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Foreword 

The Technical Support Manual: Water Body Surveys and Assessments for 
Conducting Use Attainability Analyses contains technical guidance prepared 
by EPA to assist States in implementing the revised Water Quality Standards 
Regulation (48 FR 51400, November 8, 1983). EPA prepared this document 
in response to requests by several States for additional guidance and 
detail on conducting use attainability analyses beyond that which is 
contained in Chapter 3 of the Water Quality Standards Handbook (December, 

1983). 

consideration of the suitability of a water body for attaining a given 
use is an integral part of the water quality standards review and revision 
process. This guidance is intended to assist States in answering three 
central questions: 

(1) What are the aquatic protection uses currently being achieved in the 
water body? 

(2) What are the potential uses that can be attained based on the physical, 
chemical and biological characteristics of the water body?: and, 

(3) What are the causes of any impairment of the uses? 

EPA will continue providing guidance and technical assistance to the 
States in order to improve the scientific and technical basis of water 
quality standards decisions. States are encouraged to consult with EPA at 
the beginning of any standards revision project to agree on appropriate 
methods before the analyses are initiated, and frequently as they are 
conducted. 

Any questions on this guidance may he directed to the water quality 
standards coordinators located in each of the EPA Regional Offices or to: 

Elliot Lomnitz 
Criteria and Standards Division (WH-585) 
401 M Street, S.W. 
Washington, D.C. 20460 

Steven Schatzow, Director 
Office of Water Regulations and Standards 
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° SECTION I: INTRODUCTION 



One of the major pieces of guidance discussed within the Water Quality 
Standards Handbook (November, 1983) is the "Water Body Survey and 
Assessment Guidance for Conducting Use Attainability Analyses" which 
discusses the framework for determining the attainable aquatic protection 
use. This guidance describes the framework and suggests parameters to be 
examined in order to determine: 
(1) What are the aquatic use(s) currently being achieved in the water body? 
(2) What are the potential uses that can be attained based on the physical, 

chemical and biological characteristics of the water body?: and, 
(3) What are the causes of any impairment of the uses? 
The purpose of the technical support manual is to highlight methods and 
approaches which can be used to address these questions as related to the 
aquatic life protection use. This document specifically addresses stream 
and river systems. EPA is presently developing guidance for estuarine and 
marine systems and plans to issue such guidance in 1984. 

Several case studies were performed to test the applicability of the "Water 
Body Survey and Assessment" guidance. These case studies demonstrated that 
the guidance could successfully be applied to determine attainable uses. 
Several of the States involved in these studies suggested that it would be 
helpful if EPA could provide a more detailed and technical explanation of 
the procedures mentioned in the guidance. In response, EPA has prepared 
this technical support manual. The methods and procedures offered in this 
manual are optional and States may apply them selectively, States may also 
use their own techniques or methods for conducting use attainability 
analyses. 

A State that intends to conduct a use attainability analysis is encouraged 
to consult with EPA before the analyses are initiated and frequently as 
they are carried out. EPA is striving to develop a partnership with the 
States to improve the scientific and technical bases of the water quality 
standards decision-making process. This consultation will allow for 
greater scientific discussion and better planning to ensure that the 
analyses are technically valid. 

Consideration of the suitability of a water body for attaining a given use 
is an integral part of the water quality standards review and revision 
process. The data and Information collected from the water body survey 
provide a basis for evaluating whether the water body is suitable for a 
particular use. It is not envisioned that each water body would 
necessarily have a unique set of uses. Rather the characteristics 
necessary to support a use could be identified so that water bodies having 
those characteristics might be grouped together as likely to support 
particular uses. 

Since the complexity of an aquatic ecosystem does not lend itself to simple 
evaluations, there is no single formula or model that will provide all the 
answers. Thus, the professional judgment of the evaluator is key to the 
interpretation of data which Is gathered. 
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° SECTION II: PHYSICAL EVALUATIONS 



OVERVIEW 

The physical characteristics of a water body greatly influence its reaction 
to pollution and its natural purification processes. The physical 
characteristics also play a great role in the availability of suitable 
habitat for aquatic species. An understanding of the nature of these 
characteristics and influences is important to the intelligent planning and 
execution of a water body survey. Important physical factors include flow, 
temperature, substrate composition, suspended solids, depth, velocity and 
modifications made to the water body. Effects of some of these factors are 
so interrelated that it is difficult or even impossible to assign more or 
less importance to one or the other of them. For example, slope and 
roughness of channel influence both depth and velocity of flow, which 
together control turbulence. Turbulence, in turn, affects rates of mixing 
of wastes and tributary streams, reaeration, sedimentation or scour of 
solids, growths of attached biological forms and rates of purification 
(FWPCA, 1969). Thus evaluating the factors which constitute the physical 
environment cannot be done by just assessing one parameter but rather a 
broader assessment and view is needed. 

The purpose of this section is to amplify the methods and types of 
assessments discussed in Chapter 3 of the Water Quality Standards Handbook 
for evaluating the physical characteristics of a water body. The analyses 
proposed in this section, as well as the other sections of this document, 
do not constitute required analyses nor are these all the analyses 
available or acceptable for conducting a use attainability analysis. 
States should design and choose assessment methodologies based on the 
site-specific considerations of the study area. The degree of complexity 
of the water body in question will usually dictate the amount of data and 
analysis needed. States should consult with EPA prior to conducting the 
survey to facilitate greater scientific discussion and better planning of 
the study. 

CHAPTER II-1 
FLOW ASSESSMENTS 

The instream flow requirement for fish and wildlife is the flow regime 
necessary to maintain levels of fish, wildlife and other dependent 
organisms. Numerous methodological approaches for quantifying the instream 
flow requirements of fish, wildlife, recreation, and other instream uses 
exist. Each method has inherent limitations which must be examined to 
determine appropriate methods for recommending stream flow quantities on a 
site-specific basis. The following describes in detail several of the more 
commonly used and accepted methods. 

TENNANT METHOD 

One of the widely known examples of an instream flow method is the Tennant 
method (1976). Based on analyses conducted on 11 streams in Montana, 
Wyoming and Nebraska, Tennant determined the following: 

(1) Changes in aquatic habitat are remarkably similar among streams having 
similar average flow regimes. 
(2) An average stream depth of 0.3 meters and an average water velocity of 
0.75 ft/sec were the critical minimum physical requirements for most 
aquatic organisms. 
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(3) Ten percent of the average annual flow would sustain short-term 
survival for most fish species. 
(4) To sustain good survival habitat, thirty percent of the average annual 
flow was adequate since the depth and velocities generally would allow fish 
migration. 
(5) Sixty percent of flow provides outstanding habitat. 

Using the above information, Tennant proposed a range of percentages of the 
average annual flow regime needed to maintain desired flow conditions on a 
semi-annual basis. These ranges are summarized by the following: 

Flow Description 

Flushing 
Optimum range 
Outstanding 
Excellent 
Good 
Fair, Degrading 
Poor, Minimum 
Severe Degradation 

Recommended flow regime 
October-March April-September 

20(1X of the average annua? flow 
60%100!: of the average annual flow 

40% 60: 

ii: 
501, 
41)s 

10X 30% 
100, 10% 

<10x <10x 

The determination of average annual flow was conducted by Tennant by the 
summation of the average monthly flow for a ten year period. After average 
annual flows are determined, recomnendatfons can be calculated by 
multiplying the average annual flow by the percentages in the above table. 

INSTREAM FLOW INCREMENTAL METHODOLOGY (IFIM) 

The IFIM is a computerized water management tool developed by the U.S. 
Fish and Wildlife Service for evaluating changes on aquatic life and 
recreational activities resulting from alterations in channel monphology, 
water quality and hydraulic components. Bovee (1982) outlined the 
underlying principles of IFIM as: (1) each species exhibits preferences 
within a range of habitat conditions that it can tolerate; (2) these ranges 
can be defined for each species; and (3) the area of stream providing these 
conditions can be quantified as a function of discharge and channel 
structure. IFIM is designed to simulate hydraulic conditions and habitat 
availability for a particular species and size class or usable waters for a 
particular recreational activity. The hydraulic and channel 
characteristics are simulated for IFIM by use of the Physical Habitat 
Simulation Model (PHABSIM). 

PHABSIM is a series of computer programs which relate changes in flow and 
channel structure to changes in physical habitat availability. Hilgart 
(1982) summarized the PHABSIM model as comprised of two parts: 11) a 
hydraulic simulation program which will predict the values of hydraulic 
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parameters for a range of f 
two or more measured flows 
called HARTAT, which rates 
relative fisheries values. 
series of lepth, velocity 
describe the reach as a ser 

ows from either a single measured flow (WSP) !)r 
(IFC4), A~CI (2) a habitat assessment prograli 
the predicted hydraulic conditions for their 
Rather than describing the stream reach as a 
and substrate contours, PHARSIlY is used o 

es of small cells (Figure 11-l-l). 

Figjre II-l-l: Conceptualization of Simulated Stream Reac:i. She:' 
Subsections Have Similar Depth and Velocity Ranges. 

Instead of summarizing average depth and velocity for a cross sectTtO,, 
PtLjtlSIM is rlsed to predict the average depth and velocity for edCh CPI’. 

IJ s i n:: curves showing the relative suitability of various stream jttribut.:s 
by species and life stage, a weighting factor for the depth, velocity, 2nd 
substrate in each cell is determined. These weighting factors dTe 

nIlIt iplied together to estimate the composite suitability for that 
combination of variahles, and this composite index is multiplied by t e 
SllrfdCe area of the cell. This process is repeated fcr each ccl! and the 
results are summed to calculate the total weighted usable area. Conlpul~r 

siliulations are then produced for the distribution of microhabitat 
variables for existing and alternate flows, e.g., flows for 
alternative actions which could affect flow regime. 

a proposed and 

The basic steps to IFIM can be summarized by the follow i ng: 

objectives fur 
k ktermining tnta 

STEP 1: Project Scoping - Scoping invclves riefining 
the delineation of study area boundaries, c 
stability of the microhabitat variables, selecting evaluation 
species, and defining their life history, food types, water 
quality tolerances and microhabitat. 

STEP 2: Study Reach and Site Selection - Involves identifying and 
delineating critical reaches to he sampled, delineation ;If 
major changes and transition zones and the distribtition of 
the evaluation species. 
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STEP 3: Data Collection - Transects are selected to adequately 
characterize the hydraulic and instream habitat conditions. 
Data gathering must be compatible to IFItt computer models. 

STEP 4: Computer Simulation - Involves reducing field data and 
entering into programs described above. 

STEP 5: Interpretation of Results - The output from the computer 
program is expressed as the Weighted Usable Area (WUA), a 
discrete value for each representative and critical study 
reach, for each life stage and species, and for each flow 
regime. 

For further information on IFIM and PHARSIM the following publication 
should be consulted: "A Guidance to Stream Habitat Analysis Using the 
Instream Flow Incremental Methodology" U.S. FWS/ORS-82/26, June, 1982. 
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CHAPTER I I-2 
SUSPENDED SOL IDS AND SEDIMENTATION 

The consideration of the potential effects of suspended solids and 
sedimentation on aquatic organisms may reveal important data and 
information pertinent to a use attainability analysis. Suspended solids 
generally may affect fish populations and fish in several major ways: 

(1) "By acting directly on the fish swimming in water in which solids are 
suspended, and either killing them or reducing their growth rates, 
resistence to disease, etc.; 

(2) By preventing the successful development of fish eggs and larvae; 

(3) By modifying natural movements and migrations of fish; and 

(4) By reducing the abundance of food available to the fish“ (EIFAC, 
1964). 

(5) By hindering the foraging and mating abilities of visual feeders and 
those with visual mating displays. 

The effects of sedimentation on aquatic organisms were summarized by 
Iwamoto et al. (1978). These effects include: 

(1) clogging and abrasion of respiratory surfaces, especially gills; 

(2) adhering to the chorion of eggs; 

(3) providing conditions conducive to the entry and persistence of 
disease-related organisms; 

(4) inducing behavioral modifications; 

(5) entomb different life stages; 

(6) altering water chemistry by the absorption and/OF adsorption of 
chemicals; 

(7) affecting utilizable habitat by the scouring and filling of pools and 
riffles and changing bedload composition; 

(8) reducing photosynthetic growth and primary production, and; 

(9) affecting intragravel permeability and dissolved oxygen levels. 

This chapter of the manual will explore these effects in detail. An 
excellent review of the effects of suspended solids and sedimentation on 
warmwater fishes was conducted by EPA in 1979 entitled "Effects of 
Suspended Solids and Sediment on Reproduction and Early Life of Warmwater 
Fishes" (EPA-600-3-79-042) and should be consulted. 

GENERAL ECOSYSTEM EFFECTS 

Suspended solids and sedimentation may affect several trophic levels and 
components of the ecosystem. The interactions between components of the 
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ecosystem are closely linked thus changes in one component can reverberate 
throughout the system. The following examines changes in each caponent 
resulting from suspended solids and sedimentation: 

Influences on Primary Productivity 

Increases in suspended solids can greatly alter primary productivity 
because of decreasing light penetration and subsequently decreasing 
photosynthetic activity. Cairns (1968) reviewed the literature on the 
effects on primary producers. The decrease in light penetration can affect 
the depth distribution of vascular aquatic plants and algae. Greatly 
reduced light penetration may shift algal composition from green to 
bluegreen since the latter dre tolerant to higher levels of ultraviolet 
light. Butler (1964) observed an inverse relationship between turbidity 
and primary productivity; gross primary productivity in a clear pond was 
three-fold greater than an adjacent turbid pond (with Permian red clay). 
Benson and Cowell (1967) found that turbidity in Missouri River 
impoundments was the strongest limiting factor to plankton abundance and 
that plankton was of great importance to fish growth and survival. 

Suspended solids can al so alter the distribution of heat in a water body. 
Butler (1963) reported that colloidal clay in central Oklahoma was altering 
the heat distribution dnd consequently summer stratification was more 
pronounced in turbid situations. This stratification causes greater 
differences between the surface and bottom temperature in turbid water 
bodies. 

To protect against the deleterious effects of suspended solids on aquatic 
life by decreasing photosynthetic activity, EPA (1976) developed the 
following criteria: "Settleable and suspended solids should not reduce the 
depth of the compensation point for photosynthetic activity by more than 10 
percent from the seasonally established norm for aquatic life." The 
compensation point is the point at which incident light penetration is 
sufficient for plankton to photosynthetically produce enough oxygen to 
balance their respiration requirements. To determine this compensation 
point, a set of "light" bottle 0.0. and "dark" bottle D.O. tests would be 
needed (see "Standard Methods", APHA, 1979 for details). 

Effect on Zooplankton and Renthos 

Benthic macroinvertebrates and zooplankton are major sources of food for 
fish which can be adversely affected by suspended matter and sediment. 
Depopulation and mortality of benthic organisms occurs with smothering or 
alteration of preferred habitats. Zooplankton populations may be reduced 
via decreasing primary productivity resulting from decreased light 
penetration. Ellis (1936) demonstrated that freshwater mussels were killed 
in silt deposits of 6.3 to 25.4 mm of primarily adobe clay. Major 
increases in stream suspended solids (25 ppm turbidity upstream vs. 390 ppm 
downstream) caused smothering of hottom invertebrates, reducing organism 
diversity to only 7.3 per square foot from 2S.5 per square foot upstream 
(Teho, 1955). Deposition of organic materials to bottom sediments can also 
cause imbalances in stream biota by increasing bottom animal density, 
principally oligochaete populations, and diversity is reduced ds pollution 
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sensitive forms disappear. Deposition of organic materials can also cause 
oxygen depletion and a change in the composition of bottom organisms. 
Increases in oligochaetes and midges may occur since certain species in 
these groups are tolerant of severe oxygen depletion. 

Sensitivity of Fish Populations to Suspended Solids and Sediment 

Field and laboratory studies have shown that fish species vary considerably 
in their po ulation-level 

a 
responses to suspended solids and sediment. 

Atchison an Menzel (1979) reviewed the population level effects on 
warmwater species and cate orized species as either tolerant or intolerant 
based on their habitat 9 pre erences. This review also revealed species with 
a preference for turbid s stems. 

r 
Tables 1 dftd 2 have been adapted from 

this review and provide va uable information on population effects. As can 
be seen from these tables, the intolerant assemblage is composed of a large 
number of species with complex spawning behavior whereas the tolerant 
fishes include a larger percentage of simple spawners and forms with 
special early life adaptations for turbid waters. 

Effects on Fish Reproduction 

The impacts of suspended solids and sediments on fish reproduction vary 
with the phases of the reproductive cycle. The following describes several 
of the mechanisms of impairment: 

(1) Diminished Light Penetration 
Swingle (l%bJ provided data which shows that suspended materialHse ITITI;~; 
affect fish reproductive processes by reducing light penetration. 
that largemouth bass spawning was delayed by as much as 30 days in muddy 
ponds as compared to clear ponds. 

(2) Visual Interference 
Some species such as black bass and centrarchid sunfish have strong visual 
components in their reproductive behavior. For example, Trautman (1957 
found that smallmouth bass populations in Lake Erie shunned potentia 1 
spawning areas that were highly turbid. Chew (1969) observed that in 
turbid Lake Hollingsworth 
and that most females I 

Fla.) largemouth bass spawning was very limited 
fai ed to shed their eggs and gradually resorbed 

them. 

