepomis 

1290 mg/I Gambusia affims turbid water; 20-21 C Wallen etal. macrochirus 
usmg (NH,)2SO,, re· 1957133 241 ppm (1 day) lymnaea, sp (eggs) 
duced turbidity from 173 ppm (2 day) 
240-25 mg/I 70 ppm 

240 mg/I Gambus1a aHm1s highly turbid water. Wallen et al. 60 ppm (1 day) Oaphnia magna a,c; HH,OH; static 
(HH4)2CrO, 1957133 acute b1oassay, 

136 mg/I (NH,)2Cr201 "standard reference 

37 mg/I Gambusia affinis turbid water Wallen et al. water" 

1957133 32 ppm (2 day) 

91 o mg/I (24 hr) Gambusia affmis usmg HH,SCN. turbid Wallen et al. 
20 ppm 

water 16-23 c 1957 133 423 ppm (1 day) Oaphnia magna static acute b1oassay, 

238 ppm (2 day) Gambusia affinis static acute b1oassay, Wallen etal. 
a,c. standard refer· 
ence water and lake 

a,c,d,e,g, ammonium 1957133 
water usmg ammon· 

acetate; high turbidity \Um sulfate 
pH 7.6-8 8 433 (2 day) 

238 ppm (2 day) Gambusia aff1nis same as above using 292 ppm 
(NH),CO, 299 ppm (1 day) static acute bioassay; 

510 ppm (2 day) Gambusia affinis static acute b1oassay, Wallen et al. a,c, standard reference 
a.c,d,e,g, high tur- 1957133 water; ammonium 
bid1ty; HH,CI sulhte 

270 ppm (2 day) Gambusia affmis static acute b1oassay, Wallen etal. 273 ppm (2 day) 
a,c,e,f,d, high tur· 1957133 203 ppm 
b1d1ty; ammonium 200 mg/I ( 4 days) Cyprmus carpio (HH,)zSO, Malacea 1966" 
chromate 300 mg/I (4 days) gudgeon 

static acute bioassay; 160 mg/I ( 4 days) Rhodeus sericeus 
a,c,d,e.f, high tur- 73.4 mg/I (2 days) Daphnia 

•Citations are listed at the end of the Appendix. They can be located alphabetically w1thm tables or by their superior numbers which run consecutively across the tables fur the enbre Appendix. 
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TABLE I-Continued 
--------- ·-------· 

Constituent Acute dose 96 hr LC50 Species Conditions literature citation• Consbtuent Acute dose 96 hr LC50 Species Conditions Literature citation• 

Ammonia 0. 4 ppm (7 days) Abram1s brama a,c,d,e,f, continuous· Ball 1967' Berylhum 11 ppm same as above but using 
(NH,) flow b 1 oassay (Be) hard water and 

O 29 ppm (7 days) Perea fluviat111is berylhum sulfate 
0. 35 ppm (5 days) Rut1hs rut1hs 0.2 ppm same as above but using 
0.36 ppm (6 days) Scardmius erythro· soft water 

phthalmus 31 0 mg/I Fundulus 20-22 C; no feeding Jack1m et al. 
O 41 ppm (2 day) Salmo gairdnen heterochtus during the 96 hrs; 1970« 
34-47 ppm (2 days) Salmo gairdnen acute static b1oassay, Brown 1968" aerated water 

a,c,d,e,f,o (See sodium borate, also) 
6.3 mg/I (48 hr) Salmo gairdneri ammonia as N Brown 196817 Boron 15, 000 mg/I Lepomis 20 C; boront1fluoride Turnbull et al. 
420 ppm (5 day) N1tzschia lineans ammonium salt, a,c,e; Patrick et al. (B) (24 hr) macrochirus 1954130 

static acute b1oassay 1968" 18, 000-19, 000 mg/I minnows in distilled water; 20 C; LeClerc and Deva· 
90.C ppm Physa heteroslropha (6 hr) minck 1950", 
3. 4 ppm Lepom1s ammonium sail; a,c,e; 1955" 

macroch1rus static acute b1oassay 19,000-19,500 mg/I in hard water; 20 C; 
O 44 ppm (3 hr) Salmo gairdnen 100' ; mortahty un- Lloyd and Orr (6 hr) 

lOmzed KH.1; 10. 5 C 196977 18, DOil mg/I Gambusia aflmis boric acid; 20-23 C; Wallen et al. 
pH 8-10 (24 hr) pH 5 4-7 3 1957"' 

Antimony 12 ppm P1mephales antimony potassium Tarzwell and Hen· 5, 600 mg/I 

(Sb) promelas tartrate, static acute derson 1960124 12,000 mg/I sodium borate, 22-26 C; 

b1oassay, a,c,d,f; (24 hr) pH 8 6-9.1 

hard water 8, 200 mg/I (48 hr) 

20 ppm same as above using 3, 600 mg/I 

soft water 10, 500 ppm (2 day) Gambusia attm1s bone acid, static acute Wallen et al. 

17 ppm same as above, using b1oassay, a,c,d,e,g; 195)!33 

hard water and anti· highly turbid water 

mony lnchlonde 20-23 c 
9 ppm same as above except Cadmium 45 mg/I Onzias Cd(NO,), 4 HzO Doudorott and 

using soft water and (Cd) Katz 195331 

antimony lnchlonde 0.056 mg/I guppy cone. as Cd, using Shaw and Lowrance 

80 ppm same as above using Cd(N0.1) 2 4 H 20 1956112 

hard water and anti· 5 ppm P1mephales slal1c acute b1oassay, Tarzwell and Hen· 

mony trioxide promelas a,c,d,f, hard water; derson 1960124 

80 ppm same as above using cadmium chloride 

soft water and anti· 0.9 ppm same as above, using 

mony lnoxide soft water 

(See sodium arsemte also) 
1.05 mg/I stal1c acute b1oassay, Pickering and Hen-

Arsenic 48 ppm (24 hr) Notropsis hudsomus Boschetl1 and Mc· 
c,d,e,t, soft water, derson 1965" 

(As) Loughhn 195715 
CdCl2, cone. as Cd. 

29 ppm (48 hr) 
72 6 mg/I same as above; using 

27 ppm (72 hr) 
hard water 

1.94 mg/I Lepom1S static acute b1oassay; 
young salmon & arsenic trioxide Holland et al. 

macroch1rus c,d,e,I, soft water 
trout 196057 

100 mg I (4 days) Rhodeus senceus sodium arsenate Malacea 1966" 
CdC'2 cone. as Cd. 

160 mg/I (4 days) Cyprinus carp10 
1.27 mg/I Lebistes ret1culalus same as above 

5 mg 'I (2 days) Daphma 
2.84 mg/I Lepom1S cyanellus same as above 
66 0 mg/I same as above, but 

Ban um 2083 mg I (36 hr) young eels 20 c, usmg Baer / Doudorott and Katz using hard water 
(Ba) 195337 O 17 ppm P1mephales cadmium cyanide com· Doudorott et al. 

200 ppm (time not Crassms auratus BaCl2 B11an and Des· promelas plex, sodium cyanide 196638 

given) ChlOnS 1956" (439 ppm CN) and 
100 ppm (time not Buhnus contortus cadmium sulfate 

given) (528 ppm Cd) Syn· 
11 ppm (time not Planorb1s glabratus Ba Cle B11an and Des· thet1c soft water; 

given) ch1ens 1956" static acute bioassay; 
1640 mg11 Gambus1a att1rns turbid waler; 20 C BaClz Wallen etal. a,c; cone. as CN 

195)133 0.008-0.01 ppm Salmo ga1rdnen continuous flow, acute Ball 1967' 
4440 mg/I (14 hr) (7 day) b1oassay, a,b,f; hard 
10, 000 ppm (2 day) Gambus1a aff1rns static acute b1oassay, Wallen etal. waler 

a,c,d,e,g; turbid 1957"' 30 mg/I (1 day) 
water; barium carbo· 30 ppm (1 day) conbnuous flow, acute Velsen and Alder· 
nale; 20 C bioassay, a,b,f dice 1967"2 

3, 200 ppm (2 day) same as above using 0.12 mg/I (4-8 Crassostrea in flowing water; 20 C Shuster and Pring! e 
banum chlonde weeks) virg1mca sahrnly 31 pp!; CdClz. 1969113 

Beryllium 1 3 mg'/ Lepo mis beryllium sulfate; in Tarzwell and Hen· 2.5 H20 
(Be) macroch1rus soft water derson 1956' 23 27.0 mg/I Fundulus 20-22 C; no feeding Jacki m et al. 

12 mg/I ", m hard water heterochtus during the 96 hr 197064 

15ppm Pimephales slat1 c acule b1oassay, aerated water. 
promelas a,c.d,f, hard water; O. 2 mg/I (8 wk) Crassostrea Pringle (m press)" 

berylhum chloride virgm1ca 
0.15 ppm same as above usmg 0.1 mg/I (15 Wk) 

sotl water Calcium 8, 400 mg/I (24 hr) tepom1s Doudorott and 
20 ppm same as above using (Ca) macrochirus Katz 195337 

hard water & 10,000 mg/I Lepom1s 20 C; Ca(N03)z Trama 1954bl27 
berylhum nitrate macroch1rus 

0.15 ppm same as above bul using 10,000 ppm Ca(N0,)2; static acute 
sofl water bioassay; a,d,e,f 
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Calcium 10,650 ppm CaC'2; a,d,e,f, static Chromium 56 mg/I turbid water, 18-20 C; 
(Ca) acute b1oassay in Academy of Nat- (Cr) pH 5. 7-7.4; ammon-

standard water ural Sciences ium dichromate (1l6 
19602 mg/I) 

9,500 ppm continuous flow, acute Cairns Jr. and 104 mg ·1 turbid water; 17-21 C; 
b1oassay, a;c;ef, Scheier unpub- pH 7.6-8.1 potassium 
aerated water; small hshed 1955,'" chromate ( 400 mg/I) 
fish used. 1958," 195921 96 mg/I turbid water, 21-30 C; 

Industrial Wastes pH 5.4-6 7 potassium 
1956•1 d1chromate (280 mg/I) 

11,300 ppm same as above except Industrial Wastes 135 mg,'I turbid water; 20-22 C; 
large fish used 195661 pH 7 7-8 6 sodium 

7, 752 mg/I (22- Carassius auratus m distilled water Jones 1957" chromate, (420 mg/I) 
27 hr) 92 mg/I turbid water; 14-17 C; 

160 mg/I Gambusia affinis Ca(OH)2 Wallen et al pH 6.0-7 9 sodium 
1957133 d1chromate (264 mg/I) 

56, ooo ppm Ca CO.;; a,c,d,e,g, 103 mg, I Lepom1s KiCr20; Cairns Jr. and 
turbid water static macrochirus Scheier 1958;" 
acute b1oassay 19- 195921 
21 c 40.0 ppm (48 hr) 

13,400 ppm (2 day) CaClz; turbid water; 320 ppm Lepo mis m soft water; 18 C and 
static acute b1oassay; macrochirus 30 c 
a,c,d,e,g 382 ppm m hard water; 18 C 

220 ppm (2 day) Ca(OH)i; a,c,d,e,g; 369 ppm in hard water, 30 C 
static acute b1oassay, 196 mg. I (time not M1cropterus Fromm and Sch1f 
turbid water, 21-23 C g1Yen) salmo1d11s man 1958" 

240 ppm (1 day) 110 ppm Lepo mis Cr hexavalent; static Trama and Benoit 
56, 000 ppm (2 day) Caso,; a,c,d,e,g, turbid macroch1rus acule b1oassay; a,c,d.t, 1958128 

water; static acute g soft water. alkah 
b1oassay 21-25 C and hardness to11c1ty 

11,300 ppm Lepom1S a,c,d,e,1; aerated water; Cairns Jr. and 110 mg;I dichromate Trama and Benoit 
macrochirus Ca Ch large fish used Sche1er 1957," 1958128 

"':14.24 cm long; 1958" 170 mg/I sunfish K2Cr,O; Trama and Benoit 
static acute b1oassay, 1958128 

saturation 18-10 C; m soft water; Academy of Nat- 100 mg/I Salmo gairdneri K2Cr01 Schiffman and 
CaS01 ural Sciences Fromm 1959m 

191)()2 113mg;\ 1unt11h K2Cr20; Academy of Ital-
53(11me not Gambus1a affinis 20-23 C; DO 0 18-0. 22 AhUJa 19643 ural Sciences 

g1Yen) ppm (C02= 13. 75- 19602 

69.30 ppm) CaCli 135 mg,'I sunfish in hard water, K2Cr20; 
3, 526 ppm ((day) Daphnia magna CaClz; a,c, static acute Dowden and Ben- 0.21 mg 'I (time NaV1cula 22 C; time value; soft Academy of Nat-

b1oassay; standard nett 1965" not given) water ural Sciences 
reference water 19602 

3, 005 ppm (2 day) same as above 0.25mg l(time 22 C; ",hard water 
8, 350 ppm (1 day) Lepo mis same as above not gmn) 

macrothirus 17.3 mg 'I (time snail time value, 20 C, soft Academy of Nat-
4, 485 ppm (1 day) Lymnaea sp (Eggs) same as above not given) water ural Sciences 
3, 094 (2 day) same as above 19602 
2, 373 ppm (3 day) same as above 40 6 mg/I (lime ";hard water 
UOO ppm (5 day) Nilzschia hnearis static acute b1oassay; Patnck et al. not g1Yen) 

a,c,e; Caso, 196891 110 mg11 sunfish K,Cr20; Trama and Benoit 
2, 980 ppm Lepomis same as above 1960129 

macrochirus 75 mg/I (48 hr) Polycehs mgra 20 C; hard water Raymount and 
3, 130 ppm (5 day) Nitzschia tinearis static acute b1oassay; Patnck et at. Shields 1962,1"' 

a,c,e, CaC'2 196891 1964LU5 
10, 650 ppm Lepomis macrochirus same as above 60 mg ii (12 days) Carcinus maends 

(See also potassium chloride and sodium chloride) 
0.01 mg;I (48 hr) Daphnia magna chromic actd Meletsea 19s3so 

Chloride o. 08 ppm (7 day) Salmo gairdneri continuous flow acute Merkens 1958" 
0.1 mg/I (48 hr) potassmm bichromate 

(C~ b1oassay; a,c,e; from 
0.1 ppm (1 day) Daphnia magni< chromic sulfate; a,c; Dowden and Ben 

standard reference nett 196539 

mono and d1chlor-
water; static acute 

amines. 20 C; 230/oo 
b1oassay 

sahmty pH 8. 0 
0. 03 ppm (2 day) same as above 10 ppm (24 hr) Sphaerodes maculatus EISier and Edmunds 0. 2 ppm (1 day) Lymnaea sp (Eggs) Cr2(S01),+Na2Cr201, 

1966'' 
19.25 ppm (16 hr) fingerling silvers cone. as residual Cl Holland et al. 

same as above 
5.07 mg;I P1mephales chromium potassium Pickenng and Hen 

196057 
promelas sulfate, c,d,e,f soft derson 1965" 

(See potassium chromate and d1chromate and sodium chromate and dichromate also) water; static acute 
Chrommm Lepom1s 22±0 2 c Abegg 1950' b1oassay; cone. as Cr 

(Cr) macrochirus 67.4 mg/: same as above using 
300 mg/I (24 hr) Na2CrD1 Abegg 1950' hard water 
145 mg/I (24 hr) Na2Cr20; 7.46 mg/I LepomlS same as above usmg 

213 mg/I (48 hr) Na2Cr20; Turnbull et al. macrochirus soft water 

1954130 
71.9 mg/I same as above using 

hard water 82 mg/I Gambusia aftinis turbid water, 19-23 C; Wallen et al. 4.10 mg/I Carassius auratus using soft water 
pH 7.5-7.8; 240 mg/I 1957133 Lebistes same as above usmg 
ammonium chromate reticulatm, soft water 
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Chromium 67.4-71. 9 mg/I Lepo mis Hard water, pH 8 2 P1ckermg and Hen· Copper me1sten hard water cuso,; 1961141 
(Cr) macroch1rus Alk. 300 mg /I derson 1966" (Cu) a,c,d,1 

3.33-7.46 mg I Pimelometopon soft water; pH 7.5 0.425 ppm Gyraulus static acute b1oassay; 
pulchrum (fat- Alk 18 mg•\ c11cumst1ialus a,c,d,1; hard wale•; 
head) cuso, 

27.3-133 mg/I minnows, Carass1us hard waler; pH 8. 2 P1ckermg and Hen· 0.27 ppm Physa same as above 
auratus KiCr20;, Alk. 300 derson 1966" heferostropha 

mg ·1 1.5 mg,'\ (2-3 d) Nereis Raymount and 
17 6-118 mg I\ soft water; pH 7. 5 Shields 1962103 

KzCr20;; A\k. 18 0.27 ppm Physa heterostropha 21 C hard water as Wurtz 1962"" 
mg/I cu so, 

45.8 mg/I soft water, pH 7 5 0.050 ppm same as above, young 
K1Cr20;; Alk 18 O. 56 ppm (1 day) slal1c acute b1oassay; Wurlz 1962140 

mg'\ a,c,f, CuS01 hard and 
180 ppm zebra dan10 adults cone as Cr (K1Cr10;) Cairns Jr. and soft water. 

Sche1er 1968'· 90 ppm (1 day) Carassius auralus cone. as copper sulfite Floch el al. 196341 

1500 ppm zebra dan10 eggs Poec1ha ret1cufata 
4 74 ppm Lepom1S a,c,d,e,; static acute b10· Cairns, Jr. and 15 ppm (1 day) toad and frog Cone. as copper sulfite Floch et al. 196341 

macroch1rus assay f1Sh acchma- Schei er 1968'' tadpoles 
t1Zed for 2 weeks m a 10 ppm (2 days) 
synthetic d1\ut1on 5 ppm (3 days) 
water usmg chrom· 20 ppm (3 day) Dragon fly larvae cone. as copper sulfite Floch et al. 196341 
ium·cyanide mixture 40 ppm (1 day) 

0.26 ppm Lepom1s a,c,d,e, static acute b10- Cairns Jr. and 2 ppm(! day) Daphnia long1spma 
macroch1rus assay fish acchma· Scheier 1968" 0.1 ppm Nere1s Vlfens time not specified Raymount and 

t11ed for 2 weeks in a Shields 1963104 

synthetic d1\ut1on 2 ppm (2 hr) Salmo ga1rdnen CuS01 5H20 Herbert and Van 
water. Dyke 196454 

170 ppm Lepom1S slat1c acute b1oassay, Trama and Benmt 0.2 ppm (48 hr) 
macroch1rus a,c,d,f,g; d1chromate, 1958"' 1.5 ppm Gammartis lacustns static acute bioassay; Nebeker and Gaufin 

fish were acclimated a,e, Cuso, 196486 
for 2 weeks m syn- .19 ppm (12 days) Nere1s v1rens time not spec1f1ed Raymount and 
thetic d1\ut1on. Shields 1963104 

Copper 1.0 ppm (6.5 day) Gasterosteus static acute brnassay, Jones 1938"' 0.980 ppm LepomtS CuCI· Cope 1965" 
(CU) acu\eatus a,c, using Cu(N01)2 macrochirus 

0.13 mg 11 (6 hr) Balanus balanoides hyperfomc seawafer Pyelmch and Motl 2. 8 ppm Lepo mis staf1c acufe bioassay; 
19481111 macroch1rus CuSO,, a 

0. 46 mg'\ (6 hr) "crenatus 0 8 ppm (2 day) Salmo gairdnen a,c,e,1,1,m; field study Herbert ef al. 
3 3 mg 'I (24 hr) Orm as CuC\2 2H20 Doudoroff and rn a river 1965"' 

Katz 195337 o 034 ppm (1 day) Sa\mo salar continuous flow, acute Sprague 196511 ' 

0 74 ppm LepomlS static acute b1oassay, Trama 1954a''' b1oassay g,c,f; with 
macroch1rus a,c,d,e, d1St11\ed 3 µg,'t Zn and 2 µg/I 

aerated water Cu 
7 O mg 'I ( 48 hr) 20 C, pH 8 3 Turnbull et al. 32 µg 11 (time not juvenile salmon m very soft water Sprague and Ram· 

1954"" given) (14 mg.11 hardness) sey 196511 ' 

0.18 ppm P1mephales static acute b1oassay; Palmer and Ma· 0.150 ppm (2 day) Salmo gairdnen static acute b1oassay, a, Cope 1966" 
promelas a,c,d,e,f, CuSO, loney 195590 CuS01 

84 ppm (2 day) GambuS1a afflms static acute b1oassay, Wallen et al. 2 800 ppm (2 day) Lepom1s same as above Cope 1966" 
turbid water, 19571" macrochirus 
a,c,d.e,g, CuSO, 1.5 ppm P1mephales as CN- usmg copper Doudoroff et al. 

75 mg I GambuSla aff1n1S 24-27 C; US1ng copper Wallen et al. prome\as cyanide complex; 1966" 
sulfate m highly 19571" static acute bioassay; 
turbid water a,c; soft water 

56, 000 ppm (2 day) Gambusia afflnis cupnc oXlde, static acute Wallen eta\ 1.2 ppm same as above except 
brnassay a,c,d,e,g, 1957111 cone as Cu 
turbid water 19-20 C 1.14 mg/I P1me\ometopon in hard water; Cuso,. Pickering and Hen· 

38 ppm (1 day) Salmo iairdnen CuSO,, a,c,e,f,1,p, Turnbull-Kemp pulchrum 5H10 derson 1966" 
(fry) static acute b1oassay 1958131 fO. 2 mg/I Lepo mis in hard water 11 

1 25 mg'\ (time Lepom1S in soft water; 18-20 C, Academy of Nat· macroch1rus 
not i1ven) macroc:hirus CuClc ura\ Sciences 0.048 ppm Sa\mo salar BSA.a, mcip1ent lethal Sigler et al 196611• 

1960' level with O 600 Zn 
48 hr Daphma magna Cabeiszek and 3.0 ppm Orconectes rusticus continuous flow acute Hubscbman 196758 

StaS1ak 1960" b1oassay, a,c,e,f, 
1 9 ppm Japanese oyster Copper sulfate Fu11ya 1960" 20 C, mtermolting 
1 9 mg'\ oysters pH 8 2, 12 C Fu11ya 1960." stage 

1961" 1.0 ppm (1 day) same as above; adult 
1.4 ppm P1mephales static acute b1oassay; Tarzwelf and Hen· crayfish used 

promelas a,c,d,f, hard water, derson 1960124 1. O ppm (6 day) same as above; juvenile 
cuso, crayfish used 

O 05 ppm same as above using 1.0 ppm (6 day) same as above; re-
soft water cently batched young 

10 ppm LepomlS same as above using which remained cling. 
macrochirus hard witer mg to pleopods of 

0.2 ppm same as above using female durmg 1st 
soft water molt were used. 

1.9 mg/I oysters CuCl2 2 HzO FU)1ya 196144 0.25 mg/I Oroconectes rusti· time not given Hubschman 1967" 
0. 40 oom Limnodnlus hoff· static acute b1oassay; Wurtz and Bridges cus embryo 
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Copper 0. 57 mg/I (2 hr) Wattersipora copper sodium citrate Wisely and Blick Cyanide 0 06ppm<1 day M1cropterus stabc acute bioassay, a 
(CU) pH7.0-8 2 1967"' (CN-) salmmdes 

3. 85 mg/I (2 hr) Bugula copper sodium citrate Wisely and Bliek 0.05-0. 07 ppm Pomoxis i·nnularis static acute bioassay; a 
pH 7.0-8.2 1967137 (<1 day) 

0.51 mg/I (2 hr) Spirorbis copper sodium citrate 0.02-0.04 ppm Pomoxis annularis conbnuous flow bio· 
pH7 0-8.2 (<1 day) assay; a 

2.9 mg/I (2 hr) Galeolana coper sodium citrate o. 25 ppm (24 hr) Pimephal11s NaCN, cone. as CN; Doudoroff et al. 
pH 7.0-8.2 promelas 20 c 196638 

22. 5 mg/I (2 hr) Mylilus copper sodium citrate o. 24 ppm (48 hr) 
pH 7.2-8.2 o 23 ppm 

0.4-0.5 ppm Salmo gairdneri static acute bioassay; Brown 196817 0.20 ppm (24 hr) cone. as CN-; NaCN; 
(2 day) a,c,d,e,f plus 0. 14 ppm Zn 

1.25 ppm Lepo mis stabc acute b1oassay, Cairns Jr. and 0.19 ppm (48 hr) cone. as CN-; NaCN; 
macroch11us a,c,d,e; cu++; fish Sche1er 196f" plus 0.13 ppm Zn 

acchmatized 2 wks. in 0.18 ppm P1mephal11s cone. as CN-, NaCN 
syn. d1I. water. promelas 

1.04 ppm static acute bioassay; 0.23 ppm (24 " plus 0. 12 ppm 
a,c,d,e; fish acchma- hours) Cd 
t1zed 2 wks in syn. 0.21 ppm (48 hr) "plus 0.11 ppm 
d1I. water copper- Cd 

26.0 ppm Lepomis copper acetic acid; all Ca11ns Jr. and 0.17 ppm "plus O.C9 ppm 
macrochirus fish acchmat1zed 2 Sche1er 1968" Cd 

wks. m syn. dil. water. 0. 2 mg/I (11 min) Salmo gairdnen Neil 1957" 
5.2 ppm a,c,d,e, static acute bio- 0 12-0.18 mg/I Lepom1s m hard water and soft Academy of Nat· 

assay same as aboYe macrochirus soft water ural Sciences 
except that copper· 19602 
acetaldehyde was o. ts mg/I cone. as HCN Doudoroff et al. 
used. 196638 

5.2 ppm same as above except 0.01 mg/I (48 hr) Salmo gai1,dneri Brown 196817 
that acetone; copper 0.18 ppm Lepom11 static acute b1oassay; Cairns Jr and 
mixture was used macroct1iru$ a,c,d,e; all fish ac- Sche1er 1968"'• 

430 mg/I adult minnows static test Mount 1968" chmat1zed 2 weeks in 
470 mg/I Pimephales conlmuous flow b1oassay Mount 196883 syn. d1I. water 

promelas 0.026 ppm all fish acchmabzed 2 
84.0 µg/I Pimelometopon sott water; static b10· Mount and Stephen weeks m syn. s1I. 

pulchrum ~ssay 196984 water, static acute 
75 µg/I " continuous flow b1oassay; a,c,d,e 

bioassay 0.019 ppm same as above; CN-Cr 
0. 795-0.815 ppm Nitzschia hnearis static acute bioassay, Patrick et al. complex used 

(5 day) a,c,e; CuC'2 196891 U4ppm same as above, CN· 
1.25 ppm Lepomis same as above napthemc acid mix-

macroch11us lure 
0.2 mg/I (48 hr) Penaeus duorarum in the dark; 15 C; Portmann 1968" 0.026 ppm same as above; CN used 

cuso, 3.90 ppm same as above, CN-Zn 
30 mg/I (48 hr) Penaeus aztecus complex used 
100 mg/I" shore crab 0.432 ppm Physa het1!lostropha static acule b1oassay; Patnck et al. 
1 mg/I" cockle a,c,e 196891 

430 µg/I Pimelometopon static bioassay; hard Mount and Stephen 0 18 ppm Lepo mis asme as above 
pulchrum water 196984 macroctiiru~ 

410 µg/I continuous flow bio· Mount and Stephen (See also Manganese (Mn)) 
assay, hard water 1969H Fluorine 64 mg/I (10 days) fish u11ng KF Tar;well 1957122 

1.7 mg/I Capeloma dec11um sott water Arthur and Leon- (F) 
ard 19708 2.7-4.6 mg/I Salmo gai1 dneri using NaF; 55 C; 3.0 Neuhold and Si&I· 

0.039 mg/I Physa mterra soft water Arthur and Leon- (218 hrs) ppm Ca 196088 
ard 1970• 75-91 mr/I Cyprmus carp10 usin& NaF; 3 ppm Ca 

0. 20 mg/I Gammarus pseudo- soft water and Mr; 65-75 F 
limnaeus 222-273 ppm Salmo gairdnen 3 ppm Ca and Mg, 46 F 

48 hr Salmo rairdneri Brown and Dallon (424 hrs) 
19701 8 242-261 ppm 3 ppm Ca and Mg; 55 F 

3.2 mg/I Fundulus 20-22 C; no feeding Jackim et al. (214 hrs) 
heterochtus during the 96 hrs. 1970" 2.3-7 3 mr/I (time Salmo gairdneri 18 C, in soft water using Anrelovic et al. 

aerated water nol g1Ven) NcF 19677 
(See also potassium and sodium cyanides.) 2.6-6.0 mg/I (time 13 C; in sott water using 

Cyanide. 0.3 ppm (5.25- Rhm1chlhys atratu- ferro- and femcyanides Burdick and Lip- not given) NaF 
(CN-} 7.5 hr.} lus and Semot1lus used. Cone. as cya- scheulz 1948it 5. 9-7. 5 mg/I (time 7.5 C; m sofl waler 

atromaculatus mde used; daylight not g1Ven) usin& NaF 
0. 33 mg/I (14 min.) Coregonus arted1i Wuhrmann and Gold 0.4C mg/I (hme st1cklebacl. Jones 193966 

adult Woker 1948"' (Au) nol given) 
0.18 mr/I (24 hr} Lepomis m soft water Turnbull et al. Iron 74 ppm (2 day) Gambusia aHmis static acute b1oassay, Wallen et al. 

macrochirus 1954130 (Fe) a,c,d,e,g high tur- 1957133 
0. 06 ppm (1 day) Lepom1s auntus conbnuous flow and Renn 195510' b1d1ty; FeCh 

static acule bioassays; 133 ppm (2 day) Gambusia aHims static acute b1oassay; 
Fez(SQ,), a,c,d,e,1; 

0.01-0.06 ppm LepomlS same as above; static turbid water; 19-23 C 
(<1 day) macrochirus only 10, 000 ppm (2 day) static acute b1oassay; 

0.05-0.06 ppm same as above; contin- FezO,; a,c,d,e,g; 
(<1 day) uous flow turbid water; 16-23 C 
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Iron 10, 000 ppm (2 day) static acute b1oassay, Wallen et al. Lead stonefhes, mayflies 02; pH and hardness Warnick and Bell 
(Fe) a,c,d,e,g; FeS; turbid 1957133 (Pb) are constant 19691'4 

waler; 20-26 C 188.0 mg/I Fundulus 20-22 C; no feeding dur· Jack1m et al. 
350 ppm (2 day) same as above excepl heterochtus mg 96 hours; aerated 197064 

comp'd used was water 
FeS01 10-21 C. Magnesium 16, 500 mg/I Gambus1a aftm1s m turbid water; Wallen et al. 

36 ppm (1 day) Daphma magna static acute b1oassay; Dowden and Ben· (Mg) MgCldH2D 1957133 
a,c, slandard ref net 1965" 17, 750 ppm (2 day) Gambusia aftm1s BSA; a,c,d,e,g; turbid 
water; FeCI· water MgClz 

21 ppm (1 day) 15,500 ppm (2 day) Gambusia aftmis BSA, a,c,e,d,g; turbid 
15 ppm water MgSO, 

mayflies, stonefhes, constant 02, pH and Warnick and Bell 3, 391 ppm (1 day) Oaphma magna BSA; a,c, standard Dowden and Ben· 
cadd1sfhes hardness 1969134 reference waler; nett 196539 

Lead 0 3 ppm (4 1• days) Gasterosleus static acute bioassay; Jones 1938" MgCi, 
(Pb) aculeatus a,c, usmg Pb(N O,)z 3,489 ppm 

1.4 mg/I (48 hr) Lepo mis mtapwater Turnbull et al. 3, 803 ppm BSA; a,c, standard Dowden and Ben· 
macrochirus 1954130 reference water; nett 196539 

1.0 mg/I (14 hr) MgS01 
6. 3 mg!I (14 & 19, 000 ppm (1 day) Lepom1s same as above 

48 hrs) macrochirus 
10 mg I (14 & 48 ", Pb(N0.1)2 10, 530 ppm (1 day) Lymnaea sp. (eggs) same as above 

hrs) 
(See also Potassium permanganate) 140 mg/I Gambus1a aftmis Pb(NO,), used m Wallen et al 

highly turbid water 1957133 Manganese 5500 mg/I (14 hrs) fish, young eels MnCl2 lwao 1936" 

75 mg I P1mephales m hard water Tarzwell and Hen· (Mn) Oshima 1931 89 

pro me las derson 1956,1" 500 mg 11 (48 hrs) Tmcatmca MnF2 Simonin and Pier· 

1960124 ron 193711' 

3.2 mg/I m soft water, PbClz 1000 mg/I (time not fish MnSD1 H ,o; cone. as Meinck et al. 

used g1Ven) Mn 195679 

>100 mg/I in hard water; PbCl2 7, 850 mg/I (24 hrs) Onzias Mn Ch Doudoroft and 

used Katz 195337 

16 mg/I (time not Carass1us auratus PbSO, used Jones 1957" 1,400 ppm Cyprlnus carpio, Tabata 1959121 

g1Ven) killlfish, Daphma, 

140 ppm (1 days) Gambusia aftmis static acule b1oassay; Wallen el al. Salmo gairdneri 

a,c,d,e, turbid water 1957133 Mercury 5 mg/I (75 hr) Artem1a sahna cone. as Hg using Corner and Spar-
Pb(N0,)2 (Hg) Hgb; pH 8. 1 row 195633 

56,000 ppm (1 day) Gambus1a aftm1s stal1c acute b1oassay; O 05 mg11(15hr) Acttia clausi cone as Hg pH 8.1 Corner and Spar· 
a,c,d,e,g, PbO, high row 1956" 
\urb1d1ty 0.30mg11 (") Elminius cone. as Hg pH 8.1 

0.34 mg/I (48 hr) stickleback, 1000-3000 mg 'I of dis· Gill et al. 1960" 800mg11 (") Artemia cone as Hg pH 8.1 
Oncorhynchus solved solids 40 mg 'I (11 hr) Artemia salina cone. as Hg using 
kisutch HgClz pH 8. 1 

0. 41 mg 'I (14 hr) Dncorhynchus 1000-3000 mg 'I dis· 0. 9-EO mg/I phytoplankton Hueper 1960" 
k1sutch solved solids 

0.53 mg•I (14 hr) sticklebacks 1000-3000 mg ·I dis· o 017 mg/I (lime b1Valve larvae HgCh (0.01 mg/I of Woelke 19611" 
solved solids not g1Ven) Hg) 

>75 ppm P1mephales static acute bioassay, Tarzwell and Hen· 0 04 mg/I Rhodeus sericeus Malacea 196678 
promelas a,c,d,f, hard water; derson 1950121 0.05 mg/I gudgeon Malacea 196678 

Pb Ch 0.30 mgd Cyprmus carpio 
2 4 ppm (14 hrs) same as above using o 01 mgd minnow 

soft water 0.15 mg I (48 hr) Daphma 
7.48 mg/I P1mephales static acute bioassay, Pickering and Hen- 1.6 ppm (14 hr) Ambass1s safgha cone. as HgClz Ballard and Dhft 

promelas & c,d,e,f, soft water, derson 1965," 196910 

Lepomis lead acetate 7 8 mg/I 1966" 6.5X10-' M Myt1lus eduols pH 7 8-8.1, HgCb Wisely and Blick 
macrochirus 00, 18 mg 'I Alk; planulatus 1967137 

10 mg 11 hardness 9.ox10-• M Crassostrea com· pH 7 8-8.1, HgCl2 
5 58 mg/I Pimephales static acute b1oassay, Pickering and Hen· merc1ahs 

promelas c,d,e,f, cone as Pb; derson 1965" 5 OX10 7 M Wattersipora pH 7.8-8.1, HgCb Wisely and Bliek 
PbCl2 used, soft water (2 hours) cucullata 1967137 

482.0mg 11 same as above with hard 1.ox10-1 M Bufuga nentma pH 7 8-8. 2; HgCl2 Wisely and Bliek 
water (2 hours) 1967137 

23 8 mg/I LepomJS same as above with soft 1.ox10-2 M SpirorbJS lamellosa pH 7.8-8.2, HgCh 
macroch1rus water (2 hours) 

442 O mg!I same as above with hard 6.ox10-2 M Galeolana com· pH 7.8-8.2; HgCh 
water (1 hours) merc1ahs 

31 5 mg/I Carass1us auratus same as above with soft 9.0x10-7 M Arterm1a sanna pH 7.8-8.2; HgCb 
water (2 hours) 

20. 6 mg/I Lebistes ret1culalus same as above with soft 0.1 mg/I (48 hr) Penaeus duorarum 15; m the dark; HgClz Partmann 1968" 
water 6 mg/I (48 hr) Penaeus aztecus 15 C; m the dark; HgCh 

49. O ppm (1 day) tubific1d worms static acute bioassay; Whitley 1968'" 1 mg/ I (48 hr) Hem1graps1s 
a,c; Pb(N0.1)2pH 6.5 oregonens1s 

27.5 ppm (1 day) lub1fic1d worms 10 mg/I (48 hr) Clmocardium nuttalli 
17. 5 ppm (1 day) tubificid worms static acute bioassay; Whitley 19681" 26 ppm (24 hr) Daphma magna Lake Erie water m Ballard and OhH 

a,c, Pb(N0.1)2 Ambassia safgha sealed containers; 196910 
3 12 mg/I Salvelmus fontinahs Dorfman and Whit· HgCb 

Fundulus worth 1969" 0.23 mg/I Fundulus 20-22 C; no feeding Jackim et al. 
heteroclitus heterochtus during the 96 hrs, 197064 

1-3 ppm ( 48 hrs) Salmo gairdneri Kanya et al. 1969" aerated waler 
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Molybdenum 70 mg/I Pimephales Mo0.1, pH 7.4; Alk. 18 Tarzwell and Hen· pH 282 ppm (2 day) Gambusia afti"'s static acute b1oassay; Wallen et al. 
(Mo) promelas mg/I; hardness 20 derson 1956123 HCI, turbid water; 1957133 

mg/I; soft water a,c,d,e,g 
370 mg/I Mo0.1; pH 8.1; Alk. pH 10.5 Lepom1s maX1mum pH Cairns Jr. and 

360 mg/I, hardness macroch1rus Sche1er 1958"· 
400 mg ii; hard water pH 3.5 Lepom1s a,c,d,e,i; dist aerated Cairns Jr and 

Nickel 0.8 mg/I (time not sticklebacks concentration as N1; Murdock 1953" macroch1rus water; large fish Sche1er 195920 

(Ni) given) N1(N01)2 used; 14 24 cm 
0.95 mg/I P1mephales BSA; a,c,d; nicke1 cya· DoudoroH et al. length 20 C 

promelas mde complex syn. 196638 4-6 mg/I (6 hr) mm nows in d11t1lled water; HCI LeClerc 196071 
soft water 100-110 mg/I mm nows in hard water, HCI 

1. O mg/I (lime not sticklebacks concentration as N1, Jones 1957" (6 hrs) 

given) 15-18 c o 16 ppm (3 day) Lepom11 juveniles used, HCN; DoudoroH et al. 
24 ppm Pimephales BSA; a,c,d,f; hard Tarzwell and Hen· macroch1 rus static acute b1oassay; 1966" 

promelas water mckelous derson 1960"' a,c,d,f,p, 
ch Ion de 1. O ppm (20 min) lctalurus punctatus static acute b1oassay; Bonn and Follis 

4 ppm same as above using fmgerhn1:s a,c, H,S 1967 11 

soft water Phosphate 24 hours Lepom1s 22±0.2 c Abegg 19501 

25 ppm (2 day) Sal mo gairdnen field study on a river; Herbert et a1. (PO,•-) macrochirus 
a,c,e,f,l,m 196552 720 mg,'I Gambussia aH1ms turbid water; 19-23 C; Wallen et al. 

5.18 mg/I P1mephales BSA, c,d,e,t; soft water; P1ckenng and Hen· NaH2P01 1957111 

prom etas mckel chloride; cone. derson 1965," 1380 mg I turbid water; 19-24 C; 
as N1 196694 Na,P ,o, 10H20 

42. 4 mg/I same as above using 151 mg/I turbid water, 17-22 C; 
hard wale< NaiPOi 

5.18 mg/I Lepo mis 138 ppm (2 day) BSA, a,c,d,e,g, turbid Wallen et al. 
macrochirus water phosphoric 1957"" 

39. 6 mg/I same as above usmg acid, 21-24 C 
hard water Phosphorus O 105 ppm (2 day) Lepo mis BSA, a,c,d.e,f,g,h,1,J,k, Isom 196050 

9.82 mg/I Carassius auratus same as above using (P) macrochirus n.o; collmdal pre· 
soft water moved; 26 C; cone. 

4.45 mg/I Leb1stes ret1culatus same as above usmg as P 
soft water 0.053 ppm (3 day) same as above 

160 ppm (2 day) Salmo gairdnen BSA, a,f, N1S01 Willford 1966"6 0.025 ppm same as above 
270 ppm (2 day) Salmo trulfa BSA; a,f; N1SO, Willford 1966"' Potassium 2 o ppm (2 day) Hydropsyctie BSA; a, soft water; Roback 1955101 

(K) KCN 
242 ppm (2 day) Salvelmus fontinahs same as above 0.5 ppm (2 day) Stenonema 
75 ppm (2 day) Salvehnus same as above 2010 ppm Lepom1s BSA, a,c,d,e,I, KCI Trama 1954b"' 

namaycush macrochuus 
165 ppm (2 day} fctalurus punctalus same as above 3,000 ppm BSA, a,d,e,f; KNO.i; 
495 ppm (2 day} Lepom1s same as above syn. d1lut1on water 

macrochirus 450 ppm a,c,e,f; aerated dist Cairns Jr. and 

200 mg/I ( 48 hr} Penaeus duorarum 15 C; m the dark; Portmann 1968'7 water; K,CrO,, small Sche1er unpub-
N1SO, fish; conlmuous flow hshed 1955142 

150 mg/I (48 hrs} Penaeus aztecus acute b1oassay 
300 mg/I ( 48 hrs} Hem1grapsis orego· 630 ppm continuous flow, acute 

nens1s b1oassay K,CrO,; 
500 mg/I (48 hrsl Chnocardium medium me fish 

nulfalh a,c,e,f, pH 7.9 to 8.6 
48 hrs Salmo gairdne<1 Brown and Dalton 5. 50 ppm same as above using 

197018 large f11h 

See also sodium nitrate 
0. 21 ppm (1 day) Rhinich1thyi. continuous flow, acute l1pschuetz and 

Nitrate 64 hours Daphnia magna 25 C; Lake Erie water; Anderson 1948' 
alratulus b1oassay, a,c,e, KCN Cooper 1955" 

(No,-) daphmds 8-hours old 
meleagns 

8. 1 mg/I (14 hours) Gambusia aHinis 21-24 C, in highly turbid Wallen etal. 
0.45 ppm Lepomis BSA, a,c,e, KCN Cairns Jr. 19572· 

water; NaN01 1957133 macrochirus 

9. 5 mg/I (48 & 
320 ppm BSA; a,c,e, K,Cr ,o, Cairns Jr. 1957' 

96 hr) 
4, 200 ppm (2 day) Gambus1a alfmis BSA; a,c,d,e,g, turbid Wallen etal. 

water KCI 1957133 
pH 1.3 ppm (45 mm} lctalurus punctatus static acute b1oassay; Bonn and Follis 480 ppm (2 day} BSA; a,c,d,e,g; highly Wallen etal. 

a,c, H,S; Usmg ad- 196714 turbid water; 1957"' 
vanced fingerlmgs K,cro, 

1. 4 ppm (45 mm} same as above, usmg 1. 6 ppm (2 day} BSA; a,c,d,e,g; KCN, Wallen etal. 
adutts turbid water 1957133 

o. 07 ppm (2 day} Salmo ga11dnen static acute bioassay; Brown 196817 320 ppm (2 day} Gambus1a at'ims BSA; a,c,d,e,g; turbid Wallen et al. 
HCN; a,c,d,e,f,o water; KzCr,o, 1957133 

10 mg/I trout Belding 1917" 324 ppm (2 day} Gambusia aft1ms BSA; a,c,d,e,g; turbid Wallen et al. 
pH 4. o (lime not Carassius auratus Jones 1939'" water KNOa 1957133 

given) 11 ppm (2 da~} Gambusia aftinis BSA; a,c,d,e,g; turbid Wallen etal. 
pH 3. 65 (3 day} Lepom1s continuous flow, acute Cairns Jr. and water KMnO, 1957"3 

macrochirus b1Dassay H Cl; a,c,e,f Sche1er unpub- 0.45 ppm Lepo mis BSA, a,e, KCN; 5-9 Cairns Jr. and 
hshed 1955142 macroch1rus ppm oxygen Sche1er 1958" 

0.069 ppm (1 day} lagondon static acute bioassay; Daugherty and Gar- 0.12 ppm BSA. a,e, KCN, 2 ppm 
rhomboides HCN; aerated sea rel! 195135 DO 

water, a; 1.08 ppm Physa hetero'llropha BSA; a,e; KCN, 5-9 
aerated sea water; Garrett 1957'' ppm DO 

static acute b1Dassay 0.48 ppm Physa heteroslropha BSA; a,e; KCN 2 ppm 
HCN DO 
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Potassium 320 ppm Lepom1s conlmuous flow, acute Cairns Jr. and Potassium 2 ppm (1 day) Daphma magna BSA; a,c; standard Dowden and Ben· 
(K) macrochirus b1oassay, K,cr,o,; Scheier 195826 (K) reference water; KCN nett 1965" 

aerated d1st1\led water 0. 7 ppm (3 day) BSA; a,c; standard 
pH 6 2, a,c,e,f, reference water; KCN 

320 ppm BSA; a,e,, 5-9 ppm DO 0.4 ppm BSA; a,c; standard 
320 ppm ,, 

2 ppm DO reference water, KCN 
195 ppm M1cropterus BSA; a,c,d,e, K,Cro, Fromm and Sch1tt· 796 ppm (1 day) Lymnaea sp. BSA; a,c; standard Dowden and Ben-

safmo1des man 1958" reference water; KCN nett 196539 
1, 337 ppm (5 day) N1tzsch1a !means BSA; a,c,e, KCI Patrick et al 147 ppm (3 day) Lymnaea sp. BSA; a,c; standard 

196891 reference water; KCN 
940 ppm Lepom1s same as above 130 ppm 

macrochirus 705 ppm (1 day) Carass1us carassius BSA; a,c; standard Dowden and Ben-
2,010 ppm Physa heterostropha same as above reference water nett 196539 
7.8 ppm (5 day) N1tzsch1a !means BSA, a,c,e, K,cro, Patrick et al. K,cr,o, 

196891 0.4 ppm Daphma magna same as above 
16 8 ppm Physa helerostropha same as above Patrick et al. 739 ppm (1 day) Lepom1s 

1968Yi macroch1rus 
168 8 ppm Lepom1s same as above 905 ppm (1 day) Daphma magna K,Fe(CN) ,; BSA; a,c; Dowden and Ben-

macroch1rus standard reference nett 1965" 
550 ppm Lepom1s BSA, a,c,d,e,1, aerated Cairns Jr. and water 

macrochirus dist. water, K1CrO,; Scheier 195927 549 ppm (2 day) Daphma magna same as above 
large fish used, 14-24 o 6 ppm (3 day) same as above 
cm long 0.1 ppm same as above 

0 57 ppm Lepom1s BSA, a,b,c,d,e,1, 900 ppm BSA, a,c; KN01; 
macroch1rus aerated distilled standard reference 

water, large fish used water 
14.24 cm m length, 45 6 mg/I Pimephales BSA; c,d,e,f, soft water, Pickering and Hen-
KCN pro me las K1CrO, cone. as Cr derson 1965" 

320 ppm BSA; a,c,d,e,f, 18-30 17.6mg/I P1mephales BSA; c,d,e,f, soft water; 
C, K1Cr20: promelas K,cr,o, cone. as Cr 

382 ppm same except m hard 27.3 mg same as above usmg 
water at 18 C hard water 

369ppm "at 30 C 118.0 mg.'I Lepo mis same as above usmg Pickering and Hen-
320 ppm d1st1lled aerated water, macroch1rus soft waler derson 1965" 

BSA, a,c,d,e,1; 133. 0 mg •I Lepom1s same as above usmg 
K,cr,o,; fish 14. 24 macroch1rus hard water 
cm 37.5 mg/I Carassms auratus same as above using 

100 ppm (1 day) Salmo gairdnen BSA; a,c,d,g, K1CrO, Sch1ttman and soft water 
Fromm 1959uo 30.0 mg!I Leb1stes ret1culatus same as above using 

0.43 ppm Lepomis BSA; a,c,d,e,f, KCN Cairns Jr. and soft water 
macroch1rus Scheier unpub- 28 0 ppm (2 day) Hydropsyche and BSA; a; soft water; Roback 1965i01 

hshed 19551" Stenonema K1Cr20, 
0.45 ppm BSA, a,e, KCN, normal Cairns Jr. t96524 3. 5 ppm (2 day) 

oxygen content 4 2 ppm (4 day) Lepo mis BSA; KMnO, Kemp et al. 196669 

0.12 ppm BSA; a,e; KCN, tow macroch1rus 
oxygen content 3 7 ppm Semot1lus BSA; KMnO, 

1 08ppm Physa heterostropha BSA; a,e, KCN, normal atromacutatus 
oxygen content m 0.208 ppm N1tzschia llnearis BSA; a;c;e; K,Cr201 Patrick et al. 
water 196891 

0.48 ppm BSA, a,e, KCN, low 17.3 ppm Physa heteroslropha BSA, a,c; K1Cr201 
oxygen content 113.0 ppm Lepo mis same as above 

320 ppm Lepom1s BSA, a,e, K1Cr20,; macrochirus 
macrochirus normal DO content Selemum 2 5 mg I Daphma 23 C; cone as Se; added Bringmann and 

m water (Se) sodium selenite Kuhn 19591' 
320 ppm BSA, a,e; K,Cr20,; low Silver 0. 0043 mg/l (time guppies cone. of Ag, placed 1 n Shaw and Lowrance 

DO content m water (Ag) not g1Ven) water as silver 1956112 
0.49 ppm (2 days) Brachydamo reno BSA, a,c,d,e,f; dist Cairns Jr. et al. nitrate 

water adults KCH; 196529 0.04 mg/I Fundulus 20-22 C; no feeding Jack1m et al. 
24 C; 5-9 ppm heterochtus during the 96 hours; 1970•4 

117 ppm (2 day) Brachydamo reno BSA, a,c,d,e,f, KCH, aerated water 
eggs 24 C; 5-9 ppm Sodium 12, 946 ppm Lepom1s static acute b1oassay; Trama 1954b121 
DO; distilled aerated (Na) macrochirus a,d,e,f, syntllet1c 
water. d1lubon water; NaCl 

0.16 ppm (2 day) Lepom1s same as above (not 12,000 ppm Lepom1s static acute b1oassay; Trama 1954b127 

macrochirus eggs) macrochirus a,c,e,I, synthetic 
180 ppm (2 day) Brachydamo reno BSA, a,c,d,e,f, K,Cr201; d1lut1on water; NaNO, 

24 C, 5-9 ppm DO 20 c 
adults 0.23 ppm Pimephales BSA; a,c, NaCN; syn. Doudoroff et al. 

1500 ppm (2 day) same as above usmg promelas soft water; cone. as 196638 
eggs CN 

440 ppm (2 day) same as above not 45 ppm (1 day) Notrops1s hudsonius BSA, a,c,d,e, NaAs02 Bosthett1 and Mc-
usmg eggs Loughlin 1957" 

679 ppm (1 day) Daphma magna BSA, a,c, standard ref. Dowden and Ben· 29 ppm (2 day) Notropsis hudsomus 
water KCI nett 1965" 27 ppm (3 day) 

5, 500 ppm (1 day) Lepom1s same as above Dowden and Ben- 8, 200 ppm (2 day) Gambus1a attims static acute bioassay; Wallen et al. 
macrochirus net 196539 a,c,d,e,g; Na2B,o, 1957133 

1, 941 ppm (1 day) Lymnaea sp. same as above used; turbid water 
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Sodium 18, 100 ppm (2 day) BSA; a,c,d,e,g; turbid Sodium 0.19 ppm Daphnia magna BSA; a,c; standard rel. Dowden and Ben· 
(Na) water, using NaCl (Na) water; cone. as Na2 • nett 1965" 

500 ppm (2 day) Gambus1a affinis BSA; a,c,d,e,g; Cro,; plus 240 ppm 
Na,CrO,; turbid water Nazco, plus 2, 078 

420 ppm (2 day) BSA; Na2Cr201; ppm Naiso, 
a,c,d,e,g; turbid water 76 ppm Daphnia magna BSA; a,c; standard rel. 

925 ppm (2 day) BSA; a,c,d,e,g; NaF; water; cone. as Na· 
turbid water S10,; plus 161 ppm 

10,000 ppm (2 day) static acute b1oassay; NazCO,; plus 1, 396 
a,c,d,e,g; turbid water; ppm Na2SO, 
Na NO; 9, 000 ppm (2 day) Hydropsyche BSA; a; NaCl; soft Roback 196510' 

2, 400 ppm (2 day) BSA; a,c,d,e,g; turbid water 
water, NaS10J 2, 500 ppm (2 day) Stenonema 

750 ppm (2 day) BSA, a,c,d,e,g; Na2S; 13, 750 ppm (1 day) Carassms 1:arassius BSA; a; c; NaCl; Dowden and Ben 
turbid water standard ref. water nett 1965" 

9, 500 ppm Lepomis a,c,e,f; NaNO"; aerated Cairns Jr. and 10,500 ppm (1 day) Culex sp (larm) 
macroch1rus d1st1lled water Sche1er 1958," 6, 447 ppm (1 day) Daphnia magna BSA; a,c; NaCl; Dowden and Ben 

195927 standard ref. water nett 1965" 
9,000 ppm Lepom1s BSA; a,c,d,e,1, aerated 14, 125 ppm (1 day) Lepo mis 

macroch1rus water; d1Slilled; macroch1rus 
NaN OJ; large fish 3,412 ppm (1 day) Lymnaea i.p (eggs) 

o. 35 ppm Pimephales BSA; c,d,e,f, NaCN Henderson et al. 18, 735 ppm (1 day) Mollienesa latopinna 
promelas hard water 195949 0.21 ppm Daphnia magna BSA; a,c; standard ref. 

0.23 ppm same as above usmg water; Na2CrO,; plus 
soft water 130 ppm NaSi01 

0.15 ppm Lepomis same as above usmg Henderson et al. 0.28 ppm same as above; cone. as 
macrochirus hard water 1959" Na2CrO, plus 3, 044 

O. 78 percent NaCl Daphma magna NaCl at 25 C Prasad 195998 ppm Na2SO, 
72 hrs. 22 ppm (1 day) Daphnia magna BSA; a,c; Na2Cr201; Dowden and Ben 

O. 93 percent NaCl Daphnia magna NaCl at 15 c Prasad 1959" standard ref. water nett 196539 

(24 hrs) 4, 206 ppm Daphnia magna BSA; a,c; standard 
0. 50 percent NaCl Daphn 1 a magna NaCl at 50 C Prasad 1959" reference water; 

(72 hrs) NaNO" 
5.9-7.5 ppm Salmo gairdneri BSA; a; 45 F; NaF Academy of Nat· 12, 800 ppm (1 day) Lepo mis BSA, a,c, NaNO,; 

(2 days) ural Sciences macrochiru1 standard ref. water 
19602 6,375 ppm (1 day) Lymnaea sp. (eggs) 

2.6-6.0 ppm BSA; a; 55 C; NaF 5, 950 ppm (2 day) BSA; a,c; NaNO,; 
(2 day) standard ref. water 

6,200 ppm Limnodnlus BSA; a,c,d,1; NaCl Wurtz and Bridges 3, 251 ppm 
honmeister 1961141 895 ppm (1 day) Amphipoda BSA; a,c; NaS10,1; 

7, 500 ppm standard ref. water 
6, 15D ppm Erpobdella punctata 630 ppm (H days) Lymnaea sp. (eggs) BSA; a,c, NaSiO,; 
3,200 ppm Heh soma BSA; a,c,d,i; NaCl standard rel. water 

campanulata 16 ppm (1 day) Daphnia magna standard ref. water; 
3,500 ppm Gyraulus NaiS, a,c; BSA; 

c1rcumstnstus 13 ppm (2 day) 
5, 100 ppm Physa heterostropha 9 ppm 
6, 200 ppm Physa heterostropha BSA; a,c,d,i; NaCl Wurtz and Bridges 36.5 ppm (2 day) Salmo ga1rdneri static acute bioassay; a, Cope 1966" 

1961141 NaAs02 
1, 100 ppm Sphaenum cf. tenue 44.0 ppm (2 day) Lepo mis same as above 
1, 150 ppm macrocl11rus 
8, 250 ppm Asellus communis 80.0 ppm (2 day) Pteronarcys same as above 
24,000 ppm Argia sp. same as above usmg californica 

hard water 1.8 ppm (2 day) Daphma magna same as above Cope 1966" 
1.0 percent Nais sp. BSA; a,!; hard water; Learner and Ed· 

(36 mins) NaCl wards 1963'" 1. 4 ppm (2 day) Simocephalm. same as above 
60. o ppm (2 day) Carcinus maenas BSA, a, NaiCro, Raymount and serrula1:us 

Shields 1962'°' 44 ppm (LC50) Lepo mis BSA; a,c,d,i,g; NaAs02 Crosby and Tuel 
26 ppm Salmo ga11dnen BSA; a; NaAs02; Cope 196531 macrochirus 196634 

55-75 F 60 ppm (LC50) Salmo ga1rdneri BSA; NaAs02; a,c,d,i,g Crosby and Tuel 
30 ppm Lepomis BSA; a; NaAs02; 1966" 

macroch1rus 55-75 F 25 ppm Field study-nver; G1lderhus 1966" 
45 ppm Pteronarcys BSA; a; NaAs02; 60 F Cope 1965" a,c,t,i,m; NaAs02 
14, 120 ppm (1 day) Daphnia magna static acute b1oassay; Dowden and Ben- 34 ppm Carassius auratus same as above 

a,c, standard reference nett 1965" 35 ppm Lepo mis same as above 
water; cone. as macrochirus 
NaS10, plus 950 ppm 0.038 ppm Pleronan:ys static acute bioassay; Sanders and Co1 

NaHSO" cahtornica a,c,d,e,t; NaAs02 1966"" 
11, 723 ppm (2 day) Daphnia magna same as above, but with 2800 ppm (1 day) Safmo gairdneri stabc acute bioassay; Alabaster 1967• 

785 ppm NaHSQ, a,e Na48401 
22 ppm Daphnia magna same as above, but with 1800 ppm (2 day) same as above 

15 ppm NaHSO, o. 7 ppm (1 day) Lepo mis stabc acute bioassay; Hughes and Dav 
0.15 ppm BSA; a,c; standard macrochirus a,b,e; NaAs02 196760 

reference water; cone. 2,430 ppm (5 day) Nitzschia hnearis BSA; a,c,e; NaCl Patrick et al. 

as NaiCrO,; plus 1968'1 

187 ppm Na2CO, plus 12, 940 ppm Lepomis BSA; a,c,e; NaCl 
88 ppm NaS10, macr0<:h1rus 
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Sulphide Zmc. 6.91 ppm Lepomis BSA; a,c,d,e,i; ZnCJ,; Cairns Jr. and 
(See sodium sulphide and hydrogen sulphide under sodium and hydrogen (W)) (Zn) macrochirus cone. as zn+2; Scheier 1959" 

Titanium 120 ppm Pimephales BSA; a,c,d,f; titanium Tarzwell and Hen- aerated d1st1lled 
(Ti) promelas sulfate; hard water derson 1956123, water; large fish 

1960124 3.5 mg/I Lepomis soft water; 30 C Academy of Nat· 
8.2 ppm same as above usmg macrochirus oral Sciences 

soft water 19602 
Uranium 3. 7 ppm P1mephales BSA; a,c,d,f; uranyl Tarzwell and Hen- 4.2 mg/I soft water; 20 C Academy of Nat-

(U) promelas acetate soft water derson 1956123, ural Sciences 
1960124 1960' 

3.1 ppm same as above using 12.5-12.9 mg/I hard waler; 20 & 30 C Academy of Nat-
uranyl nitrate oral Sciences 

135 ppm BSA, a,c,d,f, uranyl 19602 
sulfate hard water 6.91 ppm Lepo mis contmuous flow, acute Cairns Jr. and 

2.8 ppm same as above usmg macrochirus bioassay; a,c,e,f; Scheier unpub-
soft water ZnCb; aerated dis- hshed 19551" 

Vanadium 55 ppm Pimephales BSA; a,c; vanadrnm tilled water 
(V) promelas pentox1de hard water 20 ppm BSA, a,c,e, ZnClz Cairns Jr. 1957" 

13 ppm same as above using O. 6 ppm Lepom1s zinc chlorate and sulfate Lloyd 196075 

soft water macrochirus used; 17.5 C, diluted, 
30 ppm BSA; a,c; vanadyl finger lings well water used, 4.5 

sullate hard water ppm Ca 
4.8 ppm same as above using 4 ppm (48 hrs) Lepomis LD50 value, BSA; a,c,d; Herbert 1961" 

soft water macrochirus zmc sulphate cone. as 
55 ppm Lepomis same as above usmg Zn 

macrochirus hard water 10 ppm L1mnodrilus hoff- BSA; a,c,d,1; zmc sulfate Wurtz and Bridges 
6 ppm same as above using me1sten 1961141 

soft water 14ppm Pbysa beterostropha same as above 
Zinc . 0. 7 ppm (4.5 days) Gasterosteus BSA; a,c; zmc sulphate Jones 1939" 38.5 ppm Asellus commums same as above 

(Zn) aculeatus 56 ppm Argia sp. same as above 
O. 072 ppm (64 hr) Daphnia magna Lake Ene wafer; 25 C Anderson 1948' 4. 2 ppm (1 day) Physa heferostropha BSA: zmc sulphate Wurtz 1962140 

2-6 ppm (24 hr) Salmo gairdneri 1.9 ppm (2 day) static acute b1oassay, 
fingerlings hard water Goodman 1951" zinc sulfate 

3-4 ppm ( 48 hr) 1.9 ppm (3 day) 1tat1c acute b1oassay zmc 
hard water Goodman 1951" 1.9 ppm Physa heterostropha same as above 

13 ppm Biomphalana b1ossyi 14 C; pH 7.8±0.2; Hoffman and 49.0 ppm (1 day) Helisoma same as above 
oxygenated tap water Zakhary 1951" companula!a 

4.8 ppm 17 C; pH 7.8±0 2; 49 ppm (2 day) Helisoma static acute b1oassay Wurtz 1962"' 
oxygenated tap water companulata 2inc 

1.4 ppm 20 C; pH 7.8±0.2; 13.4 ppm (3 & 4 same as above 
oxygenated tap water day) 

0.58 ppm Biomphalaria biossyi 23 C; pH 7.8±0.2; Hoffman and 10-12 ppm (48 hr) Cypnnus carp10 pH 7.0-7.2; 28--30 C Sreenivasan and 
oxygenated Zakhary 1951 56 8 8 mg/I CO Raj 1953120 

0.6 ppm Salmo gairdneri zinc chlorate and sulfate Lloyd 1960'" 10-15 ppm (48 hr) Tilapia mossambica 
fingerhngs used.17.5 C, diluted, 10 ppm ( 48 hr) Danio sp 

well water used; 4. 5 3.86 ppm (2 day) Salmo gairdneri BSA; a,c,d,f; zinc Herbert and 
ppm Ca sulphate Shurben 1964" 

2.B&-3.63 ppm Lepom1s 18--30 C; soft water Cairns Jr. and 26-40 ppm ( 48 hr) Salmo gairdneri cone. as Zn using Herbert and Wake-
macrochirus Scheier 195725 smolts ZnSO,; changing per- ford 196405 

10-12 ppm 18-30 C, hard water cent sahmty; hard-
7.20 mg/I Lepomis standard d1lut1on water; Cairns Jr. and ness 320 ppm; alk 

macrochirus 20 C; ZnCli concen- Sche1er 1958,26 240 ppm; aerated 
!ration 195927 water 

3.5 mE/I standard dilubon water; " 195826 27 ppm-85 ppm Salmo gairdnen cone. as Zn. usmg 
20 c (48 hr) ZnSO,; hardness 320 

8.02 mg/I standard dilution water ppm; alk. 240 ppm; 
10-12 ppm Lepo mis static acute b1oassay; Cairns Jr. and aerated water, pH 7. 8 

macrochirus a,c,d,e,f,1,n,g; 18 C; Scheier 195826 13.4 ppm Hehsoma 13 C; hard water; Raymount and 
hard water campanulala zinc sulfate (3. 03 ppm Shields 1954100 

2.9-3.8 ppm adult same as above usmg Zn) time not given 
soft water 3.85 ppm 13 C, m soft water 

10-12 ppm Lepomis BSA; a,c,d,e,f,i; 30 C; Cairns Jr. and znso,; o. 87 ppm Zn 
macrochirus hard water Sche1er 195826 time not given 

1.9-3.6 ppm ";soft water O. 04-2 00 ppm Salmo salar continuous flow acute Schoenthal 1964m 
(adutt) (1 day) b1oassay a,c,f; lab 

B.02 ppm Lepom1s BSA; a,e; ZnC'2; cone. Cairns Jr. and wafer had 3 µg/I Zn 
macrochirus as zn+' 5-9 ppm DO; Sche1er 195826 and 2 µg/I Cu 

4.9 ppm same as above usmg 2.9-13.3 ppm aquatic animals Skidmore 1954no 
2 ppm DO 

0. 79-1.27 ppm Physa heterostropha BSA; a,c,d,e,g; 20 C; 0.6µg Salmo salar cone. as Zn, LC50 Sprague 1964117 
Zn 1 on soft water Value; Zn added as 

2. 66-5. 57 ppm same as above using ZnSQ, conbnuous flow 
hard water b1oassay; a,c,d,e,f 

o. 62-0. 78 ppm BSA; a,c,d,e,g; 30 C; 2.86-3.78 ppm Lepomis 18 C; in soft water; Cairns Jr. 1965" 
Zn ion soft water macrochirus BSA; a,f 

2. 36-6. 36 ppm same as above usm2 0. 90-2.10 ppm 30 c; m soft water; 
hard water BSA; a,f 
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Zmc 6. 60-9 47 ppm 18 C; m hard water; Zmc 4.6 ppm Salmo ga1rdneri static acute bioassay, Ball 19679 

(Zn) BSA; a,f (Zn) c,e; zmc sulfate 
6.18-9.50 ppm 30 C, m hard water, 16 0 ppm (5 days) Perea flmrnt1h' same as above 

BSA; a,f 17. 3 ppm (5 days) Rut1lus rut1fus same as above 
28 ppm (2 day) Brachydanio rerio BSA, a,c,d,e,f; distilled Cairns Jr. et al. 8.4 ppm (7 days) Gob10 gob10 same as above 

(adult) water, aerated, 24 C; 196529 14.3 ppm (5 day) Abramis b1ama same as above 
5-9 ppm DO, ZnCb, juvenile salmon Srpague and Ram 
cone. as Zn sey 195511• 

105 ppm (2 day) "(eggs) same as above 5x10- • M to bryozoans, tube- Wisely and Blick 
5. 2 ppm (2 day) Lepomis BSA, a,c,d,e,f, aerated 7.5x10-4 M worms, t1iva1ve 1967137 

macroch1rus distilled water, molluscs 
ZnCI,; cone as Zn, Salmo ga111lne11 alkylbenzene sulphonate Brown 196811 
24 C; 5-9 ppm DO used 

3.9 ppm (2 day) Salmo gairdneri field study, river, Herbert et al. 2.8-3.5 ppm BSA; a,c,d,e,f,o Brown et al. 19681 

a,c,e,f,l,m. 1965''' 4.2 ppm Lepo mis BSA; a,c,d,e, Zn++; all Cairns Jr. and 
0 96 mg/I P1mephales BSA, c,d,e,f; soft water Pickering and Hen- macroch1rus fish acchmat1Zed for Sche1er 196828 

promelas Zinc sulfate, cone. as derson 196593 2 weeks in syn d1I. 
Zn water 

33.4 mg/I same as above using 1 ppm (32 hrs) Lebistes reliculatus BSA, a,c,f,n,o Chen and Selleck 
hard water 1968-lO 

5 46 mg.I Lepo mis same as above using 0. 75 ppm (63 hrs) Lebistes reticu1atus BSA; a,c,f,n,o 
macroch1rus soft water 0.56 ppm (96 hrs) Lebistes reticulatus BSA; a,c,f,n,o 

40.9 mg/I Lepom s same as above using 4. 3 ppm (5 day) N1tzsch1a !means BSA, a,c,e; ZnC'2 Patrick et al 
macrochirus hard water 1968•1 

6.44 mg/I Carass1us carassius same as above using 0. 79-1 27 ppm Physa heterostropha BSA; a,c,e; ZnCh Patrick et al 
soft water 196891 

1 27 mg/t Lebistes ret1culatus same as above using 2.86-3. 78 ppm Lepo mis BSA, a,c,e, ZnCh 
hard water macroch1rus 

O 88 mg/t Pimephales BSA, c,d,e,f, zmc ace- Pickering and Hen- 7. 2 ppm (20 day) Lepo mis same as above; contin· Pickering 1968" 
promelas tate, soft water, cone. derson 196593 macroch1rus uous flow acute b10· 

as Zn 1966''1 assay. 1 8 mg/I DO; 
5 37 mg/I Lepo mis BSA, c,d,e,f; soft water; Pickering and Hen- a,c,d,e,f 

macroch1rus ZnCI,; cone as Zn derson 196593 , 12.0 ppm (20 day) same as above with 
1966"1 5.6 mg/I DO 

1. 69 mg/I (12 days) P1mephales Pickering and Vigor 10 O mg 'I (48 hr) Penaeus duorarum 15 C; in the dark, znso, Portmann 1968•7 
promelas (eggs) 196595 cone. as Zn 

3. 95 ppm (1 day) P1mephales BSA, a,c,d, zmc sulfate; 100 mg/I ( 48 hr) Penaeus aztec11s 
promelas tap water for eggs 12 mg 'I (48 hr) Hem1grapsis 

2 55 ppm (2 day) same as above 
oregonens1s 

1.83ppm same as above 
200 mg; I ( 48 hr) Cl1nocard1um 

1.71 ppm (7 day) same as above 
l.63 ppm (12 day) same as above nuttalh 

0. 95 ppm (1 day) BSA; a,c,d, zmc sulfate; 46 O ppm tub1f1c1d we rm static acute bioassay, Whitley 1968m 

tap water, mmnow fry a,c, zmc sulfate 
O. 95 ppm (2 day) same as above 7 5 ppm P1mephales Rachlm and Perl-
0.87 ppm same as above promelas mutter 1968102 
0. 87 ppm (7 day) same as above 7.6 ppm 23 C (mbred strams) 
4 9 ppm P1mephales contmuous flow acute Mount 19668' 

12 0 ppm X1phophorus 23 c" 
promelas b1oassay a,c,d,e, hard· 

ness 50 mg ·1, pH 8. O 46 ppm (24 hr) tub1f1c1d worm pH 7.5 Whitley 19681" 

32.3 ppm same as above with 9.2 mg/I P1mephales Brungs 1969'° 

hardness 200 mg/I promelas 

and pH 6.0 10 ppm Daphnia Tlm. Zn2+ Tabata 1959121 
-------------- ------ -- --- -------
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APPENDIX Ill-TABLE 2--Sublethal doses of inorganic chemicals for aquatic organisms 
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Conshtuent Chronic dose Species Cond1t1ons Literature C1tat1on Constituent Chrome dose Species Cond1t1ons literature C11at1on 

-----
Aluminum 106 mg/I Daphma magna threshold of 1mmob11iza- Anderson 1944149 Ammoma 5 mg/I D1aptomus 

(Al) lion, in Lake Erie (NH3) oregonen~1s 

water, Ah(S01).i 152 mg/I Daphma magna threshold of 1mmob1hza-
190 ppm Daphnia magna threshold of 1mmob1hza- Anderson 1944149 l10n, usmg (NH1)2SO, 

t1on, a,e, BSA; alum1- 13 mg 'I D1aptomus same as above 
num ammonium sul- oregonens1s 
fate 0.04 N Gasterosteus 1mmed1ate negative Jones 19482°' 

206 ppm Daphma magna threshold of 1mmob1hza- aculeatus response 
llOn, BSA, a,e, using 0.01 N reactions are slow, some 
aluminum potasS1um are overcome by the 
sulfate exposure 

136 ppm Daphma magna same, using aluminum ,1 mg11 Daphma magna threshold of 1 mmob1hza- Anderson 1950"' 
sulfate t1on, 25 C, NH ,CJ 

<6.7 ppm Daphma magna threshold of 1mmob1l1Za- "1948151, 410 mg I Navicula semmulum 50 percent reduction of Academy of Nat-
t1on after 64 hrs, 1950152 growth, soft water, ural Sciences 
AJ,CI,, BSA, a: 15 C 11 c 1960"' 

Ammonia <134 ppm or Daphnia magna threshold of 1mmob1hza- Anderson 19441" 410 mgiJ 50 percent reduction of 
(NHs) 91 mg/I t1on m 64 hr, BSA, growth, hard water, 

a,e, ammonium chlo- 11 c 
ride, 15 C 310 mgil 50 percent reduction of 

<8 75 ppm BSA, a,e; threshold of growth, soft water, 
1mmob111zation, am- 18 c 
monmm hydro11de 410 mg/I 50 percent reduction of 

<106 ppm threshold of 1mmob1l1Za- growth, hard water, 
t1on; ammonmm sul- 18 c 
fate BSA, a,c 410 mgol 50 percent reduction of 

8. 75 mg,IJ threshold cone of 1m- growth, soft water, 
mobil1Zat1on using 30 c 
NH,QH, 15 C 350 mg/I 50 percent reduction of 

17 ppm Steurastrum mh1b1lion of growth Chu 1941'"' growth, hard water, 
paradoxum 30 c 

1000 ppm Salmo gairdnen loss of equ1hbrmm m Gnndley 19461as 410 mg·I 11 C 1 n hard and soft 
17 3 mm m tap water 50 percent re-
water, ammonium duct1on 1n d1v1s1on 
chloride, cone as am- (growth) 
mama, a,c,e,f 5.0-8.0 ppm (NH.1) Oncorhynchus m aerated fresh water. Holland et al. 

1000 ppm same as above, loss of klSUtCh loss 1n equ1hbnum 196019 ' 

equ1hbnum m 51 5 spasms with gills and 
mm j3W:i gaping 

50 ppm same as above, loss of 3.5--10 o ppm Oncorhynchus m aerated salt water, "1960'" 
equilibrium 1n > 1000 tshanytscha redlrl:t1on m growth, 
mm loss of equ1t1bnum, 

3000 ppm same as above using Alk 111 ppm, DO 
distilled water, loss of 8 4 ppm 
equilibrium m 191 min Antimony 

1000 ppm same as above using 
(Sb) (See also Na) 

distilled water, loss of 
equ1l1brium 1n 725 min. 

37 ppm Daphma magna thresho'd of 1mmob1l1£a· Anderson 19481' 1 

100 ppm same as above using 
t1on, antimony tn-

distilled water, loss of 
chloride, BSA; a 

equilibrium 1n 4,310 
15 mg I protozoans K(SbO)C,H,Q .. , hm· Brmgmann and 

drance of food intake Kuhn 1959159 
mms 

3.5 mg/I green algae "hindrance of cell 
1000 ppm Salmo ga.rdnen loss al equihbnum m Gnndley 1946188 

tl1v1s10n 
19 8 min, tap water, 

9mg/I Daphma "hindrance of 
BSA, a,c,e,f, ammon-

movement 1um sulfate, cone as 
1.0 mg 'I M1cropterus caused pro1ect1le vomit- Jerne1cic 195920• 

NH, 
3000 ppm same as above uS1ng 

salmo1des mg SbOH(C~H ,o .. K,) 

distilled water, loss of 
used 

equilibrium in 318 Arsenic 
mrns (As) (See also Sodium (Na) and Potassium (K)) 

1000 ppm same as above us1 ng 20 ppm Salmo gairdnen and tone o1 arsemt us11w. Gnndley 194s1os 
distilled water, loss of minnows sodrum arsemte, fish 
equilibrium in 847 overturned 1n 36 hrs. 
m1ns 250 ppm cone of arsenic using 

100 ppm same as above using sodium arsenate, fish 
distilled water, loss of overturned 1n 16 hrs 
equilibrium 1n > 5, 760 30-35 ppm mrrmows rins, scales damaged, Boschett1 and Mc· 
mrns. diarrhea, heavy Loughlin 19571" 

91 ppm Daphma magna BSA, a threshOld of 1m- Anderson 1948"1 breathing and hem-
mob1hzat1on m 64 hrs. orrhage around Im 
ammonium chloride; areas 

3.1 mg/I Leptodora kmdbr threshold of 1mmob1lrza- Anderson 1948151 4-10 µg Mytrlus edules amount of As retained Sautet et al. 
t1on m flesh 1964230 

86 mg 'I Cyclops vernahs 0.5--1 µg Myt1lus edules amount of As retained m 
75 mg/I Mesocyclops threshold of 1mmob1h1a- Anderson 19491;1 shell when exposed to 

leukart1 t1on 100 g I of As 
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Arsenic 100 g/I As bysuss accumulated Calcium U5x10-3 M Cymnogaster ag- act1vat1on of brain Abou-Donia and 
(As) 250-500 µg (Ca) gregata a cety lch oli nesterase Menzel 1967144 

lOOg;IAs excreta contained 550- Chlorine 0.3 ppm trout symptoms of restless- Cole 1941i67 
800 µg (Cl) ness, dysphea, loss of 

1.8 mg/I St1zosted1on v1treum as As (3 O ml of arse- Jerne1c1c 1969204 eqmhbnum & spastic 
v1treum (walleye) nous acid) regurg1ta- convulsions 

t1on of stomach con- 10 mg/I (5 days) Macrocysb·; py·rifera 10-15 percent reduction Clendenning and 
tents into throat in photosynthesis North 1960i" 

Ban um <83ppm Daphma magna threshold of 1mmob1hza- Anderson 1944149 Chloride (see also sodium and potassium) 
(Ba) t1on, BaCh; BSA; a;c (Ci-) 2mM Salmo gamlne11 change in respiration Amend et al. 

*(see also Sodmm (Na) & Potassmm (K)) rate 1955i43 

12 mg/I Leptodora k1ndt11 threshold of 1mmob1l1za- Anderson 194815i Chromrum 
lion; 20-25 C; BaCh (Cr) (see also sodrum and potassium) 

133 mg/I Cyclops vernahs threshold of 1mmob11iza- Anderson 1949i 5i <0.6 ppm Daphnia m1gna chromic acid, threshold Anderson 19441" 
lion, 20-25 C; BaCb of 1mmob1lization, 

5000 mg/I fish same as above BSA a;c; 
29 ppm Daphnia magna BSA; a, threshold of 1m- Anderson 1948,'" <3.6 ppm threshold of 1mmob11iza- "1948151 

mobil1zat1on; BaCb; 195oi52 t1on; chromic chlor•de, 
25 c BSA; a, 64 hrs 

Beryllium 3 mg/I Carass1us auratus using lagoon wastes Pomelee 1953222 6. 4-16. 0 ppm Chlorococcum complete 1nh1b1t1on of Hervey 1949196 

(Be) from Be plant fish be- vanegatus growth for 56 days, 
came sluggish after 21 Cr as dichromate 
days 3.2-6.4 ppm Chlorococcum same as above 

10-'-l0-1 M Fundulus cone. affecting liver en- Jack1m et al. 19702"3 hum1cola 
heteroclitus zyme act!Ylty 3.2-6.4 ppm Scenedesmus same as above 

Boron 5000 mg/I Salmo gairdnen slight darkening of the Wurtz 19452" obliquus 
skm usmg bone acid o 32-1.6 ppm Lepocmclis ste1 mi same as above 

BD,DDD mg/I caused 1mmob1l1zatrnn 128 ppm Lepom1s hydration of tissues of Abegg 19501" 
and loss of equ1hbnum macrochirus body due to coagula-
of fish; using bone acid t1on of mucous cover-

10 mgil marine fish violent 1rntant response Hiatt et al. 1953197 mg body; 22.5 C; 

Bromine pH 5.9 
(Br)** (see also Na) 1.0 ppm BOD 10 percent reduction m lngols 1955202 

<0.0026 ppm Daphnia magna threshold of 1mmob11iza- Anderson 194815i 02 ut11izat1on; lab 
lion; CaCf,, BSA, a; b1oassay; j; chromic 
m 64 hrs. sulfate. 

10.0 ppm manne fish VIOient 1rntant actJY1ty Hiatt et al. 1953i97 0.2 ppm fish retarded rate of growth U.S. Dept of 
caused by 1rntation of and resulted min- Commerce 
respiratory enzymes creased mortality 195825" 

Cadmrum 0.0026 mg/I Daphma magna threshold of 1mmob1l1za- Anderson 1948151, (Cr") 
(Cd) lion 1950152 0.21 mg/I Microregm.1 threshold effect Bnngmann and 

0 05--0. 10 mg/I Australorb1s produced distress syn- Harry and Aldrich Kuhn 1959"' 
glabralus dromes; d1st1lled 1958J9i not g1Yen Salmo gairdne11 change in erythrocyte Haisband and 

water. surface area and rn- Haisband 
142 ppm Sewage organisms 50 percent mh1b1tion of Hermann 195919' crease or decrease rn 1963 190 

02 ut1l1zation, BOD, haematocnt value 
a; CdSOi 2-4 mg/I Salmo gainlne11 raising of hematocnts Schiffman and 

0. Hl.2 ppm Crassostrea 20-week exposure; little Shuster and Prmgl e Fromm 1959231 

v1rg1mca shell growth lost pig- 1969236 2.5 ppm Cr as chromate, lab b10- Fromm and Stoke' 
mentat1on of mantle assay; tap water; glu- 1962180 

edge; colorat10n of case transport by gut 
digestive d1Verticu1ae segments reduced 40 

50 ppm Fundulus palhological changes m Gardner and Yevich percent from controls. 
heteroclitus •nlest1nal tract, kid- 1970"" 10-50 ppm fish decreased extractable Castell el al. 

ney, and gills; changes protein content of 1970i63 
in essosinoph1I lineage blended fish muscle 

10-,_10-2 M Fundulus cone attectmg hver en- Jack1m et al. Cobalt >26 ppm Daphma magni. cobaltous chloride; BSA; Anderson 1944i49 
heterochlus zyme act1V1ty 1970'°3 (Co) a,c, threshold of 1m-

Calcium 1,332 ppm Daphma magna threshold of 1mmobil1Za- Anderson 1944i49 mob1hzat1on. 
(Ca) t10n; CaCb BSA; a;c >3.1 ppm Daphma m.1gm11 threshold of immob1hza- Anderson 1948151 

920 ppm threshold of 1mmobiliza- Anderson 1948161 lion for 64 hr exposure 
tion, CaCI:, BSA; BSA; a; CoCh 
a;c, 20-25 C 2.8 mg/I Daphnia mi1gna. threshold of 1mmob1liza- Ohio R1Yer Valley 

1730 mg/I Cyclops vernalls threshold of 1mmobil1za- Anderson 1948"i tion using CoC'2 Water Commis-
t1on, 20-25 C using sion 1950220 

Ca Cb 5 mg/I Daphnia threshold effects CoCl2 Bnngmann and 
1440 mg/I Mesocyclops same as above Kuhn 1959i59 

leukart1 2.5 mg/I E.coli 
22,080 mg/I white fish fry same as above 1.0 mg/I Scenedesmus 
12,060 mg/I pickerel fry same as above 0.5 mg/I M1croregma 
8, 400 ppm Lepom1s CaCl2 l 34 percent loss Abegg 1950 "' 64.0 ppm Sewage org1nisms 50 percent mh1b1t1on of Hermann 1959195 

macroch1rus of tissue fluid; pH 02 ut1lizat1on; BOD; 
8 3; 22.5 C, dlSSOIU- a, CoCh 
t1 on of mucous i;over - 5 mg/I Saphrolegma suppression of growth S haba Ima 196423' 

mg of body causing 
dehydration of muscu- 0.5, 0.05, and Cyprinus carpio mh1b1t1on of growth m 
lature 5 mg/I (young) small carp 
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Cobalt 5 mg/I Saprolegnea suppressed growth Copper O 56 ppm Zn; and 
(Co) 10-50 ppm fish decreased extractable Castell et al. (Cu) soft waler (7 days) 

protein content of 19)0103 35-45 percent of Salmosalar inh1b1llon of migratory Sprague and 
blended fish muscle inc1p1enl lethal habits Saunders 1963'" 

Copper 1 µg/I Cu Chlorella suppressed growth; 4-hr Nielsen 1939219 level 
(Cu) pyreno1dosa exposure 20 C, 6µg/I 0.1 mg I Nere1s virens threshold of tox1c1ty, Raymounl and 

Fe cone as Cu accumu- Shields 1964"' 
2.5-.0 µgjl Chlorella decreased pholosyn- lat1on in gut and 

pyrenoidosa thet1c rate body wall 
N1lzch1a palea 1-2 mg/I Ca rem us threshold of tox1c1 ly, Re1sh 19642" 

o 1 mg/I Cu roach cannot withstand cone. Nielsen 1939219 11-12 day exposure 
greater than g1Ven 2.3µg 11 Salmo salar as Cu, threshold for Sprague el al 

2.0 ppm large mouth black in d1st1lled water, Cole 1941 1" avoidance for parr 1964211 

bass CuSO 1 lethal lhres- 0 42 µg 11 as Cu, plus 6.1 µg I 
hold Zn, fish are 9 5-15.3 

0.13 ppm Crassoslrea turn green in 11 days Gallsoff 194318 5 cm in length, avmd-
v1rg1mca (unmarketable1) a nee 

0.096 mg/I Daphnia magna threshold cone. of 1m- Anderson 1944'" 0 7 ppm go by reduced appetite and re- Syazuk1 19s42rn 
mob1hzat1on using duced 02 consumption 
cupric chloride freshwater; pH 7 2, 

0.1 ppm Daphnia magna threshold of 1mmob1hza- Anderson 19441" still waler 
lion using CuS01 1-5 ppm cuso, Oncomelania decrease in food con- Winkler and Chi 
BSA, a;c formosana sumpt10n, concenlra- 1964"'1 

>0.1 mgil Bugula nelntina complete 1nh1b1t1on of Miller 194621 5 t1on of Cu along wall 
growth of attached of d1gesl1Ve gland and 
fauna '"the loose spongy 

0.02-0 3mgil barnacles growth of young Miller 1946'15 connecllVe !issue of 
barnacles is 1nhib1led the stomach and 

<0.1-0 3 mg/I Bugula nerilina retarded growth Miller 194621° proximal intestine 
<0 2 mg/I retarded polyp1de for ma- 10-20 µg 1/ sea urchin retards body growth of Boug1s 19651:,s 

t10n pluteal larvae, regress-
0.027 ppm Daphnia magna threshold of 1mmob1hza- Anderson 19481' 1 ing of arms 1s re· 

lion, cupric chloride; larded 
BSA, a; (64 hrs) 30 µg•/ sea urchin affects growth of arms 

2. 7 mg!I Cyclops vernahs threshold of 1mmob1hza- Anderson 19431.11 O 01-0 1 ppm Helix poma1l1a increase m mucous DeClavent1 19651" 
t10n secretion and no 

1.9 mg/I Mesocyclops response to tactile 
leukart1 sl1muh 

0.0014 mg/I Diaplomus 20µg I oysters greencolor1noyslers Sprague el al 
oregonens1s 1965'1" 

0.178 mg/I Oncorhynchus loss of equilibrium and 0 05 ppm mh1b1t10n of self 
gorbuscha 1n1l1a/ morlahl1es, punficallon 

Cu(NO,J. 1.25x10-1 M Cymalogasler acetylchol1nesterase Abou-Donia and 
metal sheet; 45 Balanus amph1tnle mallormat10n of the shell Weis 1948"•' aggregala acl1V1ty 1s mh1b1ted Menzel 19671" 

percent N1 55 bases; edges scalloped by cu-2 
percent Cu nol smooth 160 µgli common guppy reduct10n m number of Cusick 19671" 

0. 017 mg/I Daphnia magna threshold cone of 1m· Anderson 19501 .2 mucous cells 
mob1hzal10n using 0.06ppm Salmo salar chronic static b1oassay, Grande 19671 s7 

cupric chloride CuSO,, as Cu. 
0 16 mg/I sea urchin as Cu, abnormalities Cleland 19531f" 0.02 mgil Oncorhynchus sublelhal effects on Grande 1967187 

occur in eggs f1ngerlings 
0.1 mg/I Auslralorb1s produced distress syn- Harry and Aldrich <1 o ppm crayfish Orconectes 1nh1b1l10n of respiratory Hubschman 196)200 

glabratus drome. 1958191 rust1cus eniymes degenerat1Ve 

21 ppm Sewage organisms 50 percent mh1b1t1on of Hermann 19591" ettect ot cells and 

o .. ut1l1zat10n ,800; tissues including dis-
copper sulphate, a, rupt10n of gluthath1 · 

1 0 mg/I Sphaerot1lus 1nh1b1t1on of growth, Academy ot Nat- one equ1hbrium 

cone. ot CuSO, ural Sciences continuous flow b10-

J960I4h assay 

0.1-0 5 ppm oyster changes 1n digestive d1- Fu11ya 1960''' <1 Oppm crayfish same as above 

vert1cu1um tissues 0.35-0.43 toxic Salmo salar reduction in number of Saunders and 

with desquamation um ts spawning salmon Sprague 1967221 

and necrosis of 0.056 ppm Daphnia inh1b1t10n of growth Hueck and Adema 

stomach ep1thehum. 1968201 

0.563 ppm Oncorhynchus Joss of equ1hbnum anc Holland et al. 
5 6 ug 1 Salmo garrdnefl threshold avoidance level Sprague 1968211 

gorbuscha 1mt1al mortalities in 196019" 
O. 055-0 265 µg/ml dinoflagellates growth inh1b1t1on al 20 C Mandelh 1969'1' 

(young) 19 hrs, cone as Cu 
0.025-0 05 ppm oysters bodies became blmsh- Shuster and 

pH 7 9; Cu(N01)z 
green in color, and Pringle 1969"' 
shell showed excellent 

1 00 ppm Oncorhynchus survival, growth, repro- Holland el al. growth, mantle edge 
k1sulhh silver ducl1Ve and teeding 19601" p1gmenlal1on in-
salmon responses creased, and mortal-

16 ppm Rana p1p1ens chronic static b1oassay; Kaplan and Yoh 1tiesrncreased 
a,c, copper sulfate 1961'07 

33µg/J P1mephales prevenl10n of spawning Mount and 
1.1 ppm Sal mo gairdneri water, copper sulfate as Lloyd 1961b'u promelas hard waler Stephen 1969217 

Cu, BSA, a,e;p; 3 10-50 ppm fish decreased extractable Castell el al. 
days, 3.5 ppm Zn protein content of 1970163 

0.044 ppm Salmo gairdnen same as above using uayd 1961b211 blended fish muscle 
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Constituent Chrome dose Species Cond1t1ons Literature C1tat1on Constituent Chrome dose SpeCll's Cond1t1ons Literature C1tat1on 
-----. 

Copper 0.2 mg/I Oncorhynchus inh1b1t1on of growth Hazel and Meith iron 1 day exposure using 

(Cu) tshanytscha 1970192 (Fe) ferrous sulfate 
10-0-10-4 M K1ll1fish change in liver enzyme Jack1metal 27 µg/I Phaeodactyl1 m Severe clumping of Davies 1955112 

actrnty 1970"" tncornutum diatom cells 

Cyanide 0.1-0.3 ppm Crassius auratus hard water using KCN; Cole 1941"·7 1.25X10-' M CymatogaslE'I inh1b1t1on of AChE Abou-Donia and 

(CN-) respiratory depressant aggregata activity Menzell 19671" 

0.126 mg/I trout overturned in 170 m1ns. OhlO River Valley 10-100 mg/I Carassius auratus epithelial edema, hyper· Ashley 19701" 

Water Commis· secretion of mucous, 

s1on 19502211 inflammation, cap1I· 

0.15 mg/I trout overturned 1n 170 mins. Southgate 1950"8 lary congestion de-

CN- struct1on of respiratory 

0.7 mgil Salmo gairdnen fish overturned Herbert and Mer· epithelium. blockage 

ken 1952'" of gill filaments and 

1 ppm fish gills become brighter in Southgate 1953"' lamellae by micro· 

colour due to inhib1· ferruginous ppt and 

t1on by cyanide of the occurrence of intra-

ox1dase responsible for cellular iron 1n ep1· 

transfer of 02 from thehal cells 

blood to tissues .ead 5 mg/I fish prec1p1tat1on of mucous Westfall 1945"' 

5X1117 M Mayoreila increased respiration of Reich 1955"6 (Pb) of gills decreasing 

palest1nensis organism in glucose· permeability of gills to 

conta1mng solutions, dissolved 02 (DO~ 

a,c, BSA, 6 2 p'm) 

7300 mg11 Chiarella lnh1b1t1on of photosyn· Reich 1955"' 1.25 ppm Daphma ma1ina threshold cf 1mmob1hza· Anderson 19431•1 

thesis t10n, 64· hrs PbCJ, 

0.1 mg/I fish fish overturned Neil 19562 18 BSA, a 

1 ppm fish respiratory depressant- Jones 1954206 0 33-644 mg/I tadpoles negative react10n, lead Jones 1943205 

gills became brighter nitrate 

1n color 0.04 N GasterosteU!. Fish reacted negatively Jones 1943205 

0.25 ppm goby, perch, mullet change in O, uptake; Syazuk1 1964"' aculeatus then positively due to 

reduction 1n appetite osmotic pressure of 

of some still water, solution 

pH 8 2 KCN 50 mg/I catfish infury to blood cells Doudoroft and Katz 

10 mg/I Lepo mis 3 O mg 11 free C02; Doudoroff et al during exposure up to 195317,, 

macroch1rus cone as CN- super· 1966177 183 days, cone as 

f1c1alcoagulat1onof lead acetate, in tap 

mucous, Alk 1 5 water 

mg I resulting in 30. 6 ppm barnacles deformation of shells Stubbmgs 1959'" 

death of some. pH due to growth on un-

6 O; cN- complexed favorable substrates 

with >1\ver, 1.0 mg/I Cyprmus car1io harmed serum during Fu11ya 19611" 

not given Cyprinus carp10 loss of equ1l1bnum, Malacea 1966017 long exposure; cone. 

minnow, gudgeon nervous system and as Pb 

Rhodeus sericeus resµ1rat10n are ef- 1.25 ppm Poec1lla ret1culata retardation of growth, Crandall and Good 

fected increase 1n mortality, mght 19621"' 

2 mM CN- squid affects the Ca efflux in Blaustein and delayed sexual matur· 

the axons; after 90- Hodgkin 1969155 1ty 

150 mm rate constant 2.0 ppm Lebistes ret11:ulatus chrome static b1oassay Crandall and Good· 

for loss of Ca was 1n· Pb( NO.) 2 retardation mght 196216' 

creased 5-10 fold of growth. delay m 
sexual maturity and 

Fluorine 270 mg/I Daphma 23 C using NaF Bringmann and increased mortality 
(F) threshold effecl Kuhn 1959"' 

95 mg/I Scenedesmus 24 C using NaF 
27 percent in 90 days. 

threshold effect 
1.25x10-4 M Cymatogaster mh1b1t1on of acetyl· Abou-Doma and 

226 mg/I M1croregma 
aggregata chlonesterase activity Menzel 1967"' 

180 mg/I Escherichia coh 27 C using NaF 
25 ppm Rana pip1en" Sloughing of the skin Kaplan et al. 

alter 20-days, loss of 1967208 
threshold effect 

500 ppm Oncorhynchus Alk47.5ppm, D08.4 Holland et al. 
nghtmg reflexes, loss 
of normalsem1·erect 

klSUtCh ppm, after 72 hr ex- 1960199 posture 
posure survivors were 
1n poor cond1t1on, dark 

150 ppm total loss of nghting re· 
flexes, excitement, 

m color with hght sal1vatrnn, and muscu-
colored spots at end of lar tw1tchmgs present 
snout 

150 ppm Salmo gairdnen 90 percent mortality m Herbert and Shur-
upon 1st exposure; 
darkening of liver. 

21 days; BSA; a,d; hen 196419' 

hard water 
gall bladder spleen & 
kidney observed 

Iron 2.0 mg.II trout, salmon, blockage of gills; Fe203 Nielson 1939219 1000 ppm Rana p1p1ens for 4S hrs gastnc Kaplan et al. 

(Fe) roach mucosa eroded red 1967208 

<152ppm Daphma magna BSA; a, c; threshold of Anderson 1944149 blood cell and white 

1mmob1hzat1on Feso, blood cell counts de· 

130 ppm BSA, a; c; threshold of Anderson 1944149, creased with mcreas-

1mmob1hzat10n FeCl2 1950 152 mg Pb. 
<38 ppm Daphma magna BSA; a; threshold of Anderson 1948151, 10, 20, 40 mg/I lepomis cya~ellus avoided these concen· summerfeit and 

mob1hzat1on m 64 1950152 trat1ons Lewis 1967248 

hrs; 25 mg/\ Salvelinus maim• reduction of growth Dorfman and Whit· 

5. 0 ppm (1 day) go by reduction in appetite in Syazuki 1964249 worth 1959115 



Constituent 

Lead 
(Pb) 

Magnesium 
(Mg) 

Manganese 

Chrome dose 

10-1-10-2 M 

0.1-0.2 mg/I 

50 ppm 

740 ppm 

7.2 ppm 

Species 

k1JhfJsh 

Crassostrea 
virginica 

Staurastrum 
paracloxum 

Daphnia magna 

Botryococcus 

(Mn) (see also Potassium (K) and Sodium (Na)) 

Mercury 
(Hg) 

Molybdenum 
(Mo) 

Nickel 
(NI) 

Nitrate 

pH 

50 ppm Daphma magna 

50 mg/I 

10. 000 ppm 

10.000 ppm 

1,000 ppm 

<0.006 ppm 

Daphnia magna 

Cymatogaster 
aggregata 

Leb1stes ret1culatus 

Bufo valliceps 

Daphma magna 

Daphnia magna 

0. 61 ppm Sewage organisms 

3.2x10-6 mg/hr Japanese eel, 
Crassms auratus 

0. 01 ppm Leb1stes re\iculatus 

0. 1 ppm Bufo valhceps 

0.1 ppm 
10-1-10-2 M 

54 mg. I 

<0.7 ppm 

0.7 mg 'I 

1.5 mg/I 

0 1 mg/I 

0.05 mg/I 

10 ppm 

100 ppm 

10 ppm 
0 5-10 mg/I 

0. 0007 N 

1.15x10-1 M 

10, 20-40 mg/I 

pH 9 0 
pH 4.0 

Daphma magna 
k1lhf1Sh 

Scenedesmus 

Daphnia magna 

Daphma 

Scenedesmus 

E. coh 

Microregma 

Cymatogas\er 
aggregata 

Lebistes reticulatus 

Bufo valhceps 

Daphnia magna 
Cyanophyta 

minnow 

Cymatogas\er 
aggregata 

Lepomis cyanelfus 

oyster larvae 
fish 

TABLE 2-Continued 

Cond1t1ons 

change in liver enzyme 
activity 

induced changes 1n 
mantle & gonad 
tissue. 

Literature Citation 

Jack1metal. 
19JffW3 

Pringle (unpub· 
lished)'58 

certain inh1b1t1on of Chu 1941101 
growth using MgSO, 

BSA, a; threshold ol Anderson 1948"1 
1mmob11izat1on MgCh 

inh1b1t1on ol growth 

threshold of 1mmob11iza. Anderson 1948151 
t1on, MnCl2 BSA, a 19501" 

as Mn, threshold ol 1m
mob11ization; 23 C 

activation of acetyl
chohnesterase 

inh1b1tion of essential 
sulfhydryl groups at
tached to key enzyme, 
lab b1oassay 

same as above; using 
tadpoles 

as above 

threshold of 1mmob1liza. 
lion, HgCl2, a, BSA, 

50 percent inh1 b1tion of 
02 utilization, HgCh 
BOD, a, 

accumulation in the 
kidney 

cation combined with 
essential sulfhydryl 
group attached to a 
key e~zyme to cause 
mh1b1\1on, a,c.e, BSA 

same as above usmg 
tadpoles 

same as above 

Bringmann and 
Kuhn 1959159 

Abou·Donia and 
Menzel 196714' 

Shaw and Grushkin 
1967'-" 

Anderson 1948151 

Hermann 19591" 

H 1b1ya and Oguri 
19611 96 

Shaw and Grushk1n 
19672•11 

change m liver enzyme Jack1m e\ al 
activity 1970"" 

threshold cone for Bringmann and 
deleterious eftect Kuhn 1959159 

threshold of 1mmob1hza· Anderson 19481'" 
t1on N1(NH1),(S01)2 
BSA, a, 

threshold of 1mmob1hza· Anderson 19501" 
lion, N1C'2 

threshold of 1mmob1hza
t1on, N1C'2 

threshold of 1mmob1hza. 
\ion. N1CI· 

threshold of 1mmob1hza
tion. N1CI· 

mh1b1tion of ace\yl· 
cholinesterase ac\1V1ty 

b1oassay, a,c,e, cation 
combmed with essen· 
tial sulfhydryl group 
attached to key en
zyme to cause 1nh1b1-
tion 

same as above, using 
tadpoles 

same as above. 
growth inh1b1t1on 

as Pb(NO,J,, showed 
negative response 

Pb(N0.)2; caused 73 
percent inh1b1tion of 
AChE ac\IYl!y 

av01ded these concen· 
!rations 

mjury lo larvae 
coagulation of proteins 

of epithelial cells 

Bnngmann and 
Kuhn 1959159 

Abou-Donia and 
Menzel 1967"' 

Shaw and Grushk1n 
1967'·' 

Sparling 1968241 

Jones 194800-\ 

Abou·Doma and 
Menzel 19671" 

Summerfeit and 
Lewis 1967218 

Gaardner 1931181 

Cole 1941' 07 

Constituent 

pH 

Potassium 
(K) 

Selenium 
(Se) 

Silver 
(Ag) 

Chrome dose 

62 ppm 

pH 2.8 

pH 5 4 

pH 11.4 
pH 6.5 
pH 5 51 (3 day) 

50-150 ppm 

0 6 ppm 

0.63 ppm 

373 ppm 

1000 ppm 

200 ppm 

2000 ppm 

1000 ppm 

20 ppm 

431 ppm 

10 5 ppm 

15 ppm 

17 o ppm 

o 071 ppm 

>800 ppm 

2.5 mg/I of Se 

2 5 mg:I of Se 

90 mg11 of Se 

183 mg/I of Se 

sx10-e 
J.Jx10-• M 

0.0051 ppm 

Species 

Daphma magna 

Crass1us auratus 

Gasterosteus 
aculeatus 

oyster 
Oncorhynchus 

tshawytscha 
short·necked clam 

Daphnia magna 

Oaphma magna 

Daphnia magna 

Salmo gairdnen 

Salmo gairdneri 

Salmo gairdneri 

Oaphnia magna 

Sewage organisms 

Aj1jJrnd1 ~ III- Table 2 I 465 

Cond1t1ons Literature C1tat1"' 

threshold ol 1mmob1l1za. Anderson 194414• 
t1on, HCI BSA, a,c 

coagulation of mucous 
on gills, H·S01 

Westtall 1945"'' 

reacted negatively to pH Jones 1948'"" 
less than 5 4 and 
greater than 11 4 

pumping is reduced 
0 1 N HCI, critical level, 

flowing-salt 
0 2 uptake became ab

normal, increase 1n 
consumption with 14· 
hr exposure 

inh1b1tion of growth 

Komnga 1951209 
Holland et al 

1960199 

Syarnk1 1964"' 

Chu 1942"'' 

threshold of 1mmob11iza· Anderson 1944119 
tion, K-cr.o,, BSA, 
a,c 

threshold of 1mmob1hza· Anderson 1944'" 
lion, BSA, a,c, 
KMn01 

threshold of 1mmob1hza· Anderson 1944119 
lion, BSA, a,c, KCI 
loss of equilibrium m Grindley 1946188 
13 8 mins K ·Cr 10,, 
BSA, a,c,e.f 

loss ot equ1hbm1m 111 
54 6 m1ns, BSA, 
K-Cr·O. tap water, 
cone as Cr 

loss of equilibrium in 
188 mm BSA, 
K-Cr 20· tap water 
cone as Cr 

loss of equilibrium, in 
42 O mms, K1CrO,; 
BSA, a.c,e,f, cone. as 
Cr 

loss of equilibrium m 79 
rr1ns BSA K,CrO,; 
ccnc as Cr, a,c,e,f 

loss of equilibrium in 
3580 min, BSA; 
K-CrO, cone as Cr, 
a,c,e,f 

Grmdley 19461" 

Grindley1946"' 

threshold of 1mmob1liza· Anderson 1948151 
lion, BSA, a,c, KCI 
for 64 hrs 

50 percent reduct10n of 
BOD values, K1Cr01 

Sheets 1957m 

sewage organisms 50 percent mh1b1t10n of Hermann 1959"' 

sewage organisms 

Rabara hetero
morpha 

fresh-water hsh 

Oaphnia 

Scenedesmus 

Escherichia coh 

Microregma 

Bacterium coh 

Daphnia magna 

O· ut1l1Zation, BOD, 
KCN. a 

50 percent 1nh1b1tion of Hermann 1959195 
0 • ut1hzat10n, BOD, 
a K ·Cr-o, 

10 percent mortality 1n Abram 19641" 
7 days, KCN, BSA 

accumulation of Se 1n Barnhart 1959111 
liver, from bottom 
de~os1ts 1n reservmr 

medium threshold ettec\ Bri ngmann and 
using sodium selenite, Kuhn 1959159 
13 c 

median threshold level; 
using sodium selenite, 
14 c 

median threshold level, 
using sodium selenite, 
17 c 

median threshold level, 
usmg sodium selenite 

mh1b1ts enzymes, Yudkm 1937"7 
10 C Ag1SO, 

threshold of 1mmob1hza- Anderson 1948"' 
t1on, BSA, (64 hrs) 
silver nitrate, a, 
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Constituent Chrome dose Species Cond1t10ns Literature Citation Constituent Chrome dose Species Cond1t1ons Literature C1tat101 
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Silver 0.03 mg/I Daphnia median threshold effect Brmgmann and I Sodium 3680 ppm Daphnia m;rgnH threshold of 1mmob1hza- Anderson 1948"' 
(Ag) Kuhn 19591" (Na) t10n, NaCl BSA a;c; 

003mg'I M1croregma 0.007 N Gasteroste11s fish displayed distress, Jones 19492os 
0.05 mg/I Scenedesmus aculeatus tap water; BSA; c,e; 
0.04 mgil Eschencha coli pH 6 8 with H,so,, 

0.15µg I Echm1d larvae Sayer 1963240 Na2S 
10-100 µgil Paracentrotus as AgNO ,, abnormalities 2.47 ppm Dap hma magm11 50 percent are 1m- Freeman and 

or mh1b1t10n of growth mob1hzed m 100 hr Fowler 1953179 
of eggs exposure, BSA; a;c; 

1µgil as AgNO ,, delay m de- Na2S10, 
velopment and de- 158 ppm 50 percent are 1m-
formahon of resulting mob11lzed m 100 hr 
plute1 exposure; BSA; a,c; 

0.25 µg/I threshold cone for el- Na2S101. plus 
feet, as AgNO, 1, 899 ppm Na2SO, 

0.50µg/l Arbacia threshold cone. for el- 0.0003 N Gasterosteus survival time of 71 hrs Jones 1948"5 

feet for eggs aculeatus tap water. BSA; c;e; 
O 1 ppm Leb1stes ret1culatus cat10n combines with es- Shaw and Grushkm pH 6 8; Na2S 

sential su\fhdryl group 1967"' 0.101 ppm Daphma m'1gna 50 percent 1mmob1hza- Freeman and 
attached to key en· lion; BSA, 100 hr ex- Fowler 1953"' 
zyme causing 1nh1b1- posure a,c, Na2Cr0-1; 
t10n; BSA; a;c,e plus 119 ppm 

0.1 ppm Bufo valhceps same as above using Na2S10, & 1180 ppm 
tadpoles Na1SO. 

0 1 ppm Daphnia magna same as above 0.116 ppm 50 percent 1mmob1hza-
10-qo-2 M Fundulus change m liver enzyme Jack1metal. ti on dunng 100 hr 

heterochtus act1V1ty 197[201 exposure BSA; a,c, 

Sodium 6143 ppm NaCl Daphnia magna threshold of 1mmob1hia- Anderson 1944149 Na,cro" plus 1984 
(Na) t10n, BSA; NaCl; a,c pp11] Na2S01 

8500ppm Daphma magna BSA; a;c, threshold of Anderson 1944" 9 0.159 ppm 50 percent 1mmob1hza-
1mmob1hzat10n. t1on for 100 hr expo-
NaNO, sure, BSA, a,c, 

<3.4ppm Daphnia magna threshold ol 1mmob1hza- Anderson 1946150 Na 2CrO., plus 93 ppm 

t10n, BSA, NaCN Na2S101 

5000 ppm \hreshold for 1mmob1l1za- Anderson 1946'" 0.33 ppm 50 percent Lmmob1hza- Freeman and 

t1on, unfavorable t1on during 100 hr Fowler 1953179 

osmotic effect exerted; exposure Na 1Cro, 

BSA, NaNO, plus 408 ppm Na2C02; 

9.4 ppm cone causing 1mmob1h- Anderson 1946150 BSA, a;c, 

zat1on, BSA; Na2S 
85 ppm 50 percent 1mmob1hza-

<0.32 ppm Daphma magna Threshold ol 1mmob1l1za- Anderson 1946150 
t10n, lOO·hr exposure; 
a;c; BSA, Na2S10.1 

trnn, BSA, Na2Cr02 plus 180 ppm Na2SOJ 
8200 ppm same as above using Anderson 1945150 86 ppm 50 percent 1mmob1hza· 

NaBr t10n, 100 hr exposure; 
110 ppm threshold of 1mmobiliza- Anderson 1945150 a,c, BSA, Na1S101 

t1on, BSA, NaBr01 plus 181 ppm Na2C01 
g_ 1 ppm Daphma magna threshold of 1mmob1l1za- Anderson 1946'"' plus 0.146 ppm 

t1on, BSA, NaAs02 Na1CrO, 

953 ppm Phoxmus phoxinus loss of eqml1bnum m Grmdley 1946"' 0.195 ppm Daphnia magna 50 percent 1mmob1hza-

54 6 mm, BSA, a,c; t10n, 100 hr exposure, 

e,I, NaAs02; tap or a,c, BSA, Na2Cr02 
d1sl water; cone as plus 140 ppm Na2CO, 

As and 1079 Na,so, 

290 ppm loss of equ1hbnum m 73 ppm 50 percent 1mmob1hza-

186 min, BSA, a,c,e; t10n, 100 hr exposure; 

f; NaAs02; tap water a,c; BSA, Na2Si01 

or dist. water plus 155 ppm Na2CO, 

17.8 ppm loss of equilibrium m and 1343 ppm Na2S01 

1174 mms; BSA, 0.35 ppm 50 percent 1mmobiliza-

a,c;e,I; NaAs02, tap or 
t1on; Na2Cr01, BSA; 

dist water 
a,c, 100 hr exposure; 

<20 ppm Daphma magna threshold of 1mmob1hza- Anderson 1945151• 
plus 87 ppm sodmm bi-

t1on, BSA, sodmm 
sulfate and 440 ppm 
sodium carbonate 

arsenate 
cone as Na2CrO: 

2970 ppm Phoxmus phoxinus lost equ1hbnum m 105 Grmdley 1946"' 92 ppm 50 percent 1mmob1hza-
m1ns BSA; a,c,e;I; t1on, Na2S10,; BSA; 
dist or tap water, a,c; 100-hr exposure; 
sodium arsenate dJSt. plus 38 ppm NaHSO,; 
or tap wateo and 194 ppm Na2CO, 

820 ppm lost equ1hbnum m 467 417 ppm Daphma ma1:na 50 percent 1mmob1hza- Freeman and 
mms, BSA, sodium t1on; Na,S10, BSA, Fowler 1953"' 
arsenate; a;c;e;f; a;c; 100 hr exposure, 
dist or tap water plus 177 ppm NaHSO, 

134 ppm lost eqmhbnum, 0.286 ppm 50 percent 1mmob1hza-
a;c;e;f; dist or tap lion, Na2Cr02, BSA; 
water; 951 mm a;c, 100 hr exposure; 
sodium arsenate 70 ppm NaHSO, 
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Constituent Chronic dose Species Cond1t1ons Literature C1tat1on Consbtuent Chronic dose Species Cond1t1ons Literature C1tat1on 
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Sodium 126 ppm 50 percent 1mmob1l1Za- Zinc 25 ppm Salmo gairdnen loss of equ1l1bnum in Grindley 1946"' 
(Na) twn Na2S10,; BSA; (Zn) 133 mm, a,c;e,f; zinc 

a;c, 100 hr exposure; sulfate, cone. as Zn; 
+52 ppm NaHSO.; BSA; 
and 2308 ppm Na2· 24 mg/I fish avoidance concentrat1on Jones 1948"' 
SO: of ZnS01 7H20 

506 ppm 50 percent 1mmob1hza-
0.15 mg/I of Zn Daphnia magna threshold cone. of zinc Anderson 1950'" 

t1on Na2S10:, BSA, 1mmob1l12at1on using 
a,c; 100 hr exposure; 

Zn(N0:)2 
plus 144 ppm NaHSO, 

0.04 mg/I of Zn rainbow trout prevention ol hatching of Affleck 1952'" and 0.861 ppm 
Na2Cr01 rainbow trou I eggs m 

0.306 ppm 50 percent 1mmob1hza-
scft water 

t10n Na2Cr01; BSA; 0 16 mg/I Psammechinus abnormaht1es of fert1h· Cleland 1950'°" 

a,c, 100 hr exposure, m1c1av1s 13t1on cleavage of eggs 

plus 75 ppm NaHS01 of urchins when 1n 

and 3312 ppm Na2S01 zinc sulfate, cone 

0.42 ppm 50 percent 1mmob1h1'· of Zn 

t1on; BSA, 100 hr ex· 1 mgil Planorbis and Deschiens et al. 

posure, a,c; Na2Cr01 Bulinus (sn31ls) 1957 111 

1.0 ppm sewage organisms J, 100 percent reduct10n lngols 1955202 920 ppm sewage organisms reduct10n m BOD Sheets 195723'• 
in 02 ut1hzat10n BOD; values by 50 percent 
Na2CrO: zinc sulfate 

3.6 ppm sewage organisms reduction by 50 percent Sheets 1957"' 55 ppm sewage orgamsms reduction of BOD value Sheets 1957"' 
in the BOD values, by 50 percent in an 
BOD, NaCN unbuttered system, 

100 ppm sewage orgamsms 50 percent mh1b1t1on of Hermann 1959'"' zmc borofluonde 
02 ut1l1Zahon, BOD; o. 75 ppm sewage organisms reduction ot BOD Sheets 1957"' 
a, sodium arsenate value by 50 percent 

4 ppm Cladophora complete decompos1t1on Cowell 1965'"8 in an unbuffered sys-
in 2 weeks, field study tem; zinc cyanide 
in lake, a;c; NaAs02 1.8 mg/I Daphnia magna median threshold effect; Bnngmann and 

4 ppm Spirogyra zygnema same as above Cowell 1965168 
as Zn Kuhn 1959"9 

4 ppm Potamogeton (plant) same as above 
1.4-2 3 mg/I Escherichia coll same as above 

4 ppm zooplankton NaAs02; field study m 
lake 1 a,c, s1gmf1cant 1.0-1.4 mg/I Scenedesmus same as above 

reduction evident 0.33 mg11 M1croregma same as above 

6.5 ppm Daphma magna median 1mmob1l1Zat1on Crosby and Tucker 1 25 ppm & Poec1ha ret1culata retardat10n of growth, Crandall and Good· 

concentration; a,c,d; 1966170 230 ppm (common guppy) increased maturity mght 1962"'' 

1;g, BSA, NaAs02 and delayed sexual 
1.4 ppm S1mocephalus threshold of 1mmob1flza Sanders and Cope malunty, as Zn, 

serrulatus t1on, NaAs02; BSA, 1966228 ZnSO: 

78 F 35-45 percent of Salmo salar m1grat1on of salmon 1s Sprague and 
1.8 ppm Daphma magna same as above inc1p1ent lelllal disturbed when cop- Saunders 1963"' 

Sulfide 5.0 ppm suckers causes respiratory paral- Cole t941101 level. per-zinc pollution ex· 
(S~) ysis ceeds this dosage 

0.86 ppm sunfish 100 mg/I lobster causes increase rn Zn Bryan 1964''2 
3.8 ppm Salvehnus malma levels 1n urme, excre· 
4.3 ppm Crm1us auratus tory organs, hepato-
6.3 ppm Cypnnus carpio pancreas and gills 
3.2 mg/I trout overturned in 2 hrs, Southgate 1948237 o 0-5 O ppm Lepo mis continuous flow b1oassay, Mount 19642'" 

pH 9 0 macroch1rus acute, a,c,t. accumu-
3.2 mg/I trout overturned m 10 mins., Lep1osteus osseus lat1on ot Zn 1n bones 

pH 7 8 Dorosoma petenense and gills 
3.2 mg/I trout overturned m 4 mms.; Dorosoma 

pH 6 0 cepedianum 

Titanium 4. 6 mg/I of T1 Daphnia median threshold level, Brmgmann and Alosa chrysochfons 

(T1) 23 c Kuhn 195915' Cypnnus carp10 

2.0 mg/I of T1 Scenedesmus median threshold effect, Carass1us auratus 

24C 53 3 mg I Salmo salar avmdance response m Sprague 1954212 

4.0 mg •1 ol T1 M1croregma median threshold level; 50 percent of fish; 

Uramum. 13 mg/I Daphnia threshold effect ot Brmgmann and BSA, a,c,d,e,f, cone. 