6 3) Loss of Spawning Habitat 
eprbaucrive fX'Fl%re among many species is attributable to direct loss of 

spawning habitat through two pathways: (a) siltation of formerly clean 
hottom and (h) loss of vegetation due to the reduction of the photic zone 
by turbidity. 

f 
4) Physiological Alterations 
he maJor pnysiorogical alterations are: 

(a) the failure of gonadal maturation at the appropriate time and (b) 
stress incurred by the organism thus creating increased susceptability to 
disease, 

In general, laboratory bioassays indicate that larval stages of selected 
species are less tolerant of suspended solids than eg s or adults. 
Available evidence suggests that lethal levels for 8 suspen ed solids are 
determined by interaction between biotic factors, includin age-specific 
and species specific differences, and abiotic factors 91 sue as particle 
size, shape, concentration and amount of turbulence in the system. 
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TARLF 1: SELECTED MIDWESTERN WARMWATER FISHES WHICH ARE INTOLERANT OF 
SIISPENDED SOLIPS (TURBIDITY) AND SEDIMFNT 

Species Effect 
Spawning General- 

Impact through 
Suspended solids Sediment 

Ichthyomyzon - Chestnut lamprey 
castaneus 

Lake Sturgeon 

PZQZZi mathula - Paddlef 7 
sosteus - Shortnose aar 

q!&xEiG - 
Amia calva - Bowfin 
Hiodon tergisus - Mooneye 
Lucius - florthern pike 
Esox masquinongy - Musk& 
mostomus - Reds ide date 

elongatus 
Dionda nu6ila - Mi nnow 

unge 

'i sh 

TYiEjEssum7aurae - Tonguetied minnow 

liybopsis x-punctata - Gravel chub 
Nocomis biauttatus - Horneyhead chub 

- River chub 
llid shiner 
geye shiner 

Common shiner 
Flotropls emiliae - Pugnose minnow 
Notropis heterodon - Blacknose shiner 
Notropts heterolepis - Blacknose shiner 
?lotrools hudsonlus - Spottail shiner 
Notropi s rubellus - Roiyface shiner 
Notrools stramlneus - Sand shiner 
hotrop?s texanus - Weed shiner 
Notropi s topeka- Topeka shiner 
aotrools mllus - Mimic shiner 
CarDlodes vellfer - Hiahf in carosucker 

Cr!blIec~$%ker 
- Lake chuhsucker 

nigricans - Florthernhog 
sucker 

Lagochila lacera - Hare1 ip sucker 
Minvtrema %?f%%s - SDotted sucker 
Moxoxtoma carindtum --ii ver redhorse 
Moxostoma duquesnei - Rlack redhorse 
Moxostoma valenciennesi - Greater redhorse 
?ctalurus furcatus - 6Tue Catfish 

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 

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 
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TABLF 1: SELFCTEU MIDWESTERN WARMWATER FISHES WHICH ARF. INTOLERANT OF 
SUSPENDED SOLIPS (TURRIDITY) AND SFDIMFNT (Cont'd) 

Species Effect Impact through 
Spawning fenera Suspended sollds Sediment 

Etheostoma - Greenside darter 
blennloides 

Etheostoma exile - Iowa darter 
Etheostoma tippecanoe - Tippe canoe 

darter 
Etheostoma zonale - Randed darter 
Perca flavescens - Yellow perch 
mna caprodes - Log perch 
Percina copelandi - Channel darter 
Percina evides - Gilt darter 
Percina mta - Rlackside darter 
Percina phoxocephala - Slenderhead 

darter 
Noturus flavus - Stonecat 
Noturus fuus - Caroline madtom 
Noturus gyrinus - Tadpole madtom 
Nocturus%%%% - Rrindled madtom 
Nocturus trautmani - Scioto madtom 
Pylodictis olivaris - Flathead catfish 
Percopsis - Trout perch 

omiscomayctrs 
Fundulus notatus - Blackstripe 

topminnow 
Labidesthes sicculus - Brook silverside 
Culaea Inconstans - Brook sticklehack 
Ambloplcites rupestris - Rock bass 

~~~~~~ *sD-p~2t!$3rs~~",,,sh 
Micropterus o omieui - Smallmouth bass 
hlcropterus salmoldes - Largemouth bass 
Ammocrypta asprella - Crystal darter 
Annnocrypta Clara - Western sand darter 
hmmocrypta mcida - Eastern sand 

darter 

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 
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TABLE 7: WARMWATER FISHES WHICH ARE TOLERANT OF SlfSPENDED SOLIDS AND SEDIMENT 

Species General Preference 
tolerance for turbid systems 

X 

X 
X 

X 
X 
X 

X 
X X 
X 
X 

X 
K 

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 

urgeon 
tad 

Hi odon alosoide 
CarassiGGi 

Scaphirhynchus albus - Pallid st 
Dorosoma ceoedic- Gizzard sh 

!S - Goldeye 
Jratus - Goldfish 

touesius pm - Lake chub 
Cyprinus carpio - Common Carp 

:cata - Silverjaw min 

-+. - Sturgeon chub 
oracT is - Flathead chu 

now 

b 
lvEGiTEm - Riaouth shiner 
Notropis lutrensis - Red shiner t 
Drthodon microlepldotus - Sacramento blackfish 
Phenacohius mirabilis - Suckermouth minnow 

redbelly da 
head minnow 
head minnow 

- Woundfin 
Creek chub 

ce Phoxinus orcas - Mountain 
Pimephales promelas - Fat 

lmephales vlgilax - Bull 

ifatostotnus cOmmersoni - White sucker 
- 8igmouth buffalo 
- Golden redhorse 

Ictalurus catus - White catfish 
Ictalurus mel - Black bullhead 

perch 
,fish 
ed sunf 
sunfish 

ish 

Aohredoderus savanus - Pirate -_- 
c ane=Green sun 
?iK&?Z Drangespott 
microloohus - Redear 

Lepomis 
Lepomis 
Lepomis 
merus treculr - Guadalupe bass -r- ~--- 
Pomoxis annularis - White crappie 
Pomoxis ni romaculatus 

9--7--sl~uZatdkar:~~PP Etheostana oraci e - 
ie 

Etheostoma 
'Etheostoma 
T 
Stizostedl 

micriperca - Least darter 
GY Johnny darter 

theostoma specta ile - Orangethroat 
7i?e - Sauger 

darter 

Aplodinotus grunniens - Freshwater drum 
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CHAPTER II-3. 
POOLS, RIFFLES AND SUSSTRATE COMPOSITION 

AQUATIC INVERTEBRATES 

Many factors regulate the occurrence and distribution of stream-dwelling in- 
vertebrates. The most important of these are current speed, shelter, tetnpera- 
ture, the substratum (including vegetation), and dissolved substances. Other 
important factors are liability to drought and to floods, food and competition 
between species. Many of these factors are interrelated - current, for 
example, largely controls the type of substratum and consequently the amount 
and type of food available. Of these, current speed, the substratum, and the 
significance of riffle and pool areas will be discussed In greater detail in 
the following paragraphs. 

Current Speed 

Many invertebrates have an inherent need for current, either because they rely 
on it for feeding purposes or because their respiratory requirements demand 
it. However, persistently very rapid current may make life intolerable for 
almost all species. At the other extreme, stagnant or very slow areas in 
rivers which at time flow swiftly are often without much fauna. This is 
because silt collects during periods of low discharge, and the conditions 
become unsuitable for riverjne animals. On the other hand, many common stream 
creatures (e.g. flatworms, annelids, crustaceans, and a great number of the 
insects) persist in running water simply because they avoid the current by 
living under stones or in the dead water behind obstructions. Still other 
animals which are poor swimmers and lack attachment mechanisms and therefore 
can only scuttle from one shelter to another select areas where the current is 
tolerable, and move further out or back into shelter as the flow varies. 'This 
applies to many genera of mayflies and to snails. Other animals actually bur- 
row down into the substratum to avoid the current and require only to remain 
buried. Many animals, such as the annelids and some Diptera larvae, have this 
habit as a birthright; several other groups have acquired this habit, such as 
several genera and species of stoneflies and mayflies. Similarly, as the 
current changes from place to place in a stream at a given discharge so the 
fauna changes. 

In conclusion, current speed Is a factor of major importance in running water. 
It controls the occurrence and abundance of species and hence the whole struc- 
ture of the animal community. 

The Substratum and Its-Effect On Aquatic Invertebrates 

The substratum is the materfal (including vegetation) which makes up the 
streambed. It is true of many river systems that the further down a river the 
smaller the general size of the particles forming the bed. This is partly due 
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to the fact that the shear stress on the bottom and hence the power to move 
(and break up) particles decreases with increasing discharge. In streams where 
current speeds do not normally exceed about 40 cm/set a streambed is likely to 
be sand, or even silt at still lower maximum currents of about 20 cm/set. How- 
ever, large amounts of silt occur only in backwaters and shallous or as a 
temporary thfn sheet over sand during periods of low flow; silt is certainly 
not a major component of the substratum in the main channels of the great 
majority of even base-level rivers. Where currents frequently exceed about 50 
cm/set on steep slopes the bed is likely to be stony and the animals which 
live there must be able to maintain their position. 

The substratum is the major factor controlling the occurrence of animals and 
there is a fairly sharp distinction between the types of fauna found on hard 
and on soft streambeds. In genera?, clean and shifting sand is the poorest 
habitat with few specimens of few species. Bedrock, gravel and rubble on the 
one hand and clay and Nd on the other, especially when mixed with sand, sup- 
port increasing biomasses. The fauna of hard substrata has its own typical 
character, and it is here that most of the obviously specialized forms occur; 
that of the soft substrata is more generally shared with still water, and it 
shows nuch more geographical variety. 

The fact that rubble supports more animals than does sand is almost certainly 
correlated with the amount of living space (shelter) and with the greater pro- 
bability that organic matter will lodge among stones and provide food. 

Another factor affecting the occurrence of fauna in the substratum is the 
temporary nature of some types of substratum themselves. For example, stony 
areas can be alternately covered with silt or sand and then cleared away by 
spring floods (spates). Streams that are more liable to spates or other 
similar phenomena (which greatly and rapidly alter the fauna1 density) have 
less abundant and less varied faunas than others. An interesting consequence 
of this is that small tributaries, being less exposed to the effects of storms 
covering limited areas, are richer than the larger streams into which they 
flow. Another consequence is that as development increases the intensity of 
runoff, the variety and abundance of stream fauna also decreases. 

The presence of solid objects also affects the fauna, and the nature of the 
solid object affects the animals which colonize it. As shelter is more impor- 
tant, some animals prefer irregular stones as opposed to smooth ones. Still 
other animals occur only on wood. 

Other factors which may account for differences of invertebrate biomass in 
streams or reaches of streams are the differences in plant detritus and in 
vegetation on the banks, whfch, of course, supplies food to the biota. Both 
the amounts and the nature of the deposits and the vegetation are important, 
In any case there are more animals in moss, rooted plants, and filamentous 
algae than there are on stones, and all plants are more heavily colonized than 
the nonveget ated areas of substratum. 
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Finally, the availability of food (whether it be organic detritus lodged 
amongst stones, vegetation, wood. . . ) is an obvious factor controlling the 
abundance of species. Generally speaking species occur, or are coIRM)n, only 
where their food is readily available, but it should not be forgotten that few 
running water invertebrates are very specialized In their diets. 

It seems appropriate at this time to restate the three ecological principles 
of Theisemann (Hynes, 1970) which summarize the implications of the foregoing 
discussion. They are: 

0 The greater the diversity of the conditions in a locality the larger is 
the number of species which make up the biotic comrmnity. 

0 The more the conditions in a locality deviate from normal and hence 
from the normal optima of most species, the smaller is the number of 
individuals of each of the species uhf ch do occur. 

0 The longer a locality has been established in the same condition the 
richer is its biotic community and the more stable it is. 

In conclusion, it can be stated that the fauna of clean, stable, diverse stony 
runs is richer than that of silty reaches and pools both in number of species 
and total biomass. 

As previously discussed, certain species are confined to fairly well-defined 
types of substraum, and others are at least more abundant on one type than 
they are on others. The result of these preferences is that as the type of sub- 
stratum varies from place to place so does the fauna. In general, the larger 
the stones, and hence the more complex the substratum, the more diverse is the 
invertebrate fauna. 

The following groups of invertebrates almost invariably provide the major con- 
stituents of the fauna of stony streams: 

0 Parazoa 
0 Cnfdaria 
0 Tri cladida 
0 01 igochaeta 
0 Gastropoda 
0 Pelecypoda 
0 Peracarida 
0 Eurcarida 
0 Plecoptera 
0 Odonata 
0 Ephemeroptera 
0 Hemf ptera 
0 Megaloptera 
0 Trichoptera 
0 lepfdoptera 
0 Coleoptera 
0 Diptera 
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The fauna of the softer substrata in rivers is mrch less evident than that of 
the hard substrata. However, there are still many genera of invertebrates such 
as Limnaea, Chfronomus, Tubffex, and Lfmnodrilus which can be found in rivers 
in -continents, but thes-rigorous habitat of areas of slower current 
which allows tess-specialized species to .occur also permits the local charac- 
ter of the fauna to be dominant. 

It is therefore difficult to generalize, but characteristic organisms of soft 
riverine substrata are: Tubfficldae, Chironomidae, burrowing mayflies (Ephe- 
meridae, Potomanthidae, Polymitarcidae), Prosobranchia, Unionidae, and Sphae- 
riidae, and when plants are present a great variety of organisms may be added. 

Riffle/Poe? Areas 

Natural streams tend to have alternating deep and shallow areas - pools and 
riffles - especially where there are coarse constituents in the substratum. 
Riffles tend to be spaced at more or less regular distances of five to seven 
stream widths apart and to be most characteristic of gravel-bed streams. They 
do not naturally form in sandy streams, since their presence seems to be con- 
nected with some degree of heterogeneity of particle size. Riffles are formed 
when the larger particles (boulders, stone and gravel) congregate on bars. 

The reasons for the regular spacing of riffles is unknown; however, it is 
known that riffles do not move, although the stones that compose them may mi- 
grate downstream, being replaced by others. Furthermore, it has been estab- 
lished that riffles are superficial features with the largest stones in the 
upper layer. 

Pools tend to be wider and deeper than the average stream course. In contrast 
to the broken surface of riffles, the surface of a pool or backwater is 
smooth. In pools, the current is reduced, a little siltation may occur, and 
aquatic seed plants may form beds. The significance of riffle/pool areas to 
the production potential of aquatic invertebrates has been alluded to in the 
previous discussions of the current speed and the substratum. One result of 
the complex interaction of local factors on fauna1 density is that in streams 
with pool and riffle structure, the fauna is considerably denser on the lat- 
ter. Similarly, aquatic invertebrates are most diverse in riffle areas with a 
rubble substrate. As a consequence the amount of drift produced by riffles is 
greater than that produced by pools. 

FISHES 

like the invertebrates, there are many factors which regulate the occurrence 
and distribution of running water fishes. The most important of these are the 
substratum, food availability, cover, current speed, and the presence of a 
suitable spawning habitat. All of these are directly related to the distribu- 
tion of pool/riffle areas in a stream, and for most fishes a 1:l ratio of pool 
to riffle run areas is sufficient for successful propagation and maintenance. 
The significance of the substratum (type and amount), and the presence of both 
pools and riffle areas will be discussed in greater detail in the following 
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paragraphs. Finally, the specific habitat requirements of several fish species 
(including black 8 white crappie, channel catfish, cutthroat trout, creek chub 
and bluegill) will be discussed in order to illustrate the importance of the 
substratum and the pool/riffle structure and to indicate the similarities and 
differences in requirements between species. 

The Substratum and Its Effect on Fishes 

A few fishes, particularly small benthic species, are more or less confined to 
rocky or stony substrata. These include all those with ventral suckers and 
friction plates (e.g. some species of darters). Many others are also fairly 
definitely associated with a specific type of substratum. For example, the gud- 
geon is associated with gravel, the sand darter with sand, and the nudfish 
with thick marginal vegetation. 

For the great majority of fish species, however, the nature of the substratum 
is apparently of little consequence except at times of breeding. Nearly all 
species of fish have fairly well-defined breeding habits and requirements. The 
great majority of freshwater fishes spawn on a solid surface (such as a flat 
area under a large stone) in stoney or gravel substrata. Other species dig 
pits in gravel (e.g. the stoneroller) in which the eggs are laid. This re- 
quires that the gravel be a suitable size and be relatively free of silt and 
sand. Still other species make piles of pebbles (e.g. some chubs and minnows) 
through which water passes freely bringing oxygen to the buried eggs. Some 
species of trout and Atlantic salmon select places for spawning where there is 
a down-flow of water, say at the downstream end of pools, where the water 
flows into riffles. In sumMry, species which construct nests (see Table 
11-3-l) or redds are restricted not only in respect of the size of the mate- 
rial of the substratum, which they must be able to move, but by the need to be 
free of silt; and salmonids, and probably some other fishes, are also restric- 
ted to places where there is a natural fntra-gravel flow of water. 

On the other hand, there are a great many species (e.g. the whitefish, ster- 
let, graylfng, etc.) which breed on gravel or stones but build no nests. In 
fact, this is probably the most cormnon pattern of breeding among running-water 
species. Table 11-3-2 is a partial list of fish species (which build no nests) 
along with their desired spawning habitat. The fishes which breed in this 
manner move onto the clean gravel in swifter and shallower water than is their 
normal adult habitat to spawn. 

There are also those species which spawn on other substrata besides stones and 
gravel, including sand (e.g. the log-perch), mud (e.g. the Murray cod), and 
vegetation (e.g. some species of darters and most still-water species). 

Finally, there are many riverfne species (e.g. grass carp, some perch species) 
which lay buoyant or semi-buoyant eggs which float in the water and are 
carried downstream while they develop. 

In conclusion, it can be seen from the previous discussion that breeding 
habitat requirements for fishes can be very restrictive, and consequently, the 
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TABLE 11-3-I. EXAMPLES OF NEST-BUILDING FISH 

Species 

Sticklebacks (Gasterostefdae) 
Largemouth Bass (Micropterus salmoides) 
Crappies (Pomoxis) 
Rock Basses (Ambloplites) 
Warmouth (Chaenobryttus) 
Bluegill (Lepomis macrochirus) 
Most Bullheads (Ictalurus) 

Smallmouth Bass (Mfcropterus dolomfeu) 
Trouts (Salmo) 
Stoneroller (Campostoma anomalum) 
Brook Trout (Salvelinus fontinalis) 

Creek Chubs (Semotilus) 
Bluntnose L Fathead Minnows (Pfmephales) 

Type of Nest 

Nest a circular 
depression in mud, 
sflt, or sand and 
often in and among 
roots of aquatic 
flowering plants 

Nest a circular 
depression in 
gravel 

Nest a pile of 
pebbles 
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TABLE 11-3-l. EXAMPLES OF FISH THAT DO NOT BUILD NESTS 

Species 

Northern Pike (Esox lucius) 
Carp (Cyprinus carpio) 
Goldfish (Carassium auratus) 
Golden Shiner (Notemigonus crysoleucas) 

Whitefishes (Coregonus) 
Ciscos (Leucicthys) 
Lake Trout (Salvelinus namaycush) 
Log Perch (Percina caprodes) 
Suckers (Catostomus) 
Walleyes (Stizosstedion) 

Yellow Perch (Perca flavescens) 
White Perch (Morone americana) 
Grass Carp (Ctenopharyngodon idellus) 
Brook Silverside (Labidesthes sicculus) 
Alewife (Alosa pseudoharengus) 
Siamese Fighting Fish (Betta) 

Bitterling (Rhodeus) 

Lumpsucker (Careproctus) 

Spawning Habitat 

Scattering eggs over 
aquatic plants, or 
their roots or 
remains 

Scattering eggs over 
shoals of sand, gra- 
vel, or boulders 

Semi-buoyant or 
buoyant eggs 

Eggs deposited in the 
mantle cavity of a 
freshwater mussel 

Eggs deposited 
beneath the carapace 
of the Kamchatka crab 
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suitable breeding sites can be extremely limited. Furthermore, the require- 
ments can be extremely varied among species. However, the general breeding 
habitat requirements fall into the following categories: 

o Build a nest and breed on stone or gravel substrata. 

o Breed on stone or gravel substrata without building a nest. 

o Breed on other substrata, including sand, mud, or vegetation. 

o Lay buoyant or semi-buoyant drifting eggs and larvae. 

Pool Areas 

Pool areas in a stream are essential for providing shelter for both resting 
and protection from predation. To a lesser extent pools are important as a 
spawning habitat and for food production (although food production is lower in 
pools than in riffles). 

Even the streamlined species that are well adapted to fast-flowing water (e.g. 
salmon and trout) need time to rest or seek shelter to avoid predators. As a 
matter of fact al? fishes spend most of their time resting in shelters in 
lower velocity pool areas. Still other species (e.g. channel catfish, particu- 
larly adults) reside primarily in pool areas and generally move only to riffle 
areas at night to feed. 

Therefore, based on the foregoing discussion, one must conclude that the exis- 
tence of pools is critical to the well-being of all fish species, since they 
provide resting cover and protection from predators. 

Riffle/Run Areas 

As discussed previously in the section on benthic invertebrates and again in 
the section on the substratum and its affect on fishes, it is apparent that 
riffle areas are most important due to their food producing capability (i.e. 
benthic invertebrates) and their suitability as a fish spawning habitat (i.e. 
it is in riffle areas where the silt-free stone or gravel exists and where oxy- 
gen to the eggs is constantly being renewed). Without an abundant food supply 
and the proper spawning habitat, propagation and maintenance of a fish species 
would be impossible. 

Species Examples 

Bluegill (Lepomis macrochirus) 

The bluegill is native from the Lake Champlain and southern Ontario region 
through the Great Lakes to Minnesota, and south to northeastern Mexico, the 
Gulf States, and the Carolinas. 

Bluegills are most abundant in large low velocity (<lo cm/set preferably) 
streams. Abundance has been positively correlated to a high percentage (>60%) 
of pool area and negatively correlated to a high percentage of riffle/run 
areas. 
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Cover in the form of submerged vegetation, logs, brush and other debris is uti- 
lized by bluegills. Excessive vegetation can influence both feeding ability 
and abundance of food by inhibiting the utilization of prey by bluegills. 

Bluegills are guarding, nest building lithophils. Nests are usually found in 
quiet shallow water over almost any substrate; however, fine gravel or sand is 
preferred. 

In summary, riffles and substrate play a small role in the life cycle of the 
bluegill. In fact, excessive riffle/run areas have been negatively correlated 
with an abundance of bluegills. On the other hand, pools are significant as 
the typical bluegill habitat for resting, feeding, and spawning. 

Creek Chub (Semotilus atromaculatus) 