(U) uranyl nitrate; as U Kuhn 1959' 59 as Zn 

22 mg/I Scenedesmus threshold effect ot 53 mg/I Salmo salar avmdance cone. for parr; Sprague et al. 

uranyl mtrate, as U cone. as Zn. 1964241 

1.7-2. 2 mg/I Eschench1a coh threshold effect ol 12 6 ppm shellfish decrease 1n 02 uptake Syazuk1 1964"' 

uranyl mtrate; as U in presence of Zn 
28 mg/I of U M1croregma threshold effect of sultate as Zn, 1 hr 

uranyl nitrate exposure m polluted 
0.5 mg/I of U Eschench1a coh disturbs O 2 balance of Guskova and sea water. 

water and inh1b1ts Gnffem 19641" 30 ppm go by rate of 02 uptake 1s de- Syazuk1 1954249 
development of en- creased, reduction of 
tenc bacteria appetite, as zinc, 1 

Zinc 0.1 mg•l roach cannot withstand Niel>on 1939219 day exposure 
(Zn) 48 ppm Daphnia magna threshold of 1mmob1hza. Anderson 1944'" 0.15 ppm oysters green color eVJdent, 

lion, BSA, a;c, ''"c cause inh1b1t1on of 
sultale self-punt1cat1on 
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Zmc 160 µg/I Poec1ha reticulata zmc damaged epithelium Cusick 196Jl" Zmc 0.8 mg/I Sal mo gaird ner1 histological damage to Brown etal. 
(Zn) of gills, reduction m (Zn) gills; Zn added along 19681'° 

the number of mucous with alkylbenzene 
cells, pH 6, distilled sulfonate 
water, high mortality 100 µg/I freshwater mussels accumulation of Zn m Pauley and 
rate Leydig cells and Nakatam 1968" 

157 & 180 ppm Fundulus as Zn, sluggish and un· Eisler 1957118 mucous cells of the 
heterochtus coordinated after 2 ep1thehal layers 

hrs, DO. 7 2-7.4 5 6 µg/I Cyanophyta avoidance reactions to Sprague 1968243 

ppm, 20 C; pH 8.0; sub·lethal cone. of 
sahmty 25 (1/00 Zn. low avoidance 

10.0 ppm leb1stes ret1culalus b1oassay, a,e,c, com- Shaw and Grush- threshold 
bines with essential km 1967234 5. 6 µg/I Salmo gairdnen avoidance reactions :Sprague 1968243 

sulfhydryl group at· 
!ached lo a key en- 0.18 mg/I P1mphales reproduction inh1b1ted, Brungs 1969'" 
zyme. promelas no eftect on snrv•val 

10.0 ppm Bufo vall1ceps same as above (using growth or maturation. 
tadpoles) 18 O ppm Salmo gairdnen reduction of m1tot1c in- l~achlin and 

1.0 ppm Daphma magna same as above dex of gonadal cells Perlmutter 
0.35-0.43 IOXIC Salmosalar reduction m number of Saunders and by 70 percent 1969223 

um ts salmon reaching Sprague 1967'" 32.0 ppm Salmo gairdneri complete inh1b1t1on of 
spawning grounds m1tol1c division 
(avoidance reacllons 16 ppm (24 hr) Cyprmus carpio hardness 25 ppm Ca; Iabata 196925'' 

of m1gratmg salmon) as Zn 
---------- -- ---- -----------------
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Banum(Ba) Grac1lana folufera 1,200-13,000 Bedrosmn 1962"' 
cadmium med 

(Cd) 12µc/1+2 mg/I stable Chasmychthys gulosus viscera 3.6 (6 days) H1yama and Sh1m1zu 1964''° 
Cd dig. tract 15 (3 days) 

gill 3 o (2 days) 
Skin 0 3 (2 days) 
scales 2 2 (10 days) 
vertebrae 0.18 (3 days) 
muscle 0.077 (3 days) 
head and fms 0. 31 (8 days) 

11"Cd 
12µc/1+20 Ulva pertusa whole 11 (4 days) 
µg/I stable Venerup1s ph1hppmarum mantle gill 58 (8 days) 
Cd >100 (3 days) 

adductor 8 3 (3 days) 
other YISCera 52 (8 days) 
shell >3 

Leander sp. viscera >250 
muscle O 38 (l day) 
shell 125 

med 
12 µc ;1+ 20 µg/! stable Strongylocentrotus digestive tract 110 (l 5 days) H1yama and Shimizu 1964"' 
Cd pulchemmus 

gonad >8 
aristolle's lantern >3 
test >10 

Chasmychlhys gulosus viscera >10 
d1gest1ve tract >6 
gill 11 (6 days) 
skm 0.92 (6 days) 
scales O 80 (5 days) 
vertebrae o 22 (3 days) 
muscles 0.16 (4 days) 
head and !ms O 96 (9 days) 

Venerup1s ptnt1ppmarnm gill 19 (1 day) 
man lie 9. B (1.5 days) 
adductor 5.1 (3 days) 
other Y1Scera 8 3 (1.5 days) 
shell >1 

16 mg/I (5 days) Lepom1s macrochirus gill 634 µg/kg Mount and Stephan 1961294 

8 mg/I (30 days) 252 µg/kg 
20 mg/I (20 days) 484 µg lkg 

Calcium 38 mg/100 ml CaCl2 Daphmds fresh weight after 48 hrs. 138.3 mg, 100 g Korpmcmkov et. al. 1956'" 
(Ca) 946 µC/201 21 C T1lapia mossambica fish tissue 2 lx10-2 µc;gm Ca. 0.6 Boroughs et al. 1957'" 

not measured Leb1stes spme 62.±0.4 Rosenthal 1957'°' 
8.52X10' cpm/ml body 0 72±0.01 
9.42X10' cpm/ml Leb1stes body o. 72±0 003 (10 days) Rosenthal 1957300 

7.37Xl05 cpm/ml 0 82±0.004 
not measured Carcass 1 00±0 045 

head 1.07±0.039 
viscera 0 59±0 087 
muscle 0.102±0.024 u 

spine 187±010 
carcass 100.0±2.92 
head 21.3±1.12 
viscera 7.3±0.48 
muscle 3.7±0 31 

1 µC Ca"Clz Fucus ves1culosus thallus 90 percent uptake m 24 hours Swift and Taylor 1960"' 
Ceramium rubrum 100-300 Taylor and Odum 1960306 

Enteromorpha intestmalis 100-300 
7.37X10' cpm/ml Lebistes (15 days) Whole 5.5X10'• cpm.'10 mg Rosenthal 19633Gt 

105 cpm/ml spme (10 days) 2. 8X10' cpm ·100 mg 
head (10 days) 1.7X105 cpm,1100 mg 
total (10 days) 1. 4X10 5 cpm/100 mg 
viscera (10 days) 1.2X10• cpm,-100 mg 
muscle (10 days) . 2X 105 cpm/100 mg 

105 cpm/ml Damo whole (22 days) 2. BX 105 cpm ·100 mg 
Chromium 10-13.0 µc injected into air Crassius auratus mtestme 25cpm.'mg H1b1ya and Ogun 1961"' 

(Cr) bladder hver 25-40 cpm mg 
pancreas 25-40 cpm mg 
spleen 60-100 cpm 'mg 
kidney 200 cpm/mg 
head Kidney 215 cpm:mg 
gill 40-60 cpm img 
muscle 10 cpm;mg 
backbone 30-40 cpm/mg 
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Chromium Crass1us autatus gonad 31l-60 cpm;mg H1b1ya and Ogun 1961'" 
(Cr) air bladder 1, 000 cpm: mg " 

0.204 pCi/ml Lamps1lis rad1ata soft tissues 89. 6 pC1/g 440 Harvey 1969217 
Chromium 17, 804 cpm/g Herm1ane whole 10, 373 cpm lg (9 day) 0.59 Chipman 19672" 

(Cr+') 17, 833 cpm/g 5, 410 cpm g (11 day) 0.31 
18, 226 cpm/g 3, 713 cpm;g (22 day) D.21 
0.31 µg/I 3.0 (5 d•ys) 

3.5 17.5 days) 
5.0 (9.0 days) 
75112.5days) 
8.0 •.15.0 days) 
12.0 (19.D days) 

0.1 µg/I 8 1 µg/g (1 day) (dry) 
0.3 µg/I O. 4 µgig (2 day) (lwe) 
0.3 µg/I o. 7 µgig (3 day) (live) 

0 9 µg 'g (5 day) (hve) 
1 1µg 1g (7 day) (hve) 

0.3µg/I 1.3 µg/g (9 day) (hve) Chipman 1!167"' 
1.7 µg 'g (12 day) (hve) 
2.3 µg/g (15 day) (live) 
2 1 µg/g (19 day) (hve) 

3.0 µg/I 14.0 µg g \4 day) lhve) ,, 
22 O µg 1g 18 day) (hve) 
26 O µg 1g <11 day) (hve) 
34.D µgig (15 day) (hve) 

10 µg/I 24 µg '6 (2 day) 
40" (4 day) 
53" (6 day) 
68" (8 day) 
84" (11 day) 

10 µg/I Hermione whole 106 µg/g (13 day) Chipman rn67268 

100 µg/I 206" (3 day) 
288" (6 day) 
428 " (11 day) 
495" (14 day) 

500" 856" (3 day) 
11l9" (6 day) 
1436" (11 day) 
1834" (14 day) 

Chromium 1 =tone. of phytoplankton Mumm1chog gonad 9 0 Baptist and lewis 1961"' 
(Cr) culture-Cr transferred down muscle 0.5 

food cham gills 1.7 
spleen 6 9 
liver 1.7 
dig. tract 2.2 

(132 MC1/mg=m1tial cone. in Zooplankton, post-larvae fish whole 9.9 
phytoplankton culture.) 73. 

6.2 
1 µCl CrCls/I Podophthalmus vigil gills 5000 dpm/mg(max) (2 days) Sather 1967'" 

muscle 79-80 dpm mg(") 
(2-4 days) 

m1dgut gland 75 dpm /mg (max) (6 days) 
carapace 50 dpm/mg(max) (14 days) 
blood 10 dpm/mg(max) (16 days) 

5.3µC1 gills 3000 (max) (16 days) 
51 CrCb injected m1dgut glando. 1000 (max) (5 days) 

800 dpm/mg(max) (ll-8 days) 
Cobalt Gadus macrocephalus 36 Ichikawa 1961"' 

(Co) Chehdomchthys kumu 82 
Evynn1s japonica 20 
Lateolabrax japomcus 30 
Senoia qmnqueradiata 14 
Germo germo whole 28 
Katsuworms vagans 84 
Scomber 1apomcus 28 
Cololab1s sa1ra 84 
Sardmops melanost1cta 64 
Cleipea pallas11 26 
St1chopus tremulus 240 
Pahnurus sp. 4,000 
Polypus sp. 52 
Ommastrephes sloani 62 
Ostrea gigas 170 
Pecten yessoensis 190 
Meretrix meretnx lusoria 200 
Porphora sp. 64 
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Cobalt Laminana sp. whole 27 Ichikawa 1961'" 
(Co) Monostroma sp. 15 

2 µg ·1 Chasm1chlhys gulosus O 101 (0.25 days) H1yama and Khan 1964"' 
Chasm1chthys gulosus 0.511 (t day) 
Chasmichthys gu losus 1 57 (2 days) 
Chasmichthys gulosus 2 89 (4 days) 
Chasm1chthys gulosus 4.58 (6 days) 
Chasm1chlhys gulosus 4.56 (9 days) 

1.54 dpm ml Cambarus longulus longerostris whole 166 dpm ·ammal 164 Wiser and Nelson 1964'10 
0.60g 

15.4 dpm ml 0.49g 1,071 dpm ·ammal 90 
154 dpm ml 0.54g 8, 984 dpm, animal 81 
1540 dpm 'ml Cambarus longulus longerostns 46,000 dpm 'animal 63 

0 45g 
15, 400 dpm 'ml 0.65g 785, 000 dpm ·animal 66 
154, 000 dpm,'ml C.55g 8, 761, 000 dpm 'ammal 61 
1 54dpm ml 0 60g 793 dpm, animal 624 
15 4 dpm •ml 0 80g 3911 dpm:animal 213 
154 dpm ml 0 54g 13, 311 dpm. animal 145 
1540 dpm ml 0.45g 78, 881 dpm, ammal 216 
15 400 dpm m 0.55g 35, 874, 000 dpm/ammal 334 
154, 000 dpm m 0.43g 26, 900, 000 dpm, animal 103 
6.81X10 5 dpm 'animal Cambarus longulus longerostns gut 1.12X105 dpm'g Wiser and Nelson 1964"' 

(average) 
blood 1 93X10·' dpm g 
muscle 3 09X 101 dpm, g 
gonad 2 97X10' dpm,g 
integument 2.28X105 dpm g 
hepatopanoreas 1 96X105 dpm,'g 

Black Sea Ulva ng1da whole 335 Pohkarpov et al. 1967"' 
N. W. Pacific Ulva persuda 380 
Black Sea Cystose1ra barbata 45 
N. W. Pacific Sargassum thumberg11 420 
Black Sea Leander adspersus 11 
N W. Pacific Leander pac1l1cus 
o 0006-0 015 ppm Crassostrea "V1g1mca flesh 99. 3-1153 ppm 0 6X10' Preston 1967"' 
O 0008-. 0240 ppm Crassostrea viginica flesh 313-3174 ppm 2 4X10' Preston 1957201 
0 0023-0. 0016 361-863 ppm 2 5X105 

0.027 p C1 'ml Lampsiles radiata soft tissues 21 3 p Ci. g 790 Harvey 1969'" 
Alakanuk Oncorhunchus tshawytscha muscle F. & M. 9,400 Jenkins 1969"" 

(King salmon) 
Alaska liver 50, 000 

Oncorhynchu s keta roe 41,000 
Chum salmon muscle 13,000 

liver 32,000 
roe 60, 000 

Kenai, Alaska Oncorhynchus nerka muscle M. 6,000 
(Sockeye Salmon) muscle F. 3,100 
Salmon hver 22,000 
Oncorhynchus nerka roe 28,000 
Salmon bone 11,000 

Seward Oncorhynchus kisutch 
(silver salmon) muscle F. 6,400 

muscle M. 7,200 
livers 33,000 
roe 37,000 

4 5X10-·5µC1. 1125 ml Plectonema boryanum whole cell 0. 36 µC1/g (7 days) 6,100 (25 C) Harvey 1969277 
0.32µCI 'g " 4 500 (30 C) 
0 18 µC1/g " 3, 500 (35 C) 

4.5x10-5 µC1/125 ml Plectonema boryanum whole cell o 18 µC1 •g (7 days) 2,500 (40 C) Harvey 1969211 
'"Co pCi/I Tndacna crocea kidney 56000 pC1'g Welander 1969'°' 

Plankton whole 100 pC1!g 
Sea invertebrates whole 950 pC1 lg 
Fish whole 18 pC1;g 
Algae whole 8.8 pC1 lg 

0.47 pC1/I "Co Plankton whole 15 0 pC11g Welander 1969'°' 
Sea Invertebrates whole 11.0 pC1/g 
Fish whole 0. 69 pC1/g 

1.2 pC1/I Plankton whole 58 pC1/g Welander 1969308 

'°Co Algae whole 33" 
Sea invertebrates kidney 2600 II 

Fish hver 130 •I 

Copper 0.002 N sol'n Fundulus heterochtus dned flesh o. 0100 percent (1 hr) White and Thomas 191230' 

(Cu) o. 0164 percent (3 hrs.) 
o 0230 percent ( 4 hrs.) 

undried fiesh O. 00226 percent (t hr) 
o. 00360 percent (3 hrs) 
o. 00529 percent (4 hrs) 
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Copper N/1000 sol'n. Tautoga omt1s whole (dry) 
(Cu) CuS04 blood system 

alimentary tr.1ct 
residue 
flesh 

.004 N Fundulus heterochtus dned flesh 
CuSo sol'n 

0 7 µg/I Lamps1hs rad1ata soft tissues 

Gold oral dose blue crab gills 
(Au) 

muscle 

carapace 

blood 

croaker kidney 

gills 

croaker skin (scales) 

lmr 

muscie 

heart 

spleen 

gonad 

blue crab dig gland 

stomach-gut 

gonads 

Iron 1.1x10-s mg/ml Dactyolpteru' vol1tans flesh 
(Fe) (Gurnard) 

Mackerel flesh 
Melanogrammus aeglefinus flesh 

(Haddock) 
Wh1t1ng flesh 
Plaice flesh 
Cod flesh 

0.01 mg/I Trachurus 1aponicus whole 
Pleuronecles sp 
Scomber iapomcus 
Cololab1s saira 
Lateolabrax Japomcus 
Chrysophyrus maier 
Sard1nops maleanostncta 
Theragra chalco~ramma 
Clupea pallas11 
Acanthogob1us flarimanus 
~n\hoc11lans cms1spma 
St1chopus iapomcus intestine 
Panuhrus lobster 
Penaeus (common shnmp) 
Paneaeops1s sp shnmp 
Parahthodes camtschatica 
Neptunus manne crab 
Octopus fangsia:.o 
Turbo cornutus 

0.01 mg/I Hahotus g1gantea 
Hal1otus divers1color 
Meretm meretm lusoria 
Venerupis Japomca Whole 
Ostrea g1gas 
Porphyra tenera 
Gehdium amansu 

Concentration m tissue 

0.008 percent 
0. 010 percent Cu Dry 
o. 003 percent " 
0 005 percent " 
0.009 percent " 
percent by weight of Cu 

m dned flesh 
O 0160 percent (1 hr) 
O 0156 percent (2 hr) 
o. 0201 percent (3 hr) 
1.6 µg:g 

. 7 percent of oral dose after 
4 days 

. 6 percent of oral dose alter 
4 days 

.08 percent of oral dose alter 
4 days 

04 percent of oral dose alter 
4 days 

0.01 percent of oral dose 
alter 148 hours 

.056 percent of oral dose 
after 148 hours 

. 009 percent of oral dose 
after 148 hours 

. 02 percent ot oral dose 
after 148 hours 

. 03 percent of oral dose 
alter 148 hours 

. 0008 percent of oral dose 
after 148 hours 

. 042 percent of oral dose 
after 148 hours 

.001 percent of oral dose 
after 148 hours 

12 percent of oral dose alter 
4 days 

3 percent of oral dose alter 
4 days 

. 8 percent of oral dose after 
4 days 

0.9x10-' mg;gol fish 

1.ox10--5 
sx10-- 0 

o 4x10-; 
2x10-5 

1.2X1.0 mg/g 

Concentrat1on factor 

228.5 

700 
600 
1,800 
3,000 
3,000 
400 
2,000 
400 
1,800 
2,000 
10,\lllO 
78,000 
1,000 
1,000 
4,000 
4,000 
2,000 
6,000 
9,000 
3,000 
17,00IJ 
13,0011 
7,000 
8,000 
2,000 
4,000 

Literature Citation 

Harvey 1969277 

Duke et al. 1966"' 

Duke et al. 1966'" 

Alen et al. 1961260 

lch1 kawa 1961 " 4 

Ichikawa 1961'" 

Ichikawa 1961" 
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Iron Lammana sp whole 5,800 Ichikawa 196t"' 
(Fe) Undano pmnat1flda 1,300 

H111k1a fus1forme 2, 900 
0.00004 nC1/kg Phytoplankton 0.5 n C1 ikg Palmer and Beasley 1967m 
0. 00004 n C1/kg Euphaus1ds 1.5 n C1/kg Palmer and Beasley 1967"' 

Mytilus 0. 36 n C1/kg 
kelp 0.03 
Lepas (barnacle) 140.0 
squid muscle 0. 76 
squid liver 8 6 
purple sea cucumber whole 76.0 
sea urchins whole 0 48 

Black sea Ulva rig1da whole 730 Polikarpov et al. 1967296 

N. W. Pacific Ulva persuda whole 100 
750 cpm/g quahog shell 9.5X103 cpm/g Andrews and Warren 19692'' 

tissue 670 cpm/g 
feces 1.2X107 cpm/g 

380 cpm/g clam shell 1.1X103 

tissue 2.3X10 1 

feces 1.7X10° 
4.5x10-5 µ Ci/125 ml Plectonema boryanum whole cell 0.18µC11g (2 day) 2,600 (25 C) Harvey 1969217 

0.17 µ C1/g (2 day) 2,400 (30 C) 
0. 21 µ C11g (2 day) 2, 700 (35 C) 
O 23µ C1ig (2 day) 3,200 (40 Cl 

3.3 mg/I Fe Myt1lus edulis soft tissue 5 5 Hobden 1969'" 
3.4 days 1.0 mg ii 1.5 µgig 1 5 
1.0 mg11 Myt1lus edulis L digestive gland 5. (3-4 day) (max) Hobden 1969"' 
3.3 mg/I 5.4 (2-3 day) (max) 
1.0 mg/I gills 1.3 (average) 
3.3 mg/I gills 1.8 (max) (O 3 day) 
1.0 mg/I mantle 1. O (max) (1 day) 
3.3 mg/I mantle . 4 (max) (2 7 day) 
124 pC1.il of '"Fe Algae, fish whole 480 p C1/g Welander 1969308 

muscle 80 pC1/g 
liver 264, 000 p C1/g 

Manganese Clupea harengus whole 95 Ichikawa 1961"' 
(Mn) Gadus sp 320 

Scomber sp 80 
Pleuronectes sp 70 
St1chopus regalis 200 
Sepia offic1nalis 10,000 
Octopus vulgaris 50,000 
Haliotus tubercalata 750 
Pectan 1acobaeus 10,000 
Ostrea edulis 1,500 
Mactra corallma 62C 
Ulva lactuca 1,300 
Enteromorpha sp. 1,500 
Lammana saccharma 300 
Fucus serratus UDO 

1000 µg/I for 15 days, animals Homarus vulgaris whole blood 3 9 µg/g wet tissue 15 day Bryan and Ward 1965267 
were starved 200-350 g abdominal muscle 0.8" 

hepalopancreas 4.1 µgig wet tissue 15 day 
gills 26 9" 
shell 207" 
teeth of gastric mill 106" 
stomach fluids 1.6" 
hmd gut and rectum 3.4" 
excretory organs 5.1 11 

ovary 3.3" 
Homarus vulgans whole blood 2 4 µg/g wet tissue 15 day Bryan and Ward 1965267 
200-150 g. abdominal muscle 0.8" 

hepalopancreas 4.8" 
gills 20.8" 
shell 225" 

Homarus vulgaris 200-350 g. teeth of gastric mill 155 µg/g wet tissue Bryan and Ward 1965267 
1000 µg/I Mn Homarus vulgaris Carapace edge 236µg/g Bryan and Ward 19652" 

Homarus vulgaris whole blood 1 42 Bryan and Ward 1965261 
absorption m 72 hours "(728 g) unne 0.66 

stomach fluid 0.18 
abdominal muscles 0.15 
hepatopancreas 2.30 
gills 2.14 
excretory organs 1.91 

absorption m 72 hours Homarus vulgaris oss1cles and teeth 1.42 
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Manganese 2. O µC/I absorption in 72 hours Homarus vulgans (728 g) shell carapace 96 7 mµc/g 7 06 Bryan and Ward 19652G7 
(Mn) shell claw 18. 7,, 1 37 

shell telson 181.0,, 13.2 
whole animal 51 5,, 3.81 

2. O µc/I m sea water plus Homarus vulgans (744 g) whole blood! 17 4,, 1.10 
10 mg Mn m stomach ab- urine 113" 0 99 
sorpt10n m 72 hrs. stomachflmd 3 8,. 0.31 

abdominal mus:le 2 1" 0.17 
hepatopanc1eas 6 1,, 0.49 
gills 36 7,, 2.96 
excretory 01gans 17 3,. 1.40 
oss1cles and teEth 31 8,. 2 56 
shell, carapice 134 O" 10 8 
shell.claw 85 6,, 6 91 
shell, telson 151 0,, 12 2 

2.0 µc/l m sea water plus 10 Homarus vulgaris (744 g) whole animal 59 5 mµc·g 4.80 Bryan and Ward 19652" 
mg Mn m stomach absorption 
m 72 hrs. 

2 µg/I normal sea water spec1- Homarus vulgans 200-350 g. excretory 01gans 3 7 µg g Bryan and Ward 1965261 
mens; unstarved ovary 1.6,, 

10 mg Mn pipetted mto stomach Homarus vulgans 320 g. blood (7 hr) 65 µg g 
hepatopancreas (1")165,. 
stomach fluid (2 hr) 385" 
urine (7 ") 85 ,. 

muscle (7 '') 10 ,. 

shell (7 ") 105,, 
ossicles and teeth (1")130" 
excretory organ; (7 ") 100,, 
gills (7 hr) 55 ., 

0.3 µC1/I Mn"' Anodonta nuttalhana calcareous 11ssue 97,000 cpmlg Hamson 1967"" 
mantle 45, 000 cpm.'g 
gills 29. 000 cpm,'gm 

0.3µC1/I Mn"+C.1 ppm Mn Anodonta nuttalhana adductor muscll 14,000 cpm/g Hamson 196Jm 
dig gland and 'tomach 18, 000 cpm/g 
gonad and 1nle!tine 11.000 cpm/g 
body flmd 3,000 cpm ig 

0 033 ppm stable Mn Unio shell 762 1-9 5 µg 'g 2.3Xl0' Merlini 1967"' 
5.1-6. O cm gills 14185+11" 6 ox101 

mantle 13088± 1470,, 5.5X 10' 
visceral sac 3571 Jc835,, 1 5Xl04 

adductor musch' 2539=!,411,, 11 
0.033 ppm stable Mn Unio 6 1-7.0 cm shell 891±13.0,, 1.6Xl0 1 

gills 18157*1179,. 7.7Xl0 1 

0.033 ppm Un10 6 1-7 0 cm mantle 17765±581 µgig 15XIO' Merl1ni1967"' 
visceral sac 4308c±c307" 18Xi0' 
adductor muscl" 2565±296,, 11Xl01 

Unio 7.1-8.0 cm shell 956±11.0,, 2.8X 10 1 

gills 20737 1= 1971 ,, 8 8XI0 1 

mantle 19659±984" 8 3Xl0 1 

visceral sac 5034±621" 11Xl01 

adductor muscl1! 3067~,319,, 1.JX 10• 
0.0004 pC1/ml 54 Mn Unio 5.1-6.0 cm shell 0. 82)< 10' 

gill 3 6Xl04 
mantle 3 OXl04 

0.1 ppm stable Mn Unio 7.1-8 O cm visceral sac 5070± 1095 µg/g 7.6Xl04 
adductor muscl11 2514±504" 1.8Xl04 

0.00015 pC1/ml 54 Mn Unio 4.1-5.0 cm shell 1.9Xi0' 
gill 43. 0)< 104 

0. 00015 pC1/ml Unio 4.1-5.0 cm mantle 11.0)< 101 Merlmi 1967"' 
Mns4 visceral sac 5.6X'04 

Unio 5.1-6.0 cm shell 1.6x·o1 
gill 35.0)< 104 
mantle 16.0)< 101 

visceral sac 9.5X10' 
Unio 6.1-7 O cm shell 1 ox 04 

gill 30.0)< 10 1 

mantle 18.0)< 10' 

visceral sac 8.6X'i04 
Unio 7 1-8. O cm shell 1.8Xl04 

gill 30.0)< 104 
mantle 23.0)< 10' 

visceral sac 1 6x·o 1 

0.004 pCi/ml Unio 5. 1-6. 0 cm visceral sac 1.1X1D4 
MnM Unio 6.1-7.0 cm shell 0. 68X 104 

gills 3.1Xl04 
mantle 3 7X10' 



Manganese 
(Mn) 

Mercury 
(Hg) 

Constituent Concentration m sea water 

0 004 pC1/ml 
Mnr,1 

O 02 ppm stable Mn 

Umo 6.1-7.0 cm 
Unio 7. 1-8. O cm 

Umo 5 1-6 0 cm 

Unio 4 1-6 1 cm 

0.02 ppm stable Mn Umo 6 1-7 1 cm 

Unio 7.1-8.0 cm 

Calif. Myt1lus edulis 
Calif Myt1lus callformcus 
1 4µg 'I Lammana d1g1tata 
4.5x10-, Plectonema boryanum 
µC1i125 ml 

0.013 pC1/ml Lamps1les rad1ata 

0.2 mg/I using HgCl2 Elmmius 
1000 mg 't using HgCl2 Artem1a 
50 mg I Hg usmg HgClz Leander serratus 

10 µg/1 Hg injected m 0.01 ml Leander serratus 
sea water as HgCl2 

10 µg:I Hg injected m 0. 01 ml 
sea water as HgClz 

7. 6 µC injected dose mto air Crassius auratus 
bladder 

0.06 ng/g Hg usmg mercuric Cod 
nitrate 

TABLE 3-Continued 

Tissue or organ 

---------

visceral sac 
shell 
gills 
mantle 
visceral sac 
shell 
gills 
mantle 
visceral sac 
adductor muscle 
shell 
gills 
mantle 
adductor muscle 
shell 
gills 
mantle 
visceral sac 
adductor muscle 
shell 
gill 
mantle 
whole 
whole 
plant 
whole cell 

son tissue 
clam shell 

whole body 
whole body 
Branch1osteg1te 
Pfeopods 
dorsal ch1t1n 
gills 
antennary gland 
hepatopancreas 
central nervous system 
muscle 
branch1osteg1te 
pleopods 
dorsal ch1tm 
gills 
antennary gland 
hepatopancreas 
central nervous system 
muscle 
mtestme 
liver 
pancreas 
spleen 
kidney 
head kidney 
gill 
muscle 
backbone 
gonad 
air bladder 
blood 
heart 
hver 
spleen 
gonads 
kidneys 
stomach 
brams 
eyes 
gills 
fms 
scales 
muscles 
bones 
heart 

AjJJJendzx III-Table 3/475 

Concentration m tissue Concentration factor Literature Citation 

- -----------------------·---

1.1X104 Merlmi 1967293 

0.53Xl04 

3.8X104 

4 OX104 

11X104 

299±64 0 µg/g 1 5X104 

1254±1292" 8 7X104 

7576±986" 5.3X104 
2154±212" 1 5X104 

2008±29" l.4X104 
225±5.6" 1 1X104 
11391±649" 8 OX10 1 

4805±48~" 3 4X104 

1104±-115" 0 77Xl0 1 

378±26.0 µgig l.9X104 Merlini 1967'" 
18154±1562" 13.0X101 

15008±1288" 10.0Xl04 

4964±553" 3.5Xl0' 
2055±135" l.4XJOI 
515±31.5 µg 1g 2.5X104 

20279±616" 14.0X104 

16316±703" 11 0Xl04 

830 Pollkarpov et al. 1967296 

800-830 
0.33µglg 236 Bryan 1969266 

0.13 µC1/g 15.3UO (25 C) Harvey 1969217 
0 16" 21, 700 (30 C) 
0.19" 35, 300 (35 C) 
0 17" 27. 900 (~O C) 
30 9 pC1 'g 2380 Harvey 1969"' 
15 0" 1150 

0 92 mg·! dry wt. Corner and Rigler 1958270 

0.47 mg:t " 
4 3 mg 1g dry wt. 
0 48 mg/g dry wt. 
0 13 
O 49 mg:g 
0.32mgig 
0.02 mg/g 
0.04 mg ·g 
OOOmg:g 
13 O µg 1g dry wt. Corner and Rigler 1958"" 
2.2 
3.4 
29.3 
13. 3 µg/g dry wt. 
4.4 
3.5 
2 7 
1000 cpm/mg H1b1ya and Oguri 1961278 

1000 " 
1500 " 
1500 " 
11000" 
2500-3000 " 
200-300 " 
100-200 " 
100-200 ,, 

400-700 " 
900-1400 " 
2. 511 ng/g (7 days) 39.2 Hannerz 1968"' 
4.574 71.47 
0.876 13.69 
1.998 31.22 
0.4412 6.89 
1.529 23.89 
1.248 19.50 
0.190 2.97 
0.270 4.22 
234 784 3668. 20 
7.173 112.08 
5.620 87.81 
0.21162 3.38 
0.675 5 days 10.55 
1.711 19. 72 
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TABLE 3-Continued 

Constituent Concentration in sea water Species Tissue or organ Concentration in tissue l!oncentrat1on factor Literature C1tat1on 

-------------~------- --------

Mercury 0.06 ng/g Hg using mercuric Cod liver 0.365 5. 70 Hannerz 1968m 
(Hg) nitrate spleen 0.913 14.V 

gonads 0.487 7.61 
kidneys 0. 798 12.4<' 
stomach 0.670 10.4i' 
brains (O 193) 3 02 
eyes 0.153 2 39 
gills 147 818 2309 70 
fins 3.443 53. 7!1 
scales 3 865 60.3\1 
muscles 0.105 1.64 
bones 0 150 3.91 

0.05 ng/g Hg using mercuric GlossoS1phonia complanata whole 670 (o5 days) 
chloride (mean value) Herpobdella octoculata 534 

sludge worms 517 
Planorb1s sp. 414 
Lynmaea stagnalls 193 
Physa fontinalis 637 (14 days) 
Ephemeroptera larvae 138 (1;5 days) 

18 (1"1 days) 
Trichoptera larvae 513 (49 days) 
T1pula 517 
Chironom1dae larvae 175 

362 (li5 days) 
0.05 ng/g Hg using HgCli damselfly nymphs 655 

(mean value) Hydroph1lidae larvae 603 
Coma sp. 414 
Notonecta glauca 483 
Gems 431 
Planorb1s sp. 560 (nne month) 
Lymnaea stagnalis 247 
Coma sp. 431 

0.30 ng/g Hg mercuric chloride Pike blood 176 ng/g (8 days) 587 Hannerz 191i8"' 
hear\ 258 860 
llYer 377 1,158 

o. 30 ng/g Hg mercuric chloride Pike spleen 608 ng/g (8 days) 2,027 Hannerz 191i8"' 
gut 199 663 
kidneys 495 1,653 
gonads 107 357 
eyes 36 110 
brain 284 947 
gills 878 1,918 
scales 214 713 
fins 406 1,35< 
muscles 26 87 
bone 56 187 

o. 06 ng/g Hg mercuric mtrate Cod blood 0.19 ng/g (2 days) 4.8 
heart 0 58 9. 7 
liver 0 08 1.3 
spleen 0 35 5.8 
kidneys 0 11 3.5 

0. 06 ng/g Hg mercuric nitrate Cod gut 0.10 ng/g (2 days) 3.3 Hannerz 1968"' 
brain 0.15 2.5 
eyes 0.05 0.8 
gills 47.8 796.6 
fins 1.46 24.3 
scales 2 99 49.8 
muscles 0.03 0.5 
bones 0.07 1.2 

Nickel 8. 2±0. 2 cpm/g present in soil Tridacna crocea kidney 158.0±2. 6 cpm/g Beasley and Held 1969'" 
(Ni) Tridacna crocea kidney 41.2±0 6 cpm/g 

80. 0± 1. O cpm/g present in sml kidney 163.0±3 O cpm/g 

Silver 7. 5 µC injected into air bladder Crassius auratus intestine 200-300 cpm/mg Hib1ya and Ogun 1961'" 
(Ag) liver 2250 " 

\l<lncreas 250-400 cpm/mg 
spleen 100-500 " 
kidney ~400 

head kidney ~400 

gill ~150 

7. 5 µc injected into air bladder Crassms auratus muscle 100 cpm/mg H1biya and Oguri 1961278 
backbone 150 
gonad 200 
air bladder 500-1500 " 
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TABLE 3-Continued 

Constituent Concentration m sea water Species Tissue or organ Concentration m tissue Concentration factor Literature Citation 

- ----------- ---------- --------

Uranium 3. ox10-0 percent Charaphytae d1atomae whole 2 ox10-3 percent u Kovalsky et al. 1967"0 
(U) fish whole 6.8x10-4 percent u 

boned 5.4X10-'-1 2X10-4 

percent 
kidney 1.05X10-"-9.4X10-6 

percent 
gonads hard roe) 4.15X10-'-3 7X10-6 

percent 
gonads (soft roe) 2.9x10-'-1.9X10-' 

percent 
muscle 1.37X10-7-1.32X10-6 

percent 
blood 2 1X10-'-7.0X10-7 

percent 
brain 3.12x10-1-1.ox10-o 

percent 

Zinc 100,000 cpm/I Meretrix meretrix luzona gill 510 cpm/g Sa1k1 and Mon 1955302 

(Zn) viscera (without hver) 275" 
mantle 170 " 
hver 145 " 
adductor muscle 165 " 
siphon 165 " 
marginal part of foot 145 
central part of foot 140 " 

12,000 cpmil ashed soft tissue 15.8 cpm/g 1.3 
45, 000 cpm /I (22 days) Cypnnus carp10 kidney 299 cpm/g 

gill 285 " 
scale 65 
heart 57 
skin 51 

45, 000 cpm I (12 days) Cyprmus carp10 caudal fin 50 cpm/g Sa1k1 and Mon 1955•02 

intestine 17 
hepatopancreas 16 " 
vertebrae 
muscle 
gall bladder 

45, 000 cpm I (3 day) gill 127 " 
skin 
scale 
caudal Im 35 
vertebrae 
mleslme 27 
ga.I bladder 0 
hepalopancreas 33 
kidney 89 

5, 000 cpm ( 45 hrs) gill 119" 
5, 000 cpm ( 45 hrs) Cypnnus carp10 skin 31 cpm/g Sa1k1 and Mori 1955"" 

scale 87 
caudal Im 86 
vertebrae 29 
intestine 111 " 
gall bladder 51 
hepatopancreas 151 " 
kidney 1180" 
heart 173 
muscle 

5, 000 cpm/I g1I 118 " 
skrn 40 
scale 31 
caudal Im 56 
vertebrae 36 
intestine 50 

5000 cpm/I Cypnnus carp10 gall bladder 39 cpm/g Sa1k1 and Mon 1955302 
hepatopancreas 65 
kidney 690 " 
heart 37 
muscle 

20 ppm Sal mo gairdnen tissue 7.4-12 ppm Lloyd 1960291 
gills 60-63 ppm 

miected dose 9 3 µC Crassius auratus mlesl1ne 475 cpm/mg 54ll-4400 Hibiya and Oguri 1961278 
hver 250 " 
pancreas 200 " 
spleen 75 
kidney 130" 
head kidney 175 " 



478/Appendix Ill-Marine Aquatic Life and Wildlife 

TABLE 3--Continued 

Constituent Concentrabon in sea water Species Tissue or organ Concentrabon in tissue Concentration factor literature C1tatwn 

~-------- ----- -- --------- ----- --------- - --

Zinc . injected dose 9 3 µc Crassms auratus gill 110 " Hib1ya and Ogun 1961"' 
(Zn) muscle 30 

backbone 75 
gonad 40 " 
air bladder 185 cpm/mg 

Clupea harengus whole 4,400 Ichikawa 1961"' 
Anguilla anguilla 4,200 
Mug1I cephalus 540 
Pleuronects sp. 2,900 
St1ch0pus tremulus 1,400 
Palaemon vulgans 1,900 
Calhnectes hastatus 4,400 
Octopus vulgans 11,000 
Sepia officmahs 2,600 
lol1go vulgans 5, 700 
Hahotus tuberculata 10,000 
Ostrea eduhs 40,000 
Pecten 1apobaeus 17,000 
Geld1um grac1laria 80 
lammano digitata 400 

(10.3 µc) 0.25 ppm Zn lctalurus nebulosus whale fish 0 045 µg/g Joyner 1961"' 
" 0.5 ppm Zn 0 061 " 
" 1.0 ppm Zn 0.025 " 

(3.08 µC) 3.0 ppm Zn 0 529 " 
(61.6µc) 6.0 ppm Zn 1. 510 " 
(10.3 µC) 0.25 ppm Zn 0.066 " 
(10. 3 µC) 0. 50 ppm Zn 0.067 " 
(10. 3 µC) 1. 0 ppm Zn 0 100 " 
(30.8 µC) 3.0 ppm Zn 1.040 " 
(61 6 µC) 6. 0 ppm Zn 2 110 " 
8.5µc/I; pH 7.3 26 hrs. in the Porphyra whole algal disc 230 counvmm/g fresh wt. Gutknecht 1963"' 

dark 
8.5 µc/I; 26 hrs m the light whole algal disc 400 count.'min/g fresh wt. 

pH 8.6 
8.5 µc/I; 26 hrs. in the hght whole algal disc 300 count/min/g fresh wt. 

pH 7.3 
8 5 µc/I; in 26 hours pH 8.6 Porphyra whole algal disc 330 count/mm/g fresh wt. 

in the dark 
100 µgil 15 day exposure Homarus vulgans (300 g) blood 6 7 µg/g wet wt. Bryan 1964'"' 

unne 1. 7 
exmtory organs 28 8 
abdommal musch· 13.6 
hepatopancre:1s 42.6 
stomach fluid 1.1 
gills 17 .8 
shell 11.7 

100 µg/115 day exposure Homarus vulgans (300 g) ovary 30. 8 µg/g wet wt. Bryan 1964265 

100 µg/I 43 day exposure (390 g) blood 10 0 
unne 40 0 
excretory organs 27 8 
abdominal musclE 13 3 
hepatopancreas 51 9 
stomach fluid 0.8 
gills 37.5 
shells 9.3 
vas. deferens 11.0 

100 µg/I plus 6600 µg Zn over (290 g) blood 17.5 
10 days (injected); 13 days in unne 4 0 
sea water excretory organs 47 0 

abdommal muscle 14. 4 
100 µg/I plus 6600 µg Zn o•er Homarus vulgaris (290 g) hepatopancreas 158. O µg/g wet wt. Bryan 1964205 

10 days (mjected); 13 days m 
sea water 

100 µg/I Zn m sea water plus stomach fluid 0. 7 µg/g wet wt. 
6600 µg Zn over 10 days gills 24. 4 
(injected), 3 days after shell 10.1 
in1ect1ons 

100 µg/I Zn in sea water plus Homarus vulgans (460 g) blood 8.9 
6600 µg Zn over 10 days unne 31.8 
(m1ected); killed 19 days 
after mjectwns excretory organs 24 8 

abdommal muscle 12.4 
hepatopancreas 117 .0 
stomach fluid 1.4 
gills 29.0 
shell 13.8 
vas delerens 13.4 
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TABLE 3-Continued 

Consbtuent Concentration m sea water Species Tissue or organ Concentration 1n tissue Concentration factor Literature Citation 

---------

Zmc 3000 µg Zn iniected into Homarus vulgans (300 g) hepatopancreas 240 µg/g wet wt Bryan 1964m 
(Zn) stomach, 300 hrs later, blood 27 

1000 µg Zn, 7 hrs after 
miection 

3000 µg m1ect1on 150 hrs later excretory organs 117 µg/g wet wt. 
urine 24 µg.:g wet wt. 

0 004 µC/I 44 days Parahchthys whole animal 17 Hoss 1964"3 

0. 4 g radioactive brme-shnmp 25 
miested-44 days 

2.5 µC/I L1ttonna obtusata whole 6. 5X10' cpm/g (3 days) Mehran and Tremblay 1965292 
11 pg/g (of ammal) 

Fucus edentatus whole 4.1X10' cpm/g (4 days) 
1x10-' µc/ml Carlena sp, W1tzsch1a whole (15,900) Regnier 1965298 

clostenum 
whole (13,200) 

mullet (130) 
mullet (135) 

0.001 µCll oysters whole 77±21 µµC/g (1 day) Duke el al. 1966272 
65Zn mud crabs 54±32 " (1 day) 

clams 39±17 " (1 day) 
snails 38±10 
marsh grass 35±11 
blue crabs 32±4 
mumm1chogs 16±9 
croakers 13±3 
oysters 73±8 " (66 days) 
mud crabs 20±5 
clams 10±6 
snails 10±6 
marsh grass 13±8 
blue crabs 11±1 
mumm1chogs 18±6 
croakers 11±1 

0 43 c/g 65Zn Oysters whole 1, 111±502 (1 day) Duke 1967211 
Clams whole 509±16SµµC/g 
mud clams whole 853±281" 

0.43 c/g 65Zn blue crabs whole 313± 171 µµc/g (1 day) Duke 1957211 
mumm1chogs whole 379±219 
croakers whole 60±46 
scallops whole 5,561±578 .. 

13 µell Zn+ 15 µg/I stable Zn Ulva pertusa whole 190 (4 days) 
6 µC 05Zn 1, 860 µg/1+ stable Vernerup1s ph1hppmarum V1sceral mass 34 (3 day) 

Zn shell 4 (3 day) 
6 µC "Zn mceralmass 68 (4 days) 
60 µg/I stable 
Zn shell 10 
13 µC/I 65Zn+15 µg/I stable Leander sp. viscera 500 

Zn muscle 40 
exoskeleton 150 

6 µC/I 55Zn+ 1, 860 µg/I stable Slronglyocenlrolus pulchemmus dig. tract 100 (11 days) 
Zn gonad 14 (14 days) 

test 10 
6 µc 11 65Zn+6o µg/I stable dig. tract 100 

Zn gonad 15 (1 day) 
test 15 

0.1 µC/I "'Zn Crassoslrea virgm1ca whole 193 Duke el al. 1955212 
whole 146 
whole 130 
whole 139 

same as above Mercenana mercenana whole 18 
whole 22 

19 
Same as above Aequ1pecten 111ad1ans whole 350 

whole 182 
243 
317 

Panoplus herbsl11 whole 216 
whole 177 

166 
25 µC1 "Zn/I (1. 8 µCi/µg) Aronyx sp whole 1•85 µC1/g (120 hr) Cross et al 19682" 
7 1 µg/I 25 day exposure Lammana d1g1tata whole plant 1800 Bryan 19692" 
600 µg/g after 30-31 days 350 µg/g 

uptake 
2.2µg/I 
0.028 pC1/ml Lamps1hs radiala soft tissues 114.2 pC1/g 4080 Harvey 1969"' 
25µC1 "Zn/I Plahchthys stellatus whole 40-90±37 µgZn/g Renfro and Osterberg 1969"' 
0.104X10--2 pC1 Crassostrea gigas 0. 99p C1/g- 5.6x10-'- Salo and Leet 1969'°' 
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Zmc. 
(Zn) 

Constituent Concentration in sea water Species 

75 µc/I Zn" Euphausids 

75 µC/I Zn" Prawns-shrimp 

1.0µg/I Crassostrea v1rginica 

TABLE 3--Continued 

T1ssu" or organ 

exoskeleton 
muscle 
eyes 
haemolymph 
exoskeleton 
muscle 
hepatopancreas 
eyes 
haemolymph 
soft tissue 
mantle 
gills 
labial palpi 
muscle 
dig. gland 
remainder 
extracellular fluid 
pallial fluul 

Concentration m tissue Concentration factor Literature Citation 

51.1±10.4 cpm/mg Fowler etal. 1970"' 
27.8±7.0 " 
4.4±1.4 
16.5±8.3 " 
65. 8±5. 7 cpm/mg Fowler et al. 1970"' 
17.9±4.9 " 
6.6±3.0 
0.9±0.2 
8.8±3.1 
159.4±77.6 ppm 1-2>~10' Wolfe 197Qm 
135 ppm 
182" 
123" 
79 ppm 
260" 
175" 
6.5 // 
1.2" 
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APPENDIX III-TABLE 4-Maximum Permissible Concentrations of Inorganic Chemicals in Food and Water 

Constituent 

Ammonia (NH,) 

Arsenic (As) 

Barium (Ba) 

Boron (B) 

Bromine (Br) 

Bromine (Br) 

Bromine (Br) 

Bromine (Br) 

Cadmium (Cd) 

Calcium (Ca) 

Chromium (Cr) 

Copper (Cu) 

Maximum PermisSlble 
Concentration 

5 ppm 
3 5 mg 'kg 

0. 1 mg/I 
1.0 mg/kg 
0.1 mg.'I 

5 ppm 

1 0 mg/I 

30 ppm 
8 ppm 
75 ppm 

50 ppm 

40 ppm 
30 ppm 
15 ppm 
10 ppm 
5 ppm 
50 ppm 

100 ppm 

15ppm 
75 P?m 
315 Ppm 
400 ppm 
15 ppm 

10ppm 
15 ppm 
10 ppm 
5 ppm 
60 ppm 
40 ppm 
15 ppm 

400 ppm 
115 ppm 
90 ppm 

130 ppm 
115 ppm 
75 ppm 
50 ppm 

15 ppm 
0.1 mg/I 

0 01 mg/I 
0 05 mg/I 
75 mg/I 

0.05 mg/I 
0 05 mg,'f 
0.05 mg/in' 
7 µg;in' 

1 0 mg/I 
1.0 mg/J 
0.05 mg/I 
1 m(if 
7 mv1 
10 mg/kg 
60 mg/kg 
300 mg/kg 

Substance Allowed to Contain 
Given Concentral1on 

drinking water 

apples and pears 
trm Is and vegetables 

ready-to-drink beverages 
food 
drinking water 

certain foods 

drinking water 

cotton seed 
citrus fruits 
vegetables, broccoli, carrots, melons, parsnips, 

potatoes 
eggplant, okra, summer squash, sweet corn, 

sweet potatoes, tomatoes 
pineapple 
cucumber, lettuce, peppers 
cottonseed, peanuts 
asparagus, cauliflower 
hma beans, strawberries 
cereals 

beans, b1ttermelons, cantatopes, bananas, citrus 
fruits, cucumber, guavas, htch1 fruit, longan 
fruit, mangoes, papaya, pepper, pineapple, 
zucchini, 

chemes and plums 
malting of barley 
parmesan & roquefort cheese 
dried eggs, processed herbs and spices 
raspberries, summer squash 

citrus fruit 
cherries and plums 
walnuts and strawberries 
apricots, nectarines, peaches 
eggplant 
muskmelon, tomalo 
broccoli, cauliflower, peppers, pineapples, straw-

berries 
dog food 
cereals 
dehydrated citrus fruit lor cattle 

endive and lettuce 
bananas 
almond hulls, carrots, celery, snap beans, turnip 
almonds, brussel sprouts, broccoli, cabbage, 

cauliflower, eggplant,mel on, peanuts, peppers, 
pineapples, tomatoes 

hemes, cottonseed, cucumbers, grapes 
drinking water 

drinking water 
drinking water 
drinking water 

drinking water 
drinking water 
tor covering surface of food containers 
closure area of packing containers 

drinking water 
drinking water 
drinking water 
ready-to-drink beverages 
cider and concentrated soft drinks 
most foods 
yeast and yeast products 
sohd~tm 

Conditions & Comments Reference 

recommended hm1t tor domestic water supplies; concentra- World Health Organization 1961'" (WHO 1961) 
tion as NH<(+) 

tolerance for residues ammonium sulfate Food & Drug Administration 1971"' (FDA 1971) 
hm1fforresidue on sprayed fruits & vegetables usmgcopper FDA 1971'" 

arsenate, calcium arsentae & magneS1um arsenate 
limit for content Food Standards Committee for England & Wales 1959"' 
regulation on content of food Food Standards Committee lor England & Wales 1959"' 
recommended hm1t for domestic water supplies; cone. as WHO 196J31' 

NH,(+) 
mmmum perm1ss1ble content 

maximum allowable lim1I 

residues from post-harvesl application 
reS1dues from post-harves1 application 
tolerance for residues usmg nematoc1de ethylene d1bromide; 

concentration as Br 

Department of National Health & Welfare, Canada 1971 
(CANADA 1971)313 

U. S. Department or Health, Education & Welfare, Public 
Health Service Drinking Waler Standards 1961 (PHS 
1961)317 

FDA 197p10 
FDA 1971'16 

FDA 1971316 

tolerance for residues using nematoc1de ethylene d1brom1de; FDA 1971316 
cone. as Br 

concenlrat1on as Br tolerance for reS1dues tumigated alter 
harvest with d1brom1de 

bromate calculated as Br tolerance for residues 
reS1dues for Bromides calculated as Br 

tolerance for reS1dues of inorganic bromides; concentrat1on FDA 1971'16 

as Br 

soil treatment with nematocide 1, 1-dibromo 3, chloropro
pane tolerance for residues calculated as Br 

tolerance for residues calculated as Br 

tolerance tor reS1dues calculated as Br 

maximum permissible concentration of Cd in domestic sup-
plies 

mandatory limit of Cd in domestic supplies 
tolerance l1m1t al Cd in domestic supplies 
permissible limit 

mandatory limit for Cr+o in domestic supplies 
mandatory limit 
limit not to be exceeded 

FDA 197131, 

Kirkor 1951'1' 

PHS 1961317 

WHO 1961'19 

World Health Organization tnternat1onat 
Drinking Water 1958 (WHO 1958)'18 

PHS 1961311 
WHO 1961'10 

FDA 1971'1' 
cancentrat1on calculated as Cr usmg chromic chloride com- FDA 1971'1" 

plexes 
recommended limit 
permisS1ble lim1tfor domestic water supplies 
permissible limit for domestic water supplies 

PHS 1961317 

WHO 195831' 
WHO 196131• 

Standards for 

established limits British Ministry of Agriculture, Fisheries and Food 1956'" 
established limits 
established limits 
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Constituent 

Copper (Cu) 

Cyanide (CN) 

Fluorine (F) 

Fluorine (F) 
Iron (Fe) 

Lead (Pb) 

Magnesium (Mg) 
Manganese (Mn) 

Manganese (Mn) 
Mercury (Hg) 

Nickel (HI) 

Nitrates . 
Selenium (Se) 

Silver (Ag). 
Zinc (Zn) 

Zinc (Zn) 

Maximum Permissible 
Concentrabon 

3 flf)m 

100 ppm 
0.01 mg/I 
0.01 mg/I 
0.2 mg/I 
25ppm 
250 ppm 
100 ppm 
25 ppm 
125 ppm 
90 ppm 
50 ppm 
20 ppm 
o. 15 percent 
0.1 percent 
0.095 percent 
0.15 percent 
1.2 mg/I 
0. 7 mg/I 
1.5 mg/I 
7 ppm 

25 ppm 
0.3 mg/I 
0.3 mg/I 
1.0 mg/I 
0.1 mg/I 
10 ppm 

0.05 mg/I 
0.1 mg/I 
7 ppm 

125 mg/I 
0.05 mg/I 
0.10 mg/I 
0.50 mg/I 
0.01 mg/I 
0.005 mg/I 
0.5 ppm 
1.0 mg/I 
50 mg/I 
0.01 mg/I 
0.05 mg/I 
0.05 mg/I 
5 mg/I 
5 mg/I 
65 ppm 
25flf)m 
15 ppm 

10 ppm 

7 ppm 

5 ppm 
2 ppm 
0.5 ppm 

0.1 ppm 
3a ppm 

TABLE 4--Continued 

pears 

Substance Allowed to Contain 
Given Concentrat1on 

certain foods 
drinking water 
drinking water 
drmk1ng water 
cereals and grains 
spices 
cereals 
nuts, 1.e. almonds, etc. 
cereal flours 
cereals cooked before eating 
uncooked pork 
cocoa 
bakery products 
egg white solids 
frozen meal 
yeast 
drinking water 
drinking water 
drinking water 
apple, apricot, bean, beet, blackberries, blue

berries, boysenberries, broccoli, brussel 
sprout, etc. most fruits & vegetables 

certain foods 
drinking water 
drinking water 
drinking water 
drinking water 
certain foods 

drinking waler 
drinking water 

Cond1t1ons & Comments 

tolerance for residues complexed copped for copper carbo· FDA 1971'" 
nale, posl·harvest use 

maximum quant1t1es CANADA 1971'" 
maximum allowable hmil 
recom1nended limit 
mandatory limit 
post-hmest application o1 CaCN 
post-harvest fum1gal1on with H CN; tolerances for residues 

linuts 101 lo be exceeded 
m1dUl!S of HCN shall not exceed these hmits 

recommended control lim1ts optimum; 50-53. 7 F 
at 79.:-90.5 F 
recommended limit 

\\'HO 1958.3'' 196)319 
PHS 1962317 

FDA 1971'1' 
FDA 1971'1' 

PHS 1962'1' 

\\'H 0 1961319 

tolerarce of combined fluorine for insect1c1dal fluorine com- FDA 1971'" 
pourds, cryolile and synthetic cryolile 

maximum 
recommended limit 
permissible limit 
excessive limit 
recommended limit 

CANADA 1971m 
PliS 1962317 
WHO 1958318 

WHO 1961'19 

maximum permissible levels mandatory limit for domestic CANADA 1971m 
water supplies 

PHS 1962317 

mostfrmt, i.e. apples, grapes, mangoes, peaches, loleran~e of combined lead using lead arsenate 
cherries, elc; tomatoes, young berries, rasp-

WHO 1958,3" 1961'1• 
FDA '971"' 

berries, peppers,'etc. 
drinking waler 
drinking water 
drinking water 
drinking water 
drinking water 
drinking water 
certain foods 
drinking waler 
drinking water 
drinking water 
drmkmg water 
drinking water 
drinking water 
drinking water 
peanut, vine hay & sugar beets 
straws of barley oafs & rye, wheal 
bananas, fodder of field corn, sweet corn and 

popcorn 

recommended limit for domestic waler supply 
recommended limit for domestic water supply 
perm1s,ible limit for domestic water supply 
excesme limit for domestic water supply 
recommend limit for domestic water supply 
maximum permissible concentration 
interim gu1dehnes 
maximum perm1SSible concentration 
recommended limit for domesbc water supply 
mandatory limit for domestic water supply 

recommended hm1 t for dome•tic water supply 

usmg Z 11on calculated as Zn 

pre & posl·harvest use, Zn ion calculated as Zn 

apples, celery, crabapples, fennel, pears, quinces, pre and po•l·barvest use, Zn ion calculated a• Zn 
papayas 

cranberries,cucumbers,grapes,summersquash, usm1 Zr ion calculated as Zn 
tomatoes, melons 

grams of barley, oats, rye and wheat 
carrots, sugar beets 
corn, gram, cotton seed, kidney, liver, onions, 

peanuts 
asparagus 
peaches toleram:e for residues of fungicide basic zinc suttate 

WHO 1961'1' 
PllS 1962317 
WHO 1958318 

WHO 1961'19 
Kirko1 1951'15 

Cl.NADA 1971'" 
KHkoi 1951'1' 

WHO 1961"9 

PllS 1962"' 
WHO 1958,'" 1961'1' 
PllS 1962'17 

WliO 1958,31 ' 1961'19 
FDA 1971>16 

FDA 1971"6 

Reference 
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liPFF:NDIX III-TABLE 5-Total Annual Production of Inorganic Chemicals in the U.S.A. 

(U.S. Department of Commerce, Bureau of the Census, 1971)"' 

Total Annual Product Total Annual Product 
Constituent Form of Element Production Code Year Constituent Form of Element Production Code Year 

(short tons) (short tons) 

Aluminum A'20:r-100 percent 6,639,891 2819511 1969 Cyanide HCN-100 percent 205,208 2819451 1969 
(Al) AICl:r-llquid & crystal 23,838 2819611 & 1969 (CN) 

2819615 
AICl:r-(100 percent) anhydrous 39, 511 2819617 1969 
Al203"3 H20-100 percent 325, 767 2819625 1969 Fluorine HF-100 percent anhydrous 221, 536 2819461 1969 

AIF:r-(tech) 143, 131 2819627 1969 (F) Naf-100 percent 6,885 2819728 1969 

Ah(SO,),-(comm) 1,243,803 2819651 1969 Na2S1F,-100 percent 48,975 2819751 1969 

17 percent Al 20.1 HF-100 percent 17,206 2819465 1969 

------

Ammonia synthetic-anhydrous 12,917,842 2819131 1969 Hydrogen H2S0,-100 percent 29,536, 914 28193- 1969 

(NH,) byproduct liquor 14,000 2819131 1969 (H+) 

NH,Cl-gray & white 26,615 2819141 & 1965* 
2819143 

Iron FeCl:r-100 percenl 66,674 2819942 1969 NH,N0,-100 percent 5, 891,234 2819151 1969 
(NH,),so,-100 percent 1,915, 721 2819157 1969 

(Fe) Feso,-100 percent 192,020 2819943 1969 

Barium BaCO:r-100 percent 79,002 2819004 1969 Manganese MnS0,•4 HzO 40,806 2819950 1969 
(Ba) (Mn) 

Bismuth subcarbonate 100 percent (bh02CO,)·H20 57 28199- 1969 Mercury mercury-redist1Hed 475, 688 (lbs) 2819953 1969 
(Bl) (Hg) 

Boron boric acid-100 percent 138,969 2819411 1969 Nickel N1so .. 6 H20-100 percent 20,388 2819956 1969 
NaB.o, • 10 H20 624, 257 2819724 1969 (Ni) 

Calcium carbide-( Comm) 856,039 2819912 1969 Phosphorus elemental-whi.e & red (tech) 628, 957 2819958 & 1969 
(Ca) CaHPO,-ammal feed grades 100 percent 496,027 2819919 1969 (P) 2819959 

CaHPO,-other grades 416,096 2819920 1969 POCb-100 percent 31,404 2819960 1969 
CaC0,-100 percent 206,078 2819913 1969 P2S .-100 percent 55, 759 2819961 1969 

P20 .-100 percent 3,566 2819962 1966* 

Chlorine 100 percent er, gas 9,413,885 2812111 1969 PCb-100 percent 57,312 2819963 1969 

(Cl) 100 percent CJ, liquid 4,399, 712 2812115 1969 
calcium hypochlonte (75 percent Cl) 42,941 2819211 1969 Silver AgCN-100 percent 1, 795 2819971 1969 
HCl-100 percent 1,910, 757 2819441, 1969 (Ag) (thou~nd av oz.) 

2819445 & AgNO,- 113, 809 2819972 1969** 
2819447 

NaCI0,-100 percenl 187,221 2819727 1969 

Sulphide NaSH-100 percent 27,364 2819729 1969 
Na.S-60-62 percent concentrated 22,222 2819782 1967**' 

Chromium chromic acid-100 percent 24,859 2819431 1969 Na S--60-&2 percent concentrated crystal 122,022 2819781, 1969 
(Cr) sodium bichromate and chromate 152,593 2819929 & 1969 & liquid (total) 2819782, & 

2819931 2819783 

Copper Cu0-100 percent 1,910 2819934 1968* 
(Cu) cu,0-100 percent 1,742 2819935 1969 Zinc. ZnCb-100 percent 27, 986 2819984 1966* 

CuSO..S H20-100 percent 47, 163 2819936 1969 (Zn) znso,. 7 H20-100 percent 57, 774 2819987 1969 

'1965 throu&h 1966 figures withheld to avoid discloling the figures for individual companies. 
" Includes unspecified amounts produced and shipped on contract basis. 
"'combined with 81 and 83 for 1969. 
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APPENDIX III-TABLE 6-Toxicit3 

Substance Tested Fonnulabon Organism Tested Common Name Life Stage or Size Cone. (ppb act. ingred.) Methods of Assessment 
(mm) in water 

-----------

lnsecbcides Organochloride 
Aldrin Technical Palaemon macrodactylus* Korean shnmp . 74 (. 51-1. 08) TL-50 
Aldrin Technical Palaemon macrodactylus Korean shnmp 3 (1.1-8.'I) TL-50 
Aldrin 100 percent Crangon septemspinosa Sand slirimp 26 8 LC-50 
Aldrin 100 percent Palaemonetes vulgaris Grass,.hrimp 31 9 LC-50 
Aldrin 100 percent Pagurus long1carpus Hermit crab 3.5 33 LC-50 
Aldrin Mercenana mercenaria Hard clam Larvae 500 37 percent surnval 

Larvae 1000 00 percent 
Eggs > 10000 TLM 

Larvae 410 TLM 
Aldnn 100 percent Fundulus heteroclitus Mumrr1chog 42 LC-50 
Aldrin 100 percent Fundulus heterocll\us Mumm1chog 55 LC-50 
Aldnn 100 percent Fundulus majahs Striped k1lhfish 49 17 lC-50 
Aldrin 100 percent Menid1a menidia Atlant1r. s1lvers1de 57 13 LC-50 

Aldrin 100 percent Mug1I cephalus Striped mullet 85 100 LC-50 
Aldrin 100 percent Thalassoma bifasc1atum Bluehead 80 12 lC-50 
Aldrin 100 percent Sphaeroides maculatus Northern puffer 168 36 LC-50 
Aldrin 100 percent Anguilla rostrata American eel 56 5 LC-50 
Aldrin Technical Gasterosteus aculeatus Threespine stickleback 22-44 27.4 TLM 

Aldrin Technical Cymatogaster aggregata Shiner perch 7.4 Tl-50 
Aldrin Technical Cy matogaster aggregata Shiner perch 2.26 (1.011-4. 74) Tl-50 
Aldrin Technical M1crometrus minimus Dwarf perch 18 Tl-50 
Aldrin Technical Micrometrus m1nimus Dwarf perch 2. 03 (1-4' 2) Tl-50 
Tri-6-Dust 81 percent Penaeus setiferus White ·;hrimp 41.6±5.9 35• TLM 

Benzene Hexachoride Penaeus aztecus Brown 1hnmp 11.9±.45 400" TlM 
Chlordane 100 percent Palaemon macrodactylus Korear shnmp 18 (10-38) TL-50 
Chlordane 100 percent Palaemon macrodactylus Korear shrimp 11 (7-18) Tl-50 
Chlordane 100 percent Gasterosteus aculeatus Threespine stickleback 22-44 160. TLM 
DDT Dunahella euchlora 1000 42 percent reduction in 02 evolution 
DOT Ounaliel\a euchlora 100 32 percent reduclillll in 02 evolutillll 
DDT Ounahella euchlora 10 30 percent reduction 1n 02 evolution 
DOT Phaeodactylum tncornutum 1000 35 percent reduction in 02 evolubon 
DDT. Skeletonema costatum 1000 39 percent reducbon in 02 evolution 

DDT.. ............... S~eletonema costatum .. "'" ... '"'"""'" 100 32 percent reducbon in 02 no\ution 
DOT Skeletonema costatum 10 36 percent reduction in 02 evolution 
DOT Cyclotel\a nana 1000 33 percent reduction in 02 evolution 
DDT Cyclotel\a nana 100 33 percent reduction in 02 evolution 

Effect of toxicant on growth of phytoplanl 
ton 

DDT Wettable powder Protococcus sp 600 o. 50 value a 
DOT Wettable powder Chlorella sp 600 1.00 ratio of O.D. 
DDT Wettable powder Dunahel\a euchlora 600 0. 74 of ExpL/0.D. 
DOT.. Wettable powder Phaeodactylum tricornutum 600 0. 91 control 
DDT .. Wettable powder Monochrys1s lutheri 40 0.57 
DDT• Crassostrea virginica Ameri1~n oyster 27 mean height 1.0 Wei&ht difference between control and ei 

Toxaphene .. 1.0 perimental oysters 
Parathion .. 1.0 

DDT Technical Grade Penaeus duorarum Pink slirimp 13.3 mm(Aug.) 0.12 TL-50 
DDT 77 percent Palaemon macrodactylus Korean shflmp 0.86 (0.41-1.59) TL-50 
DOT 77 percent Palaemon macrodactylus Korea~ shrimp 0.11 (0.0!l-0.32) TL-50 
DDT P, p1 isomer Crangon septemspinosa Sand shrimp 26 0.6 LC-50 
DDT P, p1 isomer Palaemonetes vulgans Grass 1hrimp 31 2. LC-50 
DDT Callinectes sap1dus Blue c1ab Adult 19. (9.-36.) TLM 
DDT Callmectes sapidus Blue c1ab Adult 35. (21-51) TLM 
DDT . P, P1 isomer Pagurus long1carpus Hermit crab 3.5 6 LC-50 
DOT P, p1 isomer Fundulus heterochtus Mumniichog 42 3 LC-50 
DOT P, P1isomer Fundulus heteroclitus Mumniichog 55 5 LC-50 
DDT P,P1 isomer Fundulus majal1s Striped kihflsh 40 1 lC-50 
DOT P,P' isomer Menid1a memdia Atlantic silverside 59 .4 LC-50 
DOT P, p1 isomer Mugil cephalus Striped mullet 46 .9 LC-50 
DDT. P,P'1somer Anguilla rostrata American eel 56 mm 4 LC-50 
DOT P,P'1somer Thalassoma b1lasciatum Blue head BO mm 7 LC-50 
DOT P,P'1somer Sphaero1des maculatus Northern putter 140 mm 89. LC·50 

* N.B. Italic type fonts were not available in a suitable point size. Ed. 
a Concentrabon of Tri·6-dust. 
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Data for Organic Compounds 

Test Procedure Temp C Salinity O/oo Other Environmental Cntena Statistical Evaluation Residue levels mg/kg Other Parameters Reference 

----- ----------- ------

96 hr static lab b1oassay 13-18 12-30 Turb. 1-12 nu 95 percent confidence intervals Earnest (unpublished)"' 
96 hr mterm1ttent flow lab b1oassay 13-18 12-30 Turb. 1-12 nu 
96 hr static b1oassay 20±.5 24 pH 8.0 D.0. 7.1-7.7 mg/I Eisler 1969"' 
96 hr static b1oassay 20±.5 24 pH 8 0 D.O. 7.1-7.7 mg/I EISier 1969327 

96 hr static b1oassay 20± 5 24 pH 8.0 D.O. 7.1-7. 7 mg/I Eisler 1969327 
10 day two-cell stage fert1l1Zed 24±1 DavlS and H1du 1969'" 
10 day eggs introduced into test media 24±1 DaVIS and H1du 19693" 

48 hr 50 percent of eggs develop 24±1 Dav1S and H1du 1969'" 
normally 

12 day 50 percent of larvae survive 24±1 DaVIS and H1du 19693" 
96 hr static b1oassay 20 24 pH 8.0 D.0. 7.1-7.7 mg/I Eisler 1970a'" 
96 hr static b1oassay 20 24 pH 8 0 D 0 7 .1-7. 7 mg/I Eisler 1970b329 

96 hr static b1oassay 20 24 pH 8.0 D.0. 7.1-7.7 mg/I Eisler 1970b'29 

96 hr static b1oassay 20 24 pH 8 0 D 0. 7 .1-7. 7 mg/I EISier 1970b3" 

96 hr static b1oassay 20 24 pH 8 0 0.0. 7. 1-1. 7 m1;/I Eisler 1970b'29 

96 hr static b1oassay 20 24 pH 8.0 D.0. 7.1-7.7 mg/I Eisler 1970b329 

96 hr s\a\1c b1oassay 20 24 pH 8.0 D.0 1.1-7.1 mg/I EISier 1970b"9 

96 hr static b1oassay 20 24 pH 8 0 D.0 7.1-7.7 mg/I EISier 1970b329 

96 hr static brnassay 20±.5 25 pH 6 8-7 4 Total atkahmty= Katz 1961'33 

45-57 ppm 
96 hr static brnassay 13±1 28 5.0 ITU Turb1d1ty 95 percent confidence Earn.st and Benville (unpublished)'" 
96 hr mterm1ttent flow b1oassay 14-18 25(25-26) Turb1d1ty 7 (5-10) nu intervals 1 0(0.23-0.42) 
96 hr static lab b1oassay 13±1 16 Turb1d1ty 18 nu 0. 38(0. 22-0. 54) 
96 hr intermittent flow b1oassay 14-18 28 Turb1d1ty 7 nu 
24 hr static lab b1oassay 17.4-22.3 31 4 pH=8 15-8.2 None Chm and Allen 1957"' 
24 hr static lab b1oassay 17.4-22 3 31 4 pH=8.15-8 2 None Chm and Allen 1957"' 
96 hr static lab b10assay 13-1& 12-30 Turb 1-12 nu 95 percent confidence intervals Earnest (unpubl1Shed)"" 
96 hr mterm1ttent flow lab b1oassay 13-18 12-30 Turb. 1-12 nu 95 percent confidence intervals Earnest (unpublished)"' 
96 hr static lab b1oassay 20± 5 25 pH 6. 8-7 4 Total Alkahmty None Katz 1961"3 

as Ca Co,, 45-57 ppm 
I-values 

250 ft.·c for 4 hrs Results analyzed 8 4 Derby and Ruber 1971"' 
usmgHailed 5.3 
T ·lest significance 5 3 

02 production measured by Winkler at 0.05 level 2 9 
Light-and-Dark Bottle Technique. 5.5 
Length of test 4 hr. 2.5 

5.2 
2.9 
2.3 

Organisms grown m test media con· 20.5±1 22-28 500 ft ·C continuous None Ukeles 1962347 

taming pesticides for 10 days 0.D. 20.5±1 22-28 
measured a\ 530 mµ 20.5±1 22-28 

20.5±1 22-28 
20.5±1 22-28 

36 wk chrome lab b1oassay 9-25 27-29 Mean m water weights were statistically DDE=13.0• Tissue changes Lowe et al. 197lb341 
different at 0.05 after 22 wks. DDE=.20 associated with 

DDT =29.0 gill, kidneys, 
Toxaphene=9.0 d1gest1ve tu· 
Parathion=. 007 bules, v1Sceral 

ganglion and 
tissues beneath 
gills. Mycelial 
fungus also 
present. 

28 day flowing lab b1oassay 21-29 24-33 95 percent confidence m\ervals 0.19 (muscle) Nimmo et a1. (unpublished)'" 
96 hr static lab b1oassay 13-18 12-30 Turb. 1-12 nu 95 percent confidence intervals Earnest (unpublished)'" 
96 hr flowing lab brna ssay 13-18 12-30 Turb 1-12 nu 95 percent confidence intervals Eames\ (unpublished)'" 
96 hr static lab b1oassay 20 24 pH=8 0 Eisler 19693" 
96 hr static lab b1oassay 20 24 pH=8 0 None SL Eisler 1969327 
96 hr static lab b1oassay 10 8.6 95 percent confidence 1. 5 Mahood et al. 1970342 
96 hr static lab b1oassay 21 8 6 Interval/slope lune. 1. 9 Mahood et al. 1S70"" 
96 hr static lab b1oassay 20 2.4 pH=8 0 None EISier 19693" 
96 hr static lab b1oassay 20 24 pH=8 0 None Eisler 1970a3" 
96 hr static lab brnassay 20 24 pH~8.o None EISier 1970b"' 
96 hr static lab b1oassay 20 24 pH~8 0 None EISier 1970b329 

96 hr s\a\ic lab b1oassay 20 24 pH=8.0 None EISier 1970b329 

96 hr sta\1c lab b1oassay 20 24 pH~S.O None Eisler 1970b"9 

96 hr static lab b1oassay 20 24 pH~8.0 DD 7.1-7.8 None Eisler 1970b"' 
96 hr static lab brnassay 20 24 pH=8.0 DO 7.1-7.8 None Eisler l 970b329 

96 hr static lab b1oassay 20 24 pH=8.G D07.1-7.8 None Eisler 1970b'29 

"Mixture of 1.0 ppb of DDT, Toxaphene, Parathrnn. 
' Residue after 36 week exposure. 
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TABLE 6-· 

Substance Tested Formulation Organism Tested Common Name Life Stage or Size Cone. (p11b acl mgred.) Methods of Assessment 
(mm) 111water 

·------ - ---- ------ --------· ------ ---- -

DDT. P, P' isomer Gasterosteus aculeatus Three.,pine stickleback 22-44 mm 11.5 TLM 
DDT Technical grade Cymatogaster aggregata Shme1 perch 48-104 7.6 TL·50 
DDT Technical grade M1crometrus mmimus Dwarf perch 48-104 4.6 TL·50 
DDT ... P, P' isomer Cymatogaster aggregata Shine1 perch . 45 (0. 21-0. 94) TL·50 
DDT .. P, P' 1Sbmer Micrometrus mm1mus Dwarf perch 0.26 (0.13-0.52) TL-50 
D1eldrin 85 percent Palaemon macrodactylus Korea 1 shrimp 16. 9 (10.8-3J.4) 
D1eldrin 85 percent Palaemon macrodactylus Korea 1 shrimp 6.9(3.7-13.1) 
Dieldrin 100 percent Crangon septemspinosa Sand ,hrimp 26 mm 1 LC-50 
D1eldrin 100 percent Palaemonetes vulgaris Grass shrimp 31 mm 50 LC-50 
Dieldrin 100 percent Pagurus longicarpus Hermit crab 3.Smm 18 LC-50 
D1eldrm Crassostrea virgmica American oyster Egg 640. TLM 
Dieldrin Nassa obsoleta Mud mail Adult 1,000 No. egg cases deposited significant le 

than control. Control=1473 Expt.=18 
Dieldrin Fundulus heteroclitus Mumm1chog 37 mm LC-50 
Dieldrin 100 percent Fundulus heterochtus Mumm1chog 51 mm LC-50 
D1eldrin 100 percent Fundulus majalis Stripe~ k1lhfish 40 mm LC-50 
D1eldrin 100 percent Memd1a menid1a Atlantic silvers1de 57 mm 5 LC-50 
D1eldrin 100 percent Mug1I cephalus Striped mullet 85 mm 23 LC-50 
D1eldrin 100 percent Anguilla rostrata A1nerican eel 57 mm .9 LC-50 
Dieldrin 100 percent Thalassoma b1lasc1atum Bluehead 80 mm LC-50 
Dieldrin 100 percent Sphaeroides maculatus Northern puffer 168 mm 34. LC-50 
D1eldrin Technical Gasterosteus aculeatus Threespme stickleback 22-44 13.1 TLM 

Dieldrin Technical Cymatogaster auregata Shme perch 48-104 3. 7 Tl-50 
Dieldrin Technical M1crometrus mmimus Dwart perch 48-104 5. TL-50 
D1eldrin 0.012 percent W/V Poec1lia lat1 pinna Sailfir moU1e 7.5 Reduced reproduction control-young bo 

65 Exp.-young born 37 

Dieldrin o. 012 percent W /V Poec1ha lat1pmna Sailfir molhe 6. SGOT actlYlty3 

12. increase 
Dieldrin Technical Cymalogaster aggregata Shme1 perch 1.s co. n-3.20) TL-50 

Dieldrin Technical M1crometrus minimus Dwarf perch 2.44 (1.16-:J.11) TL-50 

Endrin 99 percent Pafaemon macrodactyfus Korean shrimp 4.7(2.l-9.4) TL-50 
Endrin 99 percent Palaemon macrodactylus Korean shrimp .12 (0.01-0. 25) TL-50 
End rm 100 percent Crangon septemspmosa Sand shrimp 26 mm 1.1 LC-50 
Endrin 100 percent Palaemonetes vulgaris Grass shrimp 31 mm 1 8 LC-5~ 

Endrm 100 percent Pagurus long1carpus Heririt crab 3.5 12 LC·50 
Endrin 100 percent Nassa obsoleta Mud snail Adult 1,000 No. egg cases deposited significantly le 

than Control. Controf=1473 Expl=.2 

End rm Crassostrea v1rg1mca Amer can oyster Egg 790 TLM 
End rm Fundulus heterochtus Mumm1chog 42 mm 0.6 lC-50 
Endrin 100 percent Fundulus heterochtus Mumm1chog St mm .6 LC-50 
Endnn 100 percent Fundulus maialis Slrip1·d k1lhf1sh 40 (mm) 0.3 LC-50 
Endrin Technical 98 percent Fundulus S1m1hs Long11ose k1lhfish 0.23 LC·50 
End rm Technical 98 percent Brevoort1a patronus Mentaden 0.8 LC-50 
Endrm Technical 98 percent Mugli cephalus Strip•d mullet 2.6 LC·50 
End rm 100 percent Mug1I cephalus Striped mullet 83 (mm) 0.3 LC·SO 
End rm 100 percent Memd1a memdia Atlantic S1iverS1de 54 (mm) 0.05 LC-50 
Endnn 100 percent Thalassoma b1lasc1atum Bluetead 90(mm) 0.1 LC·50 
Endrin 100 percent Anguilla rostrata American eel 57 (mm) 0.6 LC-50 
End rm lDO percent Sphaero1des maculatus Nortt1ern putter 131 (mm) 3.1 LC·50 
End rm Technical 90 percent Gasterosteus aculeatus Threr.spme stickleback 22-44 0.5 TLM 

Endrin Powder 75 percent Gasterosteus aculeatus Thmspine stickleback 25-37 1.5 TLM 
End rm Technical 98 percent Cyprmodon vare1gatus Shee11shead mmnow 0.32 LC-50 
Endnn Technical 98 pment Le1ostomus xanthurus Spot 0.45 LC-50 
End rm Technical Cymatogaster aggregata ShmH perch 48-104 0 8 TLM 
End rm Technical M1crometrus m1mmus C1warf perch 48-104 0 6 TLM 
Endnn Technical Cymatogaster aggregata Shm1 r perch 48-104 0.12 (0.06-U.25) TLM 
End rm Technical Micrometrus m1mmus Dwaif Perch 48-104 0.13 (0.06-0.27) TLM 
Heptachlor 99 percent Palaemon macrodactylus Kore.in shnmp 14.5 (8.2-25.9) TL-50 
Heptachlor 100 percent Crangon septemspmosa Sand shrimp 26 8 LC-50 
Heptachlor 100 percent Palaemonetes vulgaris Gras; shrimp 31 440 LC-50 
Heptachlor 100 percent Pagurus long1carpus Hermit crab 3 5 55 LC-50 
Heptachlor 100 percent Fundulus heterochtus Murrm1chog 42 50 LC·SO 
Heptachlor 100 percent Fundulus heterochtus Murrm1chog 35 50.0 LC-50 
Heptachlor 100 percent fundulus ma1a11s Strip id k1lhfish 40 32 LC-50 
Heptachlor 100 percent Memdia memd1a Atlar tic s1lvers1de 54 LC-50 
Heptachlor 100 percent Mugil cephalus Stnpid mullet 100 194 LC-50 
Heptachlor 100 percent Anguilla rostrata llme11can eel 56 10 LC-50 
Heptachlor 100 percent Thalassoma b1fasciatum lllue 1ead 80 .8 LC-50 

-----
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Continued 

Test Procedure Temp C Salinity 0/oo Other Environmental Cntena Statistical Evaluation Residue levels mg/kg Other Paramelers Relerence 

------- ------ ----------

96 hr static lab b1oassay 10±.5 15 Tot. Alk. as CaCoi 14-57 ppm None Katz 1961 333 

96 hr static lab bioassay 13±1 16 pll 6.8-7 4 Eames! and BenVlle (unpublished)'" 
96 hr static lab b1oassay 13±1 18 95 percent confidence intervals 0.55(.44-.65) ppm Earnest and Benville (unpublished)'" 
96 hr inter. flow lab b1oassay 14-18 18 Turb. 11 JTU 95 percent confidence intervals 1.0(0.48-1.0) ppm Earnest and Benville (unpublished)'" 
96 hr inter flow lab b1oassay 14-18 17 Turb 4 JTU 
96 hr static lab b1oassay 13-18 11-30 Turb 1-11 JTU 95 percent confidence intervals Earnest (unpublished)'" 
96 hr inter. flow lab b1oassay 13-18 11-30 Turb 1-12 JTU 95 percenl confidence intervals Earnest (unpublished)'" 
96 hr static lab b1oassay 20 24 pH=8.0 None Eisler 1969'27 
96 hr static lab b1oassay 20 24 pH=B.O None Eisler 1969'21 

96 hr static lab b1oassay 20 24 pH=8.0 None Eisler 19693" 

48 hr static lab b1oassay 24±1 DaYIS and H1du 19693" 

96 hr exposure to 1. O ppm then 133 20± 5 24 pH=8 0 No. of egg cases deposited significantly Eisler 1970c33 " 

day post exposure in clean water different at 0. 001 level 
96 hr static lab b1oassay 20±.5 24 pH=8.0 None Eisler 1970a'" 
96 hr static lab b1oassay 20±.5 24 pH=6 0 None Eisler 1970b·'" 
96 hr static lab b1oassay 1J±.5 24 pH=8.0 None Eisler 1970b"' 
96 hr static lab b1oassay 2il±.5 24 pH=8.0 None Eisler 1970b329 

96 hr static lab b1oassay 2J±.5 24 pH=8.0 None EISier 1970b3" 
96 hr static lab b10assay 20± 5 24 pll=8.0 None E1sler 1970b1" 

96 hr static lab b1oassay 20±.5 24 pH=8 0 None Eisler 1970b329 

96 hr static lab b1oassay 20±-. 5 24 pH=B 0 None Eisler 1970b329 

96 hr static lab b1oassay 20±.5 25 pH 6 8-7 4 Tot. Alk caco, None Katz 1961'" 
45-57 ppm 

96 hr static lab b1oassay 13±1 15 None Earnest and Benville (unpublished)"" 
96 hr static lab b1oassay 13±1 29 None Earnest and Benville 
34 wk flowing water 17-30 25-30 None Blood 11.98 Lane and Livingston 1970"' 

Bram 13.3 
611137.6 ppm 

48 hr !lowing water test 27±1 Actmty sigmficanUy grealer al 0.05 lane and Scura 1970"" 
level 

96 hr inter. flow lab b1oassay 14-18 28 Turb 6 nu 95 percent confidence interval 2. 33(0. 00168- Earnest and Benville (unpublished)'" 
0.00307) ppm 

96 hr inter flow lab b1oassay 14-18 12 Turb 24 JTU 95 percent confidence interval 1.26(0. 00086- Earnest and Benville 
0.0017) 

96 hr static lab b1oassay 13-18 12-30 Turb 1-12 JTU 95 percent confidence interval Earnest (unpublished)'" 
96 hr mter flow lab b1oassay 13-18 12-30 Turb 1-12 ITU 95 percent confidence interval Earnest 
96 hr stal1c lab b1oassay 20 24 pH=B 0 None Eisler 1969327 

96 hr stal1c lab b1oassay 20 24 pH=8.0 None Eisler 1969321 

96 hr static lab b1oassay 20 14 pH=8 0 None EISier 1969121 

96 hr slatic exposure of adults to 20± 5 14 No. of egg cases depoSJted significantly Eisler 1970c330 

1 O ppm. 133 day post exposure 1n different at 0.001 level 
clean water 

48 hr static lab b1oassay 14±1 None Dav1S and H1du 19693" 
96 hr static lab b1oassay 10±.5 14 pH=8.0 None EISier 1970a3" 
96 hr stalic lab b1oassay 10±.5 14 pH=8 0 None EISier 1970b3" 
96 hr static lab b1oassay 10±.5 14 None Eisler 1970b"' 
14 hr flowing lab b1oassay 25 19 None Lowe 1965'" 
14 hr flowing lab b10assay 27 19 None Lowe 196533

' 

14 hr flowing lab b1oassay 19 11 None Lowe 1965338 

96 hr static lab b1oassay 20±.5 24 None Eisler 1970b329 

96 hr static lab b1oassay 20±.5 24 None Eisler 1970b1" 

96 hr static lab b1oassay 10±.5 24 None Eisler 1970b3" 
96 ht static lab b1oassay 10±.5 24 Hone Elsie< 1970b329 

96 hr static lab b1oassay 20±.5 24 None Elsie< 1970b329 

96 hr static lab bioassay 20± 5 25 pH=6.8-7.4 Tot. Alk. as (CaCOJ) None Katz 1961'" 
45-57 

96 hr static lab b1oassay 10 25 None Katz and Chadwick 1961'34 

24 hr flowing lab b1oassay 18 19 None Lowe 196533
' 

24 hr flowing lab bioassay 17 23 Hone lowe 1965'" 
96 hr static lab b1oassay 13±1 26 95 percent confidence intervals Earnest and Benville (unpublished)'" 
96 hr static lab b1oassay 13±1 18 95 percent confidence intervals Earnest and Benville 
96 hr intermittent flow lab b1oassay 14-18 18 95 percent confidence interval 0.13(0.02-0.27) Earnest and Benville 
96 hr intermittent flow lab b1oassay 14-18 18 95 percent confidence interval• 0.11(0.08-0.15) Earnest and Benville 
96 hr static lab b1oassay 13-18 11-30 Turb 1-11 nu 95 percent confidence intervals Earnest (unpubl1Shed)'" 
96 hr static lab b1oassay 10± 5 24 pH=8 0 None EISier 1969127 

96 hr static lab b1oassay 20±.5 24 pH=8.0 None EISier 1969327 

96 hr static lab b1oassay 10±.5 14 pH=8.0 D07.1-7.8 None E1Slet 1969327 
96 hr static lab b1oassay 10±.5 14 pH=8.0 DO 7.1-7 .8 None Eisler 1970a3" 

96 hr static lab b10assay 20±.5 14 pH=8.0 DO 7.1-7.8 None EISier 1970b'" 
96 hr static lab b1oassay 20± 5 24 pH=8.0D07.1-7.8 None E1Slet 1970b'" 
96 hr static lab b1oassay 10±.5 24 pH~S.O D07.1-7.8 None Eisler 1970b"' 
96 hr static lab b1oassay 10± 5 24 pH=8.0 DD7.1-7.8 None EISier 1970b'" 
96 hr static lab b1oassay 20±.5 14 pH=8.0 D07.1-7.8 None Eisler 1970b3" 
96 hr static lab b1oassay 20±.5 24 pH=8.0 DO 7.1-7.8 None Eisler 1970b"' 

(CaCo,) 45-57 ppm 
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TABLE 6--

Substance Tested Formulation Organism Tested Common Name Life Stage or Size Cone. (pp'm act. ingred.) Methods of Anessment 
(mm) m water 

Heptachlor 100 percent Sphaero1des maculalus Northe•n puffer 168 188 LC-50 
Heptachlor 72 percent Gasterosteus aculeatus ThreesJine stickleback 22-44 111.9 TLM 

Ratio 0.0. Expt. 
Ratio 0.0. Control 

Lmdane Protococcus sp. 5,000 O. 75 0 O. expt/0.0. control 
Lmdane Chiarella sp. 5,000 0.57 0.0. exp/0.0. control 
Lmdane Ounahella euchlora 9,000 0.60 0.0. exp/O.O. control 
Lmdane Phaeodactylum trrcornutum 5,000 o. 30 0.0. expt/0.0. control 
Lindane Monochrys1s lutherr 5,000 1.00 0.0. expt/0.0. control 
Lindane 100 percent Palaemon macrodactylus Korear shrimp 11.5 (4. J..31. 7) TL·50 
Lindane 100 percent Palaemon macrodactylus Korear shrimp 9.1 (5.8-15.(') TL·50 
Lindane 100 percent Crangon septemspmosa Sand rn1mp 16 5 LC·50 
Lmdane 100 percent Palaemonetes vulgarrs Grass 'hrrmp 31 10. LC-50 
Lmdane 100 percent Pagurus longicarpus Hermit crab 3.5 5. LC·50 
Lmdane 100 percent Nassa obsoleta Mud s11a1I 15 10000 Reduced deposition ol ogg cases from 147 

by control to 749 by Expt. 

lmdane Crassostrea v1rg1mca Eastern oyster Egg 9100 TLM 
Lmdane Mercenana mercenana Hard clam Egg > 10000 TLM 
Lmdane Mercenarra mercenana Hard clam Larvae > 10000 TLM 
Lindane 100 percent Fundulus heterochtus Mumrrichog 41 10 LC·50 
Lindane 100 percent Fundulus heteroclitus Mumrr1chog 55 60 LC·50 
Lmdane . 100 percent Fundulus ma1ahs Striped k1lhfish 49 18 LC·50 
Lmdane 100 percent Memd1a memd1a Atlant1; s1lvers1de 57 LC·50 
Lmdane 100 percent Mug1I cephalus Strrpet mullet 85 66 LC·50 
Lmdane 100 percent Anguilla rostrata Amernan eel 56 56 LC·50 
Lmdane 100 percent Thalossoma bifasciatum Bluehead 90 14 LC·50 
Lmdane 100 percent Sphaermdes maculatus Northern puffer 168 35 LC·50 
lmdane 100 percent Gasterosteus aculeatus Threespme stickleback 11-44 50 TLM 
Methoxychlor 89. 5 percent Palaemon macrodactylus Korear· shnmp .44(0.11·0.93) TL-50 
Methoxychlor 89.5 percent Palaemon macrodactylus Korear shnmp 6. 7 (4.37··10. 7) TL-50 
Methoxychlor 100 percent Crangon septemspmosa Sand shnmp 16 4. LC·50 
Melhoxychlor 100 percent Palaemonetes vulgans Grass >hnmp 31 11. LC-50 
Methoxychlor 100 percent Pagurus longicarpus Hermiccrab 3.5 7. LC-50 
Methoxychlor . 100 percent Fundulus heterochtus Mumm1chog 42 35 LC-50 
Methoxychlor 100 percent Fundulus heteroclitus Mumm1chog 55 35 LC-50 
Methoxychlor 100 percent Fundulus ma1afls Stripen kilflfish 40 30 LC-50 
Methoxychlor 100 percent Memd1a memdia Atlantic s1lverside 57 33 LC-50 
Methoxychlor 100 percent Mugil cephalus Stnpec mullet 100 63 lC-50 
Methoxychlor 100 percent Anguilla rostrata Ameman eel 56 11. LC·50 
Methoxychlor 100 percent Thalassoma b1fasciatum Bluehead 86 13. LC·50 
Methoxychlor 100 percent Sphaeroides maculatus Northern puffer 103 150. LC·50 
Methoxychlor 89. 5 percent Gasterosteu' aculeatus Threespme stickleback 11-44 69.1 TLM 

Mirex Techmcal Tetrahymena pyriform1s 0 9 16.03 percent decrease in population size 

Mircx Bait (. 3 percent mirex) Penaeus aLtecus Brown shrimp 14 One parti1:le of mirex 48 percent paralysis or death m 4 days 
bait/shrimp 

Mrrex Bart (. 3 percent mirex) Palaemonetes pugio Grass shrimp 15 One partii:le of mirex 63 percent paralysis/or death in 4 days 
bait/shrimp 

Mirex Techmcal Penaeus duorarum Pmk shrrmp 55 1.0 100 percent paralysis/or death m 11 day! 
M1rex Techmcal Penaeus duorarum Pmk s:mmp 55 0.1 36 percent paralysis/or death in 35 days 
M1rex Bail (0.3 percent mirex) UCA pug1lator Fiddle· crab 10 One part11:te of mirex 73 percent paralysrs/or death m 14 days 

bail per crab 
Mirex Bait (O. 3 percent) mirex Callinectes sapidus Bluenb 13 1 particle of bait/crab 84 percent paralysis/duath in 10 days 
Mirex Callinectes sap1dus Blue ciab Adult 5.6X10' TLM 

(4.0-7.8)><.10• 
TOE 99 percent Palaemon macrodactylus Korean shrrmp 8.3 (4.8-14.4) TL-50 
TOE 99 percent Palaemon macrodactylus Korean shrrmp 1.5 (1.6--1.0) TL-50 
Toxaphene Polychloro dicyclic Terpenes Protococcus sp. 40 • 77 0.0. expt/0.0. control 

with chlorated camphene Chiarella sp 40 . 70 0. o. ex pt/ O. O. control 
60 percent emulsion con· Ounaliella euchlora 70 53 0.0. expt/0.0. control 
centrate Phaeodactylum tricornutum 10 .54 0.0. expt/0.0. control 

Monochrys1s luthen 10 .oo 0 O. expt/0.0. control 
Toxaphene .. 100 percent Palaemon macrodactylus Korean shnmp 10.3 (8.6-47. 9) TL-50 
Toxaphene Callinectes sap1dus Blue crab Adult 370 (180-700) TLM 
Toxaphene Polychloro bicyclic Terpenes Mercenaria mercenaria Hardtlam Eggs 1110 TLM 

wilh chlorinated camphene Mercenaria mercenaria Hard i:lam Larvae 250 TLM 
Predominatory 

Toxaphene ......... 100 percent Gasterosteus aculeatus Threer.pine stickleback 11-44 7.8 TLM 
67-69 percent CL 

Thiodan® . 96 percent Palaemon macrodactylus Korean shnmp 17.1 (8.4-39 8) TL-50 
Thiodan® .• 96 percent Palaemon macrodactylus Korean shrimp 3. 4 (1. 8-6. 5) TL-50 
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Test Procedure Temp C Salinity 0 / oo Other Environmental Cntena Stat1st1cal Evaluation Residue levels mg/kg Other Parameters Reference 

------

96 hr slal1c lab b1oamy 21!±.5 24 p\1=8.0DD1.1-1.8 None Eisler 1910b'" 
96 hr static lab b1oassay 20±.5 15 pH 6.8-1.4 Total Alkahmty None Katz 196133' 

Test organisms grown in test media 10±.5 11-18 500 ft c-continuously None U keles 1961'" 
containing pest1c1des for ten days 10±.5 22-18 None Ukeles 1961'" 
Absorbance measured at 530 ml' 10±.5 22-18 None Ukeles 1961347 

10±.5 11-18 None Ukeles 1961'47 

10± 5 11-18 None Ukeles 1961'47 

96 hr static lab b1oassay 13-18 11-30 Turb 1-11 JTU 95 percent confidence intervals Earnest (unpublished)'" 
96 hr flowing lab b1oassay 13-18 11-30 95 percent confidence intervals Earnest (unpublished)'" 
96 hr static lab b1oassay 10± 5 14 p\1=8.0 D.0.1.1-1.7 None Eisler 1969'·21 

96 hr static lab b1oassay 10±.5 14 p\1=8.000.7.1-7.7 None Eisler I 969321 

96 hr static lab b1oassay 10±.5 14 p\1=8.0 D.0.1.1-7 7 None Eisler I 969321 

96 hr static lab b1oassay. Acute toxicity 10±.5 24 pH=8.0 No. of eggs deposited significantly less at Eisler t970c"o 
experiment followed by 133-day post 0.001 level. X'> 10. 8 Chi-square 
exposure in clean water. analysis 

48 hr static lab bwassay 24±1 None DaVtS and II 1du 1969'" 
48 hr static lab b1oassay 14±1 None DaVtS and Hidu 1969·" 
12 day static lab b1oassay 24±1 None Dam and Hidu 1969'" 
96 hr static lab b1oassay 10±.5 14 p\1=8.0 D.0. 7.1-7.7 None Eisler 1970a'" 
96 hr static lab b1oassay 10±.5 14 pH=8 0 D 0 7 1-7.7 None Eisler 1970b'" 
96 hr static lab b1oassay 20±.5 14 pll=8 0 D.O. 7.1-7.7 None Eisler 1970b3" 

96 hr static lab b1oassay 20±.5 14 p\1=8.0 0.D. 7.1-7.7 None Eisler 1970b'" 
96 hr static lab b1oassay 10±.5 14 p\1=8.0 0 D 7.1-7.7 None Eisler 1970b"' 
96 hr slat1t lab b1oassay 10± 5 14 p\1=8.0 0 D. 7. 1-7 7 None Eisler 1970b'" 
96 hr static lab b1oassay 10± 5 14 pll=8 0 0 D 7.1-7.7 None Eisler I 970b"' 
96 hr static lab b1oassay 10±.5 14 pH=8.0 0.D. 7.1-7. 7 None Eisler I 970b'" 
96 hr slal1c lab bioassay 20±.5 24 p\1=8.00.D.11-1.1 None Katz 1961"' 
96 hr static lab b1oassay 13-18 12-30 Turb. 1-11 JTU 95 percent confidence mlervals Earnest (unpublished)'" 
96 hr inlerm1tlenl-flow lab b1oassay 13-18 12-30 Turb 1-12 JTU 95 percent confidence intervals Earnest 
96 hr static lab b1oassay 10±.5 14 p\1=80DO1.1-11 None Eisler I 969321 

96 hr static lab b1oassay 20± 5 24 pll=8 0 D01.1-1.1 None Eisler 1969321 

96 hr static lab b1oassay 20±.5 24 pll=80DO1.1-11 None Eisler 1969321 

96 hr static lab b1oassay 10 14 p\1=8.0 DO 7 1-7.7 None Eisler 1970a328 

96 hr static lab b1oassay 10±.5 24 pll=8 0 D07.1-7.7 None Eisler 1970b3" 

96 hr static lab b1oassay 10±.5 14 p\1=8.0 D07 1-7.7 None Eisler 1970b'" 
96 hr static lab b1oassay 20±.5 24 p\1=8.0 D07.1-7.7 None Eisler 1970b3" 

96 hr slal1c lab b1oassay 20±.5 24 p\1=8 OD07.1-1.1 None Eisler 1910b"' 
96 hr static lab b1oassay 20±.5 24 pll=8.0 DO 7.1-1.7 None Eisler 1970b'" 
96 hr static lab b1oassay 10±.5 14 p\1=8.0 DO 7 1-7. 7 None Eisler 1970b329 

96 hr static lab b1oassay 20±.5 14 p\1=8.0 D07.1-7.7 None Eisler 1970b3" 

96 hr static lab b1oassay 20±.5 25 p\1=6 8-7 4 Total alkalinity None Katz 1961'" 
(CaC01) 45-57 

96 hr growth test 16 Cultures grown in Tetrahymena Measured effect 1s an average of the re- Cooley et al. (unpublished)"' 
broth suits ot tests in which a significant d1f· 

ference existed (P< 0. 05) 
Static b1oassay 22 21 Lowe et al. 1971a"o 

Static b1oassay 15 33 1.1 Lowe et al. 1971a340 

Flowing water b1oassay 17 29 °/oo None Lowe et al. 1971a'" 
Flowing water b1oassay 14 19 °/oo None O. 26 ppm Lowe et al. 1971a''° 
Flowing water b1oassay 29 21 °/oo None 0.30 ppm Lowe et al. 1971a"o 

96 hr flowing waler b1oassay 19 27 0.3 Lowe et al. 1971a340 

96 hr static lab b1oassay 21 19.3 95 percent confidence interval Mahood el al. 1970342 

96 hr static lab bioassay 13-18 12-30 Turb. 1-11 JTU 95 percent confidence interval Earnest (unpublished)'" 
96 hr flowing water lab bioassay 13-18 11-30 Turb 1-12 JTU Earnest 
Test organisms grown in lest media 20±.5 11-18 None U keles 19613" 

for 10 days absorbance measured at 10± 5 22-28 
530 mi 20±.5 22-28 

20±.5 21-28 
20±.5 21-28 

96 hr static lab b1oassay 13-18 12-30 Turbidity 1-12 JTU 95 percent confidence interval Earnest (unpublished)'" 
96 hr static lab b1oassay 21 8 6 95 percent confidence interval Mahood et al. 1970"2 
48 hr static lab b1oassay 24±1 Davis and Hidu 1969'" 
11 day static lab bioassay 24±1 Davis and H1du 1969'" 

96 hr static lab b1oassay 20±.5 25 Katz 1961'33 

96 hr static lab bioassay 13-18 12-30 Turb 1-12 JTU 95 percent confidence interval Earnest (unpublished)'" 
96 hr flowini water lab bioassay 13-1& 12-30 Turb 1-12 JTU 95 percent confidence interval Earnest 
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TABLE 6· 

Substance Tested Formulation Organism Tested Common Name Life Stage or Size Cone. (ppb act. mgred.) Methods of Assessment 
(mm) in water 

----- - - - ------- - ---- ----- ------------ -----------

Insecticides Organophosphates 
Abate Dunahella euchlora 1000 36 percent reduction m 02 evolution 
Abate Dunahella euchlora 100 23 percent reduction m 02 evolut1 on 
Abate Phaeodactylum tricornutum 1000 38 percent reduction m 02 evolution 
Abate Phaeodactylum tricornutum 100 28 percent reduction 1n 02 evolution 
Abate Skeletonema costatum 1000 55 percent reduction m 02 evolution 
Abate Skeletonema costatum 100 23 percent reduction m 02 evolution 
Abate Cyclotella nana 1000 80 percent reduction in 02 evolution 
Abate Palaemon macrodactylus Kornan shrimp 2550 (9l4-G540) TL·50 
Abate Palaemon macrodactylus Koman shrimp 249 (72. 5-853) TL-50 
Baytex Dunahella euchlora 1000. 27 percent reduction in 02 evolution 
Bayt ex Dunahella euchlora 100 27 percent reduction 1n 02 evolution 
Bayt ex Dunal1ella euchlora 10 16 percent reductwn m 02 evolution 
Baytex Phaeodactylum tricornutum 1000 29 percent reduction 1n 02 evolution 
Baytex Phaeodactylum tricornutum 100 29 percent reduction 1 n 02 evolution 
Baytex Phaeodactylum tricornutum 10 35 percent reduction m 02 evolution 
Baytex Sketetonema costatum 1000 19 percent reduction m 02 evoluhon 
Baytex Skeletonema costatum 100 51 percent reduct10n m 02 evolution 
Baytex Skeletonema costatum 10 26 percent recuct1on m 02 evolution 
Baytex Cyclotella nana 1000 50 percent reduction m 02 evolution 
Baytex Cyclotella nana 100 48 percent reduction 1n o, evolution 
Baytex Palaemon macrodactylus Kman shrimp 5 3 (3.13-11.92) TL-50 
Baytex Palaemon macrodactylus Komn shrimp 3.0(1.5-6 0) TL-50 
CO·RAL Crassostrea vtrgm1ca Eastern oyster Egg 110 TLM 
CO·RAL Crmostrea mg1n1ca Eanrn oyster Larvae >1000 TLM 
CORAL Mercenana mercenana Hard clam Egg 9120 TLM 
CO-RAL Mercenaria mercenaria Hard clam Larvae 5210 TLM 
CO·RAL Gasterosteus aculeatus Thrmpme stickleback 22-44 1470 TLM 

DOVP Crangon seplemsp1nosa Sand shrimp 26 LC-50 
DDVP Palaemonetes vulgaris Grass shrimp 31 15 LC-50 
DDVP Pagurus long1carpus Hermit crab 3.5 45 LC·50 
DDVP Fundulus heterochtus Munm1chog 42 3700 LC·50 
ODVP Fundulus heterochtus Munm1chog 55 2680 LC-50 
ODVP Fundulus ma1ah s Striped k1hlflsh 40 2300 LC-50 
DDVP Menidia menidia Atlantic s1lverside 50 1250 LC·50 
DDVP Mug1I cephalus Striped mullet 84 200 LC-50 
DDVP Anguilla rostrata Am.mean eel 59 1800 LC-50 
DDVP Thalassoma b1fasciatum Blu •head 80 1440 LC·50 
DDVP Sphaero1des maculalus Northern puffer 168 2250 LC-50 
Delnav 100 percent Crangon septemspmosa Sand shnmp 26 38 LC-50 
Delnav 100 percent Palaemonetes vulgans Grass shnmp 31 285 LC-50 
Delnav 100 percent Pagurus long1tarpus Hermit crab 3.5 82 LC·50 
Dicapthon Mercenana mercenana Haid clam Eggs 3340 TLM 
Dicapthon Mercenaria mercenana Haid clam Larvae 5740 TLM 
01oxath1on 100 percent Fundulus heteroch\us Munm1chog 42 6 LC-50 
01oxath1on 100 percent Fundulus heterochtus Mumm1thog 56 20 LC-50 
01oxath1on 100 percent Fundulus majahs Stnped k1lhflsh 84 15 LC-50 
01oxalh1on 100 percent Menidia men1d1a Atlrnt1t s1lverside 50 6 LC-50 
01oxath1on 100 percent Mug1I cephalus Stnped mullet 85 39 LC·50 
Dioxath1on 100 percent Anguilla rostrata Am mean eel 59 6 LC-50 
01oxath1on 100 percent Thalassoma b1fasciatum Bluihead 80 35 LC-50 
D1oxath1on 100 percent Sphaeroides maculatus Nmthern putter 168 75 LC-50 
D1pterex 50 percent soluble powder Dunahella euchlora 50,000 .54 (0.D. expt/0.0 cont.) 
D1pterex Soluble powder Phaeodactylum tncornutum 50,000 .85 (O.D. expt/0.D cont) 
D1pterex Soluble powder Phaeodactylum tncornutum 100,00) 39 (0 0 expt/O D cont.) 
01pterex Soluble powder Protococcus sp 100,000 .54 (0.D. expt/0.0. cont.) 
D1pterex Soluble powder Chlorella sp 50,000 . 70 (0.D. expt/O.D. cont.) 
01pterex Soluble powder Chlorella sp 500,00l .00 (0.0. expt;O.O. cont.) 
01pterex Soluble powder Monochrys1s luthen 50, 000 .55 (0.D. expt/0.D. cont.) 
D1pterex Crassostrea virg1mca Am mean oyster Larvae 1.000 TLM 
D1-syston Crassostrea virg1mca Amencan oyster Eggs 5860 TLM 
Oi-syston Crassostrea V1rg1n1ca American oyster Larvae 3670 TLM 
D1-syston Mercenana mercenana Haid clam Eggs 55280 TLM 
D1-syston Mercenana mercenana Haid clam Larvae 1390 TLM 
Dursban Technical Cymatogaster aggregata Shiner perch 55 3.5 TLM 
Dursban Technical Cymatogaster aggregata Shmr perch 55 3 7 TLM 
Oursban Palaemon macrodactylus Korean shnmp 0.25(0.10-0.63) TL-50 
Oursban Palaemon macrodactylus Ko1ean shrimp 0. 01 (ll. 002-(J. 046) TL-50 
Guthion Crassostrea Vlfgm1ta American oyster Eggs 620 TLM 
Guth1on Mercenana mercenaria Haid clam Eggs 860 TLM 
Guth1on Mercenana mercenaria Haid clam Larvae 860 TLM 

-----
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Test Procedure Temp C Salinity 0 / oo other Environmental Criteria Statistical Evaluabon Residue levels mg/kg other Parameters Reference 

------ -- ---~----

02 evolution measured by Winkler 250 ft.-c for 4 hrs. All percent t=6.1 Derby and Huber 1971'" 
Light-and-Dark Bottle Technique significant t=4.1 
1 I. of culture incubated 20 hrs 1n at 0.05 t=3.8 
pest1c1de soln. then placed 1n test level 1=2.5 
bottles 1=4.8 

1=2.2 
1=6.8 

96 hr static lab b1oassay 13-18 12-30 Turb. 1-12 JTU 95 percent confidence intervals Earnest (unpubhshed)"' 
96 hr intermittent flow lab bioassay 13-18 12-30 95 percent confidence intervals Earnest (unpubhshed)'" 
02 evolution measured by Winkler 250 ft.-c for 4 hrs All percent t=5.4 Derby and Huber 19713" 

Light-and-Dark Bottle Technique s1gnif1canl 1=6.l 
at 0.05 1=2 6 
level t=2.5 

1 I. of culture incuba led 20 hrs in pesti· 1=2.5 
c1de soln. then placed in test bottles. t=3.5 

1=2.3 
t=5.9 
t=3.2 
t=3.8 
t=2.l 

96 hr static lab b1oassay 13-18 12-30 Turb. 1-12 JTU 95 percent confidence intervals Earnest (unpubhshed)'" 
96 hr intermittent flow lab bioassay 13-18 12-30 Turb. 1-12 JTU 95 percent confidence intervals 
48 hr static lab b1oassay 24±1 22-28 None DaV<s and H1du 1969"' 
14 day static lab b1oassay 24±1 22-28 Nona 
48 hr static lab b1oassay 24±1 22-28 None 
12 day static lab b1oassay 24±1 22-28 None 
96 hr static lab b1oassay 20±.5 25 pH 6 8-7. 4 total alkalinity None Katz 1961'31 

45-57 ppm 
96 hr static lab b1oassay 20±.5 24 pH8.0D07.1-7.7 None Eisler 1969327 

96 hr static lab b1oassay 20±.5 24 pH 8.0 D07 1-7.7 None Eisler 1969"' 
96 hr static lab b<0assay 20±.5 24 pH 8.0 DO 7.1-7. 7 None E<sler 1969"' 
96 hr static lab b1oassay 20 24 pH 8.0 D07.0-7.7 None Eisler 1970a1" 

96 hr static lab b1oassay 20±.5 24 pH 8.0 D07.1-7.7 None Eisler 1970b3" 

96 hr static lab b1oassay 20±.5 24 pH 8.0 D07.1-7.7 None Eisler 1970b3" 

96 hr static lab b1oassay 20±.5 24 pH 8.0 D07.1-7.7 None Eisler 1970b'" 
96 hr static lab b1oassay 20±.5 24 pH 8.0 DO 7.1-7.7 None Eisler 1970b'" 
96 hr static lab b1oassay 20±.5 24 pH 8 8 DO 7 1-7 7 None Eisler 1970b129 

96 hr static lab b1oassay 20±.5 24 pH8.0D07.1-7 7 None Eisler 1970b329 

96 hr stabc lab b1oassay 20±.5 24 pH 8 0 DO 7.1-7.7 None Eisler 1970b''" 
96 hr static lab b1oassay 20±.5 24 pH 8.0 DO 7 1-7 7 None Eisler 1969"' 
96 hr static lab b1oassay 20±.5 24 pH 8.0 DO 7 1-7.7 None Eisler 1969327 

96 hr static lab b1oassay 20± 5 24 pH 8.0 DO 7 1-7.7 None Eisler 1969327 

48 hr static lab b1oassay 24±1. 22-28 None DaVIS and H1du 19693" 

12 day static lab b1oassay 24±1. 22-28 None Dam and H1du 1969"' 
96 hr static lab b1oassay 20 24 pH 8.0 DO 7 0-7. 7 None Eisler 1970a"' 
96 hr static lab b1oassay 20±.5 24 pH 8 0 None Eisler 1970b'" 
96 hr static lab b1oassay 20±.5 24 pH 8.0 None Eisler 1970b329 

96 hr static lab b1oassay 20± 5 24 pH 8 0 None Eisler 1970b"' 
96 hr static lab b1oassay 20±.5 24 pH 8 0 None Eisler 1970b"' 
96 hr stabc lab bioassay 20± 5 24 pH 8.0 None Eisler 1970b329 

96 hr static lab b1oassay 20±.5 24 pH 8.0 None Eisler 1970b'29 

96 hr static lab b<0assay 20± 5 24 pH 8.0 None Eisler 1970b329 

Organisms grown in test media con· 20.5±1 22-28 None Ukeles 1962317 

taming pest1c1de for 10 days optical 20 5±1 22-28 None Ukeles 1962117 
density measured at 530 mµ 20 5±1 22-28 None U keles 1962"' 

20 5±1 22-28 Kone Uke\es 1962111 

20 5±1 21-18 Kone Uke\es 1962317 
10.5±1 11-18 Kone Ukeles 1962317 

11-18 Kone Uke\es 1962"7 

48 hr static lab b1oassay 14±1. Kone Davis and H1du 1969'" 
48 hr static lab bioassay 14±1. Kone DaV<S and H1du 196932• 

14 day static lab b\oassay 24±1. Kone 
48 hr static lab b1oassay 14±1. None 
11 day static lab b1oassay 14±1. None 
96 hr static lab b1oassay 10.5±1. 15 None M1llemann 1969'" 
96 hr flowing water lab bio. 20.5±1. 25 None M1llemann 1969343 

96 hr static lab b1oassay 13-18 11-30 Turb. 1-11 JTU 95 percent confidence interva I Earnest (unpubh shed)"' 
96 hr. intermittent flow lab bioassay 13-18 11-30 Turb. 1-11 JTU 95 percent confidence mterval Earnest 
48 hr static lab b1oassay 14±1. None DaV<s and Hidu 1969'" 
48 hr static lab b1oassay 14±1. None DaV<S and H1du 1969"' 
11 day static lab b1oassay 14±1. None DaVIS and H1du 1969'" 
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TABLE 6· 

Substance Tested Formulation Organism Tested Common Name Life Stage or Size Cone. (ppb acl mgred.) Methods of Assessment 
(mm) in water 

------ ---------- -·-----· ··-------~--

Guth1on Cyprinodon variegatus Sheepshead minnow 40-70 Acetylchohnesterase activityd in cont1 
vs-experimental groups control= I 
expt.=0.097 

Guth1on 93 percent Gasterosteus aculealus Thrmpine stickleback 22-44 4.8 TLM 

Malathion Tetrahymena pyn!orm1s Log-phase 10,000 8. 8 percent decreHe m a popula\1on ' 
measured as absorbance at 540 mµ 

Malalh10n 95 percent Palaemon macrodactylus Kor.an shnmp 81.5 (1!1. 6-26.1) TL·50 
Malathion 95 percent Palaemon macrodactylus Korean shrimp 33.7(21.3-53.1) TL-50 
Malathion 100 percent Crangon septemsprnosa Sane shrimp 26 33 LC·50 
Malathion 100 percent Palaemonetes vutgaris Grass shrimp 31 82 LC-50 
Malathion 100 percent Pagurus long1carpus Hermit crab 35 83 LC-50 
Malathion Crassostrea v1rg1mca Amencan oyster Egg 90)0 TLM 
Malathion Crassostrea v1rg1mca Amencan oyster Larvae 2660 TLM 
Malathion 100 percent Fundulus heterochtus Mumm1chog 42 70 LC-50 
Malathion 100 percent Fundu\us heterochtus Mummichog 56 80 LC-50 
Malathion 100 percent Fundulus maiahs Striped k1lhfish 84 250 LC-50 
Malathion 100 percent Memdta memdta Atlantic s1lvers1de 50 115 LC-50 
Malathion 100 percent Mug1I cephalus Strired mullet 48 550 LC·50 
Malathion 100 percent Thalassoma b1!asciatum Blue head 80 17 LC·50 
Malathion 100 percent Anguilla rostrata American eel 57 81 LC·50 
Malathion 100 percent Sphaeroides maculatus Northern puffer 183 3150 LC-50 
Malathion 57 percent Gasterosteus aculeatus Thrmprne stickleback 22-44 76.9 TLM 

Methyl Parathion 100 percent Crangon septemsprnosa Sam\ stmmp 26 LC·5ll 
Methyl Parathion 100 percent Palaemonetes vulgaris 1Gra~ s shrimp 31 LC·50 
Methyl Parathion 100 percent Pagurus long1carpus 'Her mt crab 3.5 LC·50 
Methyl Parathion Fundulus heterocl1tus Mumm1chog 38 8,000 LC·50 
Methyl Patath1on 100 Fundulus heterochtus Mumm1chog 55 58,000 LC-50 
Methyl Parathion 100 Fundulus ma1ahs Stn 1ed k1lllilsh 84 13,800 LC-50 
Methyl Parath10n 100 Memd1a memdrn Atlantic s1lverside 50 5, 700 LC-50 
Methyl Paralh10n 100 Mugll cephalus Striµed mullet 48 5,200 LC-50 
Methyl Parathion 100 Anguilla rostrata Am11rican eel 59 16,900 LC-50 
Methyl Parathion 100 Thalassoma b1!asctalum Blu11head 90 12,300 LC-50 
Methyl Parath10n 100 Sphaeroides maculatus Northern puffer 196 75,800 LC-50 
Parath10n Cypnnodon variegatus Sheipshead minnow 40-70 10 Acetylchohnesterase activityd in conl 

vs.-expt. groups 1:ontrol= 1.36 Erp 
0.110 

PhOrate Cypnnodon vanegatus Sheipshead minnow 40-70 Acetylchohnesterase activityd in con' 
vs-expt groups t:ontrol= 1.36 Ex1 
0.086 

Phosdrrn® 100 percent Crangon septemsprnosa San 1 shnmp 16 11 LC-50 
Phosdnn® 100 percent Palaemonetes vulgans Gra1s shrimp 31 69 LC-50 
Phosdnn® 100 percent Pagurus long1carpus Her mi\ crab 3.5 28 LC·5ll 
Phosdnn® 100 percent Fundulus heterochtus Mu nm1chog 42 65 LC-50 
Phosdrin® 100 percent Fundulus heterochtus Mu·nm1chog 56 300 LC-50 
Phosdnn® 100 percent fundulus maiails Strued k1lilf1sh 64 75 LC·50 
Phosdnn® 100 percent Memdia memdia Atlantic silvers1de 50 310 LC-50 
Phosdnn® 100 percent Mug1I cephalus StnJed mullet 100 300 lC-50 
Phosdrrn® 100 percent Angmlla rostrata Amr.ncan eel 59 65 LC-50 
Phosdrrn® 100 percent Thalassoma b1tasctatum Blu1•head 80 74 LC-50 
Phosdrin® 100 percent Sphaerc1des maculatus Northern puffer 168 800 LC-50 
TEPP Protococcus sp. 1X105 , 61 OD expt/OD control 
TEPP Protococcus sp. 5X10' .00 OD expt/OD control 
TEPP Chlorella sp. 1X105 . 65 OD expt/OD control 
TEPP Chlorella sp 3X10' .27 OD expt!OD control 
TEPP Dunaliella euchlora 3Xt0' .49 OD expt/OD control 
TEPP Phaeodactylum tricornutum 1X10' .58 OD expljOD control 
TEPP Monochrys1s luthen 1X105 .83 OD expt/00 control 
TEPP Monochrys1s luthen 3Xl05 .38 OD expt/OD control 
TEPP Crassostrea mgrn1ca Am1mcan oyster Egg >1X104 TLM 
TEPP Crassostrea v1rg1mca Ame.ncan oyster Larvae >1X104 TLM 

lnsecbcides Carbamates 
Baygon Dunal1ella euchlora 1000 15 percent reduction in 02 evolution 
Baygon Dunahella euchlora 100 32 percent reduction m 02 evolution 
Baygon Dunahella euchlora 10 27 percent reduction in 02 evolution 
Baygon Phaeodactylum tncornutum 1000 23 percent reduction in 02 evolution 
Baygon Phaeodaclylum tncornutum 100 28 percent reducbon in 02 evolution 
Baygon Phaeodactylum tricornutum 10 40 percent reductton m 02 evolution 
Baygon Skeletonema costatum 1000 30 percent reduction in 02 evolution 
Baygon Skelelonema costatum 100 23 percent reduction in 02 evolution 
Baygon Skele\onema cos\atum \0 29 percent reduction in 02 e~olution 
Baygon Cyclotella nana 1000 53 percent reduction in 02 evolution 

d ACh hydrolysed/hr/mg. bram 



Continued 

Test Procedure Temp C Sahmty O/oo Other Env1ronmental Cntena Stat1St1cal Evaluat10n 

72 hr static exposure 21+2 

96 hr static lab b1oassay 25 

96 hr growth test in Tetrahymena broth 26 

96 hr static lab b1oassay 
96 hr intermittent flow I ab b1oassay 
96 hr static lab b1oassay 
96 hr static lab b10assay 
96 hr static lab b1oassay 
48 hr static lab b1oassay 
14 day static lab b1oassay 
96 hr static lab b10assay 
96 hr static lab b1oassay 
96 hr static lab b10assay 
96 hr static lab b1oassay 
96 hr static lab b1oassay 
96 hr static lab b1oassay 
96 hr static lab b1oassay 
96 hr static lab b10assay 
96 hr static lab b10assay 

96 hr static lab b10assay 
96 hr static lab b10assay 
96 hr static lab b1oassay 
96 hr static lab b1oassay 
96 hr stahc lab b1oassay 
96 hr static lab b10assay 
96 hr static lab b10assay 
96 hr static lab b10assay 
96 hr static lab b1oassay 
96 hr stat1C lab b10assay 
96 hr static lab b10assay 
72 hr static exposure 

72 hr static exposure 

96 hr static lab b10assay 
96 hr stal1C lab b10assay 
96 hr stahc lab b1oassay 
96 hr sta\lc lab b1oassay 
96 hr stat1C lab b10assay 
96 hr stallC lab b1oassay 
96 hr stallC lab b1oassay 
96 hr static lab b10assay 
96 hr static lab b10assay 
96 hr static lab b10assay 
96 hr stat1C lab b10assay 
10 day growth test 
10 day growth lest 
10 day growth lest 
10 day growth test 
10 day growth test 
10 day growth test 
10 day growth lest 
10 day growth test 
48 hr static lab b1oassay 
14 day static lab b1oassay 

02 evolut10n measured by Winkler 
L1ghl-and-Oark Bollie techmque 
1 I. of culture incubated 20 hrs in 
pest1c1de solut10n, then placed in 
test bottles 4 hrs 

13-18 
13-18 
20± 5 
20c±-. 5 
2H_ 5 
24=£-1 
24±1 

12-30 
12-30 
24 
24 
24 

20 24 
20±.5 24 
20± 5 24 
20± 5 24 
20± 5 24 
20±.5 24 
2J±.5 24 
2JcL 5 24 
10± 5 15 

2H-.5 24 
20± 5 14 
20± 5 24 
20o±- 5 24 
20=1-.5 24 
20± 5 24 
20=l 5 24 
20± 5 24 
20± 5 24 
20± 5 24 
20cL 5 24 
21±2 

2H2. 

20± 5 24 
20± 5 24 
20± 5 24 
20 24 
20± 5 24 
20=l 5 24 
20~- 5 24 
2H 5 24 
20± 5 24 
20± 5 24 
20=1- 5 24 
20 5±1 22-28 
205±1 22-28 
20 5cL 1 22-28 
20 5,c 1 22-28 
20 5ot-1 22-28 
20.5,tcl 22-28 
20 5±1 22-28 
20 5=l 1 22-28 
2H1 
24±1 

pH~7±02 

pH 6 8-7 4 Total Alkahmty as 
Ca Co, 45-57 

Turb 1-12 JTU 
Turb 1-12 JTU 
pH~8 OD07.1-7.8 
pH~80DO11-7 8 
pH~8 0 DO 7 1-7 8 

Statistical difference at 0.001 level t~ 
21.40 

None 

Stal1Sl1cal difference at 0 05 level 

95 percent confidence interval 
95 percent confidence interval 
None 
None 
None 
None 
None 

pH~8 0 DO 7 0-7 7 None 
pH~B O None 
pH~B O None 
pH~8 o None 
pH~8 o None 
pH~8 o None 
pH~8 o None 
pH~8 O None 
pH~6.8-7.4 45-57 Total alkahnity None 

as CaCo. 
pHd 0 DO 7.1-7.7 None 
pH~8 0 DO 7 1-7 7 None 
pH~8 0 DO 7.1-7 7 None 
pH~8 0 DO 7.0-7 7 None 
pH~B.O None 

None 
None 
None 
None 
None 
None 

pH 7± 2 S1al1Sl1cally different at 0. 001 level t~ 

pH 71 2 

pH~8.0 DO~ 7 1-7. 7 
pH~8 0 DO~ 7 1-7 7 
pH~8 0 D0~7.1-7.7 
pH~8 0 
pH~8.0 DO~ 7 1-11 
pH~8 0 DO~ 7 1-7 7 
pH~B.O D0~7.1-7 7 
pH~8 0 D0~7 1-7.7 
pH~8 0 DO~ 7 1-7 7 
pH~8 0 D0~7 1-7 7 
pHd 0 D0~7.1-7 7 
500 ft.-c continuous 
500 fl ·c continuous 
500 fl -c continuous 
500 fl -c continuous 
500 ft ·C continuous 
500 ft.·c continuous 
500 ft -c continuous 
500 ft.-c continuous 

250 fl.-c 4 hrs 

21 0169 

Stat1Shcally different at 0. 001 level t~ 
4 603 

None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 

All percent t~4.5 

S1gmf1cant t~4.6 

at 0.05 t~6.8 

level t~ 1.9 
t~2.5 

t~3.8 

t~4.3 

1~2.1 

t~2.9 

t~11.0 

Appendix Ill-Table 6/493 

ReS1due levels mg/kg Other Parameters Reference 

Coppage (unpublished)"' 

Katz 1961333 

Coorey and Keltner (unpublished)'" 

Earnest (unpubhshed)3" 
Earnest (unpubhshed)3" 
Eisler 1959321 
Eisler 1969"' 
EISier 1969"' 
DaYIS and H1du 1969'" 

EISier 1970a''" 
EISier 1970b''' 
Eisler 1970b329 

EISier 1970b329 

EISier 1970b3" 
EISier 1970b329 

Eisler 1970b3" 

EISier 1970b"' 
Katz 1961 033 

Eisler 1969"" 
EISier 1969121 

EISier 1970a3" 
Eisler 1970b"' 
EISier 1970b'" 
Eisler 1970b1" 
EISier 1970b1' 9 

EISier 1970b"' 
Eisler 1970b1" 

EISier 19JQJ319 
Coppage (unpubhshed)3" 

Coppage (unpubhshed)3" 

EISier 196!V27 

EISier 1969'27 

EISier 1969'" 
Eisler 1970a3" 
EISier 197 Ob'" 
EISier 1970b"' 
EISier 1970b'" 
Eisler 1970b'29 

EISier 1970b329 

EISier 197 Ob129 

EISier 1970b·'29 

Ukeles 1962m 
U keles 19623" 
Ukeles 1962"' 
U keles 1962"' 
Ukeles 19s2m 
U keles 1962147 

Ukeles 1962"' 
Ukeles 1962347 

DaYIS and H1du 1969324 
Da"s and H1du 19693" 

Derby and Ruber 1971325 
Derby and Ruber 1971'" 
Derby and Ruber 1971325 
Derby and Ruber 1971'25 
Derby and Ruber 1971"' 
Derby and Ruber 1971"' 
Derby and Ruber 1971'" 
Derby and Ruber 19713" 
Derby and Ruber 1971"' 
Derby and Ruber 1971'" 
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Substance Tested 

Sevin® 
Sevin®. 
Sevm® .. 
Sevin® 
Sevm® 
Sevin® 
Sevm® 
Sevm® 
Sevm® 
Serm® 
Sevm® 
Sevin® 
Sevin®. 