The Creek Chub is a widely distributed cyprinid ranging from the Rocky Moun- 
tains to the Atlantic Coast and from the Gulf of Mexico to southern Manitoba 
and Quebec. Within its range, it is one of the most characteristic and corrmOn 
fishes of small, clear streams. 

The optimum habitat for creek chubs is small, clear, cool streams with mode- 
rate to high gradients, gravel substrate, well-defined riffles and pools with 
abundant food, and cover of cut-banks, roots, aquatic vegetation, brush, and 
large rocks. Creek chubs are found over all types of substrate with abundance 
correlated more with the amount of instream cover than with the substrate 
type. It is assumed that stream reaches with 40-60X pools are optimum for pro- 
viding riffle areas for spawning habitat and pools for cover. 

Rubble substrate in riffles, abundant aquatic vegetation, and abundant stream- 
bank vegetation are conditions associated with high production of food types 
consumed by creek chubs. 

Spawning occurs in gravel nests constructed by the male in shallow areas just 
above and below riffles to insure a good water exchange rate through the creek 
chub redds. Reproductive success of creek chubs varies with the type of spawn- 
ing substrate available. Production is highest in clean gravel substrate in 
riffle-run areas with velocities of 20-64 cm/set. Production is negligible in 
sand or silt. 

In sumnary, pools, riffles and substrate are important to the creek chub in 
the following manner. 

1) Riffles - provide a suitable spawning habitat, 
2) Substrate - a clean gravel substrate is required for spawning, and 
3) Pools - provide resting cover and abundant food. 
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White Crappie (Pomoxis annularis) 

The white crappie is native to freshwater lakes and streams from the southern 
Great Lakes, west to Nebraska, south to Texas and Alabama, east to North Caro- 
lina, then west of the Appalachian Mountains to New York. It has been widely 
introduced outside this range throughout North America. 

White crappie are most numerous in base-level low gradient rivers preferring 
low velocity areas commonly found in pools, overflow areas, and backwaters of 
rfvers. In these areas, cover is important for providing resting areas and pro- 
tection from predation. Cover also provides habitat for insects and small for- 
age fish, which are important food for the crappie. In addition, cover is 
important during reproduction as the male white crappie constructs and guards 
nests over a variety of substrates almost always near vegetation or around sub- 
merged objects. 

In sumnary, riffles and substrate composition are for the most part insignifi- 
cant to the white crappie. However, pools are important for resting, feeding, 
spawning and providing protection from predation. 

Channel Catfish (Ictalurus punctatus) 

The native range of channel catfish extends from the southern portions of the 
Canadfan prairie provinces south to the Gulf States, west to the Rocky Moun- 
tains, and east to the Appalachian Mountains. They have been widely introduced 
outside this range and occur in essentially all of the Pacific and Atlantic 
drainages in the 48 contiguous states. 

Optimum riverine habitat for the channel catfish is characterized by a diver- 
sity of velocities, depths and structural features that provide cover and 
food. Low velocity (~15 cm/set) areas of deep pools and littoral areas and 
backwaters of rivers with greater than 40 percent suitable cover are desir- 
able. Riffle and run areas with rubble substrate, pools, and areas with debris 
and aquatic vegetation are conditions associated with high productlon of aqua- 
tic insects consumed by channel catfish. A riverine habitat with 40-60X pools 
would be optimum for providing riffle habitat for food production and feeding 
and pool habitat for spawning and resting cover. 

Adult channel catfish in rivers are found in large, deep pools with cover. 
They move to riffles and runs at night to feed. Catfish fry have strong 
shelter-seeking tendencies and cover availability is important in determining 
habitat suitability. However, dense aquatic vegetation generally does not pro- 
vide optimum cover because predation on. fry by centrarchids is high under 
these conditions. 

Dark and secluded areas are required for nesting. Males build and guard nests 
in cavities, burrows, under rocks and in other protected sites. 
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In sumMry, the presence of riffles and pools are equally important to the suc- 
cessful propagation of channel catfish, with riffles providing a suitable 
habitat for food production and feeding and with pools providing a suitable 
habitat for spawning and resting. Additionally, channel catfish appear to be 
relatively insensitive to variations in the substrate type. 

Cutthroat Trout (Salmo clarki) 

Cutthroat trout are a polytypic species consisting of several geographically 
distinct forms with a broad distribution and a great amount of genetic diver- 
sity. 

Optimal cutthroat trout riverine habitat is characterized by clear, cold 
water; a silt free rocky substrate in riffle-run areas; an approximately 1:l 
pool/riffle ratio with areas of slow, deep water; well vegetated stream banks; 
abundant instream cover; and relatively stable water flow, temperature regimes 
and stream banks. A 1:l ratio (40-60X pools) of pool to riffle area appears to 
provide an optimal mix of trout food producing and rearing areas. 

Cover is recognized as one of the essential components of trout streams. Cover 
is provided by overhanging vegetation; submerged vegetation, undercut banks 
and instream objects. The main use of this cover is predator avoidance and 
resting. 

Conditions for spawning require a gravel substrate with < 5% fines. Greater 
than 30% fines wfll result in a low survival rate of eEbryos. Optimal sub- 
strate size averages 1.5 - 6.0 cm in diameter; however, gravel size as small 
as 0.3 cm in diameter is suitable for incubation. 

Black Crappie (Pomoxfs nigromaculatus) 

The black crappie is native to freshwater lakes and streams from the Great 
Lakes south to the Gulf of Mexico and the southern Atlantic States, north to 
North Dakota and eastern Montana and east to the Appalachians. 

Black crappie are co-n fn base or low gradient streams of low velocities, 
preferring quiet, sluggish rivers with a high percentage of pools, backwaters, 
and cut-off areas. Black crappie prefer clear water and grow faster in areas 
of low turbidity. 

Abundant cover, particularly in the form of aquatic vegetation, is necessary 
for growth and reproduction. Common daytime habitat is shallow water in dense 
vegetation and around submerged trees, brush or other objects. 

Conclusion* 

In conclusion, a review of the substratum and its effects on benthic inverte- 
brates and fishes reveals that the invertebrates are dependent on a suitable 
substrata for growth, successful reproduction, and maintenance, and the fishes 
are dependent on a suitable substrata primarily only during breeding. With the 
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proper substrata, an adequate supply of benthic invertebrates is available as 
food for the fishes. 

Similarly, it is the proper balance between pools and riffles (approximately 
1:l ratio) that will insure an abundant food supply for both invertebrates and 
fishes, the existence of the proper habitat for reproduction of both inverte- 
brates and fishes, and adequate cover for resting and protection from pre- 
dation. 
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CHAPTER II-4 

CHANNEL CHARACTERISTICS AND 
EFFECTS OF CHANNELIZATION 

INTRODUCTION 

Channelization can be defined as modification of a stream system - including 
the stream channel, stream bank, and nearstream riparian areas - in order to 
increase the rate of drainage from the land and conveyance of water down- 
stream. Simpson et al. (1982) listed the cornnOn methods of channelization as: 

1. 

2. 

3. 

4. 

5. 

6. 

Clearinq and Snagging. Removal of obstructions from the streambed and 
banks to increase the capacity of a system to convey water. Such oper- 
ations include removal of bedload material, debris, pilings, head walls, 
or other manmade materials. 

Placement of rock or other material in critical areas to 
+!GG%%sion. 

SF Increase of channel width to improve the conveyance of water 
ncrease the capacity of the system. 

F=- Excavation of the channel bottom to a lower elevation so as 
o increase the capacity to convey water or to promote drainage or lower- 

ing of the water table, or to enhance navigation. 

Realignment. Construction of a new channel or straightening of a channel 
to increase the capacity to convey water. 

Lining. Placement of a nonvegetative lining on a portion of a channel to 
minimize erosion or increase the capacity of a stream to convey or con- 
serve water. 

Channelization projects are classified according to their magnitude as either 
short-reach or long-reach. Short-reach channelization is associated with road 
and bridge construction and may entail 0.5 km of stream length within the vi- 
cinity of the crossing. Although short-reach projects may adversely affect 
stream biota, they should not produce significant long-term impacts with pro- 
per mitigation (Bulkley et al. 1976). The comments in this chapter generally 
refer to the effects of long-reach channelization; those impacts are greater 
in duration, dimension, and severity. Simpson et al. (1982) listed the pur- 
poses of (long-reach) channelization as: 

1. Local flood control to prevent damage to homes, industrial areas, and 
farms on the flood plain by increased stream conveyance of water past 
the protected areas; 
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2. Increase of arable land for agriculture by channel straightening, deep- 
ening, and widening to remove meanders, increase channel capacity, and 
lower the channel bed. Straightening reduces the stream area and length 
of bordering lands, increases land area at cutoffs, and increases flow 
velocity. Deepening and widening increases channel capacity and improves 
drainage from adjacent lands; 

3. Increased navigability of waterborne commerce and recreational boating, 
usually performed in large streams; and 

4. Restoration of hydraulic efficiency of streams following unusually se- 
vere storms. 

In the interest of such goals, several thousand miles of streams in the United 
States have been altered over the past 150 years (Simpson et al. 1982). How- 
ever, in achieving these goals, detrimental effects are often incurred on 
water quality and stream biota. This chapter addresses the effects of channel- 
ization on stream characteristics and the associated biological impacts. 

CHARACTERISTICS OF THE STREAM SYSTEM 

Stream Depth and Width 

The depth and width of a stream are usually made uniform (generally by widen- 
ing and deepening) by stream channelization in order to increase the hydraulic 
efficiency of the system. This practice results in a monotony of habitats 
throughout the modified reach. Gorman and Karr (1978) demonstrated the direct 
relationship that exists between habitat diversity (considering depth, sub- 
strate, and velocity) and fish species diversity. Alteration of stream depth 
involves the disturbance and removal of natural bottom materials. Increasing 
stream depth can lower the water table of the area. Probably the most signi- 
ficant impact of depth modification is the disruption of the run-riffle-pool 
sequence (See Chapter 11-3: Pools, Riffles, and Substrate Composition). Wid- 
ening a stream increases the surface area and often involves removal of stream- 
side vegetation. These practices increase the amount of light received by the 
water column and can lead to changes in the productivity and trophic regime of 
the system. Increasing and regularizing stream width also may reduce the pro- 
portion of bank/water interface, which constitutes important wildlife habitat. 

Stream Lenath 

Stream channelization usually involves realignment of the stream channel in 
order to convey water more quickly out of the modified reach. By straightening 
a stream its overall length is decreased. Channelized streams have been short- 
ened an average of 45 percent (ranging from 8 to 95 percent) in Iowa (Bulkley 
1975) and approximately 31 percent fn Southcentral Oklahoma (Barclay 1980). 
Shortening the linear distance between two points with a constant change in 
elevation increases the slope or gradient of the stream, causing a corre- 
sponding increase in current velocity. Reducing the time required for a given 
parcel of water to flow through a stream segment may lower the capacity of the 
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stream to assimilate wastes and increase the organic loadfng on downstream 
reaches. 

The obvious effect of reducing stream length is the loss of living space. 
Stream segments that are isolated by channelization eventually become 
eutrophic and fill with sediment (Winger et al. 1976), and their function is 
severely impaired. In these eutrophic habitats, normal stream benthos, 
especially mayflies, stoneflies, caddisflies, and hellgramites, are replaced 
by tolerant chironomids and oligochaetes (Hynes 1970). 

In addition to the loss of total living space, the amount of valuable edge 
habitat is decreased by stream straightening. Fish are habitat specialists 
(Karr and Schlosser 1977) and are not found uniformly distributed throughout 
the water column. Most fish and macroinvertebrate species utilize cover in 
lotic systems, much of which is associated with the sloping stream bank. 

Channel Configuration 

A stream is straightened by cutting a linear channel that eliminates natural 
bends (meanders) from the main course of flow. Sinuosity is a measure of the 
degree of meandering by a stream and is measured as the ratio of channel 
length to linear length or down-valley distance (Leopold et al. 1964). Sinu- 
osity index values may range from 1.0 for a straight conduit to as high as 3.5 
for mature, winding rivers (Simpson et al. 1982). A high gradient mountain 
stream may have a sinuosity index of 1.1, while a value of 1.5 or greater jus- 
tifies designation as a meandering stream (Leopold et al. 1964). 

Channelization (straightening) decreases sinuosity. Reducing sinuosity de- 
creases the total amount of habitat available to biota as well as the amount 
of effective and unique habitat. Zimmer and Bachman (1976, 1978) found that 
habitat diversity was directly related to the degree of meandering in natural 
and channelized streams in Iowa, and that as sinuosity increased the biomass 
and number of organisms in the macroinvertebrate drift increased. Drift of ben- 
thic invertebrates is a major food source of fish. 

The S-shaped meanders commonly observed in streams serve as a natural system 
of dissipatfng the kinetic energy produced by water moving downstream (Leopold 
and Langbein 1966). When a stream is straightened the energy Is expended more 
rapidly, resulting in increased scour during high-flow periods. 

Bedform 

Bedform, or vertical sinuosity, is a measure of riffle-pool periodicity and is 
expressed in terms of the average distance between pools measured in average 
stream widths for the section (Leopold et al. 1964). Leopold et al. (1964) re- 
ported that natural streams have a riffle-pool periodicity of five to seven 
stream widths. This is variable, however, and is dependent on gradient and 
geology (as is horizontal sinuosity). Channelizat ion eliminates or reduces 
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riffle-pool periodicity (Huggins and Moss 1975, Lund 1976, Winger et al. 1976, 
Bulkley et al. 1976. Griswold et al. 1978). 

Disruption of the run-riffle-pool sequence has detrimental consequences on mac- 
roinvertebrate and fish populations. Creating a homogeneous bedform drasti- 
cally reduces habitat diversity and leads to shifts in species composition. 
Griswold et al. (1978) concluded that riffle species (heptageniids, hydro- 
sychid, elmids) in macroinvertebrate cotmnunities are replaced by slow water 
forms (chironomids and tubificids) after channelization of warmater streams. 
Riffles are commonly considered to be the most productive areas in the stream 
in terms of macroinvertebrate density and diversity. Also, the benthic fauna 
adapted to riffles are highly desirable fish food species. Pools can support 
an abundant benthic fauna, but pool-adapted forms are not as heavily utilized 
by fish. Habitat diversity provided by the run-riffle-pool sequence also con- 
tributes greatly to species richness in the fish community. 

Velocity and Discharge 

Stream velocity is a function of stream gradient and channel roughness. Rough- 
ness is a measure of the irregularity in a drainage channel, which will reduce 
water velocity, and is affected by sinuosity, substrate size, instream vege- 
tation, and other obstructions (Karr and Schlosser 1977). 

Discharge or flow (Q) is the volume of water moving past a location per unit 
time, and is related to velocity as follows: 

Q = VA 

where Q = discharge (ft3/s ) 
V = velocity (ft/s) 
A = cross-sectional area (ft'). 

By increasing the slope and reducing roughness, channelization often increases 
water velocity (King and Carlander 1976, Simpson et al. 1982); however, if the 
cross-sectional area of the channel is sufficiently enlarged by widening and 
deepening, the average velocity may be unchanged or decrease (Bulkley et al. 
1976, Griswold et al. 1978). In either case, the velocity is usually made uni- 
form by channelfzation. 

The concept of unit stream power has been developed to predict the rate of sed- 
iment transfer in streams. Unit stream power (USP) is defined as the rate of 
potential energy expenditure per unit weight of water in a channel (Karr and 
Schlosser 1977) and can be calculated by the following equation (Yang 1972): 

dY dX dY 
USP =;= 

-- 
dt dX = " 
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where t = time (5) 
V = average stream velocity (ft/s) 
S = slope or gradient of the channel (ft/IOO ft) 
Y = elevation above a given point and is equivalent to the potential 

energy per unit weight of water (i.e., foot-pounds of energy per 
pound of water) 

X = longitudinal distance 

USP = unit stream power, (foot-pounds of energy per pound of water per 
second) 

The USP is a measure of the amount of energy available for sediment transport; 
however, a stream may carry less than the maximum load depending on the avail- 
ability of sediment due to such factors as bank stability, substrate sta- 
bility, vegetative cover, and surface erosion. 

The effect of channelization on discharge is seasonally variable. During rainy 
periods a natural stream tends to overflow its banks, inundating adjacent low- 
lying areas. This flood water Is temporarily stored and slowly percolates to 
the water table. Natural storage dampens runoff surges. Also, the roughness of 
natural streams slows conveyance, lengthening the time of energy dissipation. 
A variety of channelization practices designed to increase drainage and hydrau- 
lic efficiency (e.g., straightening, removal of channel obstructions, removal 
of fnstream and streamside vegetation, berming and leveeing) result in a sharp- 
er flow hydrograph and a shorter flow period following rainfall events (Huish 
and Pardue 1978). The hypothetical hydrographs shown in Figure 11-4-l illus- 
trate the hydrologic/hydraulic effects of channelization. Channelization is 
designed to rapidly convey water off the land and downstream through the con- 
duit. Properly-functioning channelized streams amplify the impact of high 
flows. Increased flow velocity, discharge, and unit stream power result in ac- 
centuated scour, erosion, bank cutting, sediment transport, and hydraulic 
loading (flooding); especially below channelized segments. Because of in- 
creased hydraulic efficiency, channelized streams return to base flow levels 
following rainfall more rapidly than natural streams (see Figure 11-4-l). and 
can reduce water availability by lonering the water table. Griswold et al. 
(1978) concluded that in small, well-drained, agricultural watersheds channel 
alterations can lead to complete dewatering of long sections of the stream bed 
during drought conditions. Simpson et al. (1982) summarized the seasonal im- 
pacts of channelization as causing lower than natural base flows and higher 
than normal high flows. 

Instream vegetation can be reduced, eliminated, or prevented from reestablish- 
ment by high stream velocity. 

Current velocity has been cited as one of the most significant factors in de- 
termining the composition of stream benthic comnrnities (Cumins 1975). Hynes 
(1970) suggested that many macroinvertebrates are associated with specific vel- 
ocities because of their method of feeding and respiration. Macroinvertebrate 
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Figure 11-4-l. Generalized hydrographs of natural and channelized streams 
following a rainfall event or season (modified from SimDson 
et al. 1982). 
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drift has been found to increase as discharge decreases (Minshall and Winger 
1968) and as velocity increases (Walton 1977, Zimner 1977). 

By altering stream velocity, discharge, and unit stream power, channelization 
modifies the natural substrate. Disruption of the streambed may produce shift- 
ing substrates that are unstable habitats for macroinvertebrates. Scour and 
erosion due to high velocity increases stream turbidity and leads to siltation 
of downstream reaches. High turbidity can damage macroinvertebrate populations 
via abrasive action on fragile species (Hynes 1970) and clogging the gills of 
species without protective coverings (Cairns et al. 1971). 

High turbidity and velocity in conjunction with a lack of cover is detrimental 
to fish. Usually, a very high concentration of sediment is required to direct- 
ly kill adult fish by clogging the opercular cavity and gill filaments (Wallen 
1951), but detrimental behavioral effects occur at much lower levels (Swenson 
et al. 1976). Turbid waters can also hinder the capture of prey by sight- 
feeders. An obvious impact of channelization is the loss of habitat due to re- 
duced flow and dessication during drought conditions. Productive riffle areas 
can be exposed by ion flows, thereby directly affecting the benthos and reduc- 
ing the food supply of fish. Low dissolved oxygen levels during summer low 
flows can eliminate macroinvertebrates with high oxygen requirements (Hynes 
lg7O), and can affect emergence (Nebeker 1971), drift (Lavandier and Caplancef 
Ig75), and feeding and growth (Cumins 1974).The effects of reduced flow on 
fish include a degraded food source, and interference with spawning. Concen- 
trating fish into a greatly reduced volume can lead to increased competition, 
predation, and disease. 

Bulkley et al. (1976) found that gradient was a major factor affecting the dis- 
tribution of fishes. Thus, modifications in gradient by channelization can 
drastically alter the species composition of a fish community. 

Substrate 

The stream substrate is ultimately a product of climatic conditions and the 
underlying geology of the watershed. It is specifically affected by factors 
such as gradient, weathering, erosion, sedimentation, biological activity, and 
land use. Channelitation generally alters the substrate characteristics of a 
stream; more often than not, average substrate particle size is reduced 
(Etnier 1972, King 1973, Griswold et al. 1978). 

The substrate of a stream is one of the most important factors controlling the 
distribution and abundance of aquatic macroinvertebrates (Cumins and Lauf f 
1969, Minshall and Minshall 1977, Williams and Mundie 1978), and therefore, 
the impact of channelitation on benthic comrmnities is directly related to the 
degree to which the substrate is affected. Siltation is especially detrimental 
to the benthos and can cause the following impacts: 
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1. Decreased habitat diversity due to filling of interstitial spaces 
(Simpson et al. 1982) 

2. Decreased standing crop (Tebo 1955) 

3. Decreased density (Garmnon 1970) 

4. Decreased number of taxa (Simpson et al. 1982) 

5. Decreased reproductive success by affecting eggs (Chutter 1969) 

6. Decreased productivity (King and Ball 1967) 

7. Species shifts from valuable species to burrowing insects and oligo- 
chaetes (Morris et al. 1968) 

Generally, the impact of channelization via substrate disruption is more sign- 
ificant in high gradient headwater streams (where coarse substrates are essen- 
tial for protection from a strong current) than in low gradient warmwater 
streams. Little or no change in benthic communities has been observed in the 
latter stream type following channelization (Wolf et al. 1972, King and 
Carlander 1975, Possardt 1976), at least partially because the natural sub- 
strate of these ecosystems was not drastically altered by channelization. 
Shifting substrates are often a consequence of channelizing streams. The ab- 
sence of a stable habitat leads to reductions in macroinvertebrate populations 
(Arner et al. 1976). In some streams where channelization has not permanently 
disturbed the substrate, rapid recoveries (within one year) in the benthic com- 
munity have been observed (Meehan 1971, Possardt et al. 1976, King and 
Carlander 1976, Whitaker et al. 1979); however, recovery of macrobenthos can 
be very slow (Arner et al. 1976). 

Changes in macroinvertebrate populations affect the fish community through the 
food chain. Substrate composition is also important to fish reproduction. For 
example: trout and salmon require a specific size of gravel in which to build 
redds and spawn; pikes broadcast eggs over aquatic vegetation which requires 
silt and mud to grow; sculpins require a slate-type substrate under which they 
deposit adhesive eggs; and catfish prefer natural cavities for reproduction 
(Pflieger 1975). Siltation can decrease reproductive success by smothering or 
suffocating eggs. Channelization can also affect fish adversely by reducing 
substrate heterogeneity, thereby decreasing habitat diversity. 

Cover 

Cover is anything that provides real or behavioral protection for an organism. 
It can allow escape from predators, alleviate the need to expend energy to 
maintain a position in the current, or provide a place to hide from potential 
prey or to just be out of sight. Cover includes rocks, logs, brush, instream 
and overhanging vegetation, snags, roots, undercut banks, crevices, inter- 
stices, riffles, backwaters, pools, and shadows. Channelization generally de- 
creases the amount of cover in a stream. Practices such as modification of the 
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streambed (usually into a uniform trapezoidal shape), snagging and clearing, 
and vegetation removal decrease the total amount and variety of cover, and re- 
duce habitat diversity. 

Cover such as logs, stumps, and snags provide valuable stable substrate for 
macroinvertebrates - especially in streams with a shifting substratum. In- 
stream vegetation serves macroinvertebrates as a substrate for attachment, 
emergence, and egg deposition. Instream obstructions accumulate leaves, twigs, 
and other detritus. This coarse particulate organic matter (CPOM) is used as a 
food source by detritivorous invertebrates (shredders). Retention of CPOM re- 
duces the organic loading on downstream reaches (Marzol f 1978). 

Both fish and aquatic macroinvertebrates use cover for predator avoidance, 
resting, and concealment. Simpson et al. (1982) stated that cover can be re- 
garded as a behavioral habitat requirement for many fish species, and that re- 
moval of cover adversely affects fish populations. 

Inundation and Oesiccation 

The modified hydroperiod typical of channelized streams (illustrated in Figure 
1X-4-1) often causes downstream reaches to flood more frequently and more in- 
tensely, altering floodplain soils and vegetation, and damaging land values 
and personal property. 

By augmenting land drainage and hydraulic efficiency, channelization has also 
led to Sumner drying of streams and desiccation of adjacent and upstream land 
areas. Nearstream riparian areas provide a number of valuable functions which 
are often disrupted by channelization. Wetlands assimilate nutrients and trap 
sediment from runoff and stream overflow, thereby acting as natural puri- 
fication systems (Karr and Schlosser 1977, Brown et al. 1979). Rapid convey- 
ance and accumulation of nutrients has led to eutrophication problems down- 
stream (Montalbano et al. 1979). Natural fertilization of the floodplain is 
prevented by restricting flow to the channel. In natural systems, detritus 
entering the stream from backwaters constitutes an important food source for 
benthic invertebrates (Wharton and Brinson 1977). Likewise, riparian areas are 
often rich sources of macroinvertebrates (Wharton and 8rinson 1977) that can 
become available to stream fish during floods or serve as an epicenter for re- 
populating stream benthos. Some fish (e.g., Esocidae, the pike family) use 
swampy areas that are seasonally connected to a stream as spawning and nursery 
habitat. Loss of wetlands due to dewatering precludes these functions. 

When wetland areas are drained they become available for other types of land 
use such as agriculture or development. Conversion of wetlands to pastures and 
cropland has frequently occurred following channelization. Relative to wet- 
lands, agricultural land uses accentuate runoff, sedimentation, nutrient en- 
richment (from fertilizers and animal waste), and toxicant leaching (from 
pesticides). 

The response of the benthic community to nutrient enrichment (i.e., from agri- 
cultural runoff) generally involves the demise of intolerant, "clean-water" 
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taxa and an increase in numbers and biomass of forms that are tolerant of or- 
ganic pollution and low dissolved oxygen; 
ten occurs as well. 

a decrease in species diversity of- 

Land use changes can increase the load of toxic chemicals reaching the stream. 
Agricultural and urban runoff contribute a variety of toxicants. Saltwater in- 
trusion may become a problem following drainage of coastal wetlands. (Although 
sodium chloride is generally not considered a toxic chemical it can be lethal 
to freshwater organisms.) Potential impacts include lethal and chronic ef- 
fects, biomagnification (via bioaccumulation and bioconcentration), and contam- 
ination of human food and recreational resources. 

The impact of draining and dewatering riparian areas on terrestrial organisms 
is extensive. Vegetation (including bottomland hardwoods) tends to undergo a 
shift from water-tolerant to water-intolerant forms (i.e., hydric > mesic > 
xeric) (Fredrickson 1979, Maki et al. 1980, Barclay 1980). These vegetative 
changes along with land use changes and land drainage commonly cause the fol- 
lowing impacts on terrestrial fauna: 

loss of habitat 
loss of cover 
loss of food sources 
species composition changes 
reduced diversity, density, and productivity 
increased susceptibility to predation 
increased exposure to toxic chemicals. 

Streamside Vegetation 

Channelization may impact streamside vegetation indirectly through changes in 
drainage as described above or directly by the clearing of stream banks and 
the deposition of dredge spoils. Clearing, dredging, and spoil deposition typi- 
cally result in reduced species diversity and vertical and horizontal struc- 
tural diversity of streamside vegetation. Tree removal is performed in many 
channelization projects (Fredrickson 1979, Barclay 1980). Removal of woody spe- 
cies eliminates wildlife habitat, mast production, canopy cover, and shade. 
Other detrimental impacts of channelization on vegetation include dieback, sun- 
scald, undercutting, and windthrow (Simpson et al. 1982). Spoils deposited on 
the streambank from channel cutting, dredging, and berming generally make in- 
fertile, sandy soils that are easily eroded. Subsequent channel maintenance 
procedures hinder ecological succession and delay recovery of the stream sys- 
tem. 

Interception of rainfall by the vegetative canopy lessens the impact of rain- 
drops on the soil, 
plant roots. 

and bank stability is enhanced by the binding of soil by 
Loss of these functions permits the rate of erosion and the 

stream sediment load to increase. 
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Remova: of vegetation that shades the stream increases the intensity of sun- 
light reaching the water column. A resultant increase in the rate of photo- 
synthesis causes changes in the natural pathways of energy flow and nutrient 
cycling (i.e., trophic structure). Increased primary production can lead to 
amplification of the diurnal variation in pH and dissolved oxygen concen- 
tration following channelitation (O'Rear 1975, Huish and Pardue 1978, Parrish 
et al. 1978). Increasing the incident sunlight raises water temperature. High- 
er temperatures increase the rates of chemical reactions and biological pro- 
cesses, decrease oxygen solubility, and can exceed the physiological tolerance 
limits of some macroinvertebrates and fish - most notably trout (Schmal and 
Sanders 1978, Parrish et al. 1978). 

In natural stream systems, allochthonous input of organic matter from stream- 
side vegetation constitutes the major energy source in low-order streams 
(Curmnins 1974). A functional group of benthic organisms called shredders uses 
allochthonously-derived detritus (CPOM) as a food source, and process it into 
fine particulate organic matter (FPOM) which is utilized by another functional 
group, the collectors. Removing streamside vegetation greatly reduces the in- 
put of allochthonous detritus and allows primary productivity to increase be- 
cause of greater light availability. These factors bring about a decline in 
shredder populations and an increase in herbivorous grazers which take advan- 
tage of increasing algae abundance. In headwater areas, species diversity is 
likely to decrease due to the loss of detritivorous taxa, and macroinver- 
tebrate density may decline because the swift current of those reaches is not 
conducive to planktonic and some periphytic algae forms. Loss of allochthonous 
material has less impact on intermediate-order streams because they are natu- 
rally autotrophic (P/R>l), except that channelization of upstream reaches re- 
duces the amount of FPOM that is received via nutrient spiraling. The liter- 
ature contains excellent discussions of energy and materials transport in 
streams (Cumins et al. 1973, Cumins 1974, Cumins 1975, Marzolf 1978, Van- 
note et al. 1980). 

Reductions and changes in the macroinvertebrate community affect the food 
source of fishes. Changing availabilities of detritus and algae may skew the 
fish community with respect to trophic levels that utilize those energy 
sources. Clearing away nearstream vegetation also reduces the input of terres- 
trial insects that are eaten by fish. 

In addition, streamside vegetation provides cover in the form of shadows, root 
masses, limbs, and trees which fall into the stream. Most game fish species 
prefer shaded habitats near the streambank. 

SUMMARY 

The benefits realized by channelizing a stream are often obtained at the ex- 
pense of such impacts as: 
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1. Increased downstream flooding 
2. Reduction of groundwater levels and stream dewatering 
3. Increased bank erosion, turbidity, and sedimentation 
4. Degradation of water quality 
5. Promotion of wetland drainage and woodland destruct ion 
6. Promotion of land development (agricultural, urban, residential, 

industrial) 
7. Loss of habitat and reduced habitat diversity 
8. Adverse effects on aquatic and terrestrial communities (productivity, 

diversity, species composition) 
9 Lowered recreational values 

The time required for a natural stream to return to a productive, visually- 
appealing body of water is highly variable. Natural recovery of some channel- 
ized streams requires better than 30 years. Restoration of the stream channel 
and biota can be accelerated by mitigation practices. 

The potential negative impacts and time frame of recovery should weigh heavily 
in the evaluation of any newly-proposed channelization project. 
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CHAPTER II-S 

TEMPERATURE 

Temperature exerts an important influence on the chemical and biological 
processes in a water body. It determines the distribution of aquatic species; 
controls spawning and hatching; regulates activity; and stimulates or 
suppresses growth and development. The two most important causes of temper- 
ature change in a water body are process and cooling water discharges, and 
solar radiation. The consequences of temperature variation caused by thermal 
discharges (thermal pollution) continue to receive considerable attention. An 
excellent review on this subject may be found in the Thermal Effects section 
of the annual literature review issue of the Journal of the Water Pollution 
Control Federation. Discussion in this chapter is limited to the influence of 
seasonal temperature variation on a water body. 

PHYSICAL EFFECTS 

Annual climatologfcal cycles and precipitation patterns are controlled by the 
annual cycle of solar radiation. Specific patterns of temperature and precipi- 
tation, which vary geographically, determine annual patterns of flow to lakes 
and streams. In general, winter precipitation in northern latitudes does not 
reach a body of water until the spring snow melt. For this reason, streamflow 
may be quite low in the winter but increase rapidly in the spring. Low flow 
typically occurs in the Sumner throughout North America. 

Changes in season cause changes in water temperature in lakes and streams. The 
patterns of temperature change in lakes are well understood. Briefly, many 
lakes tend to stratify in the Sumner, with a warm upper layer (the 
epilimnion), a cold bottom layer (the hypolimnion) and a sharp temperature 
difference between the two, known as the thermocline. The depth of the 
thermocline is determined to large extent by the depth to which solar radia- 
tion penetrates the water body. The epilimnion tends to be well oxygenated, 
through both algal photosynthesis, and through oxygen transfer from the atmo- 
sphere. Surface wind shear forces help mix the epilimnion and keep it oxygen- 
ated. The thermocline presents a physical barrier, in a sense, to mixing be- 
tween the epilimnion and the hypolimnion. If no photosynthesis takes place in 
the hypolimnion, due to diminished solar radiation, and if there is no ex- 
change with the epilimnion, dissolved oxygen levels (DO) in the bottom layer 
may drop to critical levels, or below. Often water released through the bottom 
of a dam has no dissolved oxygen, and may severely jeopardize aquatic life 
downstream of the impoundment. 

Typical Sumner and annual lake temperature profiles are presented in Figures 
II-S-1 and II-S-Z, respectively. In the fall the thermocline disappears and 
the lake undergoes turnover and becomes well mixed. The temperature becomes 
fairly homogeneous in the winter (Figure 11-S-2), there is another wind in- 
duced turnover in the spring and the cycle ends with the development of epi- 
limnion, hypolimnion and thermocline in the Sumner. 
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Rivers and streams generally show a much more homogeneous temperature profile, 
largely because turbulent stream flow assures good vertical mixing. Neverthe- 
less, small streams may undergo temperature variation as flow passes through 
shaded or sunny areas, as it is augmented by cool groundwater or warm agri- 
cultural or other surfare return flow, or as it becomes mOre turbid and cap- 
tures solar radiation in the form of heat. 

TEMPERATURE RELATED BIOLOGICAL EFFECTS 

Warm blooded homeothermic animals, such as the mammals, have evolved a number 
of methods by which to control body temperature. Cold blooded poikilothermic 
animals, such as fish, have not evolved these mechanisms and are much more sus- 
ceptible to variation in temperature than are warm blooded animals. Perhaps 
the most important adaptation of fish to temperature variation is seen in the 
timing of reproductive behavior. 

Gradual seasonal changes in water temperature often trigger spawning, metamor- 
phosis and migration. The eggs of some freshwater organisms must be chilled 
before they will hatch properly. The tolerable temperature range for fish is 
often more restrictive during the reproductive period than at other times dur- 
ing maturity. The temperature range tolerated by many species may be narrow 
during very early development but increases somewhat during maturity. Reproduc- 
tion may be hindered significantly by increased temperature because this func- 
tion takes place under restricted temperature ranges. Spawning may not occur 
at all when temperatures are too high. Thus, a fish population may exist in a 
heated area only because of continued imnigration. 

Because fish are cold-blooded, temperature is important in determining their 
standard metabolic rate. As temperature increases, all standard metabolic func- 
tions increase, including feeding rates. Water temperature need not reach 
lethal levels to eliminate a species. Temperatures that favor competitors, pre- 
dators, parasites and disease can destroy a specie's at levels far below those 
that are lethal. 

Since body temperature regulation is not possible in fish, any changes in am- 
bient temperature are immediately communicated to blood circulating in the 
gills and thereby to the rest of the fish. The increase in temperature causes 
an increase in metabolic rates and the feeding activity of the fish rmst in- 
crease to satisfy the requirements of these elevated levels. Elevated bio- 
chemical rates facilitate the transport of toxic pollutants to the circulatory 
system via the gill structure, and hasten the effect these toxicants might ex- 
ert on the fish. Increased temperature will also raise the rate at which detox- 