Sevm® 

Sevm® . .. 

Sevin® 
Sevin® 
Sevm® 
Sevm® 
Sevm®. 
Sevin® 
Sevin® ... 

Ser1n® .. 
Sevin® 
Sevm® 
Sevm®. 

Sevm® 

Sevm® 
Serm® .... 
Sevm® 
Sevm® .. 
Sevin® ..... 

Insecticides M1scel~neous 
Apholate 
Apholate 
Aphola1e 
Apholate 

Apho~te 

Apholate .. 

Herb1c1des Benzo1c acid 

Formulation 

95 percent 
95 percent 
95 percent 
95 percent 
95 percent 
95 percen1 
95 percent 
100 percent 
100 percent 
80 percent 
80 percent 
80 percent 
80 percent 

80 percent 

80 percent 

80 percent 
80 percent 
80 percent 

80 percent 
80 percent 
80 percent 
95 percent 

98 percent 

80 percent 
80 percent 
80 percent 
80 percent 
80 percent 

Chloramben. . . Technical acid 
Techmcal acid 

Techmcal acid 
Techmcal acid 

Techmcal acid 
Techmcal acid 

Techmcal acid 
Technical acid 

Ammonium salt 
Ammomum salt 

Ammonium salt 
Ammonium salt 

Ammonium salt 
Ammonium salt 

• No growth but organisms were viable. 

Organism Tested 

Dunaliella euchlora 
Phaeodactylum tricornutum 
Monochrys1s luthen 
Chlorella sp. 
Chlorella sp. 
Protococcus sp. 
Protococcus sp. 
Palaemon macrodactylus 
Palaemon macrodactylus 
Upogeb1a pugettens1s 
Calhanassa californiens1s 
Call1anassa cahforniens1s 
Cancer mag1ster 

Hem1graps1s oregonensis 

Crassostrea g1gas 

Crassostrea virgm1ca 
crassostrea virg1nica 
Mercanana mercenana 
Mercenana mercenana 
Clmocard1um nuttall· 
Chnocardium nuttalh 
Mylilus eduhs 

Parophrys vetulus 
Cymatogaster aggregata 
Gasterosteus aculeatus 
Gasterosteus aculeatus 

le1ostomus tanthurus 

Onchorynchus keta 
Canter mag1ster 
Cancer mag1ster 
Cancer mag1ster 
Cancer mag1ster 

Palaemoneles vulgans 
Palaemonetes vulgari> 
Nassa obsoleta 
Nassa obsoleta 

Nassa obsoleta 

Fundulus ma1ahs 

Chlorococcum sp. 
Chlorococcum sp. 

Dunahella tert1olecta 
Dunahella tert1olecta 

lsochrysis galbana 
lsochrys1s galbana 

Phaeodactylum tncornutum 
Phaeodactylum tncornutum 

Chlorococcum sp. 
Chlorococcum sp. 

Dunahella tert1olecta 
Dunal1ella tert1olecta 

lsochrysis galbana 
lsochrysis galbana 

TABLE 6--

Common Name life Stage or Size Cone. (ppb act. ingred.) Methods of Assessment 
(mm) in water 

------ ------ --------- --------- - --------

Korea11 shrimp 
Korea11 shnmp 
Mud shrimp 
Ghost shnmp 
Ghost shrimp 
Dungeness crab 

Shore crab 

Pacific oyster 

Amen :an oyster 
Amen :an oyster 
Hard ·:lam 
Hard :lam 
Cocklu clam 
Cockh1 clam 
Bay rrossel 

English sole 
Slime· perch 
Threespme stickleback 
Threespine stickleback 

Chum salmon 
Dungeness crab 
Dungeness crab 
Dungeness crab 
Dunge.ness crab 

Grass shnmp 
Grass shnmp 
Mud snail 
Mud snail 

Mud snail 

Stnp<d k1lhfish 

Adult 
Juvenile (male) 

Adult (female) 

Larvae 

Eggs 
larvae 
Eggs 
larvae 
Adults 
Juvenile 
Larvae 

Juvemle 
Juvemle 
Juvenile 
22-44 

18 mm 

Juvemle 
egg/prezoeal 
Zoea 
Juvenile 
Adult 

29.5 
29.5 
13.4 
13. 76 

12.71 

41.5 

100J 
100 
1000 
1000 
10,000 
1000 
10,000 
12.0 (8.5-13 5) 
7 0 (1.5-28) 
40 (30-60) 

'0 
130 
600 (590-6101 

270 (6D-690) 

2200 (1500-2IOO) 

3,000 
3,000 
3,820 
>2.500 
7,300 
3,850 
2, 300 (1~00-2900) 

4, 100 (31'00-5000) 
3, 900 (31100-4000) 
6, 700 (5[100-1700) 
3,990 

100 

2.500 (2:'00-2700) 
6 
10 
280 
180 

>5X10' 
5.50XH 5 

>3X10' 
1.0XlO• 

1.0X10'· 

>5.XHI• 

1.15XHl5 

5.XlO• 

1.5X10' 
5.x10• 

1x10s 
1.5X104 

1.0XJ0!-
2.5X10• 

2.225X10" 
4.X106 

2.75X111G 
4.XlD" 

1.5XID" 
3.5X10" 

.65 0 D. expl(O.D control 
'.00 0 D. expt/0.D. control 
'.00 O.D. expt/0.D. control 
.80 O.D. expt/0.D. control 
.00 O.D. expt/0.D. control 
. 74 OD. expt/0.D control 
'. 00 0 D. expl(O.D. control 
Tl·50 
Tl-50 
TLM 
TLM 
TLM 
EC-50 (Paralysis or death) loss ot equihl 

num 
EC-50 (Paralysis loss. ot eqml1bnum 1 

death) 
EC-50 prevention of development 

straight linge shell s'lage. 
TLM 
TLM 
TLM 
TlM 
TLM 
TLM 
EC-50 prevention of development to stra1gl 

hnge shell stage. 
TLM 
TLM 
TLM 
TLM 

65 percent surmed m experimental ar 
control test 

TLM 
Prevention of hatclHng and moltmg 
Prevention of molting and death 
Death or paralysis 
Death or paralysis 

TLM 
Post exposure TLM 
TLM 
Reduction m the If of egg cases deposit1 

from 103 for control to 70 for expt 
Reduction m # of egg cases deposited Ira 

103 by control to 16 by expt. 
TLM 

50 percent decrease m 02 evolution 
50 percent decrease 1 n growth 

50 percent decrease in 02 evolution 
50 percent decrease in growth 

50 percent decrea.e m 0 2 evolution 
50 percent decrease 111 growth 

50 percent decrease 1n 02 evolul1on 
50 percent decrease m growth 

50 percent decrease 1n 02 evolution 
50 percent decrease in growth 

50 percent decrease 1n 02 evolution 
50 percent decrease 1n growth 

50 percent decrease m 0 2 evolution 
50 percent decrease 1n grawtn 
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Continued 

Test P10cedure Temp C Salimty "loo Other Environmental Criteria Stat1st1cal Evaluation Residue levels mg/kg Other Parameters Reference 

10 day growth test 20 5±1 22-28 500 fl.·c continuous None Ukeles H62'" 
10 day growth test 20 5±1 22-28 500 11.·c continuous None Ukeles 1962347 
1 O day growth test 20 5±1 22-28 500 fl.·c continuous None Ukeles 1962347 

10 day growth test 20.5±1 22-28 500 ft.·c continuous None Ukeles 19623" 
10 day growth test 20 5±1 22-28 500 tl.·C continuous None U keles 1962347 
10 day growth test 20.5±1 22-28 500 lt.·c continuous None Ukeles 1962"' 
10 day growth test 20.5±1 22-28 500 lt.·c continuous None Ukeles 1962"' 
96 hr static lab b1oassay 13-18 12-30 Turbidity 1-12 JTU 95 percenl confidence l1m1ts Earnest (unpublished)'"' 
96 hr intermittent.flow lab b1oassay 13-18 12-30 Turbidity 1-12 JTU 95 percent confidence limits Earnest (u,pubhshed)"' 
48 hr static lab bioassay 20±2 25 pH 7.9-8.1 None Stewart et al. 19673" 
48 hr static lab bioassay 20±2 25 pH 7.9-8.1 None Stewart et al. 19673" 
24 hr static lab bioassay 20±2 25 pH 7.9-8.1 None Stewart et al. 19673" 
24 hr static lab bioassay 20±2 25 pH 7.9-8.1 None Stewart et al. 1967346 

24 hr static lab b1oassay 20±2 25 pH 7.9-8.1 None Stewart et al 196)346 

48 hr static lab bioassay 20±2 25 pH7.9-8.1 None Stewart et al. 196)34• 

48 hr slatic lab bioassay 24±1 None DaVIS and H1du 1969"' 
14 day static lab bioassay 24±1 None DaVIS and H1du 1969"' 
14 hr static lab b1oassay 24±1 None Davis and H1du 19693" 
14 day statlC lab b1oassay 24±1 None OaV1s and H1du 19693" 
24 hr static lab bioassay 20±2 25 pH 7.9-8.1 None Stewart et al. 1967"6 
96 hr static lab bioassay 20±1 25 None Butler et al. 1968322 
96 hr static lab b1oassay 20±2 25 pH 7.9-8 1 None Stewart et al. 1967346 

24 hr static lab b1oassay 20±2 25 pH 7 9-8 1 None Stewart et al. 19673" 
24 hr static lab b1oassay 20±2 25 pH 7 9-8 1 None Stewart el al. 1967346 

24 hr static lab b1oassay 20±2 25 pH 7.9-l! 1 None Stewart et al. 19673" 
96 hr static lab bioassay 20±.5 25 pH~6. 8-7 4 Total alkalinity None Katz 1961"'3 

45-75 ppm 
5 months contmuous flow chrome lab 16-29 24-30 None No pathology; Lowe 1967339 

bioassay mild AChE 
inhlb1t1on. 

96 hr statlC lab brnassay 15 25 None M11\emann 1969343 

24 hr static lab b1oassay 10±1 25 None Buchanan et al 1969"1 
96 hr stat1& lab b1oassay 10±1 25 None Buchanan et al. 1969321 

96 hr stat1& lab b10assay 18±1 25 None Buchanan et al. 1969321 

96 hr statlC lah b1oassay 18 25 None Buchanan et al. 1969"1 

96 hr static lab b1oassay 20 24 pH 7 8 None Eisler 1966"' 
50 days stabc cond1bons 20 24 pH 7.8 None Eisler 19663" 
96 hr static lab bioassay 20 24 pH 7 8 None Eisler 19663" 
100 day posl exposure to 96 hr static 20 24 pH 7.8 Reduction significant at 0.01 level. Eisler 19663" 

lab bioassay at 10 ppm. Analysis by Chi· square 
20 24 pH 7 8 Reduction significant at 0. 01 level. Eisler 19663" 

Anaiysis by Ch1·square 
96 hr static lab bioassay 20 24 pH 7.8 None Eisler 1966326 

r 20 30 pH~7.9-8.16000lux12/12 Litchlleld & Wilcoxon Method, 1947"' Walsh 19723" 

Growth measured as ABS. (525 mu) 20 30 pH~l.9-8.1 6000lux12/12 Walsh ,, 

after 10 days 

r 20 30 pH~ 7 9-8 1 6000 IUX 12/12 Walsh ,, 

Growth measured as ABS. (525 mu) 20 30 pH~ 7 9-8 1 6000 lux 12.·12 Walsh " 
after 10 days 

r 20 30 pH~7.9-8 1 6000lux12/12 Walsh 

Growth measured as ABS. (525 mu) 20 30 pH~ 7 .9-8.1 6000 lux 12/12 wa.sh 
after 10 days 

20 30 pH~ 7.9-8.1 6000 lux 12/12 Walsh 
,, 

Growth measured as ABS. (525 mu) 20 30 pH~7.9-8 1 6000lux12/12 Walsh 
,, 

alter 10 da1s 

r 20 30 pH~l.9-8 1 6000lux12/12 Walsh 
,, 

Growth measured as ABS. (525 mu) 20 30 pH~ 7. 9-8.1 6000 lux 12/12 Walsh 
,, 

alter 1 O days 

f 20 30 pH~7.9-8.1 6000lux12/12 Walsh 
,, 

Growth measured as ABS. (525 mu) 20 30 pH~ 7. 9-8.1 6000 lux 12/12 Walsh 
,, 

after 10 days 

f 20 30 pH~7.9-8.1 6000lux12/12 Walsh 
,, 

Growth measured as ABS. (525 mu) 20 30 pH~7.9-8.1 6000lux12;12 Walsh 
,, 

after 1 O days 

I 02 evolution measured by Gilson differential respirometer on 4 ml of culture in log phase. Length of test 90 minutes. 
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Substance Tested Formulation Organism Tested Common Name Li le Stage or Size Cone. (ppb act. ingred.) Methods of Assessment 
(mm) iri water 

----------------------------- ----- ----------

Ammonium salt Phaeodactylum tricornutum 3.25X10' 50 percent decrease m 02 evolution 
Ammonium salt Phaeodactylum tricornutum 3.0XJ06 50 percent decrease m growth 

Methyl ester Chlorococcum sp. 2X10' 50 percent decrease m 02 evolution 
Methyl ester Chlorococcum sp. 2.5X10' 50 percent decrease m growth 

Methyl ester Dunallella tertiolecta 1.75X1D' 50 percent decrease m 02 evolution 
Methyl ester Dunallella terbolecta 5X103 50 percent decrease 1n growth 

Methyl ester lsochrys1s galbana 1.5X103 50 percent decrease 1n 02 evolution 
Methyl ester lsochrys1s galbana 5X10' 50 percent decrease m growth 

Methyl ester Phaeodactylum tricornutum 2. 75X10' 50 percent decrease m 02 evolution 
Methyl ester Phaeodactylum tricornutum 5 XlD' 50 percent decrease m growth 

D1pyridylium 
Diquat D1brom1de Chlorococcum sp. >.5X10" 50 percent decrease 1n 02 evolution 
D1quat D1bromide Chlorococcum sp. 2 X10 5 50 percent decrease in growth 

D1quat D1brom1de Dunaliella tert1olecta >5XW 50 percent decrease in 0, evolution 
D1quat D1broD11de Dunallella !ert1olecta 3X104 50 percent decrease 1n growth 

Diquat Di bromide lsochrys1s galbana >5X10' 50 percent decrease in 0 2 evolution 
Diquat Di bromide lsochrys1s galbana 1.5X10' 50 percent decrease m growth 

D1quat D1bromide Phaeodactylum tricornutum >5X106 50 percent decrease in 02 evolution 
Diquat Di bromide Phaeodactylum tricornutum 1.5X104 50 percent decrease in growth 

Paraquat Dichloride Chlorococcum sp. >5X106 50 percent decrease in 02 evolution 
Paraquat Dichloride Chlorococcum sp. 5X10' 50 percent decrease in growth 

Paraquat Dichloride Dunaliella tert1oleeta 2.5X106 50 percent decrease m 02 evolution 
Paraquat Dichloride Dunallella tert1olecta 2X10' 50 percent decrease m growth 

Paraquat Dichloride lsochrysis galbana 5XJOb 50 percent decrease m 02 evolution 
Paraquat Dichloride lsochrys1s galbana 5X103 50 percent decrease m growth 

Paraquat Dichloride Phaeodactylum tricornutum 3.5X106 50 percent decrease m 02 evolution 
Paraquat Dichloride Phaeodactylum tricornutum 1.X104 50 percent decrease m growth 

N1trile 
Dichlobenil Technical acid Chlorococcum sp. 9X104 50 percent decrease m 02 evolution 
Dichlobenil Technical acid Chlorococcum sp. 6Xl01 50 percent decrease m growth 

D1chlobenil Technical acid Dunahetla tertiolecta 1.25X10'• 50 percent decrease 1n 02 evolution 
Dichlobenil Technical acid Dunallella tert1olecta 6Xl04 50 percent decrease m growth 

D1chlobenil Technical acid lsochrys1s galbana 1X105 50 percent decrease in 02 evolution 
D1chlobenil Technical acid lsochrysis galbana 6X104 50 percent decrease m growth 

Dichlobenil Technical acid Phaeodactylum tricornutum 1.5X10' 50 percent decrease m 02 evolution 
Dichlobenil Technical acid Phaeodactylum tricornutum 2.5Xlil' 50 percent decrease m growth 

Organochlorine 
MCPA Crassostrea v1rg1nica Ameri1:an oyster Egg 1.562X111' TLM 
MCPA Crassostrea virgmica American oyster Larvae 3.13X10·1 TLM 

Phenoxyacetic acid 
2,4-D Ester Crassostrea virg1nica Amerii:an oyster Egg 8X103 TLM 
2,4-D Ester Crassostrea v11g1nica American oyster larvae 740 TLM 
2,4-D Salt Crassostrea virginica American oyster Egg 2.044Xlll' TLM 
2,4-D Salt Crassostrea virg1nica Amerir.an oyster larvae 6.429X111' TLM 
2,4-D Technical acid Chlorococcum sp. 6X104 50 percent decrease in 02 evolubon 
2,4-D Technical acid Chlorococcum sp. 5X104 50 percent decrease in growth 

2,4-D. Technical actll Dunaliella tertiolecta 9X104 50 percent decrease in 02 evolubon 
2,4-D Technical acid Dunaliella terbolecta 7.5X104 50 percent decrease in growth 

2,4-D Technical acid lsodlrySts plbana 6X104 50 percent decrease m 02 evolution 
2,4-D Technical acid lsochrysis galbana 5Xl04 50 percent decrease in growth 
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Test Procedure Temp C Sahmty 0 / oo Other EnY1ronmental Criteria Statistical Evaluation Residue levels mg/kg Other Parameters Reterence 

J 20 30 pH=7.9-8.16000lux12/12 Walsh " 
Growth measured as ABS. (525 mu) 20 30 pH=7.9-8.1 6000lux12111 Walsh " 

after 10 days 

/ 10 30 pH=7.9-8.1 6000lux11/11 Walsh " 
Growth measured as ABS. (515 mu) 10 30 pH=7.9-8.1 6000lux11/11 Walsh " 

after 10 days 

J 20 30 pH= 7.9-8.1 6000 lux 11/11 Walsh " 
Growth measured as ABS (515 mu) 10 30 pH=7.9-8.1 6000lux11/11 Walsh " 

after 10 days 

r 20 30 pH=J.9-8.16000lux11i12 Walsh " 
Growth measured as ABS. (515 mu) 10 30 pH=7.9-8.1 6000lux11/11 Walsh " 

after 10 days 

I 20 30 pH=l.9-8.16000lux11/11 Walsh 1971"~ 
Growth measured as ABS (525 mu) 10 30 pH=7.9-8.1 6000tux11/11 Walsh " 

after 10 days 

J 20 30 pH= 7 9-8 1 6000 lux 12/11 Walsh " 
Growth measured as ABS. (515 mu) 20 30 pH=7.9-8.1 6000 lux 12/11 Walsh " 

after 10 days 

I 20 30 pH=7.9-8.1 6000lux11/11 Walsh " 
Growth measured as ABS. (515 mu) 10 30 pH=7 9-8 1 6000lux11111 Walsh 

,, 
after 10 days 

J 10 30 pH 7.9-8.1 6000lux11/11 L1tchf1eld & Wilcoxon Method"' Walsh 19713" 

Measured as ABS (515 mu) after 10 30 pH 7.9-8 1 6000 luX 11/11 Walsh " 
10 days 

r 20 30 pH 7 .9-8.1 0000 tux 12/11 Walsh " 
Measured as ABS. (525 mu) after 20 30 pH 7.9-8 1 6000IUX12/12 Walsh " 

10 days 
20 30 pH 7.9-8.160001UX 12/11 Walsh " 

Measured as ABS. (515 mu) after 10 30 pH 7. 9-8.1 6000 IUX 11/12 Walsh " 
10 days 

r 20 30 pH 7.9-8.1 6000lux11/11 Walsh " 
Measured as ABS. (515 mu) after 20 30 pH 7.9-8.1 6000lux11/11 Walsh " 

10 days 

f 20 30 pH 7.9-8.1 6000 tux 11/11 Walsh " 
Measured as ABS. (515 mu) after 20 30 pH 7. 9-8.1 6000 lux 11/11 Walsh " 

10 days 

r 20 30 pH 7.9-8.1 6000 lux 11/11 Walsh " 
Measured as ABS. (515 mu) after 20 30 pH7.9-816000lux11/11 Walsh " 

10 days 

f 10 30 pH 7 .9-8.1 6000 lux 11/11 Walsh " 
Measured as ABS. (515 mu) after 10 30 pH 7.9-8 1 6000 IUX 11/11 Walsh " 

10 days 

f 10 30 pH 7. 9-8.1 6000 luX 11/11 Walsh " 
Measured as ABS. (515 mu) after 10 30 pH 7.9-8 16000 lux 11/11 Walsh 

10 days 

f 10 30 pH 7. 9-8.1 6000 luX 11/12 Walsh " 
Measured as ABS. (525 mu) after 20 30 pH 7. 9-8. 1 6000 lux 11/11 Walsh " 

10 days 
20 30 pH 7.9-8 1 6000 lux 11/11 Walsh " 

Measured as ABS. (525 mu) after 20 30 pH 7.9-8.16000lux12/11 Walsh " 
10 days 

48 hr static lab bioassay 24±1 None DavlS and H1du 1969'" 
14 day stabc lab b1oassay 24±1 None Davis and H1du 19693" 

48 hr s!at1c lab b1oassay 24±1 None Davis and H1du 1969'24 

14 day s!atic lab bioassay 14±1 None Davis and Hidu 1969'" 
48 hr static lab b1oassay 24±1 None Davis and H1du 1969'" 
14 day static lab b1oassay 24±1 None Davis and H1du 19693" 

I 20 30 pH 7.9-8.16000lux11/11 Litchfield & Wilcoxon Method337 Walsh 19723" 

Measured as ABS. (515 mu) after 20 30 pH 7. 9-8.1 6000 lux 11/11 Walsh " 
10 days 

r 20 30 pH 7. 9-8 1 6000 lux 11/12 Walsh " 
Measured as ABS. (515 mu) after 10 30 pH 7.9-8.1 6000lux12/11 Walsh " 

10 days 

I 10 30 pH 7.9-8.1 6000 lux 11/12 Walsh " 
Measured as ABS. (515 mu) after 10 30 pH 7.9-8.1 6000 IUX 12/11 Walsh " 

10 days 

Jo, evotuhon measured by Gilson differental respirometer on 4 ml of culture in log phase. Length of test 90 minutes. 
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Substance Tested Formulation Organism Tested Common Name life Stage or Size Cone. <11pb act ingred.) Methods of Assessment 
(mm) 1n water 

2,4-0 Technical acid Phaeadactylum tricornutum 6X104 50 percent decrease m 02 evolution 
2,4-0 Technical acid Phaeodactylum tricornutum 5X10• 50 percent decrease m growth 

2,4·0 B1toxyethanol ester Chlorococcum sp. 1X10' 50 percent decrease in 02 evolution 
2,4-0 Butoxyethanol ester Chlorococcum sp. 7.5X104 50 percent decrease in growth 

2,4-0 Butoxyethanol este1 Ounahella tertiolecta lXID' 50 percent decrease in 02 evolution 
2,4-0 .. Butoxyethanol ester Ounaliella tert1olecta 7.5Xf04 50 percent decrease in growth 

2,4-0 Butoxyethanol ester tsochrys1s galbana 1X10' 50 percent decrease in 02 evolution 
2,4-0 Butoxyethanol ester tsochrysis galbana 7.5X104 50 percent decrease in growth 

2,4·0 Butoxyethanol ester Phaeodactylum tricornutum 2X10• 50 percent decrease 1n 02 evolution 
2,4-0 Butoxyethanol ester Phaeodactylum tricornutum 1.5X10" 50 percent decrease in growth 

EMID 2, 4-0 cmpd Crassostrea mginica American oyster Eggs 1.682X'IO' TLM 
EMID 2,4-0 cmpd Crassostrea V1Tg1mca American oyster urvae 3.0X101 TLM 
2,4,5-T Techmcal acid Chlorocaccum sp. 1.5X10" 50 percent decrease in Dz evolution 
2,4,5-T Technical acid Chlorococcum sp. 1.0XIO'• 50 percent dtH:rease in growth 

2,4,5-T Technical acid Ounahella terbolecta 1.5X101• 50 percent decrease 1n o, evolution 
2,4,5-T Technical acid Ounahella tert1olecta 1.25Xlll' 50 percent decrease m growth 

2,4,H Techmcal acid lsochrys1S galbana 5Xf04 50 percent decrease 111 02 evolution 
2,4,5-T Technical aicd lsochrys1s galbana 5X104 50 percent decrease 1n growth 

2,4,5-T Technical acid Phaeodactylum tncornutum 7.5X104 50 percent decrease in 02 evolution 
2,4, 5-T Technical acid Phaeodactylum tncornutum 5X10• 50 percent decrease in growth 

Phthahc 
Endothall TtH:hnical acid Chlorococcum sp. 1X10• 50 percent decrease 1n 02 evolution 
Endothall Techmcal acid Chlorococcum sp. 5X10• 50 percent decrease m growth 

Endothall Technical acid Ounahella tert1olec~ 4.25Xlll• 50 percent decrease in 02 evolution 
Endothall Technical acid Ounahella tert1olecta 5X104 50 percent decrease 1n growth 

Endothall. Technical acid lsochrys1s galbana 6X104 50 percent decrease 111 02 evolution 
Endothall Technical acid tsochrysis galbana 2.5X10'· 50 percent decrease m growth 

Endothall Techmcal acid Phaeodactylum tncornutum 7.5X104 50 percent decrease 111 02 erolut1on 
Endothall Techmcal acid Phaeodactylum tncornutum 1.5Xf0'! 50 percent decrease 111 growth 

Endothall Amme salt Chlorococcum sp. >lXID" 50 percent decrease 111 02 evoluhon 
Endothall Amine salt Chlorococcum sp. 3X105 50 percent decrease 111 growth 

Endothall Amme saft Ounahella tert1olecta >lXID' 50 percent decrease 111 02 evolution 
Endothall Amine salt Ounahella terbolecta 4.5X101 50 percent decrease 111 growth 

Endothall Amine salt lsochrys1s galbana >1X10' 50 percent decrease 1n 02 evolubon 
Endothall Amine salt lsochrysis galbana 2.25Xll4 50 percent decrease 111 growth 

Endothall Amine salt Phaeodactylum tncornutum >1X10 1 50 percent decrease 111 02 evolubon 
Endothall Amine salt Phaeodactylum tricornutum 2.5x101 50 percent decrease in 1rowth 

Endothail Crassostrea virginica American oyster Egg 2.822Xl0' TLM 
Endothall .... Crassostrea mginica American oyster Larvae 4.BOBXIO' TLM 
Endothall Mercenana mercenaria Hard clam Egg 5.102XI04 TLM 
Endothall Mercenana mercenaria Hard clam Larvae 1.25Xfll' TLM 

Picofinic acid 
Jordon® 101 ... Chlorococcum sp. >2X105 50 percent decrease m 02 evolution 
Jordon® 101 ... Chlorococcum sp. 1X10• 50 percent decrease in growth 

Jordon® 101 Ounahella tertiolecta >2X101 50 percent decrease in 02 evolution 
Jordon® 101 . Ounaliella tertiolecta 1.25Xrn' 50 percent decrease m growth 

Jordon® 101 lsochrysis &albana 1X10' 50 pen:ent decrease 1n 02 evolution 
Jordon® 101 lsochrysis 1albana .. 5X10• 50 percent decrease m growth 

Jordon® 101 Phaeodactylum tricornutum >12Xfll' 50 percent decrease in 02 evolution 
Jordon® 101 ... Phaeodactylum tricornutum 1X10' 50 percent decrease in growth 
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f 20 30 pH 7.9-8.16000lux12/12 Walsh " 
Measured as ABS. (525 mu) alter 20 30 pH 7.9-8.1 6000lux12111 Walsh " 

10 days 
j 20 30 pH 7.9-8.1 6000Jux11/12 Walsh 

Measured as ABS. (515 mu) alter 20 30 pH 7. 9-8. 1 6000 lux 11/12 Walsh " 
10 days 

20 30 pH J. 9-8.1 6000 lux 12/11 Walsh " 
Measured as ABS. (525 mu) alter 20 30 pH 7. 9-8 1 6000 lux 12/11 Walsh " 

10 days 

r 20 30 pH J.9-8.1 6000 lux 11;11 Walsh " 
Measured as ABS (525 mu) altar 20 30 pH J.9-8.16000lux11/12 Walsh " 

10 days 

f 20 30 pH 7.9-8 1 6000lux11/12 Walsh " 
Measured as ABS. (515 mu) alter 10 30 pH J.9-8.1 6000 lux 11/11 Walsh " 

10 days 
48 hr static lab b1oassay 14±1 Davis and H1du 1969'" 
14 day static lab b1oassay 14±1 Davis and Hidu 1969'" 

J 10 30 pH J. 9-8.1 6000 lux 11/11 Litchfield & Wilcoxon Method"' Walsh 1911'" 
Measured as ABS. (515 mu) alter 10 30 pH J.9-8160001ux11/11 Walsh " 

lO days 

f 10 30 pH J 9-8.1 6000 lux 11/11 Walsh " 
Measured as ABS. (515 mu) after 10 30 pH J. 9-8.1 6000 lux 11/11 Walsh " 

10 days 

r 10 30 pH J. 9-8.1 6000 Jux 11/11 Walsh " 
Measured as ABS. (515 mu) alter 10 30 pH J.9-8 1 6000 lux 11/11 Walsh " 

10 days 
j 10 30 pH J.9-8 1 6000tux11/11 Walsh " 

Measured as ABS. (515 mu) alter 10 30 pH J. 9-8.1 6000 lux 11/11 Walsh " 
10 days 

f 20 30 pH J. 9-8. 1 6000 lux 11/11 Litchfield & Wilcoxon Method"' Walsh 1972'" 
Measured as ABS (515 mu) alter 10 30 pH J. 9-8.1 6000 lux 11/11 Walsh " 

10 days 

f 10 30 pH 7.9-8.1 6000lux11/11 Walsh " 
Measured as ABS (515 mu) alter 20 30 pH 7 9-8.1 6000 tux 11/11 Walsh " 

10 days 
10 30 pH 7. 9-8.1 6000 lux 11/11 Walsh " 

Measured as ABS (515 mu) alter 10 30 pH J.9-8.1 6000lux11/11 Walsh " 
10 days 

J 10 30 pH J .9-8.1 6000 tux 11/11 Walsh " 
Measured as ABS (515 mu) alter 10 30 pH 7.9-8.16000lux11/11 Walsh 

10 days 

J 10 30 pH 7. 9-8.1 6000 lux 11/11 Walsh " 
Measured as ABS (515 mu) after 10 30 pH J. 9-8.1 6000 lux 11/11 Walsh " 

10 days 
20 30 pH 7 .9-8.1 6000 lux 12112 Walsh " 

Measured as ABS. (515 mu) after 20 30 pH J.9-8.1 6000tux11/11 Walsh " 
10 days 

r 20 30 pH 7.9-8.1 6000lux12/12 Walsh " 
Measured as ABS. (525 mu) after 10 30 pH J.9-8.1 6000lux11;11 Walsh " 

10 days 

f 20 30 pH 7. 9-8.1 6000 lux 11/12 Walsh " 
Measured as ABS. (525 mu) alter 10 30 pH J.9-8.16000lux11/11 Walsh " 

10 days 
48 hr static lab b1oassay 24±1 None Davis and Hidu 1969'" 
14 day slat1c lab b1oassay 24±1 None Davis and H1du 1969"' 
48 hr static lab b1oassay 24±1 None Dam and H1du 1969'" 
12 day static lab b10assay 24±1 None Dav~ and Hidu 1969'" 

f 20 30 pH J.9-8.1 6000lux12/12 Litchfield & Wilcoxon Method'" Walsh 1972348 

Measured as ABS. (525 mu) after 20 30 pH J.9-8.16000lux12/12 Walsh " 

10 days 

f 20 30 pH 7.9-8.1 6000lux12/12 Walsh " 
Measured as ABS. (515 mu) alter 20 30 pH 7. 9-8.1 6000 lux 11/11 Walsh " 

10 days 

J 20 30 pH 7.9-8.16000lux11/11 Walsh " 
Measured as ABS. (515 mu) after 20 30 pH 7.9-8.16000tux12/12 Walsh " 

10 days 

f 10 30 pH 7. 9-8.1 6000 tux 12/12 Walsh " 
Measured as ABS. (525 mu) after 20 30 pH 7.9-8.1 6000 lux 12;11 Walsh " 

10 days 

o, evolution measured by Gilson d1Herential resp1rometer on 4 ml of cutture in log phase. Test length 90 minutes 
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(mm) in water 

Propirmic acid 
Dalapon Technical acid Chlorococcum sp. 2.5X104 50 percent decrease 1n 02 evolution 
Dalapon . Technical acid Chlorococcum sp. 5X104 50 percent decrease in growth 

Dalapon Technical acid Dunahella tert1olecta 2.5X104 50 percent decrease in 02 evolution 
Dalapon Technical acid Dunahella tert1olecta 1.X105 50 percent decrease in growth 

Dalapon Technical acid lsochrysis galbana 4X10• 50 percent decrease m 02 evolution 
Dalapon Technical acid lsochrysis galbana 2X10• 50 percent decrease on growth 

Dalapon Technical acid Phaeodactylum tncornutum 2.5x10• 50 percent decrease in 02 evolubon 
Dalapon Technical acid Phaeodactylum tricornutum 2.5X104 50 percent decrease in growth 

Silvex Technical acid Chlorotoccum sp. 2.5X10' 50 percent decrease on 02 evolution 
Silvex Techmcal acid Chlorotoccum sp. 2.5X104 50 percent decrease in growth 

Sil vex Technical acid Dunaliella tert1olecta 2X105 50 percent decrease in 02 evolution 
Silvex T echmcal acid Dunal1ella tert1olecta 2.5x10• 50 percent decrease m growth 

Silvex Technical acid lsochrysis galbana 2.5X105 50 percent decrease m 02 evolubon 
S1lvei Technical acid lsothrys1s galbana 5X10' 50 percent decrease m growth 

S1lvex Crassostrea v1rg1mca Ameri :an oyster Egg 5.9X10' TLM 
Silvex Crassoslrea virginica Ameri•:an oyster Larvae 710 TLM 

Tolu1dme 
Tnl\uralin Technical acid Chlorococcum sp. 5Xl05 50 percent decrease m 02 evolution 
Tnfluralm Technical acid Chlorococcum sp. 2.5X1D' 50 percent decrease in growth 

Tritluralin Technical at1d Dunahella tert1olecta >5X105 50 percent decrease 1n Oz evolul1on 
Tril\uralin Technical acid Dunahella terbolecta 5X103 50 percent decrease m growth 

Tnl\urahn Technical acid lsochrys1S galbana 4X10' 50 percent decrease in 02 evolution 
Tril\uralin Technical at1d lsochrys1s galbana 2.5X10' 50 percent decrease m growth 

Tnllurahn Technical acid Phaeodactylum tricornutum >5X105 50 percent decrease in 02 evolution 
Tnfluralin Techmcal at1d Phaeodactylum tncornutum 2 5X103 50 percent decrease 1n growth 

Triazine 
Ametryne Technical acid Chlorococcum sp. 20 50 percent decrease in 02 evolution 
Ametryne Technical at1d Chlorococcum sp. 10 50 percent decrease in growth 

Ametryne Technical acid Dunahella tert1olecta 40 50 percent decrease 1n 02 evolution 
Ametryne Technical acid Dunahella tert1olecta 40 50 percent decrease 1n growth 

Ametryne Technical acid lsochryllS galbana 10 50 percent decrease 1n Oz evolubon 
Ametryne Technical acid lsochrys1s galbana 10 50 percent decrease in growth 

Ametryne Technical acid Phaeodactylum tncornutum 10 50 percent decrease in 02 evolution 
Ametryne Technical acid Phaeodactylum tncornutum 20 50 percent decrease in growth 

Atrazme Technical acid Chlorococcum sp. 100 50 percent decrease 1n Oz evolution 
Atrazme Technical at1d Chlorocoecum sp. 100 50 percent decrease in growth 

Atrazine Techmcal acid Dunahella tert1olecta 300 50 percent decrease in 02 evolubon 
Atrazine Technical acid Dunahella tert1olecta 300 50 percent decrease 1n growth 

Atrazine Technical at1d lsochrys1s galbana 100 50 percent decrease 1n 02 evolution 
Atrazme Technical acid lsochrysis galbana 100 50 percent decrease m growth 

Atra11ne Technical attd Phaeodactylum tncornutum 100 50 percent decrease in 02 evolution 
Atrazme Technical acid Phaeodactylum tncornutum 200 50 percent decrease in growth 

Prometone Technical acid Chlorococcum sp. 400 50 percent decrease in 02 evolution 
Prometone. Technical acid Chlorococcum sp. 500 50 percent decrease m growth 

Prometone. Technical acid Dunahella tert1olecta 2X10' 50 percent decrease m 02 evolubon 
Prometone Technical acid Dunahella tertiolecta 1.5X10' 50 percent decrease m growth 

Prometone Technical acid lsothrysis galbana 1x10• 50 percent decrease m Dz evolution 
Prometone Techmcal acid lsochrysis galbana 1x10• 50 percent decrease in growth 

----- -----



Appendix III-Table 6/501 

Continued 

Test Procedure Temp C Salinity o / oo Other Environmental Cntena Statistical Evaluation Re~due levels mg/kg Other Parameters Reference 

f 20 30 pH 7. 9-8. 1 6000 lux 12/12 Walsh " 
Measured as ABS. (525 mu) after 20 30 pH 7. 9-8. 1 6000 lux 12/12 Walsh " 

10 days 

f 20 30 pH 7.9-8.1 6000 lux 12/12 Walsh " 
Measured as ABS (525 mu) after 20 30 pH 7.9-8.1 6000lux12/12 Walsh " 

10 days 

f 20 30 pH 7.9-8.1 6000lux12/12 Walsh " 
Measured as ABS (525 mu) after 20 30 pH 7. 9-8.1 6000 lux 12/12 Walsh " 

10 days 

f 20 30 pH 7.9-8.1 6000lux12/12 Walsh " 
Measured as ABS. (525 mu) after 20 30 pH 7.!.-8.16000lux12/12 Walsh " 

10 days 

f 20 30 pH 7.9-8. I 6000lux12/11 Walsh " 
Measured as ABS. (525 mu) after 20 30 pH 7. 9-8. 1 6000 lux 12/12 Walsh " 

10 days 

f 20 30 pH 7.9-8.1 6000lux11/12 Walsh " 
Measured as ABS. (515 mu) after 20 30 pH 7.9-8.1 6000 lux 12/11 Walsh " 

10 days 

f 20 30 pH 7.9-8 1 6000 lux 12/12 Walsh " 
Measured as ABS (515 mu) after 20 30 pH 7 9-8.1 6000lux11/11 Walsh " 

10 days 
48 hr static lab b1oassay 14±1 None Davis and H1du 1969'" 
14 day static lab b1oassay 24±1 None DaVIS and H1du 1969"' 

f 20 30 pH 7.9-8.1 6000 lux 12/11 Litchfield & Wilcoxon Method"' Walsh 197134• 

Measured as ABS (515 mu) after 20 30 pH 7.9-8.1 6000 lux 11/11 Walsh " 
10 days 

J 20 30 pH 7. 9-8. 1 6000 lux 12/11 Walsh " 
Measured as ABS (515 mu) after 20 30 pH 7.9-8.16000lux11/12 Walsh " 

10 days 

f 20 30 pH 7.9-8.1 6000 lux 12/12 Walsh " 
Measured as ABS (515 mu) alter 10 30 pH 7.H.16000lux11/11 WalSh " 

10 days 

J 20 30 pH 7.9-B.1 6000lux12/12 Walsh " 
Measured as ABS (515 mu) alter 20 30 pH 7.9-8.1 6000lux11/11 Walsh " 

10 days 

J 10 30 pH 7.9-8.16000lux11/11 Walsh " 
Measured as ABS (515 mu) after 10 30 pH 7. 9-8.1 6000 lux 11/11 Walsh " 

10 days 

f 20 30 pH 7.9-8.1 6000lux12/11 Walsh " 
Measured as ABS (525 mu) after 10 30 pH 7. 9-8.1 6000 lux 12/11 Walsh " 

10 day, 

J 20 30 pH 7.9-8.1 6000 lux 11/11 Walsh " 
Measured as ABS (525 mu) alter 20 30 pH 7. 9-8.1 6000 lux 12/12 Walsh " 

10 days 

f 10 30 pH 7.9-8.1 6000lux11/11 Walsh " 
Measured as ABS (515 mu) alter 10 30 pH 7.9-8.1 6000lux11;11 Walsh " 

10 days 

f 10 30 pH 7.9-8.1 6000lux11/11 Litchfield & Wilcoxon Method'" Walsh 1971'" 
Measured as ABS (525 mu) after 20 30 pH 7. 9-8. 1 6000 lux 12/12 Walsh " 

10 days 

J 20 30 pH 7. 9-8 1 6000 rux 12/12 Walsh " 

Measured as ABS (515 mu) after 20 30 pH 7.9-8.16000lux12/11 Walsh " 
10 days 

f 20 30 pH 7.9-8.16000lux11/11 Walsh " 
Measured as ABS (515 mu) after 20 30 pH 7.9-8.1 6000lux12/12 Walsh " 

10 days 

f 20 30 pH 7.9-8.1 6000lux11;11 Walsh " 
Measured as ABS (515 mu) after 10 30 pH 7. 9-8.1 6000 lux 11/12 Walsh " 

10 days 

f 20 30 pH 7. 9-8.1 6000 lux 11/12 Walsh " 
Measured as ABS. (515 mu) after 10 30 pH 7. 9-8.1 6000 lux 11/11 Walsh " 

10 days 

f 10 30 pH 7. 9-8. 1 6000 lux 12/11 Walsh " 
Measured as ABS. (525 mu) atter 20 30 pH 1. \l-8.1 6000 lux 12/12 Walsh " 

10 days 

f 20 30 pH 7.9-8.1 6000 lux 12/12 Walsh 
Measured as ABS. (525 mu) after 20 30 pH 7. 9-8.1 6000 lux 12/12 Walsh " 

10 days 

1 o, evoluhon measured by Gilson Differential Respirometer on 4 ml ot culture in 101 phase. Lentth of test 90 min. 



502/ Appendix III-Marine Aquatic Life and Wildlife 

Substance Tested Formulation Organism Tested Common Name Life Stage or Size 
(mm) 

Prometone Technical acid Pbaeodactylum tricornutum 
Prometone Technical acid Phaeodactylum tncornutum 

Simazme Technical acid Chlorococcum sp. 
S1mazine Technical acid Chlorococcum sp. 

Simazine Technical acid Dunaliella lert1olecta 
S1mazme Technical acid Dunahella tert1olecta 

S1mazine Technical acid lsochrys1s galbana 
S1mazine Technical acid lsochrys1s ga lbana 

S1mazme Technical acid Phaeodactylum tncornutum 
S1mazme Technical acid Phaeodactylum tricornutum 

Herb1c1des Substituted urea compounds 
Oiuron Protococcus 
Diuron Chiarella sp 
Diuron Technical 01cratena inornala 
Oiuron Technical Nanochlons sp 
oiuron Technical Chlcrococcum sp 
OJUron Technical Chlorococcum sp 
01uron Technical acid Chlorococcum sp 
01uron Technical acid Chlorococcum sp 
01uron Technical acid Dunahella tert1olecta 
oiuron Technical acid Ouna11ena tert1olecta 
oiuron Technical Ounahella tertiolecla 
01uron Ounahella euchlora 
oiuron Technical lsochrysis galbana 
Oiuron Technical acid lsochrysis galbana 
Oiuron Technical acid lsochrys1s galbana 
01uron Technical Monochrys1s lutheri 
01uron Monochrysis luthen 

01uron P haeodactylum tricornufum 
Oiuron Phaeodactylum tricornutum 
Oiuron Technical acid Phaeodactylum tncornutum 
01uron Technical acid Phaeodactylum tncornutum 
Fenuron Profococcus sp. 
Fenuron Chiarella sp 
Fenuron Chiarella sp 
Fenuron Technical acid Chlorococcum sp. 
Fenuron Technical acid Chlorococcum sp. 
Fenuron Technical acid Chlorococcum sp. 
Fenuron Technical acid Dunahella te1t1olecla 
Fenuron Technical acid Dunahella tertiolecla 
Fenuron Dunahella euchlora 
Fenuron Technical acid lsochrysis galbana 
Fenuron Technical acid lsochrysis galbana 
Fenuron Monochrys1s luthen 
Fenuron Mo•ochryS\S luthen 
Fenuron Phaeodaetylum tncornutum 
Fenuron Technical acid Phaeodactylum tncornutum 
Fenuron Technical acid Phaeodactylum tncornutum 
Monuron Protococcus sp. 
Monuron Protococcus sp. 
Monuron Chlorella sp 
Monuron Technical acid Chlorococcum sp. 
Monuron Technical acid Chlorococcum sp. 
Monuron Technical aicd Cblorococcum sp. 
Monuron Technical acid Dunahella terboleta 
Monuron Technical acid Dunahella tert1olecta 
Monuron Dunahella euchlora 
Monuron Dunahella euchlora 
Monuron Techmcal acid lsochrysis galbana 
Monuron Techmcal acid lsochrysis galbana 
Monuron Monochrysis tuthen 
Monuron Technical acid Phaeodactylum tncornutum 
Monuron Technicalnd Phaeodactylum tncornutum 
Monuron P haeodactylu m tncornutum 
Monuron Phaeodactylum tricornutum 

t 02 evolution measured with a Gilson dinerential despirometer on 4 ml of culture in log-phase. 
•Cone. which decrease rrowth by 50-75percent11 determined by Walsh and Grow Diuron to ppb; fenuron IOOO ppb; monuron IOO ppb; neburon 30 ppb. 
• No 1rowth but or11nisms viable. 

TABLE 6-

Cone. (ppb act. ingred.) Methods of Assessment 
in water 

100 50 percent decrease in O 2 evolution 
250 50 percent decrease 1n growth 

2.5X10' SO percent decrease 1n Oz evolution 
2X10• SO percent decrease m :irowth 

4X10' 50 percent decrease 1n Oz evolubon 
5X10' 50 percent decrease 1n growth 

600 50 percent decrease 1n Oz evolution 
500 50 percent decrease 1n growth 

600 50 percent decrease m Oz evolution 
500 50 percent decrease 1 n ,,row th 

0.02 .52 DPT. OEN. expt/CIPT DEN control 
4.00 .34 DPT DEN. expt/OPT DEN control 

32 3 percent decrease (CH2D)x 
( 18.8 decrease (CHzO)i 
10 61 percent inhib1t1on of growth 
( 65.6 inhib1llon (CHzO) 
20 50 percenl reduction o .. evolution r 
10 50 percent reduction m growth 
10 50 percent reduction o . evolution r 
20 50 percent reduction m growth 
,( 17. 9 percent decrease (CH 20)x 
0.4 .44 OPT. DEN. expt/OPT. OEN control 
~ 37. 4 percent decrease (CH 20)x 
10 50 percent reduction o,. evolution r 
10 50 percent reduction m growth 
~ 35. 7 percent decrease (CHzO) 
0.02 .oo optical density expt/opllcal densit 

control 
0.4 . 79 OPT. OEN exp!/ OPT DEN control 
4.0 .00 OPT. DEN expt;OPT DEN control 
10. 50 percent reduction o .. evolution r 
10. 50 percent reduction m growth 
2,900 . 33 Opt. Den. Expt; Opt Den Control 
290 .82 Opt. Den. Exp1/0pt Den. Control 
2,900 .00 Opt. Den. Expt/Opt. Den. Control• 
1,000 68 percent inh1b1t1on cl growth 
750 50 percent decrease m ·growth 
2,000 50 percent decrease m 02 evolution 
1,250 50 percent decrease m O·z evolution 
1,500 50 percent decrease m growth 
290 . 46 Opt. Den. Expt/Opt. Den. Control 
1,250 50 percent decrease 02 evolution 
750 50 percent decrease grc1wth 
290 67 Opt. Den. Expt/Opt. Den. Control 
2,900 . 00 Opt. Den Expt/Op1. Den. Control 
290 .82 Opt. Den. Expt/Opt Den. Control 
1,250 SO percent decrease o, evolutrnn 
750 50 percent decrease grciwth 
1. .90 00 expt/OD control 
20 .OD OD expt/OD controlh 
1. .30 OD expt/OD control 
100 54 percent rnh1b1t1on of growth 
100 50 percent decrease 0, evolution 
100 50 percent decrease m growth 
90 50 percent decrease o, evolution 
150 50 percent decrease growth 
I I.OD OD expt/OD control 
20 .00 OD expt/OD controlh 
too 50 percent decrease o, evolution 
130 50 percent decrease m growth 
1 . 83 OD eipt/OD control 
90 50 percent decrease Oz evolution 
!00 50 percent decrease JR growth 
1 . 65 OD expt/DD control 
20 .00 OD expt/OD contrnl 
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Continued 
----------

Test Procedure Temp C Salinity 0 / oo other EnYlronmental Criteria Stabstical Evaluation ReS1due levels mg/kg Other Parameters Reference 

-- -------------- -- -----

20 30 pH 7.9-8.16000lux12/12 Walsh " 
Measured as ABS. (525 mu) after 20 30 pH 7.9-8.1 6000 lux 12/12 Walsh " 

10 days 

! 20 30 pH 7.9-8.1 6000lux12/12 Walsh " 
Measured as ABS. (525 mu) after 20 30 pH 7.9-8.1 6000lux12/12 Walsh " 

10 days 
j 20 30 pH 7.9-8.1 6000 lux 12/12 Walsh " 

Measured as APS. (525 mu) after 20 30 pH 7.9-8.1 6000lux12/12 Walsh " 
10 days 

j 20 30 pH 7.9-8.1 6000lux12/12 Walsh " 
Measured as APS. (525 mu) after 20 30 pH 7.9-8.1 6000lux12/12 Walsh " 

10 days 

! 20 30 pH 7.9-8.1 6000 lux 11/12 Walsh " 
Measured as APS. (515 mu) after 20 30 pH 7 9-8 1 6000 lux 11/12 Walsh " 

10 days 

10 day growth test 20±.5 None U keles 1962341 
10 day growth test 20±.5 None Ukeles 1962347 

10 da' growth test 20 30 pH 7 9-8.1 6000 lux 12/12 Significant at 0.05 level Walsh and Grow 1971"' 
10 day growth test 20 30 pH 7 9-8.1 6000 lux 12/11 S1gmficant at 0.05 level Walsh and Grow 1971 349 

10 day growth test 20 30 pH 7 9-8 1 6000 lux 12/11 None Walsh and Grow 197F49 

10 day growth test 20 30 pH 7 9-8.1 6000 lux 12/11 Significant at 0.05 level Walsh and Grow 1971"' 
10 day growth test 20 30 pH 7.9-8.16000lux12/11 Litchfield & Wilcoxon method"' Walsh 197234' 
10 day growth test 20 30 pH 7.9-8.1 6000lux12/11 Walsh 
10 day growth test 20 30 pH 7.9-8.1 6000lux11/12 Walsh " 

10 day growth test 20 30 pH 7. 9-8.1 6000 lux 12/12 S1gmficant at 0. 05 level Walsh " 
10 day growth test 20 30 pH 7 9-8.1 6000 lux 12/12 None Walsh and Grow 1971 3" 

10 day growth test 20±.5 None Ukeles "' 
10 day growth test 20 30 pH 7.9-8.1 6000lux11/12 S1gmficant at 0.05 level Walsh and Grow 1971"' 
10 day growth test 20 30 pH 7.9-8.1 6000lux11/12 Litchfield & Wilcoxon method337 Walsh 19)2348 

10 day growth test 20 30 pH 7 9-8 1 6000 lux 12/12 Walsh " 

10 day growth test 20 30 pH 7. 9-8.1 6000 lux 12/11 S1gmf1cant at 0.05 level Walsh and Grow 1971 3" 

10 day growth test 20±.5 Ukeles 1962317 

10 day growth test 20±.5 None Ukeles 1962347 

10 day growth test 20±.5 None Ukeles 196234' 

10 day growth test 20 30 pH 7 9-8 1 6000 lux 12/12 Litchfield and Wilcoxon method"' Walsh 19)2348 

10 day growth test 10 30 pH 7.9-8 1 6000lux12/12 Walsh " 

10 day growth test 20.5±1 500 ft.-c conbnuous None Ukeles 1962317 

10 day growth test 20.5±1 500 ft -c continuous None U ketes 1962347 

10 day growth test 20. 5±-1 500 ft.-c continuous None Ukeles 1962347 
10 day growth test 20 30 pH 7 9-8 1 6000 lux 12/12 None Walsh and Grow 1971"9 

10 day growth test 20 30 pH 7.9-8.1 6000lux11/12 Litchfield & Wilcoxon method'" Walsh 1972348 

! 20 30 pH 7.9-8 1 Walsh 
, 

f 20 30 pH7.9-8.1 Walsh 
,, 

10 day growth test 20 30 pH 7. 9-8.1 6000 lux 12/12 Walsh 19723" 
10 day growth test 20 5±1 500 ft -c continuous Ukeles 1962317 

I 20 30 pH7.9-8.1 Walsh 1972348 

10 day growth test 20 30 pH 7.9-8.1 6000lux12/11 None Walsh 
,, 

10 day growth test 20.5±1 500 lt.-c continuous None Ukeles 1962347 
10 day growth test 11l.5±1 500 ft.-c continuous None Ukeles 19623" 
10 day growth test 10.5±1 30 500 ft -c continuous None Ukeles 1962"7 

f 10 30 pH 7 9-8.1 6000 Jux 12112 Litchfield & Wilcoxon method'" Walsh 1972348 
10 day growth test 20 30 pH 7.9-8.1 6000lux12/12 Walsh 

,, 

10 day growth test 20.5±1 500 ft.-c continuous None Ukeles 1962347 

10 day growth test 20.5±1 500 ft -c continuous None Ukeles 1962"' 
1 O day growth test 20 5±1 500 ft.-c continuous None Ukeles 1962347 
10 day growth test 20 30 pH 7 9-8 1 6000 lux 12/12 None Walsh and Grow 1971"' 

f 20 30 pH=7.9-8 1 Litchfield & Wilcoxon Method"' Walsh 1972348 
10 day growth test ~o 30 pH= 7 9-8.1 6000 lux 12/12 Walsh 

,, 

I 20 30 pH=7.9-8.1 Walsh " 
10 day growth test 20 30 pH= 7 9-8.1 6000 lux 12/12 Walsh 

,, 
10 day growth test 20.5±1 500 ft.-c continuous None Ukeles 1962347 

10 day growth test 20.5±1 500 ft -c continuous Litchfield & Wilcoxon Method"' Walsh 1972"' 

I 20 30 pH=7.9-8.1 Walsh 
,, 

10 day growth test 20 30 pH=7.9-8 1 6000lux12/12 Walsh 
,, 

1 O day growth test 20.5±1 500 ft.-c continuous None Ukeles 1962'" 

I 20 30 pH=7.9-8 1 Litchfield & Wilcoxon Method"' Walsh 19723" 
10 day growth test 20 30 pH=7.9-8.1 6000lux12/12 Walsh 

,, 

10 day growth test 20.5±1 500 tt.-c continuous None Ukeles 1962"' 
10 day growth test 20.5±1 500 ft.-c continuous None Ukeles 1962"' 



504/Ajif!endix III-Marine Aquatic I,ife and Wildlife 

TABLE <r-

Substance Tested Formulation Organism Tested Common Name Life Stage or S11e Cone. (p11b act ingred.) Methods of Assessment 
(mm) ill water 

---- -------------- ------ -------- -----------------

Neburon Protococcus sp 40 • 41 OD expt/00 control 
lleburon Chiarella sp. 40 . 31 OD expl/OD control 
Neburon Technical acid Chlorococcum sp. 30 68 percent mh1bition 1n growth 
Neburon Technical acid Chlorococcum sp 20 50 percent decrease O·, evolution 
Neburon Technical acid Chlorococcum sp 30 50 percent decrease growth 
Neburon Technical acid Dunahella ter\\olecta 20 50 percent decrease o., evolution 
Neburon Technical acid l'unahella terbO lecta 40 50 percent decrease growth 
Neburon Ounahella euchlora 40 .47 OD expt/DD control 
Neburon Technical acid 1sochrys1s galbana 20 50 percent decrease O·, evolution 
Neburon Technical acid lsochrys1s galbana 30 50 percent decrease growth 
Neburon Monochrysis luthen 40 • 00 OD expt/OD control 
Neburon Phaeodactylum tncornutum 40 .10 OD expt/00 cont1 ol 
Neburon Technical acid Phaeodactylum tncornutum 40 50 percent decrease o., evolution 
Nehuron T echmcal acid Phaeodactylum tncornutum 30 50 percent decrease grnwth 

Bactericides. Fung1c1des 
Nemato~des, and misc. 
Aroclor 1254 Tetrahymena pynform1s log-phase 10 13.30 percent decrease m population Sil 

measure at 540 mµ 
Aroclor 1254 Penaeus duorarum Pink s'11imp 25-38 0.94 51 percent mortality 

Aroclor 1254 Penaeus duorarum P111k s inmp 95-125 3.5 50 percent mortality 

Aroclor 1254 Le1ostomus xanthurus Spot 24 50 percent mortality 

Aroclor 1254 Lagodon rhombmdes P111f1st 30 50 percent mortality 

Chloramphenicol Mercenana mercenaria Hard rlam Egg 7.429X111' TLM 
Chloramphemcol Mercenana mercenana Hard rlam Larvae 5.X\04 TLM 
Del rad Mercenana mercenana Hard rlam larvae 72 TLM 
Oelrad Crassostrea vtrgimca American oyster Larvae 31 TLM 
Dowac1de A 97 percent Protococcus sp 2.5X104 . 75 OD expt/O D control 
Dowac1de A 97 percent Chiarella sp. 5X104 . 74 0.D. expt/0.D. control 
Dowac1de A 97 percent ounahella euchtora 5X104 .52 0.D. expt/0.D. control 
Dowac1de A 97 percent Phaeodactylum tncornutum 2.5X10' . 48 0.0. expt/0.D. control 
Dowac1de A 97 percent Monochrys1S luthen 2.5X\04 .22 0.D. expt/0.D. control 
Dowac1de A 91 percent Mercenana mercenana Hord clam Eggs 1x10° TLM 
Dowac1de A 97 percent Mercenana mercenaria Hord clam Larvae 750 TLM 
Dowac1de G Mercenana mercenana Hord !lam Eggs <250 TLM 
Dowac1de G Mercenana mercenana Hard clam Larvae <250 TLM 
G1seofulvm Mercenana mercenana Hard rlam Egg <250 TLM 
Giseofulvm Mercenar1a mercenana Hard clam Larvae <1.XlO' TLM 
L1gnasan 6.25 percent Protococcus sp 6 .00 O.D. expt/0.D. control 
L1gnasan 6.25 percent Chiarella sp. 6 .00 O.D. expt/0.D. control 
Llg"asan 6.25 percent Dunahella euchlora .31 0.D. expt/O.O. control 
L1gnasan 6. 25 percent Phaeodactylum tncornutum 0.6 . 55 0.D. expt;O.D. control 
L1gnasan 6. 25 percent MonochryslS luthen .oo 0.D. expt/O.D. control 
Nabam Protococcus sp lX\03 .53 0.D. expt/O.D. control 
Na barn Chiarella sp 1X10' . 63 0.D. exp\/0.0. control 
Nabam Dunahella euchlora 100 . 27 0.D. expt/O.D. control 
Nabam Phaeodactytum tncornutum 1X10' .00 0.D. expt/0.0. control h 

Nab am Monochrym luthen 100 .48 0.D. expt/O.D. control 
Nabam Mercenana mercenana Hard clam Egg <500 TLM 
Nabam Mercenana mercenana Hard clam Larvae 1.75X103 TLM 
Nabam Crassostrea v1rg1mca Amencan oyster Egg <500 TLM 
Nemagon® Mercenar1a mercenana Hard clam Egg 1X104 TLM 
Nemagon® Mercenana mercenana Hard c:am Larvae 780 TLM 
N1trofurazone Mercenana mercenaria Hard clam Egg >1Xl05 TLM 
N1trofurazone Mercenana mercenana Hard clam Larvae >1X105 TLM 
Omazene Mercenana mercenana Hard clam Egg 81 TLM 
Omazene Mercenana mercenaria Hard clam larvae 378 TLM 
Omazene Crassostrea v1rg1mca American oyster Egg 78 TLM 
Omazene Crassostrea vng1mca Amencan oyster larvae 340 TLM 
N1tnlotnacet1c acid Monohydrated sodium salt Cyclotella nana 5X10' 38 percent growth as compared to control 
N1tnlotnacet1c acid Monohydrated sodium salt T1sbe furcata 2.7X10' TL-50 
N1tnlotnacet1c acid Monohydrated sod1Um sail Acartia claus1 1.35X106 TL-50 
N1tnlotnacebc acid Monohydrated sodium salt Tngnopus 1apomcus 3.2X106 TL-50 
N1tnlotnace\1c acid _ Monohydrated sod1Um salt Pseudod1apt1mus corona\us 7X10' TL-50 
N1tnlofriacet1c acid _ Monohydratell sodium salt Eurrtemora affm1s l.25X106 TL-50 
N1tnlotnacebc acid _ Monohydrated sodium salt .Crab zoea 1.65X106 TL-50 
H1tntotnace\1c a~d Monohydrated sodium sat\ 11ere1S mens Sand ~orm Adult 5.5XIO• Tl-50 

' No growth but organisms Y1able. 