ification takes place through metabolic assimilation, or excretion. Despite 
these mechanisms of detoxification, a rise in temperature increases the lethal 
effect of compounds toxic to fish. A literature review on this subject will 
also be found in the JWPCF annual literature review number. 

The importance of temperature to fish may also be seen in Tables II-S-1 and 
II-S-2. The data in these tables were found in references by Carlander (1969, 
1972) and Brungs and Jones (1977). Table 11-5-l shows the preferred tempera- 
ture for a number of fish and Table II-s-2 shows the range of temperatures 
within which spawning may occur in several species of fish. 
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Preferred temperatures usually are determined through controlled laboratory 
experiments although some values published in the literature are based on 
field observations. Determination of final temperature preferenda of fish in 
the field is difficult because field environments cannot be controlled to 
match laboratory studies (Cherry and Cairns, 1982). Temperature preference 
studies are based on an acclimation temperature which is used as a reference 
point against which to examine the response of fish to different temperature 
levels. The acclimation temperature itself is critical for it affects the 
range of temperatures within which fish prefer to live. This may be seen in 
Figure 11-5-3 which shows an .increase in preferred temperature and in the 
upper threshold of avoidance with an increase in acclimation temperature. The 
range between the acclimation and the upper avoidance temperatures is species 
specific and is dependent on the acclimation temperature in which the fish 
were tested. A greater variability in fish avoidance response is observed in 
winter than in summer testing conditions (Cherry and Cairns, 1982). 

Temperature preference/avoidance studies are important to an understanding of 
the effect of thermal pollution on the biota of a water body. The literature 
on temperature preference will be important to the water body survey in two 
ways : when the stream reach of interest is affected by thermal pollution or 
when ambient temperature patterns may be a contributing factor which deter- 
mines the types of fish that might be expected to inhabit a water body under 
different management schemes identified during the assessment. 

Temperature is also important because it strongly influences self-purification 
in streams. When a rise in temperature occurs in a stream polluted by organic 
matter, an increased rate of utilization of dissolved oxygen by biochemical 
processes is accompanied by a reduced availability of DO due to the reduced 
solubility of gases at higher temperatures. Because of this, many rivers which 
have adequate DO in the winter may be devoid of DO in the Sumner. 

Bacteria and other microorganisms which mediate the breakdown of organic mat- 
ter in streams are strongly influenced by temperature changes and are more ac- 
tive at higher than at lower temperatures. The rate of oxidation of organic 
matter is therefore much greater during the sumer than during the winter. 
This means self purification will be more rapid, and the stream will recover 
from the effects of organic pollution in a shorter distance during the warmer 
months of the year than in the colder months of the year, provided there is an 
adequate supply of dissolved oxygen. 

Temperature is an important regulator of natural conditions. It has a profound 
effect on habitat properties in lakes and streams; on the solubility of gases 
such as oxygen, upon which most aquatic life is dependent; on the toxicity of 
pollutants; on the rate and extent of chemical and biochemical reactions; and 
on the life cycle of poikilothermic aquatic life in general. Since in the con- 
text of the water body survey uses are framed in reference to the presence and 
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the protection of aquatic life, those factors which support or jeopardize 
aquatic life must be considered. 

Perhaps the most critical element in the aquatic environment is dissolved oxy- 
gen, whose solubility is a function of temperature. Oxygen is added to an aqua- 
tic system by photosynthesis and by transfer from tre atmosphere. Unfortu- 
nately, the availability of dissolved oxygen is apt to be greatest when the 
requirement for DD is least, i.e., in the winter when metabolic activity has 
been substantially reduced. Conversely, the availability may be lowest when 
the demand is greatest. 

Consideration of the relationship of temperature and availability of dissolved 
oxygen is important to the water body survey, and will require a close examina- 
tion of natural seasonal variation in DO and its interaction with treatment 
process efficiency, with the oxygen demand of the CBOD and NBOD in waste- 
waters, and with the seasonal requirements of aquatic life. 
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TABLE 11-5-l. PREFERRED TEMPERATURE OF SOME FISH SPECIES. 

Species Life Acclimation Preferred 
Comnon name Latin name Stage Temperature,'C Temperature,'C 

Alewife Alosa pseudoharengus 

Threadfin shad Dorosoma petenense 

Sockeye salmon Oncorhynchus nerka 

Pink salmon 

Chum salmon 

Chinook salmon 

Coho salmon 

Cisco 

Lake whitefish 

Cutthroat trout 

Rainbow trout 

0. gorbuscha 

0. keta 

0. tshawytscha 

0. Kisutch 

Coregonus artedii 

C. clupeaformis 

Salmo clarki 

S. gairdneri 

Atlantic salmon S. salar 

Brown trout S. trutta 

Brook trout Salvelinus fontinalis 

Lake trout Salvelinus namaycush 

Rainbow smelt Osmerus mordax 

Grass pickerel Esox americanus 
vermiculatus 

3 
3 
A 
A 

A 

3 
A 

3 

3 

J 

3 
A 

A 

A 

A 

J 
3 
3 
A 

A 

A 

J 
J 
A 

3 

A 

18 
21 
24 
31 

20 

2': 
23 

>19 

12-14 
10-15 

12-14 

12-14 

12-14 

12-14 
13 

13 

13 

9-12 

not given 
18 
24 

14 
18 
22 
13 

14-16 

12-18 

6 
24 

12 
19 

14-18 

8-15 

6-14 

J,A 24-26 
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TABLE 11-5-l. PREFERRED TEMPERATURE OF SOW FISH SPECIES. (Continued) 

Species Life Acclimation Preferred 
Latin name Stage Temperature,'C Temperature,'C Comton name 

Muskellunge 

Conmion carp 

Esox masquinongy 

Cyprinus carpio 

3 

J 
3 

:: 
3 
A 

3 

A 

A 

3 
J 
J 
A 

J 
A 

J 
3 
J 
3 

A 

J 
J 
3 
3 

A 

J 
J 
3 
3 
J 

26 

10 
15 
20 
25 
35 

Sumner 

17 
25 

:: 

333:5 

Emerald shiner Notropfs atherinoides 

White sucker Catostomus cormnersoni 

Buffalo Ictfobus sp. 

Brown bullhead Ictalurus nebulosus 

Sumner 25 

19-21 

31-34 

:i 
26 

21 
27 
31 

29-31 

Channel catfish Ictalurus punctatus 

White perch Morone americana 

22-29 35 
30-32 

6 10 
15 20 
20 25 

26-30 31-32 

Sumner 28-30 White bass 

Striped bass 

M. chrysops 

M. saxatilis 5 12 
14 22 
21 26 
28 28 

Rock bass 

Green sunfish 

Ambloplites rupestris 

Lepomis cyanellus 

26-30 

6 
12 

:4” 
30 
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TABLE 11-5-l. PREFERRED TEMPERATURE OF SOME FISH SPECIES. (Continued) 

Species Life Acclimation Preferred 
Common name Latin name Stage Temperature,OC Temperature,'C 

Pumpkinseed L. qibbosus 

Bluegill L. machrochirus 

Smallmouth bass Micropterus dolomieui 

Spotted bass M. punctulatus 

Larqemouth bass M. salmoides 3 26-32 

White crappie Pomoxis annularis 5 
24 
27 

10 
26 
28 

28-29 

Black crappie P. niqromaculatus 

Ye1 low perch Perca flavescens 

Sauqer Stizostedion canadense 

Walleye S. vitreum 

Freshwater drum Aplodinotus qrunniens 

J 
A 

J,A 

A 

J,A 

A 

8 
19 
24 
26 

6 
12 
18 
24 
30 

15 

:: 
30 

6 
12 

:i 
30 

:: 

:: 
31-31 

:: 
29 

:: 

20 
23 
30 
31 

17 
20 
27 
30 
32 

27-29 
24-31 

19-24 

18-28 

20-25 

29-31 
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TABLE 11-5-Z. SPAWNING TEMPERATURE OF SOME FISH SPECIES. 

Species 

Spawning temperature,'C 
approximate 

value or optimum 
or peak 

Spawning 
season 
month Cornnon name Latin name range 

Lamprey 

Northern brook Ichthyomyton fosser 
Southern brook I chthyomyzon qaqei 
Allegheny brook Ichthyomyzon qreeleyi 
Mountain brook Ichthyomyzon hubbsi 
Silver Ichthyonlyzon unicuspis 
Least brook Ichthyonlyton aepyptera 
Arctic Lampetra japonica 
American brook Lampetra lamottei 
Western brook Lampetra richardsoni 
Pacific Lampetra tridentata 
Sea Petromyzon marinus 

Sturgeon 

13-77 
15 
19 

10-12 
>lO 

lo-16 
12-15 

8-20 
>8 

11-24 

Shortnose 
Lake 
Atlantic 
White 

Paddlefish 

Gar 

Acipenser brevirostrum 8-12 
Acipenser fulvenscens 12-19 
Acipenser oxyrhynchus 13-18 
Acipenser transmontanus 9-17 

Polydon spathula 16 

Lonqnose Lepisosteus osseus 
Shortnose Lepisosteus platostomus 

Bowfin Amia calva 

Blueback herring Alosa aestivalis 

>ll Mar-Auq 
19-24 May-Jul 

16-19 Apr-Jul 

14-27 Apr-Jul 

Shad 

Alabama Alosa alabamae 19-22 
Hickory Alosa mediocris 18-21 
Alewife Alosa pseudoharengus 13-28 
American Alosa sapidissima 11-19 
Gizzard Dorosoma cepedium 17-29 
Threadfin Dorosoma petenense 14-23 

17 
9-11 

May-Jun 
Mar-May 

May 
Mar-Apr 
Apr-Jun 
Mar-May 
May-Jul 
Apr-Jun 
Mar-Jun 

br 
Apr-Jul 

Apr-Jun 
Apr-Jun 
Feb-Jul 
May-Jul 

May-Jun 

21 

Jan-Jul 
May-Jun 
Apr-Aug 
Jan&l 
Mar-Aug 
Apr-Auq 
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TABLE 11-5-Z. SPAWNING TEMPERATURE OF SOME FISH SPECIES. (Continued) 

Spawning temperature,'C 

Species 
Comnon name Latin name 

approximate 
value or 

range 

Salmon 

Pink 
Sockeye 

(Kokanee) 

Coho 

Oncorhynchus gorbuscha 
Oncorhynchus nerka 

(anadromous) 
Oncorhynchus nerka 

(landlocked) 
Oncorhynchus kisutch 

Whitefish 

Cisco Coreqonus artedii 
Lake Coregonus clupeaformis 
Bloater Coreqonus hoyi 
Alaska Coregonus nelsoni 
Least cisco Coregonus sardinella 
Kiyi Coreqonus kfyi 
Shortnose cisco Coreqonus reiqhardi 
PYwtY Prospium coulteri 
Round Prospium cylindraceum 
Mountain Prospium spilonotus 

Trout 

l-5 
l-10 

5 
o-3 
o-3 
2-5 
3-5 
o-4 
o-4 

5-12 

Golden Salmo aguabonita 7-10 
Arizona Salmo apache 8 
Cutthroat Salmo clarki 10 
Rainbow Salmo gairdneri 5-17 
Gila Salmo gilae 8 
Atlantic salmon Salmo salar Z-10 
Brown Salmo trutta 1-13 
Arctic char Salvelinus alpinus 1-13 
Brook trout Salvelinus fontinalis 3-12 

3-7 Jul -Dee 

5-10 Auq-Feb 
7-13 Ott-Jan 

3 Nov-Dee 
Sep-Dee 
Nov-Mar 
Sep-Ott 
Sep-Ott 
Ott-Jan 
Apr-Jun 
Ott-Jan 
Ott-Dee 
Sep-Dee 

9-13 

4-6 
7-9 
3-4 

9 

Jun-Jul 
May 

Jan-May 
Apr-Jul/Nov-Feb 

Apr-May 
Ott-Dee 
Ott-Feb 
Sep-Dee 
Auq-Dee 

optimum 
or peak 

Spawning 
season 
month 

10 Ju 1-Ott 
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TABLE 11-5-Z. SPAWNING TEMPERATURE OF SOME FISH SPECIES. (Continued) 

Spawning temperature,'C 

Species 
approximate 

value or 
Corm~)n name 

Dolly Varden 
Lake 

I nconnu 

Arctic graylinq 

Rainbow smelt 

Eulachon 

Goldeye 

Alaska blackfish 

Central 
mudminnow 

Pickerel 

Redfin 

Grass 

Chain 

Northern pike 

Muskellunqe 

Chiselmouth 

Central 
stoneroller 

Goldfish 

Redside date 

Lake chub 

Common carp 

Latin name range 

Salvelinus malma 5-8 
Salvelinus namaycush 3-14 

Stenodus leucichthys l-5 

Thymallus arcticus 4-11 

Osmerus mordax 1-15 

Thaleichthys pacificus 4-8 

Hiodon alosoides 10-13 

Dallia pectoralis 10-15 

Umbra limi 

Esox americanus 
americanus 

Esox americanus 
vermiculatus 

Esox niger 

ESOX lucius 

Esox masquinonqy 

Acrocheilus alutaceus 

Campostoma anomalum 13-27 

Carassius auratus 16-30 

Clinostonus elonqatus >18 

Couesius plumbeus 14-19 

Cyprinus carpio 14-26 

optimum 
or peak 

Spawning 
season 
month 

Sep-Nov 
Auq-Dee 

Sep-Ott 

Mar-Jun 

Feb-May 

Mar-May 

May-Jul 

May-Au9 

13 Apr 

10 Feb-Apr 

7-12 10 Mar-May/Auq-Oct 
6-16 8 Mar-May 

3-19 Feb-Jul 

9-15 13 Apr-May 

17 Jun-Jul 

19-23 

Apr-Jun 

Feb-Nov 

May 

May-Jun 

Mar-Auq 
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TABLE 11-5-Z. SPAWNING TEMPERATURE OF SOME FISH SPECIES. (Continued) 

Spawning temperature.°C 

Comon name Latin name range 

Utah chub 

Tui chub 

Brassy minnow 

Silvery minnow 

Gfla atraria 12-16 

Gila bicolor 16 

Hybognathus hankfnsonf IO-13 

Hybognathus nuchalfs 13-21 

optimum 
or peak 

Spawning 
season 
month 

Apr-Aug 

Apr-Jun 

May-Jun 

Apr-May 

Chub 

River Hybobs is micropogon 19-28 
Silver 

May-Auq 
Hybobsis st oreri ana 18-21 May-Jun 

Clear Hybobsis winchelli 10-17 Feb-Mar 
Rosyface Hybobsfs rubriformes 19-23 Apr-Jun 

Peamout h MyJocheilus caurinus May-Jun 

Hornyhead chub Nocomis biguttatus 

11-22 

24 Spring 

Shiner 

Golden Notemigonus crysoleucas 
Satinfin Notropi s analostanus 
Emerald Notropfs atherinoi des 
Bridle Notropis bffrenatus 
Warpai nt Notropis coccogenis 
Comon Notropis cornutus 
Fluvial Notropis edwardraneyi 
Whitetail Notropis galacturus 
Spottail Notropis hudsonius 
Rosyface Notropis rubellus 
Saffron Not ropis rubrfcroceus 

16-21 
18-27 
20-28 
14-27 
20-24 
15-28 

28 
24-28 

2029 
19-30 

24 

19-21 

May-Auq 
May-Auq 
May-Au9 
May-Jul 
Jun-Jul 
Apr-Jul 

Jun 
May-Jun 
May-Jul 
May-Jul 
May-Jul 

Sacremento 
blackfish 

Bluntnose minnow 

Fathead minnow 

Orthodon mfcrolepidotus 15 

Pfmephales notatus 21-26 

Pimephales promelas 14-30 23-24 

Apr-Jun 

Apr-Sep 

May-Au9 

Sacremento 
squawfish Ptychocheilus grandis 4 Apr-Jun 

Northern 
squawfish Ptychocheilus oreqonensis 12-22 18 May-Jun 

Species 
approximate 

value or 
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TABLE 11-5-Z. SPAWNING TEMPERATURE OF SOME FISH SPECIES. (Continued) 

Spawning temperature,'C 

Common name Latin name range 

Blacknose date 

Longnose date 

Redsfde shiner 

Creek chub 

Fallfish 

Pearl date 

Rhinichthys atratulus 16-22 

Rhinichthys cataractae 12-16 

Richardsonius balteatus lo-18 

Semotilus atromaculatus >12 

Semotilus corporalis >16 

Semotilus margarita 17-18 

optimum 
peak or 

21 

Spawning 
season 
month 

May-Jun 

May-Auq 

Apr-Jul 

Apr-Jul 

May-Jun 

May-Jun 

Sucker 

Longnose Catostomus catostomus >5 May-Jun 
White Catostomus comnersoni 8-21 Mar-Jun 
Flannelmouth Catostomus latipinnis 13 Apr-Jun 
Largescale Catostomus macrocheilus >7 Apr-Jun 
Mountain Catostomus platyrhynchus 10-19 Jun-Jul 
Tahoe Catostomus tahoensis 11-14 Apr-Jun 
Blue Catostomus elonqatus 10-15 Apr-Jun 
Northern hog Hypentelium nigricans >15 May 

Smallmouth 
buffalo Ictiobus bubalus 14-28 17-24 Mar-Sep 

Bigmouth 
buffalo 

Spotted sucker 

Blackfin sucker 

Redhorse 

Ictiobus cyprinellus 

Minytrema melanops 

Moxostoma atripinne 

14-27 

13-18 

12-18 

16-18 Apr-Jun 

Apr-May 

Apr 

Species 
approximate 

value or 

Silver redhorse Moxostoma anisurum 
River Moxostoma breviceps 
Black Moxostoma duquesnei 
Golden Moxostoma erythrurum 
Shorthead Moxostoma macrolepidotum 
Greater Moxostoma valenciennesi 

Humpback sucker Xyrauchen texanus 

>13 Apr-May 
22-25 Av 
13-23 Apr-May 
15-22 Apr-May 
11-22 Apr-May 
16-19 May-Jul 

12-22 Mar-Apr 
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TABLE 11-5-Z. SPAWNING TEMPERATURE OF SOME FISH SPECIES. (Continued) 

Spawning temperature.'C 

Species 
Common name Latin name 

approximate 
value or 

range 

Catfish 

White Ictalurus catus 
Blue Ictalurus furcatus 
Black bullhead Ictalurus melas 
Brown bullhead Ictalurus nebulosus 
Channel Ictalurus punctatus 

Flathead Pylodictis olivaris 

Stonecat 

Bridled madtom Noturus miurus 

White River 
sprinqfish 

Desert pupfish Cyprinodon macularius 

Banded kilifish 

Plains kilifish 

Mosquitofish 

Burbot 

Brook stickleback Eucalia inconstans 

Threespine 
stickleback 

Trout-perch Percopsis omfscotnaycus 

White perch Morone americana 

White bass Morone chrysops 

Striped bass Morone saxatilis 

Rock bass Ambloplites rupestris 

Sacremento perch Archoplites interruptus 

Flier Centrarchus macropterus 

Noturus flavus 

Crenichthys baileyi 

Fundulus diaphanus 

Fundulus kansae 

Gambusia affinis 

Lota lota 

Gasterosteus aculeatus 

20-29 
>22 
>21 
>21 

21-29 
22-28 

27 

25-26 

32 

>20 

>21 

28 

23 

o-2 

4-21 

5-20 

6-21 

11-20 

12-21 

12-22 

16-26 

22-28 

17 

optimum 
or peak 

Spawning 
season 
month 

27 

Jun-Jul 
Apr-Jun 
May-Jul 
Mar-Sep 
Mar-Jul 
May-&l 

Jun-Auq 

Jul-Aug 

28-32 

23 

Apr-Oct 

Apr-Sep 

Jun-Aug 

Mar-Dct 

Jan-Feb 

Apr-Jul 

16-19 

Apr-Sep 

May-Aug 

May-Jul 

Apr-Jun 

Apr-Jun 

Apr-Jun 

May-Au9 

Mar-May 
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TABLE 11-5-Z. SPAWNING TEMPERATURE OF SOME FISH SPECIES. (Continued) 

Spawning temperature,'C 

Common name. Latin name ranqe 

Banded pygmy 
sunfish Elassoma zonatum 14-23 Mar-May 

Sunfish 

Redbreast Lepomis auritus 17-29 
Green Lepomis cyanellus 20-28 
Pumpkinseed Lepomis qibbosus 19-29 
Warmouth Lepomis gulosus 21-26 
Oranqespotted Lepomis humilis >lB 
Bluegill Lepomis machrochirus 19-32 
Longear Lepomis megalotis 22-30 
Redear Lepomis microlophus 20-32 
Spotted Lepomis punctatus 18-33 

Bass 

Redeye 
Smallmouth 
Suwannee 
Spotted 
Largemouth 

White crappie 

Black crappie 

Yellow perch 

Sauger 

Walleye 

Greenside darter 

Johnny darter 

Channel darter 

Micropterus coosae 
Micropterus dolomieui 
Micropterus notius 
Micropterus punctulatus 

ides Micropterus salmo 

Pomoxis annularis 

Pomoxis niqromacu 

Perca flavescens 

latus 

Blackside darter 

Mottled sculpin 

Freshwater drum 

Stizostedion canadense 

Stizostedion vitreum 

Etheostoma blennioides 

Etheostoma niqrum 

Percfna copelandi 

Percina maculata 

Cottus bairdi 

Aplodinotus qrunniens 

17-23 
13-23 
>19 

15-21 
12-27 

14-23 

14-20 

4-15 

4-15 

4-17 

>10 

>18 

20-21 

16-17 

10 

18-24 

Species 
approximate 

value or optimum 
peak or 

25 

17-18 

21 

16-20 

12 

9-15 

6-9 

23 

Spawning 
season 
month 

Apr-Auq 
May-Auq 
May-Auq 
May-Auq 
May-Au9 
Feb-Auq 
May-Au9 
Mar-Sep 
Mar-Nov 

Apr-Jul 
Apr-Jul 
Feb-Jun 
May-Jun 

Apr-Jun/Nov-May 

Mar-Jul 

Mar-Jul 

Mar-Jul 

Mar-Jul 

Mar-Jun 

Apr-Jun 

Jul 

May-Jun 

Apr-May 

May-Auq 
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CHAPTER II-6 
RIPARIAN EVALUATIONS 

Riparian ecosystems can be variously identified but their common element is 
that they are adjacent to aquatic systems. Brinson et al., (1981) defines 
them as "riverine floodplain and streambank ecosystems. Cowardin et al.. 
(1979) in their" Classification of Wetlands Habitats of the U.S.", do not 
clearly delineate riparian and wetland zones. For this chapter emphasis 
will be given to floodplain, riverine and lacustrine riparian habitats and 
no distinction has been made between riparian and wetland land 
environments. 

The primary legislative justification for riparian protection is the Clean 
Water Act, specifically that section dealing with water quality. Many 
factors enter into the relationship between riparian ecosystems and water 
quality; a simple correlation between any single measure of riparian 
habitat and water quality does not exist. A well developed riparian zone 
is frequently the juncture between terrestrial and aquatic environments and 
its characteristics are governed to some extent by both. The riparian zone 
is usually related to the adjacent terrestrial environment with respect to 
climatic conditions, soil types, land topography etc. The aquatic system 
is an integration of upstream drainage (Lotspeich 1980) and has the 
riparian zone as an important component. The aquatic effects to the 
riparian ecosystem will vary with factors such as stream size, climatic 
vegetation and soil type. Although no ideal riparian habitat water quality 
scenario is possible, general relationships can be derived. 

A critical relationship exists between stream size and the extent of 
riparian habitat. Small streams canopied by riparian vegetation will be 
more influenced than large streams where riparian canopy represents only a 
small fraction of the immediate channel. The small riparian zone in 
relation to stream size of many large streams has frequently been cited in 
order to diminish the importance of this habitat. The presumption is made 
that riparian importance is minimal because the riparian/river size ratio 
is small. It is also argued that alteration of smaller streams is 
insignificant with respect to the total drainage basin and that such 
activities have minimal implications for larger streams. An obvious impact 
of large stream riparian modification is shore line destruction and 
subsequent loss of near shore stream habitat. Although modification of a 
single small tributary may have a minimal effect on the larger water body, 
major drainage basin alterations could seriously damage water resources, 
the larger stream being a product of its tributaries. 

Riparian system have unique ecosystem qualities which should be considered 
in addition to their water quality values. Riparian zones are cited as 
classical ecotones which will usually support greater species and numerical 
diversity than adjacent aquatic or terrestrial environments. Large numbers 
of rare and endangered animal and plant species reside here. It is often 
critical habitat for an entire life span or it may be used in a transitory 
manner for reproduction, migration or as hunting territory for raptors and 
carnivorous mammals. Even though organisms may not use the riparian zone 
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as their primary living habitat, its loss may seriously disrupt foodchain 