Continued 

Test Procedure Temp C Salimty 0/oo Other Environmental Cntena 

--------

10 day growth test 20 5±1 500 n.-c continuous 
1 O day growth test 20.5±1 500 fl-c continuous 
10 day growth test 20 30 pH=7.9-8 1 6000 lux 12/12 

l 20 30 pH=7.9-8.1 
10 day growth test 20 30 pH=7.9-8.1 6000lux12/12 

l 20 30 pH=7.9-8 1 
10 day growth test 20 30 pH= 7. 9-8.1 6000 lux 12/12 
10 day growth test 20.5±1 500 tt.-c continuous 

- / 20 30 pH=7.9-8 1 
10 day growth test 20 30 pH=7.9-8 1 6000lux12/12" 
10 day growth test 20.5±1 500 ft.-c continuous 
10 day growth te1t 20.5±1 500 ft.-c continuous 

I 20 30 pH=7.9-8.1 
10 day growth test 20 30 pH= 7 9-8.1 6000 lux 12/12 

96 hr static lab b1oassay 26 Grown 1n Tetrahymena broth 

15 day chrome exposure m flowing sea- 29 32 
water 

35 day chronic exposure m flowing sea- 20 28 
water 

18 day chronic exposure in flowing sea- 11-18 16-32 
water 

12 day chrome exposure in flowing sea· 1&-22 20-32 
water 

48 hr static lab b1oassay 24±1 
12 day static lab b&oassay 24±1 
12 day static lab bloassay 24±1 
14 day static lab b1oassay 24±1 
10 day growth test 20.5±1 21-28 
10 day growth test 20.5±1 21-18 
10 day growth test 20.5±1 22-28 
10 day growth test 20 5±1 22-28 
10 day growth test 20 5±1 22-28 
48 hr static lab b1oassay 24±1 
12 day static lab b1oassay 24±1 
48 hr static lab b1oassay 14±1 
12 day static lab b1oassay 24±1 
48 hr state lab b1oassay 24±1 
14 day static lab b1oassay 24±1 
10 day growth test 20.5±1 22-28 
10 day growth test 20.5±1 22-28 
10 day growth test 20 5±1 22-28 
10 day growth test 205±1 22-28 
10 day growth test 20 5±1 22-28 
10 day growth test 20 ~±1 22-28 
10 day growth test 20 5±1 21-18 
10 day growth test 20.5±1 22-28 
1 O day growth test 20 5±1 11-18 
1 O day growth test 20 5±1 21-28 
48 hr static lab b1oassay 24±1 
12 day static lab b1oassay 24±1 
48 hr static lab b1oassay 24±1 
48 hr static lab b10assay 24±1 
12 day static lab b1oassay 24±1 
48 hr static lab b1oassay 24±1 
12 day static lab b1oassay 24±1 
48 hr static lab b1oassay 24±1 
12 day static lab b1oassay 24±1 
48 hr static lab b1oassay 24±1 
14 day static lab bioassay 24±1 
72 hr static lab b1oassay 20 32 250 ft-c 14 hrs on/10 hrs oft 
72 hr static lab b1oassay 15(!) 30 
72 hr static lab bioassay 15(!) 30 
72 hr static lab b&oassay 15(!) 30 
72 hr statrc lab b10assay 15(!) 30 
72 hr static lab b1oassay 15(!) 30 
72 hr static lab b1oassay 15(1) 30 
96 hr static lab bioassay 20 20 

f 02 evolution measured with a Gilson differential respirometer on 4 ml of culture in log-phase. 

None 
None 
None 

Stat1st1cal Evaluabon 

Litchfield & Wilcoxon method"' 

None 
Litchfield & Wilcoxon method"' 

None 
None 
L1tchfleld & Wilcoxon Method"' 
None 

l!ecrease s1gmficant at 0.05 level 

S1gmflcant at 005 level 

S1gmficant at 0.001 level 

S1gmf1cant at 0.05 level 

None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 

Ajljienrhx 111--1 able 6/505 

Residue levels mg/kg Other Parameters 

46 ppm 

13 ppm 

Ukeles 1962347 

Ukeles 1962317 

Reference 

Walsh and Grow 1971'" 
Walsh 1972J" 
Walsh 
Walsh " 
Walsh 
Ukeles 1962"' 
Walsh 1972"' 
Walsh 
Ukeles 1962317 

Ukeles 1962'" 
Walsh 1972118 
Walsh 

Cooley and Keltner (unpublished)''° 

Nimmo et al. (unpublished)"' 

Nimmo et al. (unpublished)"' 

Hansen et al. 1971'" 

Hansen et al 1971'·" 

Dam and H1du 1969"' 
Dam and H1du 1969'" 
Davis and H1du 1969"' 
Dam and H1du 1969321 
Ukeles 1962"' 
Ukelas 1961"' 
Ukeles 1961717 

Ukeles 1961717 

Ukeles 1962'-'" 
Davis and H1du 1969'" 
Davis and H1du 1969"' 
Dam and H1du 1969'" 
Darn and H1du 1969"' 
Dam and H1du 1969'" 
Dam and H1du 1969·7" 

Ukeles 1962"' 
Ukeles 1961'" 
Ukeles 1961'" 
Ukeles 1962'" 
Ukeles 1962'" 
Ukeles 1961'" 
Ukeles 1962'" 
Ukeles 1962'" 
Ukeles 1962'" 
Ukeles 1961'" 
DaVIS and H1du 1969"' 
Davis and Hidu 1969 l"' 
DaVIS and H1du 1969"'' 
DaVIS and H1du 1969'" 
Dam and H1du 1969·"' 
Dam and H1du 1969'" 
DaVIS and H1du 1969m 
DaVIS and H1du 1969"' 
Davis and H1du 196972 ' 

DaVIS and H1du 1969"' 
Davis and H1du 1969"' 
Erickson et al. 1970"1 
NMWQL 1970711 

NMWQL 1970314 

NMWQL 1970314 

NMWQL 1970344 

NMWQL 1970"' 
NMWQl 1970'" 
NMWQL 1970"' 
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TABLE 6-

Substance Tested Formulation Organism Tested r:ommon Name Lile Stage or Size Cone. (ppb act. ingred.) Methods of Asmsment 
(mm) m water 

------- -----------·------ - ---------- -- -------- --

N1trilotriacet1c acid Monohydrated sodium salt Nere1s virens Sand wcrm Adult 5.5X10' TL-50 

N1trilotriacetic acid Monohydrated sodium salt Palaemonetes vulgaris Grass shrimp Adult 4.1X106 TL-50 
N1trilotriacetic acid Monohydrated sodium salt Palaemonetes vulgaris Grai;s sl1rimp Adult 1.8X10' TL-50 

N1tnlotriacet1c acid Monohydrated sodium salt Palaemonetes vulgaris Gra!.s sl1n mp 1 OX10" subjected to histopatholug1c examination 
N1trilotriacet1c acid Monohydrated sodium salt Penaeus set1ferus White shrimp Sub-adult lXJOb 78 percent mortality 
N1trilotriacet1c acid Monohydrated sodium salt Penaeus setlferus White sl11imp Sub-adult 5X10'· 90 percent mortality 
N1trilotriacet1c acid Monohydrated sodium salt Homarus amencanus Amencan lobster Sub-adult 3.BX10" TL·50 

(292 grams) 
N1trilotriacet1c acid Monohydrated sodium salt Homarus amencanus American lobster Sub-adult 3 15X10" TL-50 

(192 grams) 
N1trilotriacetic acid Monohydrated sodium salt Homarus amencanus American lobster Fust larval stage IX10; 100 percent mortality 

N1trilotriacet1c acid Monohydrated sodium salt Uca pugilator F1drller :rab Adult 1X101 25 percent mortality 

Nitrilotriacetic acid Monohydrated sodium .alt Uca pug1!ator Fiddler :rab Adult 1X10" 46 percent mortality 
Nitnlotriacet1c acid Monohydrated sodium salt Pagurus long1carpus Hermit :rab Adult 5.5X10'• TL-50 
N1trilotriacetic acid Monohydrated sodium salt Pagurus long1carpus Hermit :rab Adult 1 BX10" TL-50 
N1tnlotriacet1c acid Monohydrated sodium salt Oyster Lmae 3.5X10" 46 percent mortality 
N1trilotriacet1c acid Monohydrated sodium salt Nassa obsoleta Mud sm11l Adult 5.5X10' TL-50 

N1trilotriacet1c acid Monohydrated sodium salt Nassa obsoleta Mu1l snul Adult 5.1X10" TL-50 

N1trilotnacet1c acid Monohydrated sodium salt Myt1lus edulis Bay mu;sel Adult 6 1X10" TL-50 

N1trilotriacet1c acid Monohydrated sodium sail Myt1lus edulls Bay mrnel Adult 3.4X10" TL-50 

N1trilotriacet1c acid Monohydrated sodium salt Mercenana mercenana Hard cl1m Adult >1Xl07 TL-50 

N1trilotriacetic acid Monohydrated sodium salt Mercenana mercenana Hard ct1m Adult >1XJ07 TL-50 

N1trilotriacet1c acid Monohydrated sodium salt Asterias torbes1 Starfish Sub-adult 3X10" TL-50 

N1trilotriacet1c acid Monohydrated sodium salt Asterias torbes1 Sta1f1sh Sub-adult 3X10" TL-50 

N1trilotriacet1c acid Monohydrated sodium salt Fundulus heterochtus Mumm1:hog Adult 5.5X10" TL·50 

N1trilotriacet1c acid Monohydrated sodium salt Fundulus heteroclltus Mumm1:hog Adult 5 5X10° TL·50 

N1trilotriacet1c acid Monohydrated sodium salt Fundulus heterochtus Mumm1:hog Adult 1x101 Examined for h1stopathology 

Nitnlotriacet1c acid Monohydrated sodium salt Stenotomus chrysops Scu11 Sub-adult 3 15X10" TL-50 

N1trilotriace\\c acid Monohydrated sodium salt Stenotomus chrysops Scup Sub-adult 3 15XJ06 TL-50 

N1trilotriacet1c acid Monohydrated sodium salt Roctus saxat1lis Striped bass Juvenile (65 mm) 5.5X10" TL-50 

N1tnfotnacet1c acid Monohydrated sodwm salt Roccus saxatil1s Stnped bass Juvenile (65 mm) 5.5X10" TL-50 

Nitrilotriacet1c acid Monohydrated sodium salt Roccus saxat1lls Stnped bass Juvenile (65 mm) 3X10' TL-100, H1stopathology 

N1tnlotnacet1c acid Monohydrated sodium salt Roccus saxat1lls Stn,ped bass Juvenile (65 mm) 10X106 TL·O 

Phenol Protococcus sp. 3X10' . 59 O 0. expt/0.0. control 
Phenol Chlorella sp. 3X10' .63 0.0. expt/0.0. control 
Phenol Ounaliella euchlora 1x10° .51 0.0. expt/0.D. control 
Phenol Phaeodactylum tricornutum 1X10' • .ao 0.0. expt/0.0. control 
Phenol Monochrys1s luthen 1X10' '.00 0.0. expt/O.D. control 
Phenol Crassostrea virgmica American oyster Egg 5.815X10< TLM 
Phenol Mercenana mercenana Hard cl.1m Egg 5. 263X10' TLM 
Phenol Mercenana mercenaria Hard cf.1m Larvae 5.5X10 1 TLM 
Phygon® Mercenana mercenana Hard cl.1m Egg 14 TLM 
Phygon® Mercenana mercenana Hard cl.1m Larvae 1.75X103 TLM 
Phygon® Crassostrea v1rgimca American oyster Egg 14 TLM 
Phygon® Crassoslrea mgmica American oyster Larvae 41 TLM 
PVP-lodme Protacoccus sp. \ X10' .59 0.0. 01pt/O.O. control 
PVP-lodme Chlorella sp. 1X\O' .65 0.0. expt/0.0. control 
PVP-lodme Ounallella euchlora 5X104 •. 00 0.0. expt/0.0. control 
PVP-lodme Phaeodactylum tncornutum 5X104 '. 00 0.0. expt/0.0. control 
PVP-lodme Monochrys1s luthen 5Xl04 . 61 0.0. expt/O.D. control 

- ---------·--·---- ------- -----

• No growth but organisms viable. 
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Continued 
----- ------ ---------

Test Procedure Temp C Salinity 0/oo Other Environmental Cntena Stat1st1cal Evaluation Residue levels mg/kg Other Parameters Reference 

------ ------------ ----

168 hr static lab b1oassay 20 20 Subdued natural light D.O. ca NMWOL 1970344 
4 mg/I; pH 7 8 

96 hr static lab b1oassay 20 20 NMWOL 1970344 

168 hr static lab b1oassay 20 20 Subdued natural light D.0. ca NMWOL 1970"' 
4 mg I; pH 7 8 

168 hr static lab b1oassay 20 20 D1gest1Ve d1Vert1culata h1stopathology NMWOL 1970'" 
21 day chronic flowing tab b1oassay 18-24 30 NMWOL 1970344 
96 hr static lab b1oassay 20 30 NMWOL 1970144 
96 hr static lab b1oassay 20 20 Subdued natural light D.0. ca NMWOL 1970344 

4 mg/I; pH 7.8 
168 hr static lab b1oassay 20 20 Subdued natural light D 0. ca NMWOL 1970114 

4 mg•I, pH 7.8 
7 day static lab b1oassay 20 20 NMWOL 1970314 

ambient 
96 hr static lab b1oassay 20 30 NMWOL 1970331 

ambient 
45 day chronic flowing lab b1oassay 18-24 24-30 NMWOL 1970"' 
96 hr static lab b1oassay 20 20 NMWOL 1970"4 
168 hr static lab b1oassay 20 20 NMWOL 19703" 
24 hr static lab b1oassay NMWQL 1970"4 
96 hr static lab b1oassay 20 20 Subdued natural light D.O. ca NMWQL 1970"' 

4 mg ·1, pH 7.8 
168 hr static lab b1oassay 20 20 Subdued natural light D.0. ca NMWQL mom 

4 mg I, pH 7 8 
96 hr static lab b1oassay 20 20 Subdued natural light D.O. ca NMWQL 1970114 

4 mg I, pH 7.8 
168 hr static lab b1oassay 20 20 Subdued natural light D.0. ca NMWOL 1970134 

4 mg. I pH 7.8 
96 hr static lab b1oassay 20 20 Subdued natural light D.O ca NMWQL 197orn 

4 mg I pH 7 8 
168 hr static lab b1oassay 20 20 Subdued natural light D 0. ca NMWQL 1970"' 

4 mg I pH 7 8 
96 hr static lab b1oassay 20 20 Subdued natural light D.O. ca NMWOL 1970"' 

4 mg I, pH 7 8 
168 hr static lab b1oassay 20 20 Subdued natural light D.O. ca NMWQL 1970331 

4 mg I, pH 7 8 
96 hr static lab b1oassay 20 20 Subdued natural light D 0. ca NMWQL 1970334 

4 mg I, pH 7 8 
168 hr static lab b1oassay 20 20 Subdued natural light D.O. ca NMWOL 1970334 

4 mg. I, pH 7.8 
168 hr static lab brnassay 20 20 Subdued natural light D.0 ca Intestinal NMWQL 1970334 

4 mg I, pH 7 8 Pathology 

96 hr static lab bioassay 20 20 Subdued natural light D 0 ca NMWQL 1970334 

4 mgd, pH 7.8 
168 hr static lab b1oassay 20 20 Subdued natural light D 0. ca NMWQL 1970334 

4mg,l,pH7 8 
96 hr static lab b1oassay 20 20 Subdued natural light D.O. ca NMWQL 1970331 

4mg l,pH7.8 
168 hr static lab b1oassay 20 20 Subdued natural light D.O. ca NMWQL 1970134 

4 mg. I, pH 7.8 
168 hr static lab b1oassay 20 20 Subdued natural light D 0. ca Renal NMWOL 1970"4 

4 mg/I, pH 7 8 Pathology 
168 hr static lab b1oassay 20 20 Subdued natural light D.O. ca NMWOL 1970334 

4 mg!I; pH 7 8 
10 day growth test 20.5±1 22-28 None Ukeles 1961147 

10 day growth test 10 5±1 22-28 None Ukeles 1962m 

10 day growth test 20.5±1 22-28 None Ukeles 1962347 

10 day growth test 205±1 22-28 None Ukeles 1962347 

10 day growth test 20.5±1 21-28 None Ukeles 1961317 

48 hr static lab b1oassay 14±1 None Dam and H1du 19693" 

48 hr static lab b1oassay 24±1 None Davis and H1du 19693" 

12 day static iab b1oassay 24±1 None DaVIS and H1du 19693" 

48 hr static lab b1oassay 24±1 None DaVls and H1du 19693" 

11 day static lab b1oassay 24±1 None Davis and H1du 1969'" 

48 hr static lab b1oassay 24±1 None DaVIS and Hidu 1969324 

14 day static lab b1oassay 24±1 None DaVIS and H1du 1969'" 

10 day growth test 20 5±1 22-28 None Ukeles 1962347 

10 day growth test 20 5±1 22-28 None Ukeles 1962347 

10 day growth test 20.5±1 22-28 None Ukeles 1962347 

10 day growth test 20.5±1 22-28 None Ukeles 1962347 

10 day growth lest 20.51o1 22-28 None Ukeles 1962347 
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Substance Tested 

PVP·lodine 
PVP-lodine 
Rocca I® 
Rom!® 
Sul met 
Sul met 
TCC 
TCC 
TCP 
TCP 

Tinted 
Tinted 

Formulabon Organism Tested 

Mercenaria mercenana 
Mercenana mercenaria 
Mercenana mercenana 
Mercenana mercenana 
Mercenana mercenana 
Mercenaria mercenaria 
Mercenaria mercenana 
Mercenana mercenana 
Crassostrea Y1rg1mca 
Crassostrea Y1rg1mca 

Common Name 

Hard clam 
Hard clam 
Hard clam 
Hard clam 
Hard clam 
Hard clam 
Hard clam 
Hard clam 
Americ.in oyster 
Americ.in oyster 

1'ABLE 6-

Life Stage or Size Cone. (ppb act. ingred.) Methods of Assessment 
(mm) in water 

Egg 1.71X10' TLM 
Larvae 3.494X10 1 TLM 
Egg 190 TLM 
Larvae 140 TLM 
Egg 1x10• TLM 
Larvae 1X10° TLM 
Egg 32 TLM 
Larvae 37 TLM 
Egg 600 TLM 
Larvae 1X103 TLM 



Continued 

Test Protedure 

4ll hr static lab b1oassay 
12 day static lab bioassay 
4ll hr static lab b1oassay 
12 day stabc lab b1oassay 
48 hr static lab b1oassay 
12 day static lab b1oassay 
4ll hr static lab b1oassay 
12 day static lab b1oassay 
4ll hr static lab b1oassay 
14 day slabc lab bioassay 

Temp C Sahnity 0 / oo Other EnVlronmental Criteria 

24±1 
24±1 
24±1 
24±1 
24±1 
24±1 
24±1 
24±1 
24±1 
24±1 

None 
None 
None 
None 
None 
None 
None 
None 
None 
None 

Statistical Evaluation 

Appendix III-Table 6/509 

Residue levels mg/kg Other Parameters Reference 

Davis and H1du 1969324 

Davis and H1du 1969321 

Da¥1s and H1du 19693" 

Davis and H1du 1969'" 
DaVIS and Hidu 1969324 

Da¥1s and Hidu 1969324 

Davis and H1du 1969324 

Davis and H1du 1969324 

Da¥1s and H1du 1969"' 
Davis and H1du 1969"' 
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GLOSSARY 

absorption penetration of one substance into the 

body of another. 
acclimation the process of adjusting to change, e.g. 

temperatures, in an environment. 
acute involving a stimulus severe enough to rapidly 

induce a response; in bioassay tests, a response ob
served within 96 hours typically is considered an acute 
one. 

adsorption the taking up of one substance at the 
surface of another. 

aerobic the condition associated with the presence of 
free oxygen in an environment. 

aerobe an organism that can live and grow only in 
the presence of free oxygen. 

allocthanous said of food material reaching an aquatic 
community from the outside in the form of organic 
detritus. 

alluvial transported and deposited by running water. 
amoebiasis an infection caused by amoebas, especially 

by Entamoeba l11stolyt1ca. 
amphoteric able to react as either acid or base. 
anadromous fish fish that typically inhabit seas or 

lakes but ascend streams at more or less regular inter
vals to spawn; e.g., salmon, steelhead, or American 
shad. 

anaerobic the condition associated with the lack of 
free oxygen in an environment. 

anaerobe an organism for whose life processes a com-
plete or nearly complete absence of oxygen is essential. 

anhydremia a deficiency of water in the blood. 
anorexia loss of appetite. 
anoxic depleted of free oxygen; anaerobic. 
antagonism the power of one toxic substance to di-

minish or eliminate the toxic effect of another; inter
actions of organisms growing in close association, to 
the detriment of at least one of them. 

application factor a factor applied to a short-term or 
acute toxicity test to estimate a concentration of waste 
that would be safe in a receiving water. 

backwashing cleaning a filter or ion exchanger by re-
versing the flow of liquid through it and washing out 
captured matter. 

hen thic aquatic bottom-dwelling organisms including: 
( 1) sessile animals, such as the sponges, barnacles, 
mussels, oysters, some worms, and many attached 
algae; (2) creeping forms, such as insects, snails, and 
certain clams; and (3) burrowing forms which include 
most clams and worms. 

bioaccumulation uptake and retention of environ-
mental substances by an organism from its environ
ment, as opposed to uptake from its food. 

bioassay a determination of the concentration or dose 
of a given material necessary to affect a test organism 
under stated conditions. 

biomass the living weight of a plant or animal popula-
tion, usually expressed on a unit area basis. 

biotic index a numerical index using various aquatic 
organisms to determine their degree of tolerance to 
differing water conditions. 

biotoxin toxin produced by a living organism; the 
biotoxin which causes paralytic shellfish poisoning is 
produced by certain species of dinoflagellate algae. 

black liquor waste liquid remaining after digestion of 
rags, straw, and pulp. 

bloom an unusually large number of organisms per 
unit of water, usually algae, made up of one or a few 
species; a bur of iron or steel, square or slightly oblong, 
rolled from an ingot to a size intermediate between an 
ingot and a billet, generally in the range of 6 11 X 6" 
to lO"X 12" (Section VI). 

blowdown the discharge of water from a boiler or 
cooling tower to dispose of accumulated salts. 

body burden the total amount of a substance present 
in the body tissues and fluids of an organism. 

boiler feedwater water provided to a boiler for con-
version to steam in the steam generation process; 
usually a mixture of make-up water and returned steam 
condensate. 

assimilation the transformation and incorporation of buffer capacity the ability of a solution to maintain 
substances (e.g., nutrients) by an organism or ecosys
tem. 

its pH when stressed chemically. 
capillary water the water held in the small pores of a 
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soil, usually with a ten_sion greater than 60 centimeters 
of water. 

carrying capacity the maximum biomass that a sys-
tem is capable of supporting continuously (Section 
IV); the number of user-use periods that a recreation 
resource can provide in a given time span without ap
preciable biological or physical deterioration of that 
resource, or without appreciable impairment of the 
recreation experience for the majority of the users 
(Section I). 

catadromous fish fishes that feed and grow in fresh 
water but return to the sea to spawn, e.g., the Amedcan 
eel. 

chelate to combine with a metal ion and hold it in 
solution preventing it from forming an insoluble salt. 

chemotaxis orientation or movement of a living 
organism in response to a chemical gradient. 

chronic involving a stimulus that lingers or continues 
for a long period of time, often one-tenth of the life 
span or more. 

climax community the stage of ecological develop-
ment at which a community becomes stable, self
perpetuating, and at equilibrium with the environment. 

coagulation a water treatment process in which chem-
icals are added to combine with or trap suspended and 
colloidal particles to form rapidly settling aggregates. 

coliform bacteria a group of bacteria inhabiting the 
intestines of animals including man, but also found 
elsewhere. It includes all the aerobic, nonspore form
ing, rod-shaped bacteria that produce from lactose 
fermentation within 48 hours at 37 C. 

colloid very small particles (10 anistroms to l micron) 
which tend to remain suspended and dispersed in 
liquids. 

colluvial material that has moved down hill by the 
force of gravity or frost action and local wash and ac
cumulated on lower slopes or at the bottom of the hill. 

conjunctivitis an inflammation of the mucous mem-
brane that lines the inner surface of the eyelid and the 
exposed surface of the eyeball. 

conservative pollutant a pollutant that is relatively 
persistant and resistant to degradation, such as PCB 
and most chlorinated hydrocarbon insecticides. 

cumulative brought about or increased in strength by 
successive additions. 

demersal living or hatching on the bottom, as fish eggs 
than sink to the bottom. 

detritus unconsolidated sediments comprised of both 
inorganic and dead and decaying organic material. 

diurnal occurring once a day, i.e., with a variation 
period of I day; occurring in the daytime or during a 
day. 

diversity the abundance in numbers of species in a 
specified location. 

dredge spoils the material removed from the botto' 
during dredging operatitons. 

drench to administer orally with water a large dose of 
substance such as medicine to an animal. 

dystrophic said of brownwater lakes and strear 
usually with a low lime content and a high organ 
content; often lacking in nutrients. 

emesis the act of vomiting. 
enteric of or originating in the intestinal tract. 
epilimnion the surface v. aters in a thermally stratifit 

body of water; these wakrs are characteristically we 
mixed. 

epiphytic living on the surface of other plants. 
euphotic zone the lighted region that extends ve 

tically from the water surface to the level at whic 
photosynthesis fails to occur because of ineffective ligl 
penetration. 

eutrophic abundant in nutrients and having high rat 
of productivity frequently resulting in oxygen depletic 
below the surface layer. 

evapotranspiration the combined loss of water frrn 
a given area during a specified period of time l: 
evaporation from the soil or water surface and l: 
transpiration from plants. 

exchange capacity the total ionic charge of the a< 
sorption complex active in the adsorption of ions. 

exophthalmos an abnormal protrusion of the eyebal 
external treatment passage of water through equi1 

ment such as a filter or v.ater softener to meet desire 
quality requirements prior to point of use. 

facultative able to live under different conditions, . 
in facultative aerobes and facultative anaerobes. 

fecal coliform bacteria bacteria of the coliform grou 
of fecal origin (from ir.testines of warm-blooded an 
mals) as opposed to coliforms from non-fecal sources. 

filial generation the offspring of a cross mating. 
finfish that portion of the aquatic community made u 

of the true fishes as opposed to invertebrate shcllfisl 
flocculation the process ::Jy which suspended colloid. 

or very fine particles are assembled into larger mass1 
or floccules which eventually settle out of suspensior 
the stirring of water after coagulant chemicals ha\ 
been added to promote the formation of particles th; 
will settle (Section II). 

food chain the 1ransfer cf food energy from plants c 
organic detritus through a series of organisms, usuall 
four or five, consuming and being consumed. 

food web the interlocking pattern formed by a seri1 
of interconnecting fo6d chains. 

free residual chlorination chlorination that main 
tains the presence of hypochlorous acid (HOC!) c 
hypochloriJ:e ion (OCI-) in water. 

fry the stage in the life of a fish between the hatching c 
the egg and the absorption of the yolk sac (Section 



III and IV); in a broader sense, all immature stages 
of fishes. 

groundwood the raw material produced from both 
logs and chips, used mainly in the manufacture of 
newsprint, toweling, tissue, wallpaper, and coated 
specialty papers. 

half-life the period of time in which a substance loses 
half of its active characteristics (used espt'Cially in 
radiological work); the time required to reduce the 
concentration of a material by half. 

hemostasis the cessation of the flow of blood in the 
circulatory system. 

histopathologic occurring in tissue due to a diseased 
condition. 

hydrophobic unable to combine with or dissolve in 
water. 

hydrophytic growing in or in close proximity to 
water; e.g., aquatic algae and emergent aquatic vascu
lar plants. 

hypertrophy nontumorous increase in the size of an 
on~an as a result of enlargement of constituent cells 
without an increase in their number. 

hypolimnion the region of a body of water that ex-
tends from below the thermocline to the bottom of the 
lake; it is thus removed from much of the surface 
influence. 

internal treatment treating water by addition of 
chemicals to meet desired quality requirements at 
point of use or within a process. 

intraperitoneal into the abdominal cavity. 

kraft process producing pulp from wood chips in the 
manufacture of paper products; involves cooking the 
chips in a strong solution of caustic soda and sodium 
sulfide. 

labile unstable and likely to change under certain in-
f! uences. 

LCSO see median lethal concentration. 

LOSO see median lethal dose. 

lentic or lenitic environment standing water and 
it~ various intergrades; e.g., lakes, ponds, and swamps. 

leptospirosis a disease of animals or man caused by 
infection from an organism of the genus Lej;tospira. 

lethal involving a stimulus or effect causing death 
directly. 

life cycle the series of life stages in the form and mode 
of life of an organism, i.e., between successive recur
rences of a certain primary stage such as the spore, 
fertilized egg, seed, or resting cell. 

limnetic zone the open-water region of a lake, sup-
porting plankton and fish as the principal plants and 
animals. 

lipophilic having an affinity for fats or other lipids. 

littoral zone the shallow shoreward region of a body 
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of water having light penetration to the bottom; fre
quently occupied by rooted plants. 

littoral zone the shoreward or coastal region of a 
body of water. 

lotic environment 
nvers. 

running waters, such as streams or 

lysimeter a device to measure the quantity or rate of 
water movement through or from a block of soil, 
usually undisturbed and in situ, or to collect such perco
lated water for quality analysis. 

macronutrient a chemical element necessary in large 
amounts, usually greater than l ppm, for the growth 
and development of plants. 

macrophyte the larger aquatic plants, as distinct from 
the microscopic plants, including aquatic mosses, liver
worts and larger algae as well as vascular plants; no 
precise toxonomic meaning; generally used synony
mously with aquatic vascular plants in this Report. 

make-up water water added to boiler, cooling tower, 
or other systems to maintain the volume of water re
quired. 

marl an earthy, unconsolidated deposit formed in fresh-
water lakes, consisting chiefly of calcium carbonate 
mixed with clay or other impurities in varying propor
tions. 

median lethal concentration (LCSO) the concen-
tration of a test material that causes death to 50 per cent 
of a population within a given time period. 

median lethal dose (LOSO) the dose of a test ma-
terial, ingested or injected, that kills 50 per cent of a 
group of test organisms. 

median tolerance limit (TLSO) the concentration of 
a test material in a suitable diluent (experimental 
water) at which just 50 per cent of the test animals are 
able to survive for a specified period of exposure. 

mercerize to treat cotton thread with sodium hy-
droxide so as to shrink the fiber and increase its color 
absorption and luster. 

mesotrophic having a nutrient load resulting m 
moderate productivity. 

metabolites products of metabolic processes. 

methemoglobinemia poisoning resulting from the 
oxidation of ferrous iron of hemoglobin to the ferric 
state where it is unable to combine reversibly with 
molecular oxygen; agents responsible include chlorates, 
nitrates, ferricyanidcs, sulfonamides, salicylates, and 
various other substances. 

methylation combination with the methyl radical 
(CH3). 

mho a unit of conductance reciprocal to the ohm 

micelle an aggregation or cluster of molecules, ions, or 
minute submicroscopic particles. 

micronutrient chemical element nece~sary in only 
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small amounts for growth and development; also 
known as trace elements. 

mouse unit the amount of paralytic shellfish poison 
that will produce a mean death time of 15 minutes 
when administered intraperitoneally to male mice, of 
a specific strain, weighing between 18 and 20 grams. 

necrosis the death of cellular material within the body 
of an organism. 

nephrosclerosis a hardening of the tissues of the 
kidney. 

nitrilotriacetate (NT A) the salt of nitrilotriacetic 
acid; has the ability to complex metal ions, and has 
been proposed as a builder for detergents. 

nonconservative pollutant a pollutant that is 
quickly degraded and lacks persistence, such as most 
organophosphate insecticides. 

nonfouling a property of cooling water that allows it 
to flow over steam condenser surfaces without accumu·
lation of impediments. 

nonpolar a chemical term for any molecule or liquid 
that has a reasonable degree of electrical symmetry 
such that there is little or no separation of charge; e.g., 
benzene, carbon tetrachloride, and the lower paraffin 
hydrocarbons. 

nutrients organic and inorganic chemicals necessary 
for the growth and reproduction of organisms. 

oligotrophic having a small supply of nutrients and 
thus supporting little organic production, and seldom 
if every becoming depleted of oxygen. 

organoleptic pertaining to or perceived by a sensory 
organ. 

parr a young fish, usually a salmonid, between the 
larval stage and the time it begins migration to the sea. 

partition coefficient the ratio of the molecular con·· 
centration of a substance in two solvents. 

pCi-picocurie a measure of radioactivity equivalent 
to 3.70Xl0-2 atoms disintegrating per minute. 

pelagic occurring or living in the open ocean. 
periphyton associated aquatic organisms attached or 

clinging to stems and leaves of rooted plants or other 
surfaces projecting above the bottom of a water body. 

pesticide any substance used to kill plants, insects, 
algae, fungi, and other organisms; includes herbicides, 
insecticides, algalcides, fungicides, and other substances. 

plankton plants (phytoplankton) and animals (zoo--
plankton), usually microscopic, floating in aquatic 
systems such as rivers, ponds, lakes, and seas. 

point of supply the location at which water is ob--
tained from a specific source. 

point of use the location at which water is actually 
used in a process or incorporated into a product. 

prime to cause an explosive evolution of steam from a 
heating surface, throwing water into a steam space. 

process water water that comes in contact with an 

end product or with materials incorporated in an er 
product. 

productivity the rate of storage of organic matter 
tissue by organisms including that used by the orga 
isms in maintaining themselves. 

pycnocline a layer of water that exhibits rapid chan: 
in density, analogous to thermocline. 

psychrophilic thriving at relatively low tempera tun 
usually at or below 15 C. 

recharge to add water to the zone of saturation, as 
recharge of an aquifer .. the term may also be appli( 
to the water added. 

refractory resisting ordinary treatment and difficult 
degrade. 

rip-rapping covering stream banks and dam fac 
with rock or other material to prevent erosion fro 
water contact. 

safety factor a numerical value applied to short-ter 
data from other organisms in order to approximate tl 
concentration of a substance that will not harm or ir 
pair the organism being considered. 

sessile organism motionless organisms that reside ir 
fixed state, attached or unattached to a substrate. 

seston suspended particles and organisms betwe1 
0.0002 and 1 mm in diameter. 

shellfish a group of mollusks usually enclosed in a se 
secreted shell; includes oysters and clams. 

shoal water shallow water. 
slaking adding water to lessen the activity of a chemic 

reaction. 
sludge a solid waste fraction precipitated by a wat 

treatment process. 
smolt a young fish, usually a salmonid, as it begi 

and during the lime it makes its seaward migration. 
sorption a general term for the processes o[ absorpti< 

and adsorption. 
species diversity a number which relates the densi 

of organisms of each type present in a habitat. 
standing crop biomass the total weight of organise 

present at any one time. 
stoichiometric the mass relationship in a chemic 

reaction. 
stratification the phenomenon occurring when a bo< 

of water becomes divided into distinguishable la yen: 
subacute involving a stimulus not severe enough 

bring about a response speedily. 
sublethal involving a stimulus below the level th 

causes death. 
succession the orderly process of community chan: 

in which a sequence of communities replaces 01 

another in a given area until a climax community 
reached. 

sulfhernoglobin the reaction product of oxyhemogl 
bin and hydrogen sulfide. 

sullage waste materials or refuse; sewage. 



superchlorination chlorination wherein the doses are 
large enough to complete all chlorination reactions 
and to produce a free chlorine residual. 

surfactant a surface active agent altering the inter-
facial tension of water and other liquids or solids, e.g. a 
detergent. 

synergistic interactions of two or more substances or 
organisms producing a result that any was incapable 
of independently. 

tailwater water, in a river, or canal, immediately 
downstream from a structure; in irrigation, the water 
that reaches the lower end of a field. 

teart a disease of cattle caused by excessive molyb-
denum intake characterized by profuse scouring, loss of 
pigmentation of the hair, and bone defects. 

teratogen a substance that increases the incidence of 
birth defects. 
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thermocline a layer in a thermally stratified body of 
water in which the temperature changes rapidly rela
tive to the remainder of the body. 

TLm see median tolerance limit. 
trophic accumulation passing of a substance through 

a food chain such that each organism retains all or a 
portion of the amount in its food and eventually ac
quires a higher concentration in its flesh than in the 
food. 

trophic level a scheme of categorizing organisms by 
the way they obtain food from primary producers or 
organic detritus involving the same number of inter
mediate steps. 

true color the color of water resulting from substances 
which are totally in solution; not to be mistaken for ap
parent color resulting from colloidal or suspended 
matter. 
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Units 

Acres .. 

Angstrom units .......... . 

Barrels (oil) ............ . 

British thermal units ..... . 

Centimeters ............. . 
Degrees centigradP ....... . 
Degrees farenheit ........ . 
Feet ................... . 

Gallons ................. . 

(Imperial) ............ . 
(U.S.) ............... . 
(Water) .............. . 

Gallons/day ............ . 

Gallons/minute .......... . 

(Water) .............. . 

Gallons/square foot/ 
minute 

Gallons/ square mile ...... . 
Gallons/ton (short) ...... . 
Grams ................ . 

CONVERSION FACTORS 

l\fultiplied by 

4.047x10-·1 ........... . 

4. ~)fi6 x 104 •..•.•..•.••• 

4.047 Xl03 . . . ••.•..•• 

1..162 x 10--3 . . . . . . . . .. 

4.840Xl03 ............ . 

1x10-s ............. .. 
:3. n:nx10- 9 ....... . 

42 ................... . 
l . .J90Xl02 ............ . 

7. 77() x 102 
........••... 

;). 927x10- 4 • . • ••••••• 

0.2ti2 ................. . 
2. \129x10- 4 • . • • . • ...• 

;} . 9;37 x 10- 1 ........... . 

(°CXU +:12 ........... . 
(°F-32H ........ . 
12 .................. . 
1. ()46 x 10-4 ........... . 

l .894XJ0-4 ..... . 

0.:10.'5 ................. . 
1/3 ................... . 
:L069XJ0-6 ......... .. 

:L 78!i X 103 ...... . 

0.134 ........... . 
2.:nxrni ....... . 
:L 78.J X 10-3 . . .. . 

4. \};j] X 10-3 ...•.. 

3.78!i ........... . 
8 ............... . 
4 .................... . 
1.201 ................. . 
0.833 ............... . 
8.34.J ................. . 
fi .:i70Xl0-i ........... . 
3. 78.) ................. . 
8. 021. ................ . 
2 . 228 x 1()- l . . . . . . . . . . . . 

6 . :308 x 10-·! ........... . 
6.009 ................. . 

40.74 ... 

1.461. ............... . 
4.173 ................ . 
3. !i27x10-'. ........... . 
2.2mx10-: ........... . 

Equal 
------·----

HPdares 
Squar<' fret 
Squarc~ m<"r.<'rs 
Sq uar<' milc•s 
Squar<' yardf; 
C!'ntim<'t<•rs 
IncltPs 
Gallon:-; (oil) 
Lit.< TS 
Foot pounds 
Horne-pO\\'l'r houri' 
Kilogram calories 
1\.ilmrntt hours 
InchPs 
Farenlwit. degn·e:-; 
C(•nti!!,rad1• ch•gr<'PS 
Indws 
:\filf's (naur.ical) 
l\ I ilf's (:-;tat utc) 
:\ [<'i {'I'S 

Yards 
Acre· fret 
Cubic ccnt.imct.1•rs 
Cubic frpt, 

CubiC' inclws 
Cubic mPt('rn 
Cubic yards 
LiiPn; 
Pints (liquid) 
Quarts (liquid) 
U. S. gallons 
Imp•Tial gallons 
Pounds (Wat.Pr: :39.2 F) 
Cubic frd,/hour 
Lit.<•rs/day 
Cubic f Pet/hour 
Cubic f P<~t./sccond 
Lit<•n; / :;wcond 
Tom: (water: :39.2 F)/ 

day 
Lit.<>rs/squarn meter/ 

minute 
Lit.ers. 1squarc kilometer 
Lit!'rs. 1ton (metric) 
OurwPs 
Pounds 

Grams/liter.. . . . . . . . . . . . . 58 .41. . . . . . .......... ~ Grains/gallon 
1()3. . . . . . . . . . . . . . . . . . Parts pPr million 

(assumes density of 1 gram/milliliter) 
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Units 

Grams/liter .......... . 

Grnms/cuhic m('ter ...... . 
I nclws. . . . . . . . ....... . 
Kilogranw ......... . 

Kilomet('I'" . . . . . . . . . . . 

Lit<'l'S 

Lit.Prc: 1squar(' kilonwtc>r. 
J\I et.Prs . . . . . . . . . . . . .. 

J\Iicrons ..... . 

l\f ultipli<'d by 

8. 34.i x 10-:i ...... . 
() . 24:) x 10-2 ..•••.•••••• 

0.4:)7 ................ . 
2 . ;)4 

:? . 20.i .............. . 
1. 102 x 10--3 . . . . .... . 

9. 842x10-4 
........... . 

:).281 Xl03 ............ . 

0.621 ........... . 
0.;)40 ............... . 
1.094X 103 . . .•........ 

1 . 000028 x 103 ........ . 

;) . ,j;~:z x l 0-2 •• 

(it.m ............. . 
1. 000028 x 10-3 . . ..... . 

1. :-m8 x 10-a . . . ...... . 
0.:!27 ................ . 
o .. i88.. . . ......... . 
8.:!81 ............... . 
:-rn. :-11. . . . . ......... . 
,) .400 x 10-4 . • • • • . • • . . 

(j . :! 14 x 10-4 . . . . . . . . . . . 

1. O!l4. . . . . .......... . 

10-4 ............... . 
:-1.281 x10-6 ........ . 

Equal 

Pounds/gallon 
Poundc:/ cubic foot 
Grnins/cubic foot 
O'ntimet.('rs 
Pound8 
Tons (short) 
Tons (long) 
FPet 
Inclws 
J\ Iiles (statute) 
J\fik8 (nautical) 
Yards 
Cubic: e<'ntim('t('rs 
Cubie frpt 
Cubi(: inl'11Ps 
Cubie meters 
Cubi<; yards 
(~allons 

Gallons/square~ mil(' 
FPPt 
I nc]l('s 

J\I il<'s (nautical) 
J\IilPs (st.atut(') 
Yard;-; 
Ang;-;trom units 
Centinwkrs 
Fe<'t. 

:ui;-17x10-:i . . . . . . . . . . In<'lH's 
10-6 . . . . . . . . . . . . . . . . . . ::\Id,('fti 

:\Tiles (nautical) . . . . . . . (i.07GX103 

:\I illinwtPrs 
FP<'t 
T\:il01rn•t<'rs 
:\Iet.('rs 

J\filPs (stat.ut('). . . . . . . . . 

l\ Iillig;rams 

J\I ill iii kn:. 

1.8;):? .............. . 
I . 8.i :! X 103 

. . . . . . . . . . . 

1.l;il ............... . 
:? . 027 x 103 

. 

.>. 280X10·1 

(i . ;);~(ix 104 . . ......... . 

1.G09 ................. . 
1 . ()()\) x 103 . . 

0.8fi9 ................ . 
1 . ifiO X 103 .. 

:L ;)27X10-5 . . . . . ..... . 

:? . 20.i x 10-1; • • ••••••••• 

1. 0000:28. . ......... . 
() . 1 Q:2 x 10-2 • • • • ••••••• 

:L ;)81X10-2 ....•••••••. 

~\IilP8 (statut<') 
Yards 
F<'('t. 
lnrh<'s 
Kilom<'krs 
:\f C'krs 
l\ Iil('S (nautical) 
Yards 
0UIH'('S 

Pounds 

l\Iillimd.crs. . . . . . . . . . . . . . :) . :!81X10-3 . . . . . . . . . . 

Cubic c('ntimcters 
Cubic inch<'s 
Oum·<·::-: (U.S.) 
FPet 

:L 9:37 X 10-2 . . . • ...... . 

1()-3 ................. . 
I nclH'S 

J\frters 
l()3 . . . . . . . . . . . . . . . . . . J\Iicrons 
1 . 0\)4X1()-3 . . . . . . . . . . . Yards 

Conversion Factors/525 
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CONVERSION FACTORS-Continued 
------------·------------ ~---- ---------

Units 

:\Iillion gallons I day 

Pounds. . . .. 

Pounds/ acrP 
Pounds/gallon 

Pounds/squan' ineh 

Squar<' mPtPrs. . . ....... . 

Square miks. . . . . . . . . . 

Tons (short) .. 

:\I ultipliPd by 

I..i47 .... . 
0.0:!8 .. . 
:!8 . :):.? ..... . 
0.4.)4 ... . 
rn ................. . 
4.4(i4x10··4 . . . ....•... 

4. ,);)r; x 10--4 . . • . . . . • . 

:;.ox10-4 

1 . 1 :!:! 
0.1:!0 ... . 
7.480 .. . 
(i.80.iXlO ''. ....... . 
.i.171. .. 

70.>n ... 

(i. 8\l.) x 104 

:Z-i. ()8. 

:z .o:m. 

7.o:n x102 . 

l.440X 102 . 

:z. :?!hi xi o--;, 
l .44Xl02 

!I. :.?HO X 10- 2 

:: .. >87 x 10-·0 . . . . .•.. 

1 \ l 
:! .471 x 10- 4 

10-4 
104 
10. 7()_ .... 
1 . :;:;ox 10a 
:).8H1 x10- 1 

1 . 1 !Hi. . . . . . . . . . . . ... 
!i.40Xl02 ......... . 

:! .. )\)() x 102 .......•.. 

:.? . 788Xl07
.. . ..... . 

:! .. iDO. . . ......... . 
:) . OU8 X I()fi ........ . 
1 ffl. 
:Li:.?7Xl04 . 

:.? . :.?():; x 103 . . 

0.984 ..... 
1.10:.? ................. . 
8.8!l7Xl08 ........ . 

!l.07:.?X102 

:L:.?Xl04 ............. . 

Equal 

Cu hi<' fr<·ti s<'<:1 md 
Cubi<: m<·tPrn/:i<'COIHl 
Lit<'rs ·.'-'<'<'ond 
Kil<)grams 
Ourn·c·s 
Tons (long) 
Ton.-; (metric) 
Tons (:-;hort.) 
Kilograms 'hc·darc 
Gram,.; <'Ubi(' <'l'ntimc·tn 
Pound:-- <'Ubic: foot 
\. t mo:,plwn·s 
Cc·ntinwtc-rs of m<'rcury 

(0 C) 
Cc·ntinwtc-rs of \\'atPr 

( 4 C) 
Dyrn•,, s!1uaw 1~Pnti

nwtc-r 
Gram,.; squar<' c<·nti

nwt<·r 
[nl'IH·:s of \rnt<•r (:30.:2 F) 
lnc·hc•s of m<'rcury 

(:·U F) 
I\il11grnms. squar<' met<'r 

l'oum[;; square foot 
A('f('S 

:-lquar!• indH·s 
:-lquan· nwtPrs 
:-lquan· milPs 

;-.)q uar1 · ~'ard:
"\C'rC's 
Hc·l'i ar<"s 
Nquar<• c·<"nt.inwkrs 
Nquari· frpt. 
Nquari' inchPs 
Nquan· milPs 
Nq uan · yards 
"\cTC'.'i 
HPC't<lf('S 

Nquarc• fr<'t 
Square kilometers 
Nqrnm· yard:-; 
Kilograms 
OmH·c·s 
Pounds 
Tons (long) 
Terns (short) 
Dync·t0 
Kil< >grams 
( Jtmc·c·:-; 

·---------



CONVERSION FACTORS-Continued 
------~"-------------------

Units Multiplied by 

Tons (short). . . . . . . . . . . . . 2X103 . . . . . . . . .•..•• 

0.893 ................. . 
0.907........ . . . . . . . 

Watts...... . . . . . . . . . . . 3.414 ................ . 
44. 2fi . . ............. . 
1. 341x10-3 ...........• 

1. 4:H X 10-2 . . . . . . . .. 

Yards . . . . . . . . . . . . . . . . . 91 . 44. . . . . . . ..... . 
3 .................. . 

Equal 

Pounds 
Tons (long) 
Tons (metric) 
BTU/hour 
Foot-pounds./minut.e 
Hors<' pmn'r 
Kilogram-caloriPs./ 

minut.r' 
Centim<'t<'rs 
Feet 

36 . . . . . . . . . . . . . . . . . . . . Inr!ws 
0. 914. . . . . . . . . . . . . . . . . :\f Ptns 
4.934Xl0-4 ..•......... :\IilPs (nautical) 
fi.682Xl0-4 . . . . . . . . . . . :\Iiks (statut<') 
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JosEHP K. G. SILVEY is Distinguished Professor, Chairman 
of Biological Sciences, and Director of the Institute 
for Environmental Studies at North Texas State Uni
versity, Denton. He received his B.S. from Southern 
Methodist University in 1927, his M.A. in 1928 and 
his Ph.D. in Zoology from the University of Michigan 
in 1932. He is a specialist in eutrophication and in reser
voir ecology with reference to the effect of micro
organisms on taste and odors. 

]. EDWARD SINGLEY is a Professor in the Department of 
Environmental Engineering Sciences at the University 
of Florida. He received his B.S. and M.S. degrees in 
Chemistry from Georgia Institute of Technology in 
1950 and 1952, respectively, and his Ph.D. degree in 
Water Chemistry from the University of Florida in 
1966. He is a specialist in the chemistry of water and 
wastewater treatment. 

RICHARD L. WooDWARD is Vice President of Camp Dresser 
& McKee Inc., consulting engineers in Boston, Massa
chusetts. He received a B.S. in Civil Engineering from 
Washington University, St. Louis, Missouri, in 1935, an 
M.S. in Sanitary Engineering from Harvard Univer
sity in 1948, and a Ph.D. in Physics from the Ohio 
State University in 1952. He specializes in water 
quality problems and water and wastewater treatment. 

Panel on Freshwater Aquatic Life and Wildlife 

JOHN CAIRNS, JR. is University Professor of Zoology and 
Director of the Center for Environmental Studies, 
Virginia Polytechnic Institute and State University, 
Blackburg, Virginia. He received an A.B. from Swarth
more College in 1947, and an M.S. in 1949 and a 
Ph.D. in 1953 from the University of Pennsylvania. He 

is a specialist in the effects of stress upon aquati< 
organisms. 

CHARLES C. CouTANT is Project Supervisor of Therma 
Effects Studies in the Environmental Sciences Divisior 
of Oak Ridge National Laboratory, Oak Ridge, Ten 
nessee. He received his B.S., M.S., and Ph.D. degree 
in Biology from Lehigh University in 1960, 1962, an< 
1965, respectively. A general aquatic ecologist b· 
training, he specializes in man's impacts on aquati1 
life, through impoundments, pesticides, general in 
dustrial pollution, and thermal additions. 

ROLF HARTUNG is Associate Professor of Environmenta 
and Industrial Health at the School of Public Healtl 
at the University of Michigan in Ann Arbor. He re 
ceived a B.S. in 1960, an M.W.M. in 1962, and a Ph.Ll 
in 1964 in Wildlife Management from the Universit· 
of Michigan. He is a specialist in toxicology, and hi 
interests include diseases produced by toxicants i1 
man and wildlife. 

How ARD E. JOHNSON is Associate Professor of Fisheries am 
Wildlife at Michigan State University. He received ; 
B.S. degree from Montana State University in 1959, a1 
M.S. in 1961, and a Ph.D. in Fisheries in 1967 fron 
the University of Washington. His major research in 
terests are the effects of toxic materials on aquatic liJ~ 

and the distribution of biocides in aquatic systems. 
RuTH PA TRICK is Chairman and Curator of the Departmen 

of Limnology of the Academy of Natural Sciences o 
Philadelphia. She received a B.S. degree from Coke 
College in 1929, and M.S. and Ph.D. degrees from th1 
University of Virginia in 1931 and 1934, respectively 
She is also Adjunct Professor at the University o 
Pennsylvania. In 1971 she was appointed a member o 
the Hazardous Materials Advisory Committee of th1 
Environmental Protection Agency, and a member o 
Governor Shapp's Science Advisory Committee i1 
1972. Her research is on the structure and functionin1 
of aquatic communities of rivers and estuaries wit! 
particular interest in diatoms. 

LLOYD L. SMITH, Jr. is Professor, Department of Entomol 
ogy, Fisheries, and Wildlife, University of Minnesto; 
at St. Paul. He received his B.S. degree from th, 
University of Minnesota in 1931, his M.S. degree i1 
1940, and his Ph.D. degree in 1942 from the U niversit• 
of Michigan. His areas of expertise are fishery dynarn 
ics, effects of water quabty on fish production, an< 
aquatic biology. He has been chairman of ORSANCC 
aquatic life advisory committee since its formation. 

JoHN B. SPRAGUE is Associate Professor in the Departmen 
of Zoology at the University of Guelph, Ontario. H 
received a B.Sc. in 1953 from the University of Westen 
Ontario with the Universi1:y Gold Medal and an M.A 
in 1954 and a Ph.D. in 1959 in Zoology from the Uni 
versity of Toronto. He senied on the Fisheries Researcl 
Board of Canada, studying effects of pollution or 



aquatic organisms. He is a specialist in biological ef
fects of mine wastes and heavy metals and in methods 
of bioassay with aquatic organisms. 

Panel on Marine Aquatic Life and Wildlife 

RICHARD T. BARBER is Associate Professor (Zoology and 
Botany) at Duke University and Director of the 
Cooperative Research and Training Program in 
Oceanography at Duke University Marine Labora
tory. He received a BS. degree from L1 tah State Uni
versity in 1962 and a Ph.D. in Oceanography from 
Stanford University in 1967. His major research ef
fort is in the Coastal Upwelling Ecosystems Analysis 
program, and his specialties include growth of phyto
plankton in nutrient-rich systems, microbial oxidation 
of organic matter in seawater, and organic-metal in
teractions in marine systems. 

]AMES H. CARPENTER is an Associate Professor in the De
partment of Earth and Planetary Sciences at The Johns 
Hopkins University. He is presently on leave at the 
National Science Foundation as Head, Oceanography 
Section, Division of Environmental Sciences. He re
ceived a B.A. with a major in chemistry and a minor in 
biology from the Univen,ity of Virginia in 1949, and an 
M.S. in 1952 and a Ph.D. in 1957 in Oceanography 
from The Johns Hopkins University. His research con
cerns the physical, chemical and biological processes 
that influence nutrient and metal concentrations in 
estuarine and coastal waters. 

L. EUGENE CRONIN is Director of the Chesapeake Biological 
Laboratory, Natural Resources Institute, University 
of Maryland, College Park. He received his A.B. from 
Western Maryland College in 1938 and his M.S. in 
1942 and Ph.D. in I 946 in Biology from Maryland 
University. His specialties arc estuarine ecology and 
the phy,iology and population dynamics of marine in
HTtcbrates. 

HoLGER \V . .JANNASCH is Senior Scientist at the \Voods Hole 
Oceanographic Institution in \Voods Hole, Massa
chusetts, where he heads the program in Marine Ecol
ogy at the Marine Biological Laboratory. He received 
his Ph.D. in General Microbiology at the University 
of Giittingcn, Germany. His field of research is the 
physiology and ecology of aquatic microorganisms. 

G. CARLETON RAY is Associate Professor at The Johns 
Hopkins University, Baltimore, Maryland. He received 
a Ph.D. dC'grcc in Zoology from Columbia Cniversity 
in I 960. Currently he is also a research associate at the 
Smithsonian Institution National Museum of Natural 
History in conjunction with the Marine Mammal 
Program of the International Biological Program under 
support of the :\'" ational Science Foundation. He is an 
authority on physiological ecology, acoustics, and be
havior of marine mammals. 
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THEODORE R. RICE is Director of the Atlantic Estuarine 
Fisheries Center, National Marine Fisheries Service, 
Beaufort, North Carolina. He received his A.B. from 
Berea College in 1942, and his M.S. in 1947 and Ph.D. 
in 1949 in Biology-Ecology from Harvard University. 
His fields of research are radioecology, estuarine ecol
ogy, and environmental contaminants. He served on 
the National Academy of Sciences Committee that 
prepared "Radioactivity in the Marine Environment." 

ROBERT \V. R1sEBROUGH is an Associate Research Ecologist 
at the Bodega Marine Laboratory of the University ot 
California. He received an A.B. in Zoology from Cornell 
University in I 956 and a Ph.D. in Molecular Biology 
from Harvard University in 1962. His principal research 
interest is the pollution ecology of coastal waters. 

MICHAEL \V ALDICHUK is Program Head, Pacific Environ
ment Institute, West Vancouver, British Columbia. 
He received a R.A. in Chemistry in I 948 and an M.A. 
in 1950 from the University of British Columbia, and 
a Ph.D. in Oceanography in 1955 from the University 
of Washington. From 1954 to I 969, he specialized in 
oceanographic studies related to marine pollution 
problems while with the Fisheries Research Board's 
Biological Station in Nanaimo. He is Chairman of the 
IMCO /FAO /UNESCO /WMO /WHO /IAEA/UN 
Joint Group of Experts on the Scientific Aspects of 
Marine Pollution (GESAMP). 

Panel on Agricultural Uses of Water 

HENRY V. ATHERTON is Professor of Dairy Industry and 
Dairy Bacteriologist in the Animal Sciences Depart
mcn t at the University of Vermont and the Vermont 
Agricultural Experiment Station. He received his B.S. 
degree and his M.S. degree from the University of 
Vermont in 1948 and 1951, respectively, and his 
Ph.D. in Dairy Technology and Biochemistry from 
the Pennsylvania State University in 1953. His research 
interests arc in milk quality as influenced by bulk 
milk cooling on farms, farm water supplies, and dairy 
sanitation. 

RoBERT D. BLACKBURN is at the Agricultural Research 
Station, U.S. Department of Agriculture, Plantation 
Laboratory, Ft. Lauderdale, Florida. He graduated 
from Auburn University in 1959 with an M.S. in 
Botany. He is an authority on aquatic weeds and a 
consultant to the U.S. Navy, FAO, and the Puerto 
Rican \Yater Resources Authority. He is editor of 
Hyacinth Control Journal. 

PETER A. FRANK is Research Plant Physiologist with the 
Agricultural Research Service of the U.S. Department 
of Agriculture. He received a B.S. in 1952, an M.S. in 
1953, and a Ph.D. in Plant Physiology and Biochem
istry from Michigan State University in 1955. His 
interests are the physiology, ecology, and management 
of aquatic vegetation. 
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VICTOR L. HAUSER is an Agricultural Engineer, U.S. Water 
Quality Management Laboratory, Agricultural Re
search Service, U.S. Department of Agriculture, 
Durant, Oklahoma. He received his B.S. from Okla
homa State University in 1952 and his M.S. in Agri
cultural Engineering from the University of California 
in 1957. He is a specialist in water conservation in 
agriculture and in ground water recharge. His current 
research is in the field of water quality management. 

CHARLES H. HILL, JR. is in the Poultry Department, f\;orth 
Carolina State University, Raleigh. He received his 
B.S. in 1948 from Colorado A&M College, and his 
M.S. in 1949 and his Ph.D. in Nutrition Chemistry in 
1951 from Cornell University. His specialties include 
nutritional requirements of poultry and the roll of 
nutrients in disease resistance. 

PHILIP C. KEARNEY is Leader of the Pesticide Degradation 
Laboratory, Agricultural Environmental Quality In
stitute, National Agricultural Research Center, Belts
ville, Maryland. He received his B.S. from the Uni
versity of Maryland in 1955, his M.S. in 1957 and his 
Ph.D. in Agriculture from Cornell University in 1960. 
His research interests are in the environmental impli
cation of pesticides and their biochemical transforma
tion. 

JESSE LuNIN is currently the Environmental Quality Special
ist on the National Program Staff of the Agricultural 
Research Service. He received a B.S. in Soil Science 
from Oklahoma State lJ niversity in 1939, an M.S. in 
1947 and a Ph.D. in 1949 from Cornell University in 
Soil Chemistry. His research interests are soil-water
plant relations and water quality and waste manage
ment. 

LEWIS B. NELSON is Manager of the Office of Agricultural 
and Chemical Development, Teneessee Valley Author
ity, Muscle Shoals, Alabama. He received a B.S. in 
Agronomy at the University of Idaho in 1936, an M.S. 
in 1938 and a Ph.D. in 1940 in Soil Science at the 
University of Wisconsin. His interests are soil and 
water conservation research, soil fertility, and fertilizer 
technology. He is head of TVA's National Fertilizer 
Development Center. 

OscAR E. OLSON is Professor and Head of the Experimental 
Station, Biochemistry Department at South Dakota 
State University, Brookings. He received his B.S. degree 
in 1936 and his M.S. degree in 1937 from South Dakota 
State University, and his Ph.D. in Biochemistry in 
1948 from the University of Wisconsin. His research 
interests are selenium poisoning and nitrate poisoning. 

PARKER F. PRATT is Professor of Soil Science and Chairman 
of the Department of Soi[ Science and Agricu[tura[ 
Engineering, University of California, Riverside. He 
received his B.S. degree from Utah State University 
in 1948 and his Ph.D. in Soil Fertility from Iowa State 
University in 1950. He is a specialist in long-term ef-

fects of irrigation on so'll properties and crop produc 
tiviry, quality of irrigation waters, and nitrates an 
salts in drainage waters. 

GLENN B. VAN NESS is Senior Veterinarian, Animal Healt 
Diagnostic Laboratory at Beltsville, Maryland, APHn 
U.S. Department of Agriculture. He received h 
D.V.M. from Kansas State University in 1940. H 
special interests arc in the ecology of infectious disesa< 
of livestock, and he has published studies of ecology < 

anthrax and bacillary hernoglobinuria. 

Panel on lndustial Water Supplies 

IRVING B. DICK is a consultin:;- chemical engineer. He n 

ceived his BSE in Chemical Engineering from th 
University of Michigan in 1926, and after 42 yea1 
with Consolidated Edison Company of New York h 
retired in 1968 as Chief Chemical Engineer. His ir 
terests arc fuel oil additive.;, fuel combustion, and watc 
treatment for uses in powcT generation. 

CHARLES C. DINKEL is the Director of Field Services c 
Drew Chemical Corporation, Parsippany, I\ cw Jcrse') 
He received a B.S. in Chemistry from w·agner Colleg 
in 1948, and an M.S. in Oceanography from Lhe Scripj: 
Institution of Oceanography at LaJolla in l 951. He i 
a member of the American Chemical Society and 
specialist in watc1· and wa;tewater treatment. 

MAURICE C. FUERSTENAU is Professor and Chairman of th 
Department of Metallurgi,:al Engineering at the Soutl 
Dakota School of Mines and Technology. ~le rcccivec 
his B.S. from the South Dakota School of Mines anc 
Tcchnolog7 in 1955, and an M.S. in 1957 and a Docto 
of Science in ~1etallurgy in 1961 from the Massachu 
sew: Institute of Teclmo logy. Ile is a ;,pecialist in inter 
facial phenomena and extractive metallurgy. 

ARTHUR \V. FvNSK is a Senior C:omultant in the Enginecrin1 
Service Division, Engineering Department, of E. I 
duPont de Nemours & Company. He received a B.S 
in Civil Engineering in 1950 and an M.S. in SanitaP 
Engineering in 1951, both from the Massachusett 
Institute of Technology. He is a specialist in industria 
water resources and treatment. 

GEORGE J. HANKS, Jr. has been Manager-- Environmcnta 
Protection for the Chemicals and Plastics Group o 
Union Carbide Corporation since 1968. He received ; 
B.S. degree in Mechanical Engineering from Princet01 
University in 1942. 

WILLIAM A. KEILBAUGH is ~1a nager of Research and De 
velopment of the Cochrane Division of Crane Co. 
King of Prussia, Pennsylvania. He received an A.B. ir 
Chemistry from Allegheny College, Meadville, Penn· 
sylvania ir: l 939, and is a specialist in water and waste· 
water treatment. 

JAMES C. LAMB III is Professor of Sanitary Engineering a1 
the University of North Carolina, Chapel Hill. Hf 
received a B.S. in 194 7 from Virginia Military Institut{ 



and an M.S. in 1948 and an Sc.D. in 1953 in Sanitary 
Engineering from the Massachusetts Institute of Tech
nology. His research specialties include treatment pro
cesses for industrial wastes and water quality manage
ment. 

JAMES K. RrcE is President and General Manager of Cyrus 
Wm. Rice Division of NUS Corporation, a firm of 
consulting engineers and scientists. He received his 
B.S. and M.S. in Chemical Engineering from Carnegie
Mellon University in 1946 and 1947, respectively. His 
field of expertise is industrial water and wastewater 
treatment and reuse. 

J. JAMES RooSEN is Director of Environmental Studies for 
the Engineering Research Department of The Detroit 
Edison Company, Detroit, Michigan. He received his 
B.S. in Chemical Engineering in 1959 from the Uni
versity of Detroit where he also conducted graduate 
studies. His expertise is in water systems engineering 
and research as applied to the electric utility industry. 

ROBERT H. STEWART is a partner of Hazen & Sawyer, 
New York City, a firm offering engineering services in 
management of water resources. He received his A.B. 
from Harvard College in 1953, his M. S. in 1958 and 
M. Eng. in 1959 from Harvard University. His special
ties arc the design and management of water supply 
systems for industries and public utilities. 

SIDNEY SussMAN is technical director, Water Treatment De
partment, Olin Corporation. He received a B.S. m 
Chemistry from Polytechnic Institute of Brooklyn in 
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1934 and a Ph.D. in Chemistry from the Massachusetts 
Institute of Technology in 1937. He is a specialist in 
industrial water technology and accredited as a Cor
rosion Specialist by the National Association of Cor
rosion Engineers. He is the author of the chapter on 
water for cooling and steam generation in the Ameri
can Water Works Association's handbook and serves 
on the Association's Committee on Standard Methods. 

CHARLES H. THORBORG is associated with Gulf Degremont, 
Inc., Liberty Corner, New Jersey. His B.S. degree in 
Mechanical Engineering was received in 1961 from 
Fairleigh Dickinson University, Rutherford, New 
Jersey. For the past ten years he has been concerned 
with water and wastewater treatment. 

BERNARD J. WACHTER is with WAPORA, Inc., Washington, 
D. C. He is a biophysicist specializing in industrial 
water treatment. Prior to joining WAPORA, he was 
editor of the journal, Industrial Water Engineering. 

WALTER J. WEBER, JR. is Professor of Environmental and 
Water Resources Engineering and Chairman of the 
University Program in \;\I ater Resources at the U niver
sity of Michigan at Ann Arbor. He received a Sc.B. in 
Engineering from Brown University in 1956, an M.S.E. 
in Sanitary Engineering from Rutgers University in 
1959, an AM. in Applied Chemistry in 1961 and a 
Ph.D. in Water Resources Engineering in 1962 from 
Harvard University. His professional interests are in 
municipal and industrial water and waste treatment 
and the chemistry of natural waters. 
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Rad tolerance, 272 
Uranium concentrate, 256 

Algae growth, 23, 27') 
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Algal blooms, 317 
Algal growth 

Artificial destratification, 165 
Temperature effects, 165 

Algal nutrition 
Phosphates, 253 

Algal-pH interaction, 141 
Alkali dise.1se 

Livestock, 316 
Alkaline waters 

Calcium carbonate saluratation, 54 
Hardness, 54 
pH value, 54 
Taste, 54 

Alkalinity 
Corrmiv·~ waters, 54 
Natur.11 waters, 54 
Weak acid anions, 54 

Alkalinity composition, 52 
Aluminum --pH relationship, 242 
America ci Fisheries Society, 28 
America o Kestrels 

Egg srel! thinning, 197 
Shell thicming-DDE relationship, 226 

America o Oyster 
Silt tolerance, 281 

American Public Health Association, 29, 31 
American Society of Ichthyologists and He 

petologists, 28 
Ammonia 

Corrosiveness, 55 
Groundwater, 55 
Public water supply, 65 
Rainbow trout mortality, 242 
Sewage treatment, 55 
Surface water, 55 
Water distribution systems 

Algal nutrient, 55 
Mierooial nutrient, 55 

Water disinfectant, 55 
Water solubility, 186 

Ammonia-dissolved oxygen relationship, 2~ 
Ammonia--pH relationship, 188 
Ammonia 1 oxicity 

Fish species, 187 
Amphibians 

Muscular dystrophy, 250 
Anabaena circinalis, 147 
Anabaena jlus-aquae, 317 
Anaerobic sediments, 239 
Anaerobtc soil-water environment, 322 
Anas pla~vrhynchos, 196, 226 
Anas 1 ubriptS, 19 5 
Anas stre/•era, 228 



Anemones 
Chlorine tolerance, 247 

Animal protein 
Marine environment, 216 

Animal protein consumption 
Fish source, 216 

Animals 
Cadmium content, 245 
Drinking water intake, 306 
Water consumption, 308 
Water content 

Daily calcium requirements, 306 
Daily salt requirements, 306 

Water requirements 
Beef cattle, 305 
Dairy cattle, 305 
Horses, 305 
Sheep, 305 
Swme, 305 

Anion exchange, 375 
Ankzstrodesmus, 438 
Annual temperature cycle, 171 
Anopheles freeborm, 25 
Anopheln quadrzmaculatus, 25 
Antarctica 

Cadrmum level, 246 
Antarctica fowl 

Mercury tolerance, 252 
Antarctica Fern 

Cadmium levels, 246 
Mercury tolerance, 252 

Anthrax 
Bacillus anthraczs, 322 

Antimony 
Broassay of fish, 243 
Green algae effects, 243 

Antimony poisoning 
Humans, 243 

Anus acuta, 228 
Anus sp., 228 
Aphamzomenon jlor-aquae, 317 
Aquaculture, 277 
Aquatic acclimation 

Ecological balance, 154 
Aquatic animals 

Gas bubble disease, 132 
lonizmg radiation absorption, 145 
Mangdnese concentration, 250 
Oxygen uptake, 270 
PCB-reproduction effects, 177 
Silver toxicity, 255 

Aquatic birds 
Cl. botulznum outbreaks, 196 

Aquatic communities 
Alter,1tion, 165 
Animal populations, 194 
Oxygen concentrations, 131 
Thermal criteria, 166 
Thermal patterns, 165 
Toxic,rnts, 220 

Aquatic ecosystems (See also Aquatic orga-
nisms) 

Artificial impoundments, 124 
Balance, 110 
Biota, 109 
Bogs-wildlife relationships, 194 

Community structure, 109, 110 
Dimethylmercury content, 172 
Dissolved solids, 142 
Environmental ch,rnge, 109 
Estuaries, 21 9 
Habitats, 109 
Marshes-·wildlife relationships, 194 
Monomercury content, 1 72 
Muskegs--wildlife relationships, 194 
Oxygen requirements, 132 
Pesticide contanunation, 182 
Pollutants, 194 
Pollutants effects, 220 
Pollution effects, 237 
Seepage--wildlife relationship, 194 
Suspended solids interactions, 126 
Swamps-wildhfe relationship, 194 
Temperature sensitivity, 157 
W ast<'s lethal toxicity, 117 
Water level fluctuatron, 194 
Water pollutants, 109 
Water temperature, 151 
Water temperature fluctuations, 160 

Aquatic ecosystem-wildlife relationship, 194 
Aquatic environment, 109 

Biological monitoring, 116 
Chemical structure, 110 
Dialkyl phthalat<' residues, 17 4 
Dredgmg effects, 124 
Iron contaminants, 249 
Mercury from coal burning, 172 
Mercury from industrial processes, 172 
Mercury from weathering processing, 171 
Organic mercury, 172 
Physical characteristics, 110 
Pollut.rnt concentrations--disease relation-

ship, 236 
Radio,ictiv<' materials, 190, 270 
Radroactivity levels control, 273 
Radimsotope mtroductron, 271 
Radimsotopes--food web relationship, 271 
Selenium content 254 
Summer nutrient additions, 276 

Aquatic food ch,iins 
Mncury cont<'nt, 17 4 

Aquatic form 
Chronic r«tdiation dose effects, 273 

Aqu<1tic habitats, 110 
Mercury contdtT11nation, 173 

Aquatic invertebrates 
Th.illrum toxicity, 255 

Aquatic lrfc 
Asphyxiation, 137 
Behavior effects, 236 
Bioassay system, 235 
Bio response testing, 234 
Carbon dioxide effects, 139 
Chlorine toxicity, 189 
Chrommm sensitivity, 247 
Chromium toxicity, 247 
Community structure, 408 
Detergent toxicity, 190 
Dissolved gas pressure, 135 
Extreme temperature exposure, 161 
Floating logs effects, 128 
Hydrogen sulfide toxicity, 191, 193 

Subject lndex/563 

Inorganic chemicals-marine environment 
interactions, 239 

Lead concentration effects, 181 
Local habitats, 15 7 
Metal hydroxide toxicity, 179 
Metal toxicity, 179 
Migration temp(Tature, 164 
Oil-dett'rgmts toxicity, 261 
Oil loss effects, 144 
Oil spills eff<:>cts, 258 
Oily substances toxicity, 145 
Oxygen requirements, 131 
pH metals r<'latronship, 179 
pH toxicity, 140 
Pesticide effects, 434 
Pollutants-genetic effects, 237 
Pollution effrcts evaluation, 408 
Reproductron watcT temperature relation-

ships, 164 
Spawning tcrnper,itures, 164 
Supersaturation 

Physiological adaptation, 137 
Tc-mperature acclrm,ition, 171 
Thermal critni,i, 15 7 
Thermal requirements, 164 
Thermal resistance, 161 
Thermal tolerance, 160 
Water temp(Tdture limits, 165 
Water temperature safety factor, 161 
\Nmter maxima temperature, 160 

Aquatic macrophytcs 
Aesthetic values, 26 
Sports fishermen, 26 

Aquatic 1nan11nals 

Surface oil h,1zards, 196 
Aquatic microorg,1nisms 

B10,1ss,1ys, 235 
Water characteristics alteration, 127 

Aquatic molluscs 
Mercury int.1ke, 173 

Aquatic organisms 
Aliphatic hydrocirbon synthesization, 145 
Arsenic chrome effects, 243 
Arsenic lethal doses, 243 
Arsenic poisomng, 243 
Average temperature tolerance, 170 
Bioass,iys, 109 
Boron toxicity, 244 
Bromine toxicity, 245 
Cadmium chrome effect, 246 
Chlorine exposure, 189 
Chlorine toxicity, 189, 246 
Chronic exposure to mercury, 17 4 
Cl<'<lll water relationship, 408 
Community diversity, 408 
Community structure, 109 
Copper l<'th,1lity, 248 
Diversity mdices, 408 
Dredgmg effects, 124 
Environmental changes, 152 
Flavor impairing materials uptake, 148 
Hydrogen sulfide toxicity, 256 
Inorganic ch<'rnicals 

Accumulation, 469-480 
Dosage, 450-460 
Sublethal doses, 461-468 
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Irradiation, 271 
Larvae pollution sensitivity, 236 
Lethal threshold temperatures, 410 
Mercury compounds, 252 
Mercury concentration in tissue, 174 
Migrations, 236 
Methylmercury intake, 172 
Mortality levels, 162 
Organic compounds 

Toxicity data, 484-509 
Organochlorine compounds 

Accumulation, 183 
Organochlorine pesticide accumulation, 

185 
pH effects, 141 
Particulate material 

Bottom-settling effects, 281 
Phosph<>tes--primary production effects, 

281 
Phosphates tolerance, 253 
Phytoplankton growth, 124 
Pollutant concentr.ltions, 233 
Pollutant sublethal effects, 233 
Polluted wc1ter, 408 
Pollution-nutrition reldtionship, 237 
Polychlorinated byphenyls in tissues, 177 
Polychlorinated byphenyls toxicity, 176 
Primary productivity, 281 
Radioactivity effects, 190, 270 
Rad10isotope concentrations, 193, 271 
Radioisotope content, 192 
Reproductive cycle-chronic toxicity ef-

fects, 235 
Species protection, 109, 110 
Sublcthal lead effects, 250 
Temperature changes, 151 
Temperature--reproduction relationships, 

171 
Temperature resistance, 410 
Temperatur<' tolerance, 151 
T<'sting, 119 
Thallium nitrate effects, 256 
Thermrrl cnteri,1, 168 
Th<'fmal responses, 152 
ThcTn1c1l shock, 168 
Thermal shocks mix, 170 
Threshold values, 282 
Toxic concentrations acc<'ptability, 118 
Uranium toxicity, 256 
Waste cont<lmination, 109 
Waste exposure time, 231 
Water quality rnanrrgcrnent, 109 
VV rrter temperature, 151 

Aqurrtic plant communities 
Bicrrrbonate alkalinity, 194, 195 

Aquatic plant growth 
Cation requirement, 23 

Aquatic plants 
Barium chloride lethality, 244 
Free oil effects, 144 
Ionizing radiation absorption, 195 
Mercury content, 251 
Oil emulsions rffects, 144 
Oxygen requirements, 131 
Oxygen uptake, 270 
Silt deposits accumulation, 195 

Aquatic pollution 
Larvae mortality, 23(, 

Aquatic populations 
Dissolved oxygen concentrations, 270 
Thermal alterations, 152 

Aquatic populations smvival 
Water temperature effects, 161 

Aquatic species 
Critical temperatures, 171 
Harvest control, 110 
Hydrogen sulfide chrnnic exposure level, 

193 
Aquatic systems (See also Aquatic ecosystems 

and Aquatic orgamsms) 
Dissolved solids 

Anim,il growth, 142 
Plant growth, 142 

Herbicides content, 183 
Inorganic materials interaction, 111 
Orgamc material intl'raction, 111 
Pesticide distribution 183 
Physical factors 

Bottom contour, 111 
Currents, 111 
DPpth, 111 
Flow velocity, 111 
Light penetration, 111 
Reacration capability, 111 
Temper<1ture, 111 
Volume of water, 111 
Water exchange rate, 111 

Temperature-chemical reactions, 111 
Aquatic test animals 

Daphnw, 119 
Daphma magna, 119 

Aquatic testing organisms 
Acclimation, 120 

Aqu,1tic vascular plants 
Bicarbonate ,tlkalinitv, 24 
Biomass for waterfowl, 27 
Biorna5s vs. boatinl~' 27 
Carbon dioxide effects, 24 
Carbonate alkalinity effects, 24 
Control methods, 26 
Current velocity effects, 24 
Dissolved oxygen effects, 24 
Evapor<1tion effects, ~:4 
Harvest, 26 
Light pen<'tration effects, 24 
Nutrient supplies effects, 24 
Oxygen b<tlance, 24 
Prediction model, 24 
pH effects, 24 
Phytoplankton intera•:tion, 25 
Sediment composition effects, 24 
Swimming tolerance, 63 
W<1ter circulation, 24 

Aquatic vectors 
Culex J attgans, 17 
Disease 

Encephalitis, 17 
Malaria, 17 
Schistosomiasis, l 7, 18 

Midge production, 1f. 
Mosquitos, 17, 18 
Snails, 19 

Aqueous ecosystem 
Persistent pollutants, 264 

Arabis mosaic virus, 349 
Arbacw 

Silver nitrate effects, 255 
Arratza tome 

Chlorine exposure times, 247 
Ardea herodws, 227 
ArgentinOJ. 

Epidemiological studies, 56 
Arid regions 

Climate 
Irrigation waters, 333 

Drai02gf' waters, 334 
Irrigation water quality, 333 
SAR values, 338 

Arizona 
Fish fauna, 27 
Irrigation water, 352 

Aroclor", 176, 177, 226 
Arrow oil spill, 262, 263 

Arsenic 
Aquatic mganisms poisoning, 243 
B10log1cal oxidation, 56 
Chemical forms, 56 
Cumulative poison, 243 
Dermatological manifestations, 56 
Drinking water, 56 

Carcinogenic effects, 309 
Human consumption, 309 
Tox1city, 309 

Epidemiological studies, 56 
Farm .1mmals 

Water toxicity, 309 
Food int1ke concentrations, 56 
Growth ,,timulant, 56 
Human chronic exposure, 56 
Human tolerance, 56 
Inorganic, 56 
Microorganism poisoning, 24~• 
Pentavaknt inorganic form, 56 
Pesticide:;, 243 
Public water supply, 56 
Surface water, 56 
Toxicity in water, 309 
Toxicity to man, 56 
Toxicity variance, 243 
Water intake concentration, 56 

Arsenic 2s carcinogen, 56 

Arsenic poisoning 
I I um an 1 eactions, 56 
Toxic :;ymptoms, 56 

Arsenic-selenium relationship, 240 

Arsenicals, 310 

Arthrobacler, 302 

Arthropods 
Fish food, 193 

Arthropods--hydrogen sulfide relationshiI 

193 

Ashy pet1·el 
Cadmium effects, 246 
Mercury concentrations, 252 

Asia 
Fishery management, 441 
Ocean sediments, 281 



Asian clam (Corbzcula mamlenszs), 27 
Atlantic 

Barium concentration, 244 
Tar ball abundance, 257 

Atlantic Coast 
Fisheries, 221 
Waste disposal, 222, 278 

Atlantic coast streams 
Carbon dioxide content, 139 

Atlantic salmon 
Copper concentrations, 181 
Copper lethal effects, 248 
Zinc -copper reactions, 240 

Atomic energy installations 
Radiation-aquatic life relationships, 273 

Au Sable River, 14 
Australia 

Water use 
Livestock, 307 

Aythya affines, 195 
Aythya ammcana, 195, 228 
Aythya collarzs, 228 
Aythya 1•alzmma, 195, 228 

BOD (<Pe also b10chcmical oxygen demand), 
55, 330 

BOD test 
Effluent quality, 55 
Sewage treatment measurement, 55 

BOD5 (5-day Biochemical Oxygen Demand 
test), 275 

Bac1/lw, 438 
Baczllus anthraczr, 322 
Back Bay, Virginia 

Aquatic plant production, 194 
Silt deposits, 195 

Bacteri,1 
Coliform index, 58 
Public water supply, 57 
Rad tolerance, 272 

Bacterial pathogen detection, 276 
Baha, California 

St'dimented oils, 145 
Tampico Maru spill, 258 
--------

Bald E,1gle 
Dieldrin accumulation effects, 227 

Bankza srtacza, 243 
Ballanu< ballan01des, 261, 255 
Baltimore, J\,faryland 

U rb,m streams, 40 
Banana waterlily 

Waterfowl food, 194 
Barium 

Adverse physiological effects, 59 
Dust inhalation, 59 
Human dosage, 59 
Industrial use, 243 
Injection-toxic effects, 59 
Musel<" stimulant, 59 
Nt'rve block, 59 
Public water supply, 59 
Solubility, 59 
V asoconstriction, 59 

Barium chloride 
Bioassays, 244 

Barnacles 

Chlorine tolerance, 247 
Silver toxicity, 255 

Bathing beaches 
Bacteriological standards, 30 
Long Island Sound, 31 

Bathing places 
Diseases, 29 
Water quality, 29 

Bathing waters, 29 
Chemical quality, 33 
Contamination, 29 
Fecal coliform index, 31 
Illness incidences, 31 
Meningoencephalttis, 29 
Wat<"r quality requirements, 30 

Bays 
Nonthermal discharge distribution 

Mathl"rnatical model, 403 
Beach quality 

Jetties and piers, 17 
Bear River Migratory Bird Refuse 

Cl. botulznum outbreak, 196 
Benthic communities 

Sedimented oils effects, 196 
Beryllium 

Surface waters, 310 
Wdter solubility, 244 

Bicarbonates 
Frrnt crops, 329 

Btlh,lfzi<1sis (schistosomiasis), 18 
Bikini 

Mdnganesc radionuclide upt,1ke, 251 
Bioaccumulation of mercury, 172 

Bioassay design 
Biolog1c"l characteristJcs, 236 

Bioassay evaluation, 121 
Bioassay methods 

Flow-through, 119 
Static, 119 

Bioasscty procedures, 120 
Bioassay tests 

Physiological processes, 237 
Bioassays 

Application factors, 121 
Aquatic life stages, 235 
Aquatic life taintrng, 149 
Aquatic microorg,misms, 235 
Chemical concentr.ition, 123 
Continuous flow, 119 
Dissoh-ed oxygen, 121 
Exposure effects, 236 
Labor,1tory experimt'ntation, 119 
Lf'thal threshold conc<'ntrations, 122 
Long-term testing, 236 
Mrnnow mortality, 128 
Pollutants, 122 

Safe-lethal concentr,1tion ratios, 121, 122 

Systf'm design, 235 

Toxicant concentration, 121 

Tox1cant mixturt"S 

Sublethal effects, 122, 123 

Toxic ants 

Long-term effects, 118 

Toxicity measurements, 118 

Toxicity tests, 121 

Water quality, 118 
Water t.unting, 149 

Subject lndex/565 

Biochemical oxygen demand (see also BOD), 34 
Biographical notes 

(Committee and panel members), 528--533 
Biological communities 

Canals, 171 
Embayrnents, 171 

Biological methylation, 172 
Biological momtoring program 

Bioassays, 116, 117 
Field surveys, 116 
In-plant, 116 
Simulation techniques, 116 

Biological treatment procedures 
Virus removdl, 92 

Biological wastes 
Org,mic tox1cants, 264 

Biomonitoring procedures, 120 
Bwmj,halarza glabrata, 18 
Bioresponses 

Long-term testing, 236 
B10sphcrc 

Toxic organics hazards, 264 
Biota temperature deviations, 151 
Bird fr,1thers 

Mercury concentrations, 252 
Bird life 

Chlorinated hydrocarbon pesticide tox· 
icity, 227 

Lc,1d rngestion <'ffects, 228 
Birds 

Mercury contamination, 198 
Mercury poisoning, 172 
PCB toxicity, 198 

Bismuth 
Sea w,1t<'r, 244 

Bivalve larvae 
M<'rcunc chlonde lethality, 252 

BL1ck duck 
\\'inter food rcq mremcnts, 19 5 

BL1ck flies-pH effects, 141 
Black Sea 

Yeast uranium uptake, 256 
Black waters oxygen content, 132 
Black{]y Llfvae, 18, 22 
Bloodwonns (C/mononzzdae), 22 
Bluegill sunfish 

Antimony tolerance, 243 
Phosphorus toxicity, 254 

Bluegills, 435, 437, 438 
Blue-green algae, 22 

Ana/Jama, 22 
Anabaena flo<-aquae, 317 
A.j1/wnizommon flos-aquae, 317 
Coelosphaerzum keutzzngwnum, 317 
Disch,irge canals, 171 
Gloeotrzchza echwulata, 317 
Afzcrocoleus l'agznatus, 22 
},f1crocystzr aerugwosa, 22, 317 
Nitrogen-sea water relationship, 276 
}(odularza <Pwmgma, 317 
Schz:;,othrzx calc1cola, 22 
Toxicity, 317 

Blue-green algal 
Green L,1ke, Washing ton, 20 
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Lake Sammamish, Oregon, 20 
Lake Sebasticook, Maine, 20 
Lake Washington, Washington, 20 
Lake Winnisquam, New Hampshire, 20 
Livestock water intake, 317 

Blue mussel (Mytilus edulzs), 37 
Bluegills, 128 

Aroclor® exposure, 177 
Aroclor® toxicity, 176 
Cadmium lethality, 180 
Chromium toxicity, 180 
Hardwater-zinc toxicity, 182 
Hydrogen sulfide tolerance, 193 
Malathion exposure effects, 185 
pH effects, 141 
Pesticide synergisis, 184 
Phthalat!'" ester toxicity, 175 
Phenol toxicity, 191 
Softwater-zinc toxicity, 182 

Bluegill sunfish 
Cadmium lethality, 180 

Blythe, California 
Irrigation water, 348 

Boating 
Social aesthetics, 14 

Boca Cieza Bay 
Dredging effects, 279 

Boilers 
Blowdown, 378 
Cooling waters, 379 

Onc!'"-through, 376 
Equipment damage, 376 
Feedwater, 377 
High-pressure, 376 
Heat transfer equipment, 377 
Ion exchang!'", 376 
Ion exchang!'" resins, 376 
Low-pressure, 376 
Makeup treatment processes, 379 
Oily matter, 376 
Once-through cooling 

Underground aquifers, 377 
Oxidants, 376 
Recirculated water 

Biological growths, 379 
Corrosion, 379 
Scale control, 379 

Recycling steam condensate, 378 
Regeneration, 376 
Scale-forming hardness, 376 
Silica, 376 

Waste water potential 

Biological organisms, 379 

Suspended solids, 379 

Water makeup, 378 

Water quality requirements, 376, 377 

Boilers evaporation process 

Dissolved solids concentrate, 379 

Boilers feed water quality requirements, 379 

Boric acid 

Minnow fatality, 245 

Boron 

Groundwater, 310 

Natural waters, 310 

Public water supply, )9 
Sea water, 244 

Boston 
Oil pollution, 145 

Botanicals 
Recommended concentrations, 187 

Bottled and canned soft drinks 
Description of industry, 392 
Water composition., 3)3 
Water quality indicators, 392 
Water quality requirements 

Point of use, 393 
Water reuse, 392 
Water softening processes, 39 3 
Water treatment processes, 393 
Water use 

Consumption, 392 
Discharge, 392 
Intake, 392 
Recycle, 392 

Water use processes, :.92 
Bottom fauna 

Sunken oil effects, 262 
Bottom materials resusp,~nsion 

Nutrient fertilization occurrence, 281 
Toxic mat<:rials release, 281 

Bottom sediments 
Hydrogen sulfide con1ent, 256 
Oil degradat10n, 262 

Botulism 
Bird mortality, 197 

Botulism epizootic areas, 196, 197 
Botulism poisoning, l % 
Boundary waters canoe 1rea, 13 
Brachydanw reno, 435 
Brackish waters 

Oyster-pH relationship, 241 
Branta Ca11adenszs, 228 
British Columbia 

Irrigation water cont< minates, 349 
Bromine 

Water taste effect, 24~• 
Brook trout, 437 

Chromium chronic effects, 180 
Copper-reproduction effects, 180 
Hard water 

LC50 values, 181 
Mercury toxicity, 173 
Methylmercury content, 173 
Oxygen requirements, 131 
pH eff<:cts, 141 
Softwater 

LC50 values, 181 
Water temperature--mortality relationship, 

162 
Brown pelican 

Heavy metals pollution, 226 
PCB-shell thinning relationship, 226 
Reproductive failure, 197 
Shell thinning-DDE relationship, 227 

Brown trout (Salmo trutto ), 27 
pH effects, 141 

Brownsville Ship Channd 
Spoil deposits, 279 

Burbot 
pH eff!'"cts, 141 

Burea of Land Management, 9 
Bureau of Outdoor Recreation, •), 10 
Bureau of Reclamation, 9 
Bureau of Sport Fisheries and \.\/ildlife, 9 
Di-n-butyl phthalate 

Toxici1y to fish, 175 
Buzzards Bay 

Fuel oil spill, 258 

CAM (Carbon absorption method), 75 
CAM sampler 

Low-flo¥<, 75 
High-flow, 75 

CCE (Carbon-chloroform extract), 75 
Carcinogenic properties, 75 
Drinking water, 75 
Wat!'"r quality measurement, 75 

COD (Chemical Oxygen Demand), 275, 331 
Cabot te1n 

Oily water effects, 196 
Cad dis fl1 es 

pH effects, 141 
Iron effects, 249 

Caddo L.1k•?, Texas, 26 
Cadmium 

Absorption effects 
Ruminants, 310 

Cardiovascular disease, 60 
Cumulative poison, 179 
Drinking water, 310 
Ekctrophting plants, 60 
Ground water, 310 
Itai-itai cisease, 245 
Fish poisoning, 179 
Hepatic tissu!'", 60 
Mammal poisoning, 179 
Natural waters, 310 
Pesticides, 245 
Poisoning, 60 
Public water supply, 60 
Renal 1 is>ue, 60 
Shell growth effects, 246 
Toxicity, 60, 310 
Water pollutant, 245 
Zinc smelting by-product, 239 

Cadmium concentration 
Public water supply, 60 

Calanus, 261 
Californi;: 

Agriculture waters 
Climatic effects, 333 

Aquatic animal introduction, 28 
Fish fauna, 27 
Grasscarp introduction, 28 
Lithium toxicity, 344 

California C•Jastal waters 
Cadmiuw level, 246 
Mercury •:ontent, 252 

California emrent, 32 
California Fish and Game Commission, 28 
California mackeral 

DDT contamination, 237 
Cambarus, 113, 176 
Canada 

Lakes, 21 
Pesticides use, 440 



Canada Geese 
Lead ingestion effects, 228 

Canadian prairies 
Fish contamination, 240 
Mercuries in birds, 251 
Mercury in fish, 251 

Canals 
Coolmg water, 171 
Herbicides content, 347 
Plant growth; 23 

Canvasback 
Lead ingestion effects, 228 
Winter food requirement, 195 

Cape Cod, Massachusetts 
Coastal waters-temperature effects, 238 

Caramus auratus, 141, 181, 187, 193, 244 
Carbamate insecticides 

Mammalian toxicity, 78 
Recommended concentrations, 186 

Carbon dioxide in water, 139 
Carcznus mamus, 24 7, 248 
Carp ( Cyprznus carp1s), 27 

Ammonia exposure effects, 187 
Arsemc toxicity, 243 
Flavor impairing contaminants, 149 
Flavor tainting, 147 
Iron lethality threshold, 249 
pH effects, 141 

Casmerodtu> albus, 227 
Castalw /lava, 194 
Castle Lake, 23 
Catfish 

pH effects, 141 
Cation-,mion exchange, 375 
Cation exchange, 375 
Catostomus commersonm, 193 
Cattail 

plI effects, 141 
Cattle 

Drinking water 
Sodium chlonde content, 307 

Molybdenum tolerance, 314 
Teart tox1cosis, 314 
Water needs, 304, 305 

Cattle feed 
Arsemc· ·selenium reLitionship, 240 

Caturnu., 226 
Cement industry 

Description, 395 
Water leachmg 

Oxide-be<1ring particulates, 395 
Water leaching processes, 395 
Water quality requirements, 395 
Water use, 395 

Ceratophyllum, 24 
Cercarwr, 322 
Cercarza stagmcolae, 19 
Channel catfish, 128, 435, 437 

Phth,ilate ester toxicity, 17 5 
Flavor-impairing contaminants, 149 

Chattahoochee River, 305 
Chemical and allied products 

Industry description, 384 
Manufacturing facilities, 384 
Plant locations, 384 
Process water usage, 385 

Treatment processes 
Chlorination, 385 
Clarification, 385 
Demineralization, 385 
Filtration, 385 
Ion exchange, 385 
Raw water, 385 
Softening, 385 

Water quality, 384 
Indicators, 384, 385 

Water quality requirements 
Low turbidity, 384 

Water use, 384 
Chemical and allied product industry 

Process water intake, 384 
Chemical-environmental interaction, 239 
Chemical industry 

Process water characteristics, 384 
Chemical treatnwnt procedure 

Virus removal, 92 
Chesapeake K1y, 19 

Dredging effects, 279 
Eurasian mtlfml, 27 
Ferric hydroxide content, 249 
Nitrogen content effects, 281 
Phosphates contents effects, 281 
Spoil biomass, 279 

Chicks 
Water salinity intake, 308 

Chile 
Aquatic animal mtroduction, 28 
Dermatological manifestations, 56 

China 
Fishery man<1gement, 441 
Seaweed culture, 223 

Chinook salmon 
Ammonia concentrations, 242 
Cadmium-zinc effects, 246 
Chlorine lethal threshold, 246 
Chromium toxicity, 180 
Gas bubble dis<'aS<', 138, 139 
Gill hyperplasia·· ammonia relationship, 

187 
Cfmonomus plwrwrnr, 435 
Chlorella ppcnozdosa, 245 
Chlorrlla Spp, 438 
Chloride's 

Foliar absorption, 328 
Fruit crops sensitivity, 328 
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Instrumentation, 138 

Gas bubble disease, 135, 137 
Etiology, 135 
Exopthalmus, 137 
HydrosL1tic pressure, 135 
Sublcthdl effects, 138 

Gas bubble formation 
Aquatic life interface, 137 
Hydrost<1tic-dissolved gas-pressure re

lationship, 136 
Gas nuclei 

Bubble formation, 136 
Gasterosteur aculeatus, 242, 255 
Generation plants 

Thermal power, 378 
Genetic studies 

Aquatic pollutants, 23"1 
German Likes 

Tainting, 147 
Germany 

Mercury content in W<lter, 72 
Grizzard shad 

Carbon dioxide sensiti•1ity, 139 
Glass shrimp, 435 

Aroclor® toxicity, 17 6 
Global oil pollution of seis, 257 
Gloeotrzchia echmulata, 317 
Glossary of terms, 519--523 
Goldfish 

Ammonia tolerance, 1 B7 
Barium concentration, 244 
Bromine mortality, 24:, 
Hydrogen sulfide bioassays, 193 
Mercuric chloride effects, 252 
Nickel chloride lethality, 253 
Nickelous chloride effo:ts, 253 
pH effects, 141 
Sodium selenite tolerance, 254 
Softwater lead content, 181 

Gomphonema parvulum, 22 
Gonyaulax, 38 

Toxic dinoflagellates, 38 
Gonyaulax contenella, 38 
Gonyaulax tamarenszs, 38 
Grand Canyon, Coloradc, 14 
Grand Canyon Nation.ii Park, 40 
Grass carp (Ctenopharynegodon idella), 27 
Great Blue Herons 

Shell thinning-DDE relationship, 227 

G1eat-crested Grebe 
Mercury contamination, 252 

Great Lakes 
E. botulism outbreaks, 196 
Fish contamination, 240 
Pollutant 1 etention time, 230 
Predatory aquatic birds, 197 
Sea lamprey, 27 
Thermocline changes, 161 

Green algae 
Antimony effects, 243 

Great South Bay, New York 
Nitrogen-phosphorus ratios, 276 

Gre-en La1 e, Washington, 20 
Blue--grecn algal, 20 
Reclam,1tion, 20 

Greenland snow 
Lead cont<~nt, 249 

Ground w atcrs 
Ammonia content, 55 
Artesian, '.>2 
Boron content, 310 
Cadmium content, 60, 310 
Contamin.1tion, 352 
Contamin.1tion by deep-well injection, 52 
Contamination by leaching, 52 
Copper content, 64 
Dissolved morganic salts, 301 
Farmstead use, 302 
Fluorine concentrations, 248 
Foaming agents, 67 
Iron content, 69, 249 
Manganese content, 71, 250 
Mine-rals, 301 
Nutrient concentration, 22 
Public waler supply, 50 
Quality, 52 
Radioactivity, 84 
Radionuclides content, 317 
Salinity, 330 
Sodium concentration, 88 
Soluble salts content 

Farmsteads, 302 
Sulfate concentration, 89 
Sulfonates 6 7 
Temperature variation, 89 
Waste contamination, 310 
Waste mixing, 52 

Ground water degrading, 52 
Ground water quality 

Public water supply, 52 
Growing scawn 

Florida, 3:'.>6 
Michigan, 336 
New York. 336 

Guinea worm, 322 
Gulf coast 

Channelization, 279 
Dredging-, 279 
Estuaries, 279 
Filling effects, 279 
Spoils dumping, 279 
Waste dumping, 278 

Gulf of Mexico 
Lake sed irnents, 145 

Gulf Stream, 32 



Guppies 
Lead-growth effects, 181 
Nickel chloride lethality, 253 

Gyraulus, 19 

Hahaetus albicilla, 252 
Hahaetus leucocephalus, 227 
Hallett Station, Antarctica 

Camium in water ford, 246 
Halogens 

Water treatment, 301 
Hamburg, Germany, 351 
Harbor channels 

Wastes buildup, 278 
Harbor oil spillage, 263 
Hard water 

Antimony salts, 243 
Boron toxicity, 245 
Beryllium chloride toxicity, 244 
Cadmium content, 180 
Chromium concentration, 180 
Copper concentrations, 180 
Lead solubility, 181 
Nickel content, 253 
Zinc-fecundity effects, 182 

Hard water lakes, 25 
Hardness 

Public water supply, 68 
Heat exchangers 

Quality requirements, 377 
Heat rejection, 377 
Herbicides 

2,4-D, 79, 346 
2, 4, 5-T 

Embryo toxicity, 79 
Tetratogenic effects, 79 
Terata toxicity, 79 

2,4,5-TP, 79 
Amitrole, 347 
Canals, 347 
Chlorophenoxy, 76 
Dalapon, 346 
Human ingestion, 79 
Recommended concentration, 186 
Silvex, 346 
TCA, 346 
2, 3, 7, 8-tetrachlorodibenzo-p-dioxin, 79 
Toxicity, 26 

Herring 
Phosphorus poisoning, 254 

Herring Gulls 
Shell thinning-DDE relationship, 227 

Heterodera schachtu, 348 
Historical background 

Agriculture, 2 
Baseline data, 4 
Commercial, 2 
Disease, 1 
Environmental quality, 
Environmental Protection Agency, 2 
Purification by filtration, 1 
Recreation, 2 
Water quality criteria, 2, 4 
Water quality guidelines, 1, 2 
Water standards, 4 
Water uses, 2, 4 

Homarus americanus, 242, 280 
Horses 

Molybdenum tolerance, 314 
Horsehair worms, 322 
Hudson Canyon 

Solid wastes dumping, 280 
Human health 

Radiation restrictions, 273 
Humans 

Chronic lead poisoning, 250 
Methemoglobinemia, 315 
Rad dosage, 272 
Rem dosage, 272 

Humid region 
Climatic factors, 336 
Deep horizons, 336 
Evapotranspiration, 336 

Humid area irrigation 
Saline waters, 337 

Humid regions 
Irrigation water quality, 336 
Rainfall predictions, 336 
SAR values, 338 
Soil acidity, 338 
Soil characteristics, 336 
Temperature ranges, 336 
Trace elements, 338 

Hydrilla vert1c1llata, 26 
Hydrocarbons 

Degradation, 261 
Marine microorganism degradation, 260 

Hydrocooling 
Raw produce, 302 

H yd rod ynamics 
Temperature changes, 152 

Hydroelectric power 
Thermal fluctuations, 162 

Hydrogen Sulfide 
Water solubility, 193 

Hydrogen sulfide-pH relationships, 192 
Hydrosoils, 183 
Hydrostatic pressure, 135, 136 
Hypothl"tical power plant 

Temperature chang<" 
Water cooling, 169 

ICRP (International Commission on Radio
logical Protection), 273 

IDOE (International Decade of Ocean Ex-
ploration), 226 

lctaluridae, 141 
lctalurus punctatus, 128, 149, 435 
lctalurus serracanthus, 171 
Illinois 

Grass carp introduction, 28 
Illinois River 

Sedimented oils, 145 
Impoundments 

Power plants discharge, 403 
Incipient lethal temperature, 161 

Calculations, 161 
Indonesia 

Marine aquaculture, 223 
Industrial effluents, 370 

Detergent content, 190 

Industrial raw water 
Intake systems 

Asian clam pest, 27 
Industrial wastes 

Cyanide content, 189 
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Lake Sebasticook, Maine, 20 
Organic toxicants, 264 
Sea disposal, 278, 280 

Industry 
Food canning 

Water use, 389 
Heat-exchange equipment, 377 
Petroleum refining water use, 385 
Steam generation, 376 
Textile mill products, 379 
Water cooling, 376 

Infectious hepatitus 
Polluted shellfish, 277 

Inorganic chemicals production 
United States, 483 

Inorganics 
Pollutants-life cycle effects, 240 

lnorganics-bacteria interaction, 239 
Insecticides 

Aldrin, 77 
Cattle feed, 320 
Chlordane, 77 
Chlorinated hydrocarbons, 76, 318 
DDT,77 
Dieldrin, 77 
Drinking water, 76 
Endrin, 77 
Heptachlor, 77 
Heptachlor epoxide, 77 
Human absorption, 76 
Human ingestion, 78 
Lindane, 77 
Methoxychlor, 77 
Methylcarbamates, 318 
Organophosphates, 318 
Toxaph<"ne, 77 
Toxicity, 76, 78 

Intensive aquaculture 
Carrying capacity, 224 
Cultivated organisms, 224 

Waste accumulation sensitivity, 224 
Pollution sensitivity, 224 

Internal radiation, 271 
Sources, 194 

International Commission on Radiological 
Protection, 85 

Intertidal organisms-oil spill effects, 258 
Invertebrates 

Copper toxicity, 247 
Gas bubble disease, 138 

Ion exchange 
Regeneration techniques, 375 
Total demineralization, 375 
Waste, 375 

Ionizing radiation 
Animal absorption, 272 
Biological effects, 195, 272 
Genetic effects, 272 
Plant absorption, 272 

Irish Sea, Windscale, England 
Atomic energy installation, 273 
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Iron 
Fann animals 

Toxicity, 312 
Ground waters, 69 
Industnal uses, 249 
Insects tolerance, 249 
Public water supply, 65, 69 
Surface waters, 69 

Iron bacteria 
pH effects, 141 

Irrigation, 300 
Canals, 346 
Ditches 

Plant growth, 23 
Duration, 334 
Efficiency 

Suspended solids, 332 
Frequency, 334 
Management, 326 
Sprinklers, 324 
Thermal fluctuations, 162 

Irrigation waters 
Absorption, 324 
Acrolcin content, 346 
Adsorption, 324 
Animal pathogens, 350 
Arid regions 

Climate, 333 
Ascaris ova, 350, 351 
Bacterial plant pathogens, 349 
Beryllium toxicity, 341 
BOD values, 330 
Bacillary hemoglobinuria, 322 
Boron content, 341 
Brackish, 336 
Calcium carbonate precipitation, 334, 335 
Chemical composition 

Calcium-magnesium, carbonate-bicar
bonate, 333 

Calcium-magnesium, sulfate--{;hloride, 
333 

Sodium-potassium, sulfate--{;hloride, 333 
Chlorides content, 328 
Citrus fungus, 348, 349 
Climate, 336 
Climate effects, 333 
Coliform content, 351 
Copper sulfate content, 346 
Crop yields, 324 
Crops, 323 
Diseases, 350 
Ditch effluent, 334 
Drainage, 334 
Drainage from rainfall, 334 
Enteric viruses, 350 
Evaporation, 323 
Evapotranspiration by plants, 323 
Flukes, 322 
Fruit crops 

Salt tolerance, 328 
Herbicide content, 346 

Application to crops, 348 
Herbicide dissipation, 346 
Herbicide levels, 34 7 
Herbicide residues levels, 348 
Human pathogens, 350 

Irrig<1tion waters (cont ) 

Humid-arid region differences, 336 
Humid regions, 336 
Infective nematodes 

Heterodera schacht11, 348 
Pratylenchus sp., 348 
,\{e/oedogyne hapla, 348 
Tylenchorlrynchus sp., 348 

Inorganic sediments, '.·36 
Iron content, 343 
Leaching rains, 338 
Leaching rates 

Clim<1te, 334 
Infiltration, 334 

Leaching requirement;, 334 
Crop indicator, 3'34 

Limestone 
Aluminum solubilit1r control, 340 

Lithium toxicity, 344 
Microorganisms, 350 
Nematode vector, 349 
Nematodes 

Long1dorus, 349 
Trzchodorus, 349 
Xzphinema, 349 

Nitrates, 329 
Organic matter content, 336 
pH values, 330 
Parathion, 346 
Pathogens, 351 
Percolation, 334 
Permeability hazard, 335 
Pesticides controls 

Xylene, 347 
Pesticide residues, 346 
Pesticides, 345 
Phenoxy herbicides, 3"7 
Physicochemical properties of soil, 323 
Phytoloxic constituenH, 324 
Phytoloxic trace clements, 338 
Plant disease control, :,49 
Plant grnwth, 323, 324 
Plant nematodes distribution, 348 
Plant pathogens, 348 

Introduction, 349 
Nematodes, 349 

Precipit<ttion distributi3n, 333 
Radioactive contamin2 tion, 332 
Radium-226 concentration 

Fresh produce, 332 
Runoff reuse, 348 
SAR values, 331 
Sago pondweed content, 25 
Saline content, 324 
Salinity, 337 

Guidelines, 335 
Hazards, 335 
Measurements, 325 

Salinity--nutrition effect, 326 
Salinity tolerance of pl.mts, 325 
Salt tolerance of crops, 334 
Salts-soil permeability effects, 335 
Saturation percentage, 324 
Semiarid regions 

Climate, 333 
Sodium, 329 

Sodium adsorption, 330 
Soil hazard to animals, 332 
Soil hazard to humans, 332 
Soil salinity 

Sodium content, 329 
Soils 

pH values, 333 
Steady-st2,te leaching 

Iron uptake, 334 
Moistme distribution, 334 
Precipitation, 334 
Residual soil moisture, 334 
Salt concentration, 334 
Uniforr:t mixing, 334 

Strontium-90 concentration 
Fresh produce, 332 

Surface horizon, 333 
Suspended solids, 335 
TDS content, 335 
Temper at Lire, 328 
Trace elements, 337, 339 
Trace elements toxicity, 338 
Tubercle ':>acilli, 351 
Waste water, 351 
Water quality, 323, 324, 333 
Water quality criteria, 337 
Xylene content, 346 

Irrigation water--crop relationships, 337 
Israel rearing ponds 

Tainting·, 147 
Itai-itai dise~se, 60, 24 

Japan 
Fish-management lethality effects, 251 
ltai-tlaz disease, 60 
Seaweed culture, 223 

Japanese fishing 
Mercury contamination, 252 

Japanese quail 
Shell thinning-DDE relationship, 226 

Jellyfish, 19 
Kelp 

Boron effects, 245 
Chlorine effects, 247 
Chromium effects, 247 
Copper--photosynthesis relationships, 248 
Lead tokrance, 250 
Mercuric chloride effects, 252 

Kelp resurgence 
Pollution effects, 23 7 

Kill fish 
Silver leth 1\ity, 255 

Kentucky 
Recreational water, 39 

Klamath Lake Wildlife Refuges, '.H6 

LAS (linear alkyl benzene sulfonate), 67, 190 
LBVV (Lettuce Big Vein Virus), 349 
LC50 (median lethal concentration), 118 
LOT (load on top), 262 
Laboratory control conditions 

Biological ·~ffects, 239 
Labrador current, 32 
Lagondon rhorr·bmdes, 177 
Lagoons 

Mosquito infestations, 18 
Lake 



Classification, 19 
Enrichment, 20 
Hypothetical integrated time-exposure 

data, 403 
Lake Erie 

Arsenic content, 243 
Biotic shifts, 23 
Dophma magna-manganese effects, 250 
Nickel chlor.ide effects, 253 
Suspended matter, 126 
Watershed, 23 
White fish population, 164 

Lake fish 
Reproduction-temperature relationships, 

162 
Lake herring 

Reproduction temperatures, 164 
Lake Huron 

Antimony content, 243 
Lake hypolimnia, 15 7 
Lake Michigan, 11 

Chubs contamination, 184 
Coho Salmon contamination, 184 
DDT contamination, 237 
Lake herring contamination, 184 
Pesticide residue 

Coho Salmon fry mortality, 184 
Lake trout contamination, 184 
Temperature, 164 

Lake Poinsett, South Dakota 
Pesticides 

Trophic accumulation, 183 
Lake productivity 

Plankton, 82 
Lake St. Clair 

Mercury content, 198 
Lake Sammamish, Oregon, 20 
Lake Sebasticook, Maine, 20 
Lake sediments 

Gulf of Mexico, 145 
Minnesota, 145 

Lake stratification 
Turbidity effects, 127 

Lake Superior 
Pollutant retention time, 230 

Lake Tahoe, California, 16, 40 
Lake thermoclines, 157 
Lake trout 

Reproduction temperatures, 164 
Lake trout fry 

Mortality 
DDT-DDD residue, 184 

Lake Washington 
Chlorophyll a content, 21 
Eutrophy from sewage, 20 
Oligatrophic-mesotrophic lake, 20 
Osczllatorza rubescens content, 20 
Phosphate content, 22 

Lake waters 
Carbon content, 23 
Chromium content, 311 
Copper content, 311 
Lead content, 312 

Lake water cooling 
Hypothetical power plant, 166 

Lake Winnisquam, New Hampshire, 20 

Lakes 
Biomass, 22 
Blue-green algae, 22 
Carbon- algae relationship, 23 
Deep layers, 132 
Dissolved oxygen, 65 
Dissolved oxygen regime, 133 
Dinamic ch,iracteristics, 21 
Eutrophy, 19 
Fish crops, 20 
Florida, 27 
Hypolimnion, 132 
Ice formation, 161 
Industrial discharge-temperature relation

ship, 195 
Mosquito inkstation, 18 
Nonthermal discharge distribution 

Mathematical model, 403 
Nutnent concentrations, 22 
Nutrient effects, 20 
Organic mt'fcury content, 172 
Over<'nrichment, 20 
Oxygen concentration, 132 
Particulate transport, 16 
Pesticides content, 183 
Phosphorus content, 81 
Plankton content, 20 
Pollutant retention time, 230 
Pollution distribution, 230 
Power plant discharge, 403 
Sedimentation, 17 
Soluble oxygen depletion, 111 
Trophic states, 21 
Waste water inflow 

Nutrient concentration, 22 
Surface water temperatures, 164 
Watn density-surface water temperature 

relationship, 164 
Wind waves, 17 
Zones of passage, 115 

Land and W,iter Conservation Fund, 10 
Land-water relationships, 126 
Largemouth bdss, 437, 438 

Antimony effects, 243 
Carbon dioxide sensitivity, 139 
Dissolved oxygen requirements, 134 
Gas bubble disease, 138 
Mortality-water temperature relationships, 

171 
Oxygen requirements, 132 
Plume entrainment effects, 170 

Largemouth bl,ick bass, 128 
Larus argentatus, 227 
Laying hens 

Drinking wdter 
Sodium chloride content, 307 

Lead 
Chronic toxicity, 181 
Hard water solubility, 181 
Human intake by food, 70 
Industrial exposure, 70 
Intoxication in children, 70 
Lake waters, 312 
Public water supply, 70 

Excessive levels, 70 
River waters, 312 
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Soft water solubility, 181 
Surface waters, 70 
Toxicity, 70 

Water hardness, 181 
Toxicity in animals, 313 
Waterfowl ingestion, 196 

Lead in fish 
Sak-to-lethal ratio, 181 

Lead-multiple sclerosis relationship, 250 
Lead-muscular dystrophy relationships, 250 
Lead poisoning 

Cattle, 313 
Children, 70 
Livestock, 313 
Symptoms in man, 250 
Zoo anim,lls 

New York City, 249 
Leander sqzulla, 247 
Lebzstes, 181 
Leech<'s, 22 
Lezostomus zanthurus, 177 
Lcntic water 

Gas bubble disease, 135 
Lepom1r gzbbosus, 141 
Lepomzs macrochzrus, 128, 141, 149, 177, 180, 

182, 184, 191, 193, 243, 254, 435 

Lepomzs m1cralophus, 128 

Leptospirosis, 29 
Agricultur,il waters, 321 

Lesser scaup 
Winter food requirements, 195 

Lime softening, 372, 373 
Clarification, 3 73 
Filtration, 373 
Flocculent chemicals, 373 
Silica removal, 373 
Sodium cation exchange, 373 

Lzsterza manocytogenes, 321 

Listeriosis, 321 

Livestock 
Agricultural water toxicity, 319 
Anthrax, 322 
Body water loss 

Diuretic effects, 304 
Evaporation, 304 

Chronic fluoride poisoning, 312 
Drinking water 

Lead content, 313 
Pesticides content, 319 

Fluoride poisoning, 312 
Insecticide poisoning, 31 9 
2, 4-D intake, 319 
Lead poisonmg, 313 
MCPA intake, 319 
Mercury absorption, 313 
Mercury intake, 314 
Methyl mercury, 313 
Parasitic protozoa, 322 

Livestock water 

Livestock 
Pesticides in water, 318 
Pesticides poisoning, 319 
Phenoxyacetic acid derivatives, 319 
Water consumption, 304 
Water intake 
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Iron contt'nt, 312 
Mercury content, 314 

Molybdenum intake, 314 
Nitratt's effects on reproduction, 315 
Nitrat<'s pmsoning, 314 
Nitritf's poisoning, 314 
Radionuclides toxicity, 317 
Selenium poisoning, 316 
Toxic algae, 317 
Water salinity effects, 307 
Zinc in diet, 317 

Liwstock water 
Pesticide content, 318 

Ac,tricidcs, 319 
Fungicides, 319 
Herbicides, 319 
Insecticides, 31 9 
Molluscides, 319 
Rodenticides, 319 

Lobsters 
Aluminum conc<>ntration, 242 
Lead tolerance, 250 

Long Island, New York 
Great South Bay, 276 
Marine waters, 37 
Osprey shell thinning, 227 

Long Island Sound, 31 
Cddmium in water fowl, 246 
Mercury concentration, 252 
PCB m fish, 226 

Longulorus, 349 
Lota iota, 141 
Louisiana 

W att'r hyacinth, 27 
Louisi,ma marshes 

Background valut's, 281 
Lower Yakima V.dley, Washington 

Irrigation water 
Plant-pdrasitic nematodes, 348 

Lumber and wood industry 
Description, 381 
Processes using water, 381 
River use, 381 

Lumber industry (See also Lumber and wood 
industry) 

Solution tr<'atment, 382 
Wat<'r quality characteristics, 382 
Water quality indicators, 382 
Water turbidity, 382 

Lymnaea, 19 
Lumnaea nnarginata, 19 

MBAS (methylene blue active substances), 
67, 190 

MCPA 
Livestock intake, 319 

MPC (maximum p<'rmissible concentration), 
274 

MPN (most probable number), 36 
MS (matric suction), 324 
Macrocystzs, 245 
Macrocystzs pyrifera, 247, 248, 250, 252 
Macroinvertibrate population 

Suspended solids effects, 128 
Mallards 

Oily water effects, 196 

Makeup water 
Municipal sewage treatment, 378 

Mallard Ducks 
PCB--shell thinning relationship, 226 
Lead ingestion effects, 228 
Shell thinmng-DDE relationship, 226 

Man-made radioisotope:;, 271 
l'v1anganese 

Distribution systems c eposits, 71 
Ground water, 71 
Industrial use, 250 
Natural wdter 

TL1ce clemc-nt, 313 
Public water supply, il5, 71 
Seawater phytoplankton growth, 250 
Surface w dters, 71 

Mang,mcse toxicity, 250 
M,mganese zt'olitc, 375 

Manne .dgd 
Ykrcury sensitivity, 1 73 

Marine ani1nals 
l'vLmganese concentra :ion, 251 
Nickel content, 253 
PCB mortality, 176 

l'v1arine aqua culture 
Disease sf'nsitivity, 224 
Economic factors, 223 
Europe, 223 
Extensive culture, 222 

Southeast Asia, 223 
Flo,1ting cage culture, 223 
Intensive culture, 222. 223 
Species hMvcst, 222 
United States, 223 
Water exchange effects, 223 
Water qudlity, 223, 2~:4 
\Norld food production, 222 

M,irine aquatic life 
Boron toxicity, 245 
W<1ter quality cnteiia, 219 

Marine biotoxins, 37 
Marine birds 

Oil pollution effects, 258 
Marine conu11u1utics 

Aluminum hydroxide effects, 242 
Marine cunt.:unina11ts, 2(14 
Marine ecosystems 

Halogenilted hydrocarbons, 264 
Intertidal zones, 220 
Pollutant conccntra1io 1, 225 
Pollution effects, 216, 'QO 

PCB eontMnination, 2ri4 
Sewage trc-atment products, 27 4 
Shell thinning-DDT relationship, 227 
Toxic pollutants, 220 
Water quality, 216 

Marine embaymcnts 
Fertilization by man 

Algae growth, 20 
Slime organisms growth, 20 
Water weeds growth, 2 

Marine environment 
Acute toxicities 

Bioassays, 233 
Animal nutrition, 240 
Animal protein production, 216 

Antagonism, 240 
Aquatic organisms 

Bioanalysis, 233 
Assessment methods 

Bioassay design, 235 
B,isc metal contamination, 239 
Beryllium photosynthesis, 244 
Biologica1 production, 220 
Biological species, 217 
Hioresponse testing, 234 
Chlorinated hydrocarbon pesticides, 230 
DDT compound pollutants, 226 
Energy How, 220 
Exchanges, 219 
Fecal coliform index, 276 
Fishery production indicators, 222 
Food eham bioaceumulation, 240 
Hazard assessment, 234 
Incipient LC50-aeute toxicity relation 

ship, 234 
lnorganics 

Toxicity, 234, 235 
lnorg.mic chemicals pollution, 238, 239 
Materi,1\s cycling, 220 
Mercury levels, 252 
Metals accumulation, 240 
Mixing zones, 231 
Modell ng, 235 
Modification effects, 219 
Nutnert elements additiv<'s, 275 
Oil conta nination, 257 
Oil pollution 