mechanisms and life history processes. Significant changes in species 
numbers, diversity and types may occur in both the terrestrial and aquatic 
environments following riparian destruction. It is estimated that less 
than two percent of the land area in the U.S. is riparian habitat (Brinson 
et al., 1981). Large portions have been converted to agricultural use, 
e.g. the Mississippi bottomland hardwoods, and stream channelization 
has destroyed adjacent riparian ecosystems. Timber removal has greatly 
reduced riparian habitat in forested regions. Livestock grazing has had 
extremely detrimental riparian effects on semi-arid rangelands. Land 
values have favored agricultural and urban development immediately adjacent 
to the aquatic environment with the exclusion of most natural vegetation. 

PHYSICAL RELATIONSHIPS 

Key physical stream characteristics are affected by the riparian ecosystem. 
Water temperature responds to almost any riparian alteration in smaller 
streams. Several studies (Karr and Schlosser 1978, Morin 1975, Campbell 
1970) have demonstrated that shade afforded by adjacent vegetation 
significantly moderates water temperature, reducing summer highs and 
decreasing winter lows. This can have significant effects on many chemical 
and biological processes. Chemical reaction rates are temperature 
dependent and increased temperature generally increases reaction rates. 
Adsorption, absorption, precipitation reactions, decomposition rates, and 
nutrient recycling dynamics could all be altered. Many aquatic organisms 
have relatively specific temperature requirements. Elevated temperatures 
increase poikilotherm metabolic rates causing excessively low production 
during food deprivation and the increased temperature may disrupt critical 
life stages such as reproduction. Temperatures exceeding or substantially 
below optimal requirements, even for relatively brief periods, can 
completely alter the biota. Larger streams may not be physically affected 
as readily as the smaller tributaries but large scale tributary 
modifications could have dramatic downstream consequences. 

Another direct physical consequence is alteration in the quality and 
quantity of incident solar radiation. Optimal photosynthetic wave lengths, 
especially for diatoms, may be altered by the canopy, but as will be 
elaborated later, this may not have serious consequences to a diversified 
biota. Turbidity will be reduced by riparian vegetation. This too will be 
discussed in greater detail. A further loss with reduction in riparian 
habitat is the fine particulate matter, especially the nutrient rich 
organic material. This may be transferred to the adjacent terrestrial 
environment during floods or carried directly to the large streams with 
such a reduced residence time in the smaller stream that they become 
nutrient limited. 

FLUVIAL RELATIONSHIPS 

Fluvial characteristics are governed by such processes as stream bank 
stability, flow rates, rainfall seasonality and water volumes. Stream bank 
stability is important in maintaining stream integrity. This stability is 
a function of the local geology and riparian vegetation. 
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Streams are not static but new channel formation rates are slowed with 
increased bank stability. During high water, bank erosion is minimized and 
excess flow energy dissipated over floodplains with minimal environmental 
damage. Without riparian vegetation, flooding is more erosive and 
extensive. Energies are not dissipated readily but remain excessive for 
the duration of the high water. The geomorphological consequences can be 
considerable; extreme erosion, formation of additional channels, upland 
sediment deposition etc. The biological impact can be devastating, with 
the aquatic habitat physically destroyed or silted to the extent it is no 
longer a biologically viable unit. Under extreme conditions, silt levels 
may be sufficient to cause embryo death and physiological damage to gill 
breathing organisms. This scenario is best illustrated using the example 
of stream channelization. High energy water movement leads to rapid land 
drainage but also to extremely damaging floods when stream banks overflow. 
Biological communities may become species depauperate, biomass greatly 
reduced and those populations remaining may be undesirable compared to 
previous inhabitants. 

Riparian zone groundwater levels are controlled by adjacent surface water 
levels. The vegetated riparian system retains more water and releases it 
at slower rates than non-vegetated shore zones. This has important 
implications for stream water quality. Flood surge may be diminished 
downstream of precipitation events by water movement into non-saturated 
riparian soils. This would reduce sediment transport capacity, flooding 
and channel erosion. Water movement into the terrestrial water table is 
especially important to stream stability in arid regions where rainfall may 
occur rarely hut may lead to devastating floods. Stream-side vegetation 
moderates the potential impact of local rainfall events by retaining 
surface runoff. Groundwater can moderate stream temperatures where 
significant flow is derived from underground sources. 

BIOLOGICAL RELATIONSHIPS 

Primary production is controlled by the quality and quantity of incident 
solar radiation, nutrients and plant community structure. In smaller 
streams with extensive canopies the radiation quantity may be significantly 
reduced and the wavelength distribution altered. This may reduce 
production in that section but may at the same time make nutrients more 
available to downstream organisms. Water temperature will also be 
affected, and photosynthesis may be reduced by cooler water but also 
temporarily extended by a reduction in seasonal temperature extremes. Many 
stream primary producers, especially diatoms and mosses, have adapted to 
reduced light intensity, and relatively high photosynthetic rates are 
maintained under low light conditions. 

Stream flow characteristics are also affected by debris. Flow rates are 
moderated by the pool-riffle morphology common to streams with well 
developed riparian systems. It has been demonstrated that the rate of 
water movement can be significantly different for a given elevation loss 
between well developed pool/riffle complexes and streams which allow free 
water flow. The streams with the most complex morphology retain the water 

11-6-2 



for the greatest period. This has important secondary implications for 
groundwater, hydrologic regime, water temperature and biota. 

Perhaps the most severe effect on water quality following riparian 
destruction is increased channel sedimentation. Agricultural and forestry 
practices frequently remove vegetation to the immediate streambank thus 
allowing unhindered surface water movement directly into the stream. 
Riparian vegetation will retard surface sheet flow, substantially reducing 
stream sediment loads. Stream sedimentation results in extreme habitat 
diversity loss, and the bottom morphology becomes a monotony of fine 
grained sediments. The immediate biotic symptom may be acute suffocation 
of the invertebrate fauna with the possibility of chronic physiological 
stress. The long term effects are extensive. Table 11-6-l prepared by 
Karr and Schlosser (1978) illustrates the relationships between land use 
practices and stream sediment loads. 

Table 11-6-l: POTENTIAL EFFECTS OF VARYING MANAGEMENT PRACTICES ON 
EQUILIBRIUMS OF EQUIVALENT WATERSHEDS. THESE ARE BEST ESTIMATES OF 
RELATIVE EFFECTS FOR A VARIETY OF WATERSHED CONDITIONS, INCLUDING SOURCES 
AND AMOUNTS OF SEDIMENTS. 

Relative Amount of 

Management 
Practice 

Natural watershed 

Clear land for 
rowcrop agriculture; 
maintain natural 
stream channel 

Channelize stream 
in forested 
watershed 

Clear land and 
channelize stream 

Best land surface 
management with 
channelization 

Best land surface 
and natural channel 

Sediment 

Land 
Surface 

Very low 

High 

Very low High 

High 

Low 

Low 

From 

Stream 
Channel 

Very low 

Low 

High 

High 

Low 

Suspended Source 
Solids Load of 

in Stream Sediment 

Very low 

Medium Land surface 

High Channel 
banks 

Very high Land surface 
and channel 

banks 

Medium to Channel 
high banks 

Low to Equilibrium 
medium between land 

and channel 
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TABLE 11-6-2: COMPARISON OF THE EFFECT OF WELL DEVELOPED AND REDUCED RIPARIAN ZONES ON K4TER QUALITY OF WALL STREAMS 

c 
Flow I Temoerature I Sedimentation I Primarv Prndurtinn I Nlltrient I nad 

Riparian system 1, 
well developed. 

2, 

- r-- --- - --- . ..- -----. -.. . . . ..-.. . . -----. -.. a,““. a_..” L”“U 

, Extremes 1. High and low Moderated by Reduced speciation related 1. Moderated by 
moderated extremes vegetation to organisms able to riparian uptake 

, Little reaction moderated photosynthesis with 2. Regulated release 
to local events 2. Reduced daily reduced light intensity through highly 

fluctuations organic soils. 
3. Available supplies 

because of riparian 
primary production 

Reduced riparian 1, 
system 2, 

1 

, Erratic flow 1. Extreme Usually higher 1. Increased production but 1. Large seasonal 
, Reacts to local seasonal loads, partic- often of undesirable fluctuations 

rain events variation ularly species. 2. Availability to 
2. Extreme daily following 2. High nutrient loading stream biotd related 

fluctuation watershed and temperatures favor to wash out rate, 
disruption undesirable speciation flooding may remove 

(filamentous blue-green nutrients before 
algae or macrophytes) they are utilized by 

aquatic biota 
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TABLE 11-6-2 (Cont'd) 

Oiversitv 

1. Diverse speciation with 
diverse habitat 
selection 

?. May have large speciation 
in fish and invertebrates 
or as cOrnnon to western 
streams, large in- 
vertebrate population 
diversity with little 
fish diversity 

Low species numbers 

No. Individuals 

May have large 
number of species 
with few organisms 
for each taxa 

Large number of 
organisms for a 
few taxa 

Biomass 

Diversity of 
organism types 
dnd dble t0 
sustain large 
biomass 

Large biomass 
with little 
diversity 

Groundwater 

Slow change in 
elevation 
gaged to 
changes in 
stream level 

1. Rapid change 
following 
changes in 
stream flow 

2. Rapid soil 
drying 

Riparian Vegetation 

Self sustaining 
with respect to 
water, nutrients, 
habitat etc. 

Once system degrades 
may no longer be 
possible to sustain 
riparian habitat 
without extensive 
reworking of the 
stream bed and 
adjacent upland 

Surface Water 

1. Little flooding 
water generally 
retained in channel 

2. If flood occur, 
energy dissipated 
by vegetation 

1. Large scale flooding 
may occur 

2. High energy water 
flow causing large 
erosional losses 
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Several studies have investigated the use of riparian wetlands for waste 
water treatment. Generally, significant phosphorus and nitrogen reductions 
occur following varying wetland exposure. EPA Regions IV and V have 
prepared documentation for generic EIS statements which address the wetland 
alternative to secondary and tertiary waste treatment technology. Riparian 
vegetation has also been used to treat urban runoff where it has been found 
to significantly reduce treatment costs and sediment loads, and to improve 
water quality and greatly moderate flows. 

Recent research has indicated that humic acids released from some riparian 
ecosystems, particularly wetlands, can significantly affect water quality. 
Humates are generally large organic molecules which may sequester 
substances making them biologically unavailable or may, conversely, act as 
chelating agents making them more available. These phenomena can also 
occur with toxic materials. Humates may cause considerable oxygen demand 
and significantly affect such chemical properties as COD. These substances 
remain largely unclassified and their exact effects unknown. 

RIPARIAN CASE HISTORY STUDIES 

A long standing controversy has developed in western States where cattle 
are permitted to graze adjacent to or in both permanent and intermittent 
streams beds (Behnke 1979). The unprotected riparian vegetation is altered 
in virtually all respects; species change, biomass is reduced, herbs and 
shrubs become almost non-existent. A critical question is how this affects 
water quality and ultimately the fishery. Platts (1982), following an 
extensive literature review, concluded that studies conducted by fisheries 
personnel generally found significant biomass and speciation changes 
following "heavy grazing". Similar studies by range personnel frequently 
repudiated these results but Platts suggests many were improperly designed 
or alternative data interpretations are possible. Platts' overall 
conclusion is "Regardless of the biases in the studies, when the findings 
of all studies are considered together there is evidence indicating that 
past livestock grazing has degraded riparian- stream habitats and in turn 
decreased fish populations". 

Studies are underway in the western U.S. testing stream exclosures as mans 
to improve riparian and stream habitat. These are usually qualitative 
efforts and frequently do not emphasize water quality or stream biota 
surveys. Hughes (personal communication) observed distinct physical and 
biological differences between grazed and upgrazed small streams in a study 
of a Montana watershed. Crouse and Kindschy (1982) have observed 
consideration variation in riparian vegetation recovery following both long 
and short term cattle exclosure. 

Studies conducted in the Kissimmee-Okeechobee basin, Florida (Council of 
Environmental Quality 1978), indicate distinct physical and biological 
differences that follow everglade stream channelization. Nutrients once 
removed by riparian vegetation make their way to lakes and aid in 
accelerating eutrophication. The Corps of Engineers (Council of 
Environmental Quality 1978) is using the Charles River watershed in 
Massachusetts to control downstream flooding. This project has preserved 
large riparian watershed tracts to serve as "sponges" to control abnormally 
high runoff. The preservation of southwestern playas and their vegetation 
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has assumed added importance following realization of their function in 
groundwater recharge and wildfowl preservation (Rolen 1982). Prarier 
potholes have long been recognized as critical bird and mammal habitat and 
recent studies have demonstrated that they too act as nutrient sinks, 
groundwater recharge areas and as important mechanisms to retain excessive 
precipitation and surface runoff (van de Valk et al., 1980). Southern 
bottomland hardwood forests are essential for both indigenous fauna and 
migratory birds but also are critical water management areas to retain 
excessive runoff to prevent flooding. 

The value of the freshwater tidal riparian zone to aquatic fauna is 
considerable. Many commercially important anandromous fish require nearly 
pristine environmental conditions to breed. Perhaps the best documented 
example is the Pacific Coast Salmonid fishery which is extremely sensitive 
to physical and chemical alterations. Increased sedimentation and 
temperatures associated with riparian vegetation removal can destroy a 
historical fishery. Large number of commercial and non-commercial 
(sniffen, personal communication) east coast fish depend on extensive 
freshwater floodplains during their life cycle. South eastern U.S. salt 
marshes, perhaps an extended riparian definition, are critical for numerous 
commercially important organisms. The panaeid shrimp totally depend on 
this environment during the early stages of their life cycle (Vetter, 
personal communication). It has been hypothesized that these marshes are 
critical to many near shore organisms through organic carbon export (Odum 
1973). Several midwestern fish species also are dependent on riparian 
habitat, the muskelunge requiring it for completion of their life cycle. 

Table 11-6-2 is an abbreviated summary of differences between small stream 
with well developed riparian zones and streams with a reduced riparian 
zone. 

ASSESSMENT OF RELATIONSHIPS BETWEEN RIPARIAN AND AQUATIC SYSTEMS 

A variety of methods exist to measure water quality in physical, chemical 
and biological terms. These are treated in CHapter III-2 and will not be 
discussed here. Riparian environmental measures are similar to those used 
in terrestrial ecology (Mueller-Dumhois and Ellenberg 1974). 

Ties between the aquatic and riparian or the aquatic, riparian and upland 
environments can only be estimated. There is a paucity of such 
information because of the extremely high research costs and the inability 
to devise procedures to test experimental hypotheses. 

The results are that most such evaluations are qualitative. Their quality 
is based on the integrity and knowledge of the person making the 
evaluation. The remainder of this section lists physical, chemical and 
biological factors which might be considered when evaluating the riparian 
aquatic interaction. It is not meant to be exhaustive but only an example 
of factors affecting the interactions. 

I. Riparian Measures and Their Effect on Water Quality 
A. Geomorphology (erosion, runoff rate, sediment loads) 

1. Slope 
2. Topography 
3. Parent material 
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5. Soils (sediment loads, nutrient inputs, runoff rates) 
1. Particle size distribution 
2. Porosity 
3. Field saturation 
4. Organic component 
5. Profile (presence or absence of mottl 
6. Cation exchange capacity 
7. Redox (Fh) 
8. pH 

C. Hydrology (water budget, flooding potent 
1. Groundwater 

a. Elevation 
b. Chemical quality 
c. Rate of movement 

2. Climatic factors 
a. Total annual rainfall and temporal 

1) Chemical quality 
b. Temperature 
c. Humidity 
d. Light 

al, nutrient loads) 

distribution 

II. Vegetative and Fauna1 Characteristics 
A. Floristics ("community health", disturbance levels) 

1. Presence/absence 
2. Nativity 

B. Vegetation (nutrient loads, "community health", disturbance levels) 
1. Production 
2. Biomass 
3. Decomposition 
4. Litter dynamics 

a. Detritus 
1) Size 
2) Transportability 
3) Duantity 

5. Plant size classes 
a. Grasses, herbs (forbs), shrubs, trees 

6. Canopy density and cover 
a. Light intensity 

7. Cover values 

C. Fauna (cormiunity disturbance, community health) 
1. Production 
2. Biomass 
3. Mortality 

0. Community structure 
1. Diversity 
2. Evenness 
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III. Physiological Processes 
A. Transpirational water loss (community health) 
B. Photosynthetic rates (conunity health) 

IV. Streambank characteristics 
A. Stream sinvosity 
8. Stream bank stability (sediment loads, habitat availability) 
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°SECTION III : CHEMICAL EVALUATIONS 



CHAPTER III-1 
WATER QUALITY INDICES 

One of the most effective ways of communicating information on environ- 
mental trends to policy makers and the general public is by use of 
indices. Many water quality indices have been developed which seek to 
summarize a number of water quality parameters into a single numerical 
index. As with all indices the various components need to be evaluated 
in addition to the single number. U.S. EPA (1978) published an 
excellent review of water quality indices entitled "Water Quality 
Indices: A Survey of Indices Used in the U.S." which provides the 
reader with the types of indices used by various water pollution 
control agencies. The purpose of this chapter is to identify and 
explain the various indices that would be applicable to a use attain- 
ability analysis. The choice of indices is at the discretion of the 
States and will primarily be dictated by the water quality parameters 
traditionally analyzed by the State. 

NATIONAL SANITATION FOUNDATION INDEX (NSFI)/WATER QUALITY INDEX (WQI) 

Brown et al (1970) presented a water quality index based upon a 
national survey of water quality experts. In this survey respondents 
were asked (1) which variables should be included in a water quality 
index, (2) the importance (weighting) of each variable and (3) the 
rating scales (sub-index relationships) to be used for each variable. 
Based on this survey, nine variables were identified: dissolved oxygen 
pH, nitrates, phosphates, temperature, turbidity, total solids, fecal 
coliform, and 5-day biochemical oxygen demand. Appropriate weights 
were assigned to each parameter. The index is arithmetic and is based 
on the equation: 

WQIA = S w;q; 
where: WQIA = the water quality index, a number between 0 and 100. 

q;= a quality rating using the rating transformation curve. 
w;= relative weight of the th parameter such that =l. 

Figures A-1-9 show the rating curves and relative weights for each of 
the parameters. To determine the water quality index follow these 
steps: 

(1) determine the measured values for each parameter 
(2) determine q for an individual parameter by finding the 

appropriate value from curves (Figures A 1-9) 
(3) multiply by the weight (w) listed on each figure 
(4) add the wq for all parameters to determine the water 

quality index (a number from 0-100) 

The water quality index can then be compared to a "worst" or "best" 
case stream. Examples of a best and worst quality stream cases follow: 
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Best Quality Stream 

Measured 
values 

Individual 
quality 
rating 

(q;) 
Weights 

(w;) 

Overall 
quality 
rating 
(q;x w;) 

DO, percent sat. 
Fecal coliform 

density, # /1OO ml 
PW 
ROD mg/1 
Nitrate, mg/1 
Phosphate, mg/1 
Temperature °C 

departure from equil 
Turbidity, units 
Total solids, mg/1 

100 

0 100 0.15 15.0 
7.0 92 0.11 10.1 
0.0 100 0.11 11.0 
0.0 98 0.10 9.8 
0.0 98 0.10 9.8 

0.0 94 0.10 9.4 
0 98 0.08 7.8 

25 84 0.08 6.7 

98 0.17 

WQI= S w;q;= 96.3 

Worst Quality Stream 

Parameters 
Measured 

values 

Individual 
quality 
rating 

(q;) 
Weights 

(w;) 

16.7 

Overall 
quality 
rating 

(q;x w;) 

DO. percent sat. 0 
Fecal coliform 

density, b /1OO ml 5 
PH 2 
BOD, mg/1 30 
Nitrate, mg/1 100 
Phosphate, mg/1 10 
Temperature °C 

departure from equil +15 
Turbidity, units 100 
Total solids, mg/1 500 

0 0.17 

4 0.15 0.6 
4 0.11 0.4 
8 0.11 0.9 
2 0.10 0.2 
6 0.10 0.6 

10 0.10 1.0 
18 0.08 1.4 
20 0.08 2.4 

0 

WQI= S w;q;= 7.5 
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DIPJIUS WATER OUALITY INDEX 

In lq72, Dinius proposed a water quality index as part of a larger social 
accounting system designed to evaluate water pollution control 
expenditures. This index includes 11 variables and like the PSFI, it has a 
scale which decreases with increased pollution, ranging from D to 1OD. The 
index is computed as the weighted sum of its sub indices. The 11 variables 
included in the index are: dissolved oxygen, biological oxygen demand, 
Eschericia coli, alkalinity, hardness, specific conductivity, chlorides, 
pH, temperature, coliform, and color. This index is unique in that the 
calculated water quality index could be matched to specific water uses. 
Dinius proposed different descriptor language for different index ranges 
dependinq on the specific water use under consideration as illustrated in 
Figure A-100. The index values can be derived from the following formula: 

-b.b%L 4.30 - 630 
0 = S(D0) + 214(ROO) + 400(5E.Coli) t 3OD(Coli) 

5 -tk‘C 2 t 
-ch2e 

+ s35 (SC) + 62.9(Cl) 
t41n,.9r/ -at.w2& 

t 1 t 1 
-o* 178 -0-280 

t S4(ALK) 
a.J;&W t lx440 

•t 10 tn(Ta-Ts) t 224 t 128(CJ 
t . 5 . + 1 t 2 + 1 

Note: If the pH is between 6.7 and 7.3, 100 should he substituted for 
for the pH expression. If pH is greater than 7.3, the pH 
expression should be 10 

DO = dissolved oxygen in percent saturation 
ROD = biological oxygen demand in mg/l 

E.coli = Eschericia coli as E.coli per ml 
Coli = coliform per ml 

SC = specific conductivity expressed in microhms per cm at 25°C 
Cl = chlorides in mg/l 
HA = hardness as ppm CaCO 

ALK = alkalinity as ppm CaCO 
pH = pH units 
Ta = actual temperature 
Ts = standard temperature (average monthly temperature) 

C = Color units 

Once the quality unit is determined based on the above calculation, a 
comparison to Figure A-1D should reveal the quality of the water for a 
specific use. 

HARKINS/KENDALL WATER DUALITY INDEX 

A statistical index was developed by Harkins (1974) using a nonparametric 
classification procedure developed hy Kendall (1963). The procedure was 
summarized by Harkins by the following four steps: 

(1) For each water quality parameter used, choose a minimum or maximum 
value as a starting point. This sector of values is the control 
observation from which standardized distances will be computed. 
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(2) Rank each column of water quality parameters including the control 
value. Tied ranks are split in the usual manner. 

(3) Compute the rank variance for each 
e 

arameter using the equation: 
Variance (R;) =,rf;.x C(n)- n) - :.,(t: - t&)1 

where: i = 1,2...p, 
p = the number of parameter being used 
n = the number of observations plus the number of control 

points, and 
k = the number of ties encountered. 

These variances are used to standardize the indices computed. 

or each member of observation vector, compute the standardized 

s,= i(k-RI) / (Ha ) 
where R i<'the 'rank OF ;he control value. 

This index is meant as a method for summarizing a large amount of data to 
present a concise picture of overall trends. This method provides a 
simple, expedient method whereby one station can be compared with another 
or previous time periods from a particular station may be compared with 
another time period at the same station. A detailed example of this index 
may be found in Harkins (1974). 

OTHER INDICES 

Many other water quality indices have been developed: some being variations 
of the indices described previously. Several States (Georgia, Oregon, 
Nevada, Illinois) have developed their own systems based on the 
characteristics of the water bodies of the State. McOuffie and Haney 
(1973) proposed an eight-variable water quality index which was applied to 
streams in New York State. 
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CHAPTER III-2 

pti, HARDNESS, ALKALINITY AND SALINITY 

INTRODUCT ION 

The chemical composition and the chemical interactions of the aquatic environ- 
ment exert an important influence on the aquatic life of a water body. Many 
chemical constituents in a body of water have the ability to alter the toxic- 
ity of specific pollutants, or to protect organisms from toxic materials by 
removing them or by blocking their action. The importance to aquatic life of 
four water quality parameters - pH, alkalinity, hardness and salinity - is 
discussed in this section. 

PH 

The pH of water is a measure of its acid or alkaline nature. Specifically, it 
is an expression of the hydrogen ion activity of the solution. Hydrogen ion 
activity is mathematically related to the hydrogen ion concentration [H 1, and 
for most natural waters these may be considered equivalent. pH is expressed as 
the negative logarithm of the hydrogen ion concentration: 

pH=- log CH+l 

The water molecule, H20, ionizes to yield one hydrogen and one hydroxyl ion: 

Hz0 c H+ + OH- 

The equilibrium expression for this reaction is: 

K = CH+I[OH-] 
---p 

The concentration of water, [H20], is considered to be a constant, and the 
equation simplifies to: 

KW 
= [H+][OH-] = 10 -14 

Because the product of the concentration of both ions is always 10-14, when 
they are equal to each other, 

[H+] = [OH-] = 1D07, and 

PH = - log (1o-7) = 7. 

At pH 7 the solution is neutral. When there are more hydrogen ions than hydrox- 
yl ions, the pH is less than 7 and the solution is acidic. When there are more 
hydroxyl ions, the pH is greater than 7 and the solution is alkaline. 
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The pH of most natural freshwaters in the U.S. is between 6 and 9. It is inter- 
esting to note that the pH of most ocean waters falls in a much narrower 
range, 8.1 to 8.3 (Warren 1971). This is due to the presence of several buffer- 
ing systems in salt water which control pH changes. In freshwater, pH is regu- 
lated primarily by the carbonate buffer system. Biological activities such as 
photosynthesis or respiration can cause significant die1 variations i.1 pH. 
Extreme pH values or variations in pH can be caused by pollution such as acid 
mine drainage. 

Importance to Aquatic Life 

The importance of pH to aquatic organisms resides primarily in its effect on 
other environmental factors. In general, the change in pH itself is not direct- 
ly harmful. Rather, the impact on aquatic life accompanies a change in an asso- 
ciated variable such as the solubility or toxicity of a toxic pollutant. The 
pH range 6.5-9.0 is considered to be generally protective for fish and the 
range 5.0-9.0 is not considered directly lethal (EIFAC 1965). 

Aquatic organisms have protective membranes and internal regulatory systems 
which afford a degree of protection from the direct effects of hydrogen and 
hydroxyl ions. The indirect effects of pH seem to intensify as the pH deviates 
from the optimum (EIFAC 1969). 

The degree of dissocation of weak acids is pH-dependent and thus the toxicity 
of several cormK)n pollutants is affected. Ammonia (NH3), hydrogen sulfide 
by), 
NH 

and hydrocyanic acid (HCN) are pxamples. Under low pH conditions the 
molecule ionizes and becomes the NH4 ion (Thurston, et al. 1974). The tox- 

ic ty of ammonia is attributed to the un-ionized form (NH ), so that increased ? 
pH conditions result in increased levels of the toxic un- onized fraction. ? 

The lower the pH, the smaller the degree of dissociation of hydrocyanic acid 
to hydrogen and cyanide ions. The molecular form (HCN) is the toxic form, and 
so the toxicity of cyanide is favored by low pH. The undissociated form of hy- 
drogen sulfide (HP) is the primary source of sulfide toxicity. Therefore, 
under low pH conditions, 
creased. 

very little H$ is dissociated, and toxicity is in- 

The solubility of toxic metals is a function of pH. Metals in water tend to 
form complexes with such anions as sulfate, carbonate or hydroxide. The solu- 
bility of these complexes increases with decreasing pH, as illustrated for hy- 
droxides in Figure III-Z-l, so that low pH conditions may cause the release of 
metals from sediment deposits into the water column. Metal toxicity is be- 
lieved to be related to the total metal concentration (i.e., free ions plus 
complexed ions) in solution (Calavari et al. 1980). Table III-Z-1 illustrates 
the effect of pH on metal concentrations in natural waters. 

Due to the complexity of its interactions with elements of the environment, 
there may be several mechanisms by which pH affects toxicity. The exact mecha- 
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TABLE 111-2-l. CONCENTRATION (ug/l) OF METALS IN LAKE WATERS OF VARIOUS 
ACIDITIES (From Haines, 1981). 

Localit\ 
Al cu cd Si Pb Zn 

102 lakes. Ontario (averqe) 
Blue Ch;llt I ;Ikc. ()nlaric, 
I,tkc I’wac he. Sutllmrv. Oltrario 
North swc(lcIl (TJIIPC) 
ckllral Sanbav (raIlKc) 

North Norway (range) 

Srwh-ccntral Ontario. I4 lakes 
(at crap) 

Nelson Lke. Ontario 

Four lakes. Onurio faterage) 3 
cl carwaler L;Ikc. Sutlhur\-. Ontario 453 97 
Fnur lakes. Suclburv. Ontario (average) 450 
\\‘-I coast Sweden (rmgr) 200-600 
Southeast Nonvav (ralqc) I-IO 
LAe l;lngljcrn. Norwav (average) 218 6 
South Yorwav (range) soA 
Adirondack lakes. New York (aveqe) 286 
.Smith Sorrray Iranye) 4o-mo 
l;lxllwxll. *CM S*CVlcn 2HA I 

Nonocidijed (pli 6.0-7.8) 

2 <o. 1 3 <3 
I3 a 4n 3 

A 2w 
<so 0.05-0.23 <IO0 

I-10 o-o.5 
e20-65 

Iatenwdiate fpH 5.5-6.0) 

5.7 49 3.6 12.6 
I3 I3 18 IO I6 

Acidified (pH 4.1-5.3) 

0.4 239 I0 
3f)o 213 
338 a20 

0.08-0.63 3no-loo 
O-0.6 
0.21 

45 

<I <I 
9 
6 

IO-30 
o-5 I-17 

2 30 
46 
a3 

l-5 30-122 
I-IO 3-35 

2 15 

23 

3 28 

II I-2-4 



nism of direct toxicity of pH in water is not certain. It has been suggested 
that at very low pH values, oxygen uptake may be affected and this may be the 
toxic event. Acid-base regulation and ionoregulatfon appear to be affected at 
higher, but still acidic, pH values (Graham and Wood 1981). There is evidence 
that the chronic effects of pH on fish include effects on reproduction, such 
as reduced egg production and hatchability (Peterson, et al. 1980), and on be- 
havior (Mount 1973). Some mobile organisms may have the ability to avoid low 
pH conditions if the detrimental conditions are localized. Evidence suggests 
(U.S. EPA 1960, p. 180) that outside a range of 6.5 to 9.0, fish suffer ad- 
verse physiological effects which increase in severity as the degree of devi- 
ation increases. Tables 111-2-2 and III-Z-3 present pH values that have been 
found to cause adverse effects on a number of fish species in the field and in 
laboratory investigations, respectively. These values represent only the low 
end of the tolerated range of pH. (The lower limit is most often exceeded due 
to anthropogenic causes such as acid rainfall, acid mine drainage and 
industrial discharges.) 

Marine organisms, as a group, tend to be much less tolerant of extreme pH con- 
ditions. As mentioned previously, the marine environment is buffered more ef- 
fectively than freshwater. As a result, these organisms have not evolved an 
ability to cope with pH variations outside their narrow optimum range. 

ALKALINITY 

Alkalinity is the property of water which resists or buffers against changes 
in pH upon addition of acid or base. The primary buffer in freshwater is the 
carbonate-bicarbonate system. Phosphates, borates, and organic acids also im- 
part buffer capacity to water. These additional buffer systems are more signi- 
ficant in saltwater than in freshwater. 

dioxide (C02) dis- 
acid dissociates in two 

steps to form bicarbonate and carbonat ions as follows: 

CO2 + H20 * H2CO3 * Ht + HC03- 

HC03- + H+ + CO; 

The ability of these chemical reactions to shift back and forth with changes 
in hydrogen ion concentration (pH) to "absorb" these changes is what imparts 
buffer capacity. This system tends to control pH best in the neutral range. 

The form of alkalinity in solution is governed by pH. Figure 111-2-2 illus- 
trates this effect. Biological activities such as photosynthesis and respir- 
ation cause shifts in pH and in the relative concentrations of the forms of 
alkalinity, without significant effect on the total alkalinity. The production 
of CO during respiration shifts the equilibrium to the right, toward carbon- 
ate ? ormation. The removal of CO from solution during algal photosynthesis 
shifts the alkalinity equilibrium 3 o the left, toward the bicarbonate form. 
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TABLE 111-2-2. SPECIES OF FISH THAT CEASED REPRODUCING, DECLINED, OR DISAP- 
PEARED FROM NATURAL POPULATIONS AS A RESULT OF ACIDIFICATION 
FROM ACID PRECIPITATION, AND THE APPARENT pH AT WHICH THIS 
OCCURRED (From Haines, 1981). 

Familv and specia 

Apprrrnr pli a~ which pnpulatlon ceased 
repmlucrion. cleclind. or disappear4 

Salmnnidae 

IAkc trout Sufvrlinw nawmuh 
Brmk trout Sakdinw fonraralu 
.~~rnwa trout Saldirw /orrtralu rraqanfrrw 
Arcrtc char Snl:+di~~w alptnw 
titnln*w i rnul Safrro gmdnti 
Brown iroui Salno trufh 

5.2-5.5 ; 5.2-5.8 ; 4.4-ri.a 
4.54.8 ; -5 
5.b5.3 
-5 
5.5Ji.O 
3.0 : 53-5.5 ; 4.5-5.5 

Atlamic salmon Sal- sahr 
Lkc herring Corr~aw ortaG 
Luke whitefish Cortgonw clu~~ir 

Gocidac 

Snnhem pike &ax ltiw 

Gprinirlac 

Golden qhiner No#migomu cndua~ 
Common shiner Nofropis comw 
IAc chub Couaiw #dnu 
Blunrncne minnow Pi8wphala notatw 
Roach Rutdw n~rrlw 

5.0-5.5 
4.54.7 
<4.4 

4.7-5.2 ; 4.2-W) 

4.6-5.2 
c5.7 
4.5-1.7 
5.7-6.0 
5.3-5.7 

Gcostomiclae 

White sucker CUUUORW roarnrnoni 4.7-5.2 : 4.2-5.0 

lcraluriclre 

Brown bullhead lctal~~r~ rrbvluw 4.5-5.2 ; 4.6-W 

Percopsidat 

Trout-perch Pmopis omrucomuus 

Gaditiae 

Burhcx Locu IO& 

3.2-5.5 

5.5-m 

5.5-6.0 
4.4-5.2 
4.742 
4.7-J.? 
<4.!2 

Jtlhnnv doner Erhemmaa rcgnm 3.0-3.9 
Iowa darter Ethrarrov em& 4.&3.9 
Wdle~c skm/af~ ,‘. tllmra 5.5Ai.o 
\‘rll~w perch P~U~IIIWWW~ r.54.n 
European perch Pma+tm/i~ 3.0-5.5 

: cr.7 ; 4.4 

; 5.2-5.8 

: B5.5 : -5.8 : 4.4-5.0 

; 4.2-5.0 
: c4.2 

; 5.2-5.n 
: c4.7 ; i.2-4.4 
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TABLE 111-Z-3. VALUES OF pH FOUND IN LABORATORY EXPERIMENTS TO CAUSE VARIOUS 
ADVERSE EFFECTS ON FISH SPECIES (From Haines, 1981). 

Brown INNI 4.0 5.0 
4.1 

A&n~ic salmuit 5.4-4.4 4.0 
1.6 4.5 
19 4.5 
4.0 5.0 

4.0-5 5 
4.1 

&lcidac 

Nor&cm pike 5.0 

Cypriiiidoe 

Ruxh 

Fathead mmnuu 

~owmidar 

Whiw suck 

S6 

5.9 

4.5 

5.9 4.1 4.5 Kntuctcl cKK virbilicy: 6.6 

5.3 
4.0 

I‘iuuc tt~llL,K’: 5.0 

4.5 Cr.1~31 IewtioK: 4.5 
Bow alelorlnitv: 4.2 : 50 

krcidn 

Lumpan pcrrt, 5.6 
5.5 
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FIGURE 111-2-2. The relationship between pH and the forms of CO2 in water. 

Importance to Aquatic Life 

The forms of alkalinity are biologically significant because they serve as a 
source of the essential elements carbon, oxygen, and hydrogen. When free CO 
Is not available, algae are capable of using bicarbonate as their carbo i; 
source. Free CO in solution regulates a variety of biological processes such 
as seed germina ion, ? plant growth (photosynthesis), respiration., and oxygen 
transport in the blood. 

Alkalinity is critical to the maintenance of healthy conditions in aquatic sys- 
tems, particularly where they are stressed by pollution. Alkalinity helps to 
maintain pH in the optimum range for biological activities. The impact of acid- 
ic wastes such as coal ash or basic wastes such as metal plating discharges 
can be moderated to a degree by the natural buffering capacity of the receiv- 
ing water. The indirect effects of alkalinity on toxicity are also important. 
In particular, alkalinity reacts with the toxic soluble metal fraction in 
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water to form insoluble carbonate and hydroxide precipitates. Figure 111-2-3 
illustrates that the concentration of heavy metals drops rapidly as the concen- 
tration of carbonate increases. Metals which are precipitated from the water 
column are effectively removed from the aquatic environment and no longer rep- 
resent an immediate source of toxicity to aquatic life. 

0 

2 

z 4 

3 
I 

6 

8 

0 2 4 6 8 10 12 

PC03 

Figure 111-2-3. Relationships of metallic carbonate solubility and carbonate 
concentrations 

HARDNESS 

Water hardness generally refers to the capacity of the water to precipitate 
soap from solution. 
valent cations, 

The constituents which impart hardness to water are poly- 
chiefly calcium (Ca) and magnesium (Mg). These form insoluble 

complexes with a variety of anions, 
(soaps). By convention, 

notably the salts of organic acids 
hardness is reported on the basis of equivalence as 

mg/l calcium carbonate (CaC03). 

Hardness cations are primarily associated with carbonate or sulfate anions. 
Calcium and magnesium carbonate are referred to as carbonate hardness. When 
the anion is other than carbonate, such as sulfate or nitrate, this is refer- 
red to as noncarbonate hardness. Because alkalinity and hardness are both ex- 
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pressed as mg/l CaC03, it can be concluded that carbonate alkalinity will be 
responsible for forming carbonate hardness and that hardness in excess of the 
alkalinity is noncarbonate. 

Importance to Aquatic Life 

Hardness, the capacity of water to precipitate soap, is an aesthetic consider- 
ation important to potable water supply. The importance of hardness to aquatic 
life is related to the ions which impart hardness to water. There is some evi- 
dence to suggest that hard water environments are more favorable for aquatic 
life because they support more diverse and abundant biological communities 
(Reid 1961). 

There is a large body of evidence that hardness mediates the toxicity of heavy 
metals to aquatic organise. Mathematical correlations between the toxicity of 
several heavy metals (Cr Pb, Ag, Ni, Zn, Cd, and Cu) have been developed. 
Table 111-2-4 presents the' equations (taken from the Water Quality Criteria 
Documents) which enable the calculation of allowable metal concentrations as a 
function of hardness. Although increased hardness can be correlated directly 
with decreased toxicity, the mechanism of this effect is not certain. Two dif- 
ferent mechanisms have been proposed, one chemical and one biological. Cala- 
mari, et al. (1980) have reviewed the literature concerning these mechanisms, 
and discussed both with regard to their own experimental data. 

Hardness may operate through two chemical mechanisms to reduce heavy metal tox- 
icity. Complexation of the toxic metal with carbonate might be the mechanism 
if the free metal ion is the toxic species. Data may be found in the litera- 
ture to support (Stiff 1971, Pagenkopf et al. 1974, Calamari and Marchetti 
1975, Andrew et al. 1977). or contradict (Shaw and Brown 1974, Calamari et al. 
1980) this suggestion. It is also possible that it is the calcium or magnesium 
ion alone, rather than the associated carbonate, that is protective. Carroll 
et al. (1979) present data which show that the calcium ion, much more than mag- 
nesium, seems to reduce cadmium toxicity to brook trout. 

Further, the question remains whether the hardness ions are antagonistic to 
the action of the toxic metals and they may function biologically through 
competitive inhibition of metal uptake or binding of sites of action. Kinkade 
and Erdman (1975) published data to support the uptake inhibition mechanism. 
Lloyd (1965) suggests that calcium has a protective effect on fish gill 
tissue, an organ which is significantly involved in heavy metal uptake. 
Calcium has been shown to decrease gill permeability to water, which would 
influence metal uptake (Maetz and Bornancin 1975). 
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TABLE III-2-4. DEPENDENCE OF HEAVY METAL