Gas chromatography identification, 258 
Oil pollution control, 257, 262 
Ore proec ssing releases, 239 
Organic r:iaterial production, 275 
Organic pollutants, 264 
p II tluetu :1tion, 241 
Persistent pollutants 

Atmospheric fallout, 264 
River runoffs, 264 
Ship dumping, 264 

Pesticide content, 3 7 
Petroleum hydrocarbon losses, 257 
Plant nutntion, 240 
Pollution 

Sublethal effects, 236 
Pollutant bioanalysis, 233 
Pollutant categories, 238 
Pollutant distribution, 228, 229 
Pollutant toxicity, 233 
Pollution effects, 218 
Radioactive discharges, 273 
Species di,,ersity, 220 
SyncrgiHn, 240 
Tempenture pollution, 238 
V ariabk conditions, 217 

Marine fish production 
Estuaries, 216 

Marine fishe~ies 
Coastal waters crops, 221 
Estuarine crops, 221 
Ocean crops, 221 

Marine life 
Pesticide toxicity, 264 

Marine oq{anisms 



Cadmium concentration~ 246 
Contaminant accumulation, 217 
Coppn accumulation, 248 
Crude oil toxicity, 258 
DDT contamination, 264 
Environment modification tolerance, 224 
Hydrocarbon ingestion, 260 
Mercury content, 251 
Oil rngestion, 237 

Marine organisms mortality 
Oil spills effects, 258 

Marine organisms 
Oil toxicity, 261 
Oil toxicity studies, 261 
Oq:;-anics toxicity, 264 
Oxygen loss, 270 
Oxygen needs, 270 
Pollutants effects, 221 
Pollutant uptake, 228 
Thermal limits, 238 
Uranyl salts toxicity, 256 
Vanadium concentration, 257 

Marine phytoplankton 
Ethyl mercury phosphate lethality, 173, 

252 
Organic material production, 275 

Marine plants 
Cadmium content, 245 
Fertilizing elements, 275 
Manganese concentration, 251 
Nickel content, 253 

Marine system organic chemicals 
Fungicides, 265 
Halogenated hydrocarbons, 268 
Herbicides, 265 
Insecticides, 266 
Pesticides, 265 
Plasticizers, 268 
Surface-active agents, 268 
Tar, 268 
Toxicity, 265 

Marine vegetation 
Boron effects, 245 

Marine waters 
Ecosystems, 219 
Fish residue concentrations, 225 
Huinan uses, 219 
Mutagen pollutants, 225 
Persistent pollutants, 225 
Phosphate input control, 254 
Pollutant accumulation rates, 225 
Pollutant-physiological function relation-

ship, 225 
Sludge disposal, 277 
Teratogen pollutants, 225 

Marine wildlife 
Aldrin toxic effects, 227 
Birds, 224 
Dieldrin effects, 227 
Eggshell thinning, 225 
Embryos mortality-PCB relationship, 226 
Endrin effects, 227 
Fish, 224 
Food webs, 224 
Heavy metals pollution, 226 
Heptachlor effects, 227 

Invertebrates, 224 
Lead ingestion, 228 
Mammals, 224 
Organochlorine insecticides, 227 
PCB accumulation, 226 
Plankton as food, 224 
Pollut,mt concentrations in fish, 225 
Radionuclides accumulations, 226 
Reproductive capacity, 225 
Reptiles, 224 
Shell thinning-DOE relationship, 226 

Marshes 
Alkalinity--salinity relationship, 196 
Malaria vectors, 25 
Plant growth, 23 

Mayflies 
Iron <"ffects, 249 
pH <:-ffect, 141 
Oxygen requirements, 133 

Mdylasia 
Marine aquaculture, 223 

M eloulogyne hapla, 348 

A1 eloulogyrie zncognzta, 348 

A1. yavamca, 348 

Mendota Lake, Wisconsin, 20 

l\1eloszra varzan>, 22 

Mcnistee River, 14 

Mercury 
Acute poisoning, 72 
Agricultural use, 72 
Alkyl compounds, 72 
Animal organs, 313 
Beer, 72 
Bird mortality, 198 
Chronic exposure, 72 
Chronic poisoning, 72 
Fish tolerance, 72, 181, 198 
Freshwater, 72 
Global production, 251 
Human ingestion, 72 
Human intdkc in food, 72 
Industrial exposure, 72 
Industrial uses, 251 
Liv<'stock, 314 
Maximum dietary intake, 72 
Natural waters, 313 
Ocean contaminants, 251 
Poultry, 313 
Public water supply, 72 
Rain water, 72 
Sea water, 72 
Springs, 72 
Surface waters, 313 
Swordfish contamination, 237 
Tap water, 72 
Toxicity, 72 
Tuna fish contamination, 237 
United States 

Rivers, 72 
Streams, 72 

Mercury apsorbtion 
Livestock, 313 

Mercury in fish 
Human poisoning, 172 
Trophic level in food chain, 172 

Mercury in water 
Germany, 72 

Mercury pollution, 72 
Mercury toxicity, 251 
Met<1ls toxicity 

Fish, 177 
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Metals toxicity-pH relationship, 241 
Methl'globinemia 

Humans, 315 
Drinking water, 73 
Farm ammals, 315 
Heredity ddects, 73 
Wdtcr analysis, 73 

Methylcarbamates 
Insecticides, 318 

Methyl mercury 
Livestock, 313 

Methylene blue 
Foammg agents measurement, 67 

Methymercury in environment, 1 72 

Mice 
Drinking water 

Arsenic content, 309 
Michigan, 14 

Au Sable River, 14 
Growing seasons, 336 
11,famstee River, 14 
Pere Marquette River, 14 
Pine River, 14 

Michigan Department of Natural Resources, 

14 
Microbial oil decomposition 

Oxygen requirement, 261 
Microbial species 

Particulate substratum, 127 
Microbiological degradation 

Oil m sea, 263 
Microbiological index 

Estuarine sanitary quality, 276 
A1zcrocystzs aerugznosa, 317 
A1zcropterus salmoid<, 128, 132, 134, 138, 139, 

149, 243 
Mzcroptrrus salmomdes, 437 
1'vfzcroregma, 256 

Nickel concentrations, 253 
Midge larvae, 435 
Midges, 22 
Milk contaminants 

DDT, 320 
Diddrin, 320 

Minamata disease, 172 
Minamata, .Japan 

Mercury contamination of fish, 172 
Minamata Bay, .Japan 

Mercury discharge, 251 
Mercury lethal levels, 251 

Minl"falized water, 90 
Minerals 

Sorptive capacity, 127 
Mining and cement industry (See also Mining 

industry and Cement industry) 

Description, 394 
Mining industry 

Formation water composition, 395 
Freshwater makeup, 394 

Copper sulfide concentration, 394 
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Froth flotation operations, 394 
Leach solution analysis, 394 
Leaching processes, 394 
Oil recovery 

Released gases, 39 5 
Water composition, 394 
Water flooding, 394 
Water injection, 395 

Process water 
Chemical composition, 394 
Copper sulfide concentration, 394 

Recycled water, 394 
Sea water composition, 39 5 
Secondary oil recovery, 394 
Water flooding 

Anaerobic bacteria, 395 
Quantity, 395 

Water processes, 394 
Water quality requirements, 394 
Water quantity, 394 
Water reuse, 394 
Water use 

Formation, 395 
Impurity levels, 394 
Sea water, 395 
Surface waters, 395 

Minnesota 
Lake sediments, 145 

Minnows 
Boric acid lethality, 245 
Ferric hydroxide effects, 249 
Manganous chloride lethality, 251 
pH effects, 141 
Phenol toxicity, 191 
Sodium arsenate 

Lethal threshold, 243 
Mzraczdza, 322 
Mississippi 

Grass carp introduction, 28 
Water hyacinth, 27 

Mississippi River, 372 
Detergent concentration, 191 
Pesticide content, 319 

Missouri 
Cadmium in springs, 245 
Mine waters 

Cadmium content, 310 
Missouri River, 11 

Coliform densities, 5 7 
Tainting, 147 
Water plant intake, 57 
Water quality 

Bacterial content, 5 7 
Mixed bed exchange 

Complete demineralization, 375 
Mixed water body, 171 
Mixing zone 

Aquatic species 
Pollution exposure time effect, 231 

Bioassay methodology applicability, 114 
Biological considerations, 113 
Configuration, 114 
Discharges, 112 
Hypothetical field situations, 403 
Mathematical models, 112, 403 
Nonmobile benthic organisms, 113 

Organisms exposure, 113 
Overlapping effects, 114 
Physical considerations, 112 
Plankton protection, 113 
Plume configuration, 114 
Receiving systems, 11 ~' 114 
Receiving waters, 231 
Short-time exposure 

Thermal effects, 11 i 
Short-term exposure 

Toxicity effects, 11 '
Strong swimmers, 113 
Water quality, 403 

Time exposure calculations, 113, 114 
Water quality char.1cteristics, 231 
Weak swimmers, 113 

Molluscs 
Cadmium concentration, 246 
Chromium toxicity, 2.n 
Copper toxicity, 180 
Gas bubble disease, 1 ·15 
Pesticide content, 3 7 
Toxic planktonic algae, 38 

Mollusks (Ser Molluscs) 
Molybdenum 

Alga growth factor, 2'.i3 
Cattle, 314 
Industrial use, 253 
Livestock, 314 
Toxicity to ,mimals, 344 

Molybdenum tolerance 
Farm animals, 314 
Horses, 314 
Sheep, 314 
Swine, 314 

Molybdenum toxicity 
Rats, 314 

Monona Lake, Wisconsin, 20 
Moriches Bay, New York 

Nitrogen-phosphorus ratios, 276 
iWorone americana, 249 
iWorone satatzlzs, 27, 279 
Moses Lake, Oregon, 21 
Mosquito fish 

Boron effects, 245 
Phenol toxicity, 191 

Mosquitos, 17, 18 
Mud-water interface 

Hydrogen sulfide content, 191 
Muddy waters, 127 
Mummichog 

Chromium toxicity, 247 
Oil toxicity, 262 

Municipal raw water 
Intake systems 

Asian clam pest, 27 
Municipal sewage disch<crge, 274 
Municipal treatment systems 

W;1stewaters, 351 
Municipal wastewater 

Pathogens, 351 
Municipal waters 

Chlorinated disinfecta •t, 80 
Myriophyllum, 24 
Myrzophyllum spzcatum, 26, 27 
Mytilus edulzs, 37 

NCRP (National Council on Radiation Pro· 
tection and Measurements), 273 

NSSP (National Shellfish Sanitation Pm 
grarr.), 36 

NTA (nitrilotriacetate), 74, 191., 276 
Affinit} for elements, 7 4 
Affinit} for toxic metals, 7 4 
Biodegradation, 74 

Narglena grubnt, 29 
Nannochlons atomus, 276 
National Council on Radiation Protection, 8! 
National Perk Service, 9, 10, 14 
National R·~creation and Parks Association 

14 
N atlonal Shellfish Sanitation Program, 36 
Natural radiations 

Oceans, ~'.71 
Natural state of waters, 21 
Natural str(ams 

Water quality, 39 
Natural surface waters 

Ferric content, 249 
Fluorine content, 248 
Total diswlved solids 

Carbonates, 142 
Chlorides, 142 
Nitrates, 142 
Phosph.ites, 142 
Sulfate,;, 142 

Natural water temperature 
Evaporation, 32 
Solar r.1d iation, 32 
Wind n1ovement, 32 

Natural waters 
Acidity, 140 
Acute toxicity studies, 234 
Alkalinit}, 140 

Calcium carbonate, 54 
Hydrolyzable coagulates, 54 

Aluminum ionization, 179 
Ammonia content, 55 
Aquatic l.fe, 35 
Beryllium content, 244 
Boron, 310 
Cadmium content, 310 
Carbon dioxide, 140 
Carbonate system, 140 
Chemic al system 

Carbonate equilibria, 54 
Chromium occurrence, 62 
Galena content, 312 
Manganese content, 313 
Mercury content, 313 
Nitrate:; concentrations, 314 
Nitrite concentration, 314 
Oxygen concentration, 131 
pH change, 140 
pH--cyanide levels, 189 
pH fluctuations, 140 
pH value~, 80, 140 
Phosph.1tes content, 253 
Pollution, 39 
Recreational resources 

Carrying capacity, 13 
Salmonella organisms, 31 
Sodium concentrations, 88 



Sorption proc<'ss, 228 
Sunlight absorption, 126 
Sunlight penetration, 16 
Suspended solids, 16 
Tcmperdture, 32 
Viruses, 322 
Wat<'r quality 

Alkalinity, 54 
Zinc content, 316, 317 

Natural weathering-lead effects, 249 
Naz>1cula, 147 
Naz>1cula rryptocrphala, 22 
Nerns d11'f1s1color, 248 
Nrrr11 1•11nn, 247, 248, 261 
New EngLmd 

CoasLtl waters 
Nitrogen compounds, 276 

New Jer>cy coast 
Solid waste disposal, 280 

New York 
Ground water contaminants, 310 
Growing seasons, 336 

New York Bight 
Acid-·iron wastes disposal, 280 
Fish fin rot, 280 
Spoil deposit slope, 282 

New York City 
Zoo animals 

Lead poisoning, 249 
New York Harbor 

B<'nthic community alterations, 279 
Sewage sludge clump, 279 

Newfoundland 
Fish survey, 254 

Newfoundland coast 
Phosphorus poisoning, 254 

NevacL1 
Bed heifers 

S,ilin<' waters effects, 307 
Nickel 

Da/Jhma magna sensitivity, 181 
Fish sensitivity, 181 
Industrial uses, 253 
Ion toxicity, 253 

Nickel l<'thal concentrations, 253 

Niigat,1. Japan 
Mercury poisoning, 251 

Nitrate in milk, 314 

Nitrate nitrite concentration 
Toxicity, 73 

Nitrate-nitrogen 
Ruminants, 314 
Wat<'r quality, 302 

Nitrate poisoning 
Infant methemoglobinemia, 73 

Nitrate tolerance 
Poultry, 315 

Nitrates 
lrrig,ition water, 329 
Plant growth, 329 

Nitrates intake 
Farm animals, 315 
Livestock, 314 

Nitrates-reproduction effects 
Livestock, 315 

Nitrilotriacetate 
Drinking water, 74 

Nitrite tolerance 
Poultry, 315 

Nitrites 
Methemoglobinemia, 73 
Public water supply, 73 

Nitrites poisoning 
Livestock, 314 

N1tzschza d> lzcat1srnm, 173 
N1tzsc111a j1alra, 22 
Nodularza spurmgena, 317 
North America 

Cl. hemolyt1cum in water, 321 
Estuarine birds 

PCB contamination, 264 
Marine waters 

DDT compounds pollutants, 226 
Osprey shell thinning, 227 
Well w<1tcrs 

Nitrates content, 73 
North American birds 

Eggshell thinning, 197 
North At\,intic Oce<ln 

M<1rinc organisms 
PCB contamination, 264 

North Dakota State Department of Health, 
89 

Northeast Pacific 
Barium in fish, 244 

Northern pike 
Mercury assimilation, 172 
Mt'rcury sensitivity, 173 

Northern pike eggs 
Hydrogen sulfide concentrations, 256 
Hydrogen sulfide toxicity, 193 

N orthcrn pikt" fry 
Hydrogen sulfide toxicity, 193 

.'/\·uphar, 24 
Nutrient-rich w<1ter 

Diatoms content, 22 
Jv)mp/wea odorata, 25 

Ocean outfalls 
Power plant discharge, 403 

Ocean sediments 
Mercury concentrations, 172 

Oceamtes oceamcus, 246 
Oceanodroama homochroa, 246, 252 
Oceans 

Lead input, 249 
Natural radiation, 190, 271 
Nonthermal discharge distribution 

Mathematical model, 403 
Oil contamination, 257 
Oil persistence, 260 
Particulate material discharge, 278 
Pollutants, 216 
Uranium content, 256 
Waste dumping, 278 
W oriel War II oil spills, 261 

Ochromonas, 256 
Odonata, 141 
Odor 

Water contaminant indicator, 74 
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Odoriferous actznomyce> 
Water flavor impairment, 148 

Ohio River, 31 
Channel catfish contamination, 149 

Oil and grease 
Public water supply, 74 

Oil detection 
Remote sensor characteristics, 259 

Oil industry (See also Petroleum industry) 
Rock formation 
Permeability, 395 
Water flooding technique, 394 

Oil pollution 
Control procedures, 262, 263 
Description, 258 
Sea birds, 261 

Oil pollution sources, 257 
Oil refinery effluents 

Bioassays, 144 
Fish toxicants, 144 
Oxidation ponds, 144 
Tainted fish, 147 
Toxicants 

Fathead minnows, 144 
Waste water, 144 

Oil slicks, 257 
Oil spills 

Biologic<1l analyses, 258 
Chemical analyses, 258 
Ecological effects, 258, 260 

Oil toxicity 
Bioassay, 261 

Oil-water experiments, 261 
Okanagan Valley, British Columbia, 349 
Oklahoma 

Livestock 
Water salinity effects, 307, 308 

Old Faithful, 40 
Glor columbzanus, 228 
0. Gorbuscho, 252 
Once-through cooling 

Brackish water, 378 
Chlorination, 376 
Equipment failure, 376 
Screening, 376 
Sea water, 378 
Water quantities, 378 
Withdrawal rate, 378 

Onc<'-through cooling waters, 378 
Oncorhynchus kisutch, 27, 132, 139, 176, 180, 

184, 244, 246, 247 
Oncorhynchus nerka, 139, 153, 160, 164, 173, 

252 
Oncorhynchus tshaw_ytscha, 138, 139, 153, 180, 

187, 242, 246 
Open channels 

Nonthermal discharges distribution 
Mathematical model, 403 

Open ocean 
Fish production, 217 

Organic chemicals toxicity 
Marine system, 265 

Organic compounds 
Toxicity data, 484-509 

Organic matter-infauna\ feeding habits re
lationships, 279 



580/Water Quality Criteria, 1972 

Organic toxicants 
Biological wastes, 264 
Industrial wastes, 264 
Pesticides, 264 
Sewage, 264 

Organic-carbon adsorbable public water 
supply, 75 

Organochlorine pesticides 
Recommended concentrations, 186 

Organophosphate insecticides 
Recommended concentrations, 186 

Organophosphates 
Insecticides, 318 

Organo-insecticidcs 
Mammalian toxicity, 78 

Organophosphorus insecticide 
Public water supply, 78 

Oriental oyster drill ( Tritonalza japonica), 27 
Organic water pollution 

Oxygen reduction, 133 
Oscillatoria, 147 
Osczllatorza agardhz, 147 
Osczllatorza pnnCfps, 147 
Oscillatorza rubescens, 20 
Osprey 

Mercury contamination, 252 
Ottawa River, Ohio 

Sedimented oil, 145 
Outdoor Recreation Resources Review Com-

mission, 9 
Oviparous zebrafish, 435 
Ovoviviparous guppy, 435 
Oxidation ponds 

Algal blooms, 144 
Phytoplankton, 144 
Primary productivity, 144 
Surface oils, 144 

Oxygen 
Fish requirements, 131 

Oxygen content of water, 261 
Oxygen depletion, 274 
Oyster beds 

Sewage contamination, 277 
Oyster culture, 223 
Oysters 

DDT residue, 37 
Aluminum concentration, 242 
Arsenic content, 243 
Cadmium content, 245 
Chlorine sensitivity, 246 
Chromium tolerance, 247 
Copper toxicity, 248 
Disease vectors, 95 
Gill discoloration, 14 7 
Hydrogen sulfide lethality, 255 
Lead tolerance, 250 
Nickel concentrations, 253 
Silver concentration, 255 
Toxic plankton intake, 38 

Ozone 
Water treatment, 301 

PCB (polychlorinated biphenyls), 83, 175, 
198 

Contaminants 
Chlorinated dibenzofurans, 176 

Residues 
Salmon eggs, 177 

Toxicity, 175, 198 
PVC (polyvinyl chloride), 174, 175 
pH 

Acidity indicator, 140 
Alkalinity indicators, l 40 
Fluctuation, 194 
Hydrogen ion activity. 140 
Public water supply, 80 

pH in soils, 339 
pH-metals relationships, 179 
pH-reedhead grass relatJOnship, 194 
PI (precipitation index), 335 
PI-SAR equation, 335 
Pacific 

Barium concentration, 244 

Pacific Coast 
Gonyaulax contenella, '38 
Temperature effects, 238 
Waste clumping, 278 

Pacific Northwest 
Precipitation, 333 

Pacific Ocean, 32 
Pacific salmon 

Chlorine tolerance, 24S 
Gas bubble disease, 137 
Hydrogen sulfide bioa,;say, 255 
Hydrogen sulfide toxicity, 256 
Thermal tolerance, 13 7 

Pacific testing grounds 
Manganese isotope concentrations, 251 

Paints 
Arsenic content, 243• 

Palannonetes kadzakenszs. 4 35 
Paleomonetes, 17 6 
Panaeus deorarum, 176 
Pandzon halwetus, 227, 25:! 
Paper and allied products 

Industry description, 382 
Manufacturing proces,es 

Acid sulfite pulping, 383 
Building products, 383 
De-inking pulp, 383 
Grounclwoocl pulp, '.183 
Kraft and Socia pulping, 383 
Kraft bleaching, 38'.'• 
Neutral sulfite semichemical, 383 
Paper making, 383 
Prehydrolysis, 383· 
Sulfite pulp bleaching, 383 
W astc paperboard, :>83 
Wood preparation, '.183 

Water processes, 38~i 
Water quality indicators 

Alkalinity, 383 
Color, 383 
Hardness, 383 
pH control, 383 
Iron, 383 
Turbidity, 383 

Water treatment processes 
Aeration, 383 
Coagulation, 383 
Errosion control, 38] 
Filtration, 383 

Ion exchange, 383 
pH adjustment, 383 
Plant location, 383 
Settling, 383 
Softening, 383 

P.iper and pulp industry 
Water supply, 382 
Surface water use, 383 
\Nater int~ke, 382 
Water supply, 383 
Water use, 382 

P.1per products consumption, 382. 
Paracentrotus 

Silver nitrate concentrations, 255 
Paracentrotus lzvzdzs, 252 
Parasitic organisms 

Flukes, 322 
P.irticulat·~ material 

Detritu~; origin, 281 
P.1rticulate material suspension 

Estuarine organisms responses, 281 
Marine mganisms responses, 281 

P.1seo de! Rio, Texas, 40 
Pastuerella tu.'arenns, 321 
P.lthogcn source 

Fecal contamination, 58 
P.1thogenic microorganisms, 276 
Pathogens in sea, 280 
Pee/en nouazeilandzcar, 246 
Pdagodroma mvea, 246, 252 
Pdecanus eryt'1rorhynchos, 227 
Pdecanus o.cczdentalzs, 197, 226 
Penaeus aziecus, 279 
Pmarus set,jr, us, 279 
Perea, 141 
Perea flaverscens, 149, 164 
Paca flavwtzl1s, 256 
Perch 

pH effects, 141 
Thallium nitrate content, 256 

Pere l\1arqudte River, 14 
Perigrines 

DDE residue accumulation, 227 
Dieldrin accumulation effects, 227 
Shell thinning-DDE relationship, 227 

Peregrine falcon 
Reprodunive failures, 197 

Perlomyzon mnznus, 243 
Pesticide chemicals 
Dietary inukc, 78 

Pesticide-pH relationship, 183 
Pesticide persistence, 183, 184 
Pesticide tables 

Botanicals, 433 
Carbamates, 428 
Defoliants, 429-432 
Fungicide~:, 429-433 
Herbicide~:, 429-432 
Organochlorine insecticides, 420-422 
Org.lnophosphate insecticides, 423-427 

Pesticides 
Acute toxic interaction, 185 
Acute toxicity values, 185 
Aquatic contamination, 182 
Aquatic lik, 434 
Aquatic life toxicity, 184 



Arsenic content, 243 
Cadmium content, 245 
Carbamate, 76 
Cattle feed, 320 
Chlorinated hydrocarbons, 76 
Chemical characteristics, 76 
Enviromnent accumulation, 182 
Environmental effects, 182 
Environmental monitoring, 440 
Estuarine pollution, 37 
Farm animal feed, 320 
Fat soluble, 320 
Fish tolerance levels, 184 
Livestock water, 318 
Malathion, 183 
Metabolic degradation, 183 
Methoxychlor, 183 
Nonmetabolie degradation, 183 
Organic toxicants, 264 
Organochlorine compounds, 183 
Organophosphate toxicity, 184 
Organophosphorus, 76 
PCB analysis, 17 5 
Phthalate esters content, 17 4 
Public water supply, 76 
Recommended concentrations, 186 
Research framework, 434 
Rese,irch guidelines, 434 
Residue in fish, 183 
Stre ,un transport, 183 
Toxicity, 76, 182, 320 
Toxicological rese,irch, 434 
Water entry, 318 
W at<'r for livestock, 304 
Wat<'r solubility, 183, 318 

Pesticides in fish 
Physiological eff<'cts, 434 
Toxicological effects, 434 

Pesticides in water 
Concentrations, 319 
Properties, 319 
Sources, 182 

Pesticides poisoning 
Livestock, 319 

Pesticides res<" ,uch 
Acute toxicity, 4 34, 4 3 5 
Aquatic organisms 

Bioconcentration, 438 
Degradation, 438 

Bacteria 
Arhromobacter, 438 
Aerobacter, 438 
Aeromonas Spp., 438 
Barzllus, 438 
Daphnza magna, 438 
Daphne pulex, 438 
Fla1·obacter, 438 
:MJCrocrustacea, 438 

Bioassays, 435, 437 
Biochemistry, 438 
Blu<' gill, 438 
Ch<'mical analysis, 434 
Chnnical degradation, 439 
Chemical methods, 437 
Chronic effects, 437 
Clinical studies, 438 

Deactivation index, 435 
Degradation in water, 438 
Environmental fate, 439 
Fathead minnow, 438 
Fish 

Residue degradation, 439 
Residue uptake, 439 

Food-chain accumulation, 438 
Green algae 

Ankzstrodesmus, 438 
Ch/ore/la spp., 438 
Scenedesmus, 438 

Growth of fish, 435 
Largemouth bass, 438 
Lethal threshold concentration, 435 
Microorganisms, 439 
Pathology, 438 
Persistence, 438 
Photodegradation, 439 
Physicochemical interactions, 439 
Phys10logy, 438 
Pond ecosystem studies, 437 
Rainbow trout, 438 
Reproduction of fish, 435 
Residue analyses, 437 
Residues 

Biological half-life, 438 
Stream ecosystem studies, 437 
Test animals 

Chemical analyses, 438 
Rad10metric analyses, 438 

Pesticide tolerance 
Aquatic organisms 

Agriculture waters, 321 
Petroleum hydrocarbons 

Biological effects, 258 
Petroleum industry 

Refining operat10n-water use, 385 
Petroleum refineries 
Process water use, 386 

Water mtake, 386 
Petroleum refining 

Description of industry, 385 
Discharge, 385 
Process water properties 

Ammonia from catalytic cracking, 386 
Carbon dioxide from catalytic cracking, 

386 
Caustic solution purification, 386 
Ch<'mical reactions, 386 
He.it transfer, 386 
Inorganic salts, 386 
KinetJC energy, 386 
Plant cleaning, 386 

Process water treatments, 387 
W atcr distribution, 387 
Water quality characteristics 

Surface waters, 386 
Water supply sources, 385 

Petroleum -species toxicity ranges, 145 

Petromyzon mannus, 27 
pH changes 

Benthic invertebrates sensitivity, 241 

Fish sensitivity, 241 
Plankton sensitivity, 241 

Phalacrocorax auritus, 227 
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Pheasants 
Mercury concentrations, 252 

Phenol toxicity, 191 
Phenolic compounds 

Chemical oxidation of organophosphorus 
pesticides, 80 

Hydrolysis of organophosphorus pesticides, 
80 

Hydroxy derivatives, 80 
Phenoxyalkyl acid herbicides 

Microbial degradation, 80 
Photochemical oxidation of carbamate 

pesticides, 80 
Public water supply, 80 

Phenolic compounds sources 
Domestic sewage, 80 
Fungicides, 80 
Industrial waste water discharges, 80 
Pesticides, 80 

Philippines 
Marine aquaculture, 223 

Phosphate 
Algal nutrient, 253 
Public water supply, 81 

Phosphates-eutrophication relationship, 253 
Phosphorus 

Laboratory studies, 254 
Phthalate esters 

Chronic toxicity, 80, 175 
Human growth retardation, 82 
Human health, 82 
Plastics plasticizers, 82 
Public water supply, 82 

Phthalate ester residues 
Aquatic organisms, 17 4 

Physa, 19 
Physa snails, 22 
Physical treatment procedures 

Virus removal, 92 
Phytophthora cactorum, 349 
Phytophthora citrophthora, 349 
Phytophthora parasztica, 349 
Phytophthora sp., 348, 349 
Phytoplankton 

Aluminum tolerance, 242 
Crude oil effects, 261 

Phytoplankton growth, 275 
Phytoplankton-nitrogen relationship, 276 
Pike 

Mercury concentration, 173 
pH <.>ffects, 141 

Pike perch 
Arsenic toxicity, 243 

Pimephales promelas, 128, 132, 141, 144, 173, 
177, 180-182, 185, 189, 191, 193, 243, 
244, 253, 435 

Pine River, 14 
Pink shrimp 

Aroclor® toxicity, 176 
Pintails 

Lead ingestion effects, 228 
Placentia Bay 

Fish mortalities, 254 
Phosphorus in cod, 254 

Plankton 
Barium content, 244 
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Diatom population, 82 
Growth stimulation 

Artificial lake heating, 165 
Mercury sensitivity, 173 
Public water supply, 82 

Plant communities 
Salinity effects, 195 

Plant growth 
Aluminum concentrations effects, 340 
Arsenic levels, 340 
BOD, 330 
Boron, 341 
Cadmium, 342 
Canals, 23 
Chromium, 342 
Cobalt, 342 
Copper concentration, 342 
Embayments, 23 
Estuaries, 23 
Fluoride, 343 
Irrigation ditches, 23 
Lead toxicity, 343 
Lithium, 343 
Manganese, 344 
Marshes, 23 
Molybdenum, 344 
Nickel, 344 
Ponds, 23 
Public water supply sources, 23 
Rivers, 23 
Shallow lakes, 23 
Vanadium, 345 

Plant life 
Nickel toxicity, 253 

Plant organisms 
Aluminum adsorption, 242 

Plant-parasitic nematodes, 348 

Plant-pathogenic virus, 349 

Plants 
Boron tolerance, 341 
Boron toxicity, 341 
Evapotranspiration, 323 
Molybdenum accumulation, 344 
Nickel toxicity, 344 
Nitrate accumulation, 329, 352 
Nutrient requirements, 22 
Radionuclides absorption, 332 
Soil salinity tolerance, 325 
Tin content, 345 
Titantium content, 345 
Toxic elements, 352 
Tungsten content, 345 
Zinc toxicity, 345 

Plecoptera, 141 

Pleuronectiformes 
Water tainting, 149 

Pluchea serzcea, 348 

Plume 
Thermal exposure, 170 

Plume entrainment, 170 
Largemouth bass mortality, 170 

Plume water 
Bottom organisms, 170 

Pocideps cristatus, 252 

Poecilia reticulata, 435 

Pollutant-carcinogenic effects, 240 

Pollutant exposure time calculations, 232 
Pollutant-mutagenic effects, 240 
Pollutant-teratogenic effects, 240 
Pollutant toxicity-pH relationship, 241 
Pollutants 

Biological effects, 233 
Genetic effects, 23 7 

Polluted dredge spoils, :< 79 
Polluted shellfish 

Acute gastroenteritis, 277 
Infectious hepatitis, 2'77 

Polluted water 
Algae, 23 
Carbon dioxide conte 1t, 139 
Coliform data interprdation, 57 
Shellfish, 36 

Polycelis nrgra, 250 
Polychaete 

Chromium toxicity, 2·17 
Copper effects, 248 
Copper uptake, 248 

Polychlorinated biphenyls 
Accumulation in humans, 83 
Chlorinated dibenzofL rans contamination, 

83, 225 
Epidemiological studies, 83 
Estuarine birds, 264 
Human exposure effects, 83 
Human ingestion, 83 
Industrial uses, 264 
Industrial uses, 83 
Public water supply, f 3 
Rainwater, 83 
Sewage effluents, 83· 
Solubility, 83 
Toxicity, 83 
rusho disease, 83 

Po(Y.myxa grarmz1s, 349 
Pom·oxH, 128 

Ponds 
Malaria vectors, 25 
Plant growth, 23 
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Steam 
Condensate recycling, 378 

Ste,un electric plants 
Boikr makeup requirements, 377 
Tennessee Valley Authority, 378 

Steam generation, 377 
Boilers, 376 
B01ler frcd, 377 
Discharge, 378 
Economics, 379 
External w,iter tre,1tmcnt equipment, 378 
Industry, 376 
Source water composition, 379 
W,ttcr consumption, 378 
Water quality requirements, 378 
W.iter tr<'atmPnt processes, 379 
Total water intake, 378 

Steel head trout 
Pyridyl mercuric acetate tolerance, 173 

Sterna hirundo, 226, 246, 252 
Sterna vittata, 246, 252 
Stickleback 

Aluminum nitrdte lethal threshold, 242 
Lcad-sublethal effects 
Manganese tolerance, 250 
Nickel effects, 253 
Nickel lcth.tl !units, 253 
Silver nitr,ite content, 255 

Stzzostedzon canadense, 171 
Stzzortedzon mtreum, 243 
Stzzostedzon v1lrfllm mtreum, 128, 193 
Stonflies 

Iron effects, 249 
pH effects, 141 

STORET (Systems for technical data), 306 
Stratified lakes 

Thermal patterns, 165 
Stream channelization, 124 
Stream waters 

Bcnthic fauna, 22 
Blood worms, 22 
Blue-green algae, 22 
Rattail m,1ggots, 21 
Sewage fungus, 22 
Sludgewonns, 21 

Streams 
Water quality, 400 
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Streams 
Blackfly larvae, 18 
DDT contamination, 184 
Diluting capacity, 230 
Dissolved oxygen requirements, 133 
Flow turbulence, 115 
Industrial discharge-temperature relation-

ship, 195 
Nutrient enrichment, 22 
Organic mercury content, 172 
Over enrichment, 20 
Oxygen concentration, 132 
Pesticides content, 183 
Pollution, 230 

Coliform measurement of contaminants, 
57 

Fecal contamination, 57 
Oil slick, 14 7 

Silt-fish population effect, 128 
Site uniqueness measurement 

Biological factors, 400 
Huff«ln use, 400 
Interest factors, 400 
Physical factors, 400 
Water quality factors, 400 

Toxic waters concentrations 
Application factors, 123 

Transport, 126 
Strrptopelia nsona, 226 
Striped bass (Marone saxatzlis), 27 

Eggs hatching conditions, 279 
Strongyloide<, 322 
Strontium-90 

Fresh produce, 332 
Sturgeon 

Oxygen requirements, 132 
Subirrigation, 350 
Suisun Marsh, California 

Water s<1linity, 195 
Sulfates 

Ground water, 89 
Laxative effects, 89 
Public w,1ter supply, 89 

Sulfide toxicity, 191, 193 
Sulfides 

By-products, 255 
Toxicity, 255 
Water solubility, 191 

Sunken oil 
Bottom fauna mortality, 262 

Supersaturation 
Water quality, 135 

Supplemental irrigation, 337 
Surface horizon, 333 
Surface irrigation 

Suspended solids, 332 
Surface irrigation water 

Cercoriae, 350 
Helminth infections, 352 

Surface sea water 
Le,ld content, 249 

Surface waters 
Aesthetic quality, 11 
Aluminum content, 309 
Ammonia content, 55 
Arsenic content, 56 

Barium concentration, 59 
Beryllium content, 310 
Chromium concentration, 62 
Classification, 53 
Cobalt content, 311 
Contamination, 50 
Copper, 64 
Copper concentration, 64 
Dissolved inorganic salts, 301 
Dissolved solids, 142 
Enteric viral contamination, 91 
Fluorine content, 312 
Foaming agents, 67 
Gas nuclei, 135 
Hardness, 142 
Hardness factors, 142 
Hydrated ferric oxide, 69 
Hydrated manganese oxides, 71 
Industri 11 wastes 

Chromium content 311 
Iodine-131 content, 8-t 
Iron content, 69 
Lead content, 70 
Manganese content, 71, 250 
Mercury content, 313 
Minerals, 301 
Mosquito productivity, 25 
Natural color, 130 
Natural temperatures, 151 
Nutrient concentration, 22 
Nutrient content analyses, 306 
Nymphaea odorata, 25 
Pesticide contamination, 318 
Pesticide content, 318 
Pesticide entry, 318 
Phosphorus content, 8' 
Quality characteristics 370, 371 

Surface w,1tcr use 
Quc1lity characteristics 

Food canning industry, 391 
Surface waters 

Radioactive materials, 192, 271 
Radioactivity, 84, 190, 270 
Radionuclid<"s content, 317 
Sodium concentrations, 88 
Strontium-89 content, !14 
Strontium-90 conten1, f;4 
Sulfonates, 67 
Supplies, 50 
Suspended particles, 16 
Suspended particulate concentrations, 126 
Suspended sediment content, 50 
Suspended solids, 335 
Temperatures, 16 
Temperature variation, 89 
Vanadium, 316 
Water color-aquatic life effects, 130 

W <1tcrshed, 22 
Surface water-photosyn1 hesis relationship, 

275 
Surface waters saturation 

Oxygen loss, 270 
Surface water supply 

Deleterious agents, 51 
Toxic agents, 51 
Virus, 91 

Suspended particulates 
Biological effects, 281 

Suspended sediments 
Physical --chemical aspects, 281 

Suspended solids 
Soils, 'fa~ 

Swamps 
Malaria vectors, 25 
Oxygen content, 132 

Sweden 
Environmental mercury residues, 252 
Environmental methyl mercury, 172 
Industrial mercury use, 252 
Mercury in fish, 172, 251, 252 
Supers:ituration, 135 

Swimming water 
Chemical quality, 33 
Clarity, 33 
Sewage contamination, 31 
Temperature ranges, 32 
Turbidity, 33 
Water quality requirements, 30 

Swine 
Drinking water 
Sodium chloride content, 307 
Copper intake, 312 
Molybdenum tolerance, 314 

Swordfish 
Mercury content, 237 

TAPPI (Technical Association of the Pulp 
and Paper Industry), 383 

T APPI manufacture specifications 
Process water 

Chernic,11 Composition, 384 
TDS (Total dissolved solids), 90, 335 

Specific conductance measurements, 90 
TL50 (Medim tolerance limit), 118 
TLm (Median tolerance limit), 118 
TNV (Tobacco necrosis virus), 349 
TMV (Tobacco mosaic virus), 349 
TSS (Total soil suction), 324 
TVA (see Tennessee Valley Authority) 
Taiwan 

Epidemiological studies, 56 
Tampico Bay, Calif. 

Pollution-kelp resurgence relationship, 23 7 

!_<l_mpico ~far_i: 

Diesel fud ·>pill, 258, 260 
Tanning Industry 

Description, 393 
Quality requirements 

Point of use, 393 
\Vater process, 393 
Water quaLty 

Microbiological content, 394 
Water quality indicator, 394 
Water treatment processes, 394 
Water use 

Chemical composition, 393 
Tap water 

Aluminum nitrate 
Lethal threshold, 242 

Mangane,.e--sticklebacks lethality effects, 
250 

Tritium content, 85 



Tar balls, 257 
Neuston net collection, 257 

Teal 
Lead ingestion effects, 228 

Temperate lakes 
Thermal stratification, 111 

Temperature 
Coolant waters, 89 
Oxygen transfer in water, 16 
Plant growth, 328 
Public water supply, 89 
Recreational water, 16 
Surface waters, 16 

Temperature exposures, 170 
Tennessee Valley Authority, 9, 378 
Tennessee Valley streams 

Fish population, 162 

Teredo, 243 
Tern 

Mercury concentrations, 252 
Tern eggs 

Cadmium levels, 246 
Texas 

Caddo Lake, 26 
Ponds, 24 

Textile industry 
Census of Manufacturers, 1967, 381 
Deionized water, 380 
Potable water, 381 
Surface water intake, 380 
Water color, 380 
Water hardness, 380 
Water intake sources, 380 
Water quality, 380 
Water quality requirements, 380, 381 
Water treatment processes, 381 
Water turbidity, 380 
Water use, 380 
Zeolite-softened water, 380 

Textile mills 
Locations, 380 
Raw water quality, 380 

Textile mill products 
Cotton, 379 
Industry description, 379 
Noncellulosic synthetic fibers, 379 
Rayon, 379 
Wool, 379 

Textile processes 
Scourmg operations, 380 
Water use, 380 

Textiles 
Silk dyeing damage, 380 
Wool dyeing damage, 380 

Thalasseus sandv1cens1s, 196 
Thalezchthys Paez.ficus, 164 
Thallium 

Industrial use, 256 
Neuro-poison, 256 
Rat poison, 256 

Thermal criteria 
Hypothetical power plant, 166 

Thermal electrical power 
Thermal fluctuations, 162 

Thermal exposures 
Developing fish eggs sensitivity, 170 

Thermal fluctuations 
Navigation, 162 

Thermal plume stratification, 170 
Thermal Tables 

Time-temperature relationships 
Fish, 410-419 
Opossum shrimp, 413, 414 

Thwbac1llus-Ferrobac1llus, 141 
Tidal cycles 

Seston values, 281 
Tidal environment, 168 
Tidal oscillations, 219 
Tidal water 

Organism transport, 115 
Top minnow 

Mercury toxicity, 173 
Nickel toxicity, 253 

Torrey Canyon spill, 262 
-------

Oil-detergent toxicity, 261 

Oil spill effects, 258, 260 
Total dissolved gases 

Water quality, 135 
Toxic algae 

Livestock, 317 

Toxic organics, 264 
Hazards, 264 
Biosphere, 264 

Toxic wdter 
Concentration calculations, 123 

Toxic ants 
Ammonia, 186 
Fishery management, 441 
Insecticides, 441 

Toxicity in water 
Livestock, 309 

Tracers 
Radioiaotopes, 271 
Tritium, 271 

Trapa hatans, 27 

Trzchobzlhazza, 18 

Trzchodorus, 349 

Trzchoptera, 141 

Trztonalza yapomca, 27 

Tropical waters 
Biological activity, 441 

Trout 
Boron effects, 245 
Dissolved oxygen requirements, 134 
Flavor-imparing chemicals 

n-butylmercaptan, 148 
o-cresol, 148 
2, 4-dichlorophenol, 148 
pyridine, 148 

Lakes, 20 
Odoriferous actinomyces, 148 
Phenol toxicity, 191 
Zinc toxicity, 182 

Tularemid, 321 

Tule Lake, 346 

Tuna fish 
Mercury content, 237 

Turbidity 
Coagulation, 90 
Filtratio'n, 90 
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Public water supply, 90 
Sedimentation, 90 

Turkey Point, Fla. 
Power plant-temperature changes, 238 

Tylenchorhynchus sp., 348 
Tylenchulus semzpenetrans, 348 
Typha, 141 

Ultrafiltration, 375 
Ultraviolet sterilization 

Water treatment, 301 
Ulva, 21 
Underground aquifers, 377 
United States 

Agricultural nitrogen use, 27 4 
Agricultural waters 

Leptospirosis, 321 
Aquatic vascular plants, 25 
Arid areas 

Water quality characteristics, 333 
Coastal waters 

Temperature variations effects, 238 
Inland waters 

Biota, 142 
Irrigation water, 351 
Lake waters 

Chromium content, 311 
Copper content, 311 
Iron content, 312 

Lakes, 21 
Malaria vectors, 25 
Marine aquaculture 

Oyster, 223 
Marine environment 

Radioactivity content, 190 
Mercury consumption, 251 
Northeastern coast, 32 
Pesticides use, 434, 441 
Polychlorinated byphenols in freshwater 

fish, 177 
Precipitation, 333 
Public water supplies, 61, 62 
Radioactivity in water, 85, 270 
Recreation waters, 34 
River waters 

Composition, 333 
Copper content, 311 
Lead content, 312 

Rivers 
Chromium content, 311 
Mercury content, 72 

Salt water beaches, 31 
Semiarid areas 

Water quality characteristics, 333 

Streams 
Mercury content, 72 

Surface waters 
Mercury content, 313 
Pesticides content, 319 

Synthetic organic chemicals 
Production, 264 

Water quality, 129 
Water temperatures, 151 

United States Atlantic coasts 
Temperature effects, 238 
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United States Bureau of Commercial Fish
eries, 37 

United States Census, 1970, 9 
United Stat<'S D<'partment of Agriculture, 10, 

346 
United States Department of Defense, 9 
United States Department of Housing and 

Urban Devdopment, 10 
United States Fed<'ral Radiation Council, 

84, 85, 318 
United States Salinity Laboratory, 324, 325, 

328, 330, 334 
Upper Chesapeake Bay 

Biota seasonal patterns, 282 
Fish nursery, 281 
Physical hydrography, 282 

Upper water layers 
Oxyg<'n content, 276 

Uraniu1n 
Industrial uses, 256 
Water solubility, 256 

Uranium-sea water interaction, 256 
Uranyl ion 

Public wat<'r supplies, 91 
Urban streams 

Baltimore, Md., 40 
Flow va'riabihty, 40 
Washington, D.C., 40 

Urban waters, 39 
Urban water quality, 40 
Urban waterways contamination, 40 
Urechzs eggs 

Uranium dfects, 256 
Utah 

Fish fauna, 27 

Vallzsnerza amerzcana, 194 
Vanadium 

Commercial processes, 257 
Drinking water, 316 
Industrial uses, 257 
Surface waters, 316 

Vanadium toxicity 
Farm animals, 316 

Vashon glacier, 20 
Virgin Islands coast 

Solid waste disposal, 280 
Virology techniques, 92 
Viruses 

Classification, 322 
Infections, 322 
Public water supply, 91 

WHO (World Health Organization), 251 
WRE (Water Resources Engineers, Inc.), 399 
W afra spill, 262 

Wales 
Bathing waters, 29 

Walking catfish (Clarias batrachus), 28 
Walleye 

Hydrogen sulfide toxicity, 193 
Walleye eggs 

Hydrogen sulfide toxicity, 193 
W ,illeye fingerlings, 128 
W armwater fish 

Dissolved oxygen criteria, 132 

Warm water temperatLres 
Fish kills, 171 

Washington 
Irrigation water 

Plant nematode di;tribution, 348 
Washington, D.C. 

Urban streams, 40 
Water ch<'stnut intro:luction, 27 

Waste material disposal recommendations, 
282 

Waste trf.'atment 
Benefit-cost analysis, 399, 400 
Evalu.1tion tcchniqms, 399 

Waste water 
Anim<1l waste disposal systems, 353 
Chlorine disinfection 276 
Fish tainting, 147 
Food proct'ssing plants, 353 
Nitrogen removal, 35 2 
Organic content, 353 

Waste water effluents 
Pollutant concentrations, 264 

Waste water injection, 115 
Waste water potential 

Blowdown, 379 
Boiler waters, 279 
Evaporative systems, 379 
External w<1ter treatment processes, 379 
Recirculated cooling water, 379 

Waste water reclamaticn 
Recre.1tion<1l benefits, 399 

Waste water treatment 
Copper concentrations, 7 4 
Lead concentrations, 7 4 

Waste water treatment plants 
Discharges, 14 7 

Waste water treatment processes 
Recreation, 13 

Water 
Carbon dioxide content, 139 
Mang.rnese stability, 251 
pH values, 140 
Pesticides content, 346 

W at<'r adsorption 
Clay minerals, 16 
Microorganisms, 16 
Toxic materials, 127 

Water alkalimty, 54 
Carbonate-bicarbon< te interaction, 140 

Water analyses 
Metals-biota relationship, 179 

Water birds 
Surface oil hazards, 196 

W at<'r chemistry-plants interrelationships, 24 
Water chestnut (Tra/>a wtans), 27 
Water circulation 

Pollutant mixing, 21/' 
Water color 

Compensation depth, 130 
Compensation point, 130 
Inorganic sources 

Metals, 130 
Organic sources 

Aquatic plants, 130 
Humic materials, 130 
Peat, 130 

Plankton, 130 
Tannins, 130 

Origin, J 30 
W at<'r color-industrial discharge effects, 13 
Water color measurements 

Platinum-cobalt method, 130 
Water components 

Metallocyanide complex 
Toxicity, 140 

Water composition, 306, 371 
Air scrubbing, 377 
Evaporation, 377 

Water con1 aminant indicator 
Odor, 74 
Taste, 74 

Water con1 amination 
Nitrates, 314 
Pesticide.; 

Farm ponds, 318 
Water density 

Lakes, 164 
Water-dep•~ndent wildlife, 34 
W atcr development projects, 10 
Wat<'r disinfectant 

Ammonia-chlorine reactions, 55 
Water distribution systems 

Ammonia, 55 
Water entry of pesticides 

Direct application, 318 
Drift, 318 
Faulty v. aste disposal, 318 
Rainfa II, 318 
Soil runoff, 318 
Spills, 318 

Water fL1vor impairment, 148 
Water flea 

Thallium nitrate effects, 256 
Water hardness 

Biolog[ccl productivity, 142 
Defini1 ion, 142 
Lead toxicity, 181 
Metal toxicity level, 177 
Scale deposits, 68 
Utility facilities, 68 

Water hyacinth (Ezchhornia crarnpes), 27 

Water level control 
Shell fish harvest, 399 

Water management techniques, 50 

Water nitrate concentrations, 7) 

Water 0>.ygen 
Salinity effects, 276 
Temperature effects, 276 

Water oxygen depletion 
Duckweed, 24 
Water hyacinth, 24 
Water lettuce, 24 

Water plume 
Configuration effects, 170 

Water pollutants 
Oxygen level reduction, 133 
Toxicity, 133, 140 
Waterfowl mortalities, 195 

Water polluting agents 
Enteric microorganisms, 321 

Water pollution 



Crude oil toxicity, 144 
Oils, 144 

Water pollution control, 11 
Water pressure tension, 135 
Water processes 

Mining industry, 394 
Paper and allied products, 383 
Tanning industry, 393 

Water productivity,. 140 
Water quality 

CCE,.75 
m-cresol 

Threshold odor concentration, 80 

o-cresol 
Threshold odor concentration, 80 

p-cresol 
Threshold odor concentration, 80 

Acid conditions 
Adverse effects, 140 

Aethetics, 8, 399 
Agarsphenamine, 87 
Agricultural importance, 300 
Algae content 

Farmsteads, 301 
Alkaline conditions 

Adverse effects, 140 
Alkalinity, 140 
Analysis, 352 
Animal use 

Daily calcium requirements, 306 
Daily salt requirements, 306 

Aquatic vascular plants, 23 
Bendit-cost analysis, 399 
Biomonitoring receiving systems, 109 

Biomphalarza glabrata, 18 
Boating, 28 
Body burdens of toxicants, 116 
Carbonate buffering capacity, 140 
Chemical and allied products, 384 
Chemical compound concentrations, 

Fish tainting, 148 
Oyst<"r changes, 14 7, 148 

Coastal region nutrient, 270 
Commercial fin fishing, 28 
Commercial shell fishing, 28 
Composition, 371 
Contarnination 

Outboard motor oil, 148 
Cotton bleaching proe<'sses, 380 
Deterioration, 10, 321 
Diet,iry nutrient content, 305 
Dilution water 

Toxicant testing, 120 
Dissolved oxygen concentrations, 134 
Dissolved oxygen criteria, 133, 134 
Element content 

Cobalt, 306 
Iodine, 306 
Magnesium, 306 
Sulfur, 306 

Estuaries, 222 
Estuary nutrients, 270 
Eutrophy, 21 
Evaluation techniques, 399 
Farm animals use, 321 
Farmsteads 

Water quality (cont.) 
Nonpathogenic bacterial contaminants, 

301 
Fish production requirements, 195 
Flavor impairment, 148 
Food canning processes, 390 
Harbors, 35 
I Iardness 

Equivalent calcrnm carbonate, 68 
Polyvalent cations, 68 

Hydrogen ion concentration, 140 
Industrial discharge 

Color effects, 130 
Industrial effluents, 370 
lnorg<1nic chemicals concentration, 481, 482 
Insecticides content, 19 5 
Irrigatwn waters, 323, 324, 333, 336, 337 
Isotope content, 307 
Kraft pulp mills, 147 
Livestock use 

Biologically produced toxins, 304 
Excessive salinity, 304 
Mincr,11 content, 304 
Parasitic organisms, 304 
Pathogenic organisms, 304 
Pesticide residues, 304 
Radionuclidcs, 304 
Toxic elements, 304 

Marine ecosystems, 216 
M,uketmg costs, 371 
Mercury pollution, 172 
Mesotrophy, 21 
Midge production, 18 
Minerals, 88 
Mortality probability, 404 
Muninpal sewage, 274 
Nitrate-nitrogen level, 302 
Nutrients, 19 
Odor-producting bacteria 

Farmsteads, 302 
Oil loss effects, 144 
Oil refinery effluents effects, 144 
Oil spills effects, 144 

Oligotrophy, 21 
Orgamc mercury toxinty, 173 
Outbo,l!'d motor exhaust, 148 

pH, 140 
Paper and allied products, 383 
P drticuL1tes 

Aquatic life, 16 
Biological productivity, 16 

Pathogens from fecal contamination, 58 
Phenol 

Threshold odor concentrations, 80 
Phenols, 80 
Phosphorus concentrations, 81 
Physical factors, 13 
Plankton density, 82 
Pollutant bioassays, 118 
Polychlorinated byphenals content, 83 
Preservmg aesthetic values, 11 
Radioactive materials restrictions, 273 
Receiving systems-biota interaction, 109 
Recreation, 8, 29, 399 
Requirements, 370, 371 

Point of intake, 371 

Point of use, 3 71 
Sanitary indicators, 57 
Shell fish, 36 
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Significant indicators, 378 
Sodium content, 88 
Soil-plant growth effects, 324 
Soils, 323 
Sport fin fishing, 28 
Sport shell fishing, 28 
Suspended solids effects, 222 
Supersaturation, 135 
Swimming, 28 
Tainting, 147, 149 
Textile dyemg processes, 380 
Textile industry 

Point of use, 380, 381 
Thermal criteria, 152 

Thermal regimes, 152 
Total dissolved gases, 135 
Toxic wastes, 18 
Toxicants, 404, 407 
Toxicity curves calcuL1t10ns, 407 
Trace m<'tals 

pH effects, 140 
Treatment equipment, 371 
Virus-disease relationship, 91 
Waste material Application factors, 121 
Zmc cont!"nt-t<1ste relationship, 93 

Zone of passage, 115 
Water Quality Act (1965 ), 2 
\>V<1tcr quality calculation 

Lethal threshold concentratwn, 407 
Thrcshold effective time, 407 

\\Tater quality characteristics 

Aesth<'tics, 400 
Driftmg orgamsms, 113 

Ecology, 400 
Environmental pollution, 400 
Human interest, 400 
Migratmg fish protectJon, 113 
Mixing zones, 231 
Multiproduct chemical plant, 385 

Water quality criteria, 10, 91 
Acute pollutants, 118 
Chronic pollutants, 118 
Crop responses, 300 
Cumulative pollutants, 118 
Inorganic chemical protection, 239 
Least-cost analysis, 400 
Lethal pollutants, 118 
Marine aquatic life, 219 
Manne environrnent 

Methods of assessment, 233 
Selenium toxicity, 345 
Subacute pollutants, 118 
Sublethal pollutants, 118 
Wildlife, 1 94 

Water quality deterioration 

Wisconsin Lakes, 20 
Water quality effects 

Susp<'nded particulates, 16 
Water quality evaluations 

Monetary benefit, 399 
Site determination, 399 

Nonmonetary benefit, 399 
Waste treatment techniques, 399 
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Water quality indicators 
Chemical and allied product industry, 384 
Tanning industry, 394 

Water quality management, 400 
Aquatic organisms, 109 

Water quality-plant growth interrelation
ships, 24 

Water quality projects 
Economic objectives, 400 

Water quality recommendations, 
Ground water, 52 
Public water supply, 50 
Water management, 52 

Water quality requirements 
Agriculture, 300 
Farmstead use, 301 
Human farm population, 301 
Long-term biological effects, 114 

Water quality standards, 52 
Artificial ground water recharge, 53 
Mixed water body, 171 

W,iter quality variation, 18 
Water receiving systems 

Nonthermal dischctrge distribution 
Mathematical model, 403 

Water JTcreation 
Boating, 9 
Camping, 9 
Co1n1ncrcial, 9 
Corps of Engineers, 9 
Fishing, 9 
Fishing licenses, 8 
Legislation, 9 
Management, 11 
Participants, 9 
Picnicking, 9 
Point disch,uges, 12 
Private, 9 
Programs, 9 
Public, 9 
Regulations, 9 
Sightseeing, 9 
Sportsmen, 8 
Subsurface drain,1ge, 12 
Surface flows, 12 
Swunming, 9 
Waterfowl hunters, 9 

Water skiing, 9 
Water recreation facilities costs, 9 
Water requirements 

Beef cattle, 305 
Cattle, 305 
Dairy cattle, 305 
Horses, 305 
Livestock 

\Vater balance trials, 305 
Water loss, 304 
Water needs, 304 

Poultry, 305 
Sheep, 305 
Swine, 305 

Water r<:"sources 
Project recreation evaluation 

Intangible benefits, 399 
Nonmonetary expression of benefits, 399 

Recreation, 8 

Water resource use 
Evaluation problems, 400 

Water-related diseases 
Bacillary hernoglobinuria, 321 

Water safety 
Fish indicators, 320, 321 

Water salinity 
Duckling mortality, 1 9 5 
Livestock consumptic•n, 307 
Toxicity in dairy cat1 le, 307 

Water salimty ions 
Bicarbon<1tes, 309 
Calcium, 309 
Chlori<l,,, 309 
Magnesium, 309 
Osmotic effects, 307 
Sodium, 309 
Sulfates, 309 

Water solubility 
DDT, 197 

Water supply 
Quantity for livestock, 304 
Raw w<1ter quality, :o 
Res<'rvoirs, 13 
Suspended solids 

Clay, 301 
Sane!, 301 
Silt, 301 

Thermoduric microorganisms 
Farmsteads, 302 

Water supply management 
Agriculture, 300 

Water supply sources 
A1n1noni.:t cont~nt 

Cold temperature, 55 
Aquatic vegetation C•)ntrol, 79 

W cttC'r surface 
Turbidity-"bsorptior effects, 127 

Water surface tension, 136 
Wat<'r tamting, 149 

Bioass,1ys, 149 
Biological causes, '14"' 
Chenucils, 14 7 

Water tamting tests, 149, 150 
Bluegill, 149 
Channel catfish, 149 
Exposure, 149 
Fish, 149 
FL1tfishes, 149 
Largemouth bass, 149 
Organoleptic evaluation, 149 
Salmon, 149 
Trout, 149 
Yellow perch, 149 

Water temperature, 15 2 
Acclimation, 153 
Aquatic ecosystems, l 51 
Aquatic life 

Analysis, 168 
Migration, 164 
Spawning, 164 

Aquatic sensitivity, 168 
Artificial tempnature elevations, 160 
Channel catfish, 1 j4 
Commercial fisheries, 151 
Community structure, 165 

Fish 

Zero net growth, 154 
Fish exposure, 160 
Fish growth rates, 157 
Fish spawning conditions, 163 
Food organisms production, 164 
Growth comparisons, 158 
Lethal threshold, 152 
Life e>.pcctancy, 32 
Nuisance organisms growth, 165 
Ocean currents effects, 32 
Power plant discharge, 166 
Safety factor 

Aquatic life, 161 
Seasonal changes, 154 
Short-te1m exposure, calculations, 168-17 

Sockeye salmon, 154, 160 
Spawning period, 162 
Sport fisheries, 151 
Spring fall, 164 
Spring nse, 164 
Suspended particulates-sunlight penetr< 

tion effects, 127 
Warming· rates, 127 
Thermal springs effects, 32 
Winter maxima, 160 

Water temperature acclimation, 153 
Water temperature-botulism poisoning re 

latiornhip, 197 
Water temperature calculations., 154, 157 
Water temperature C!'iteria, 152, 154, 166 

Hypothetical power plant, 167 
Prolonged exposure, 153 
Seasonal prolonged exposure, 154 

W <1ter temperature resistence 
Chinook salmon, 15 3 

Water temperature tolerance 
Salmon, 153 

Water temperature v,uiation 
Aquatic life development, 162 

Water transmissions of virus, 91 
W atcr transport 

Partic Jlatc matter, 16 
Siltation, 16 

Water treatment 
Chem.eel 

Halogens, 301 
Sodium hypochlorite, 301 

Economics, 377 
Health hazards, 57 
Heat, 301 
Ozom, '.101 
Raw water at farmsteads, 301 
Silver, 301 
Ultraviolet sterilization, 301 

\,V atcr treatment facilities 
Agricult,_ire, 300 

Water treatment processes, 372, 379 
PCB, 33 
pH effects, 80 
Adsorption, 373 
A<:"roation, 373 
Alkalinity reduction, 272 
Alkalinity removal, 375 
Anion exchange, 375 
Boiler makeup, 379 



Cation exchange, 375 
Chemical and allied products, 385, 386 
Chlorination, 92 
Clarification, 372 
Coagulation, 50 
Colloid removal, 379 
Color stabilizing effect, 63 
Cooling, 379 
Corrosion control, 375 
Demineralization, 375 
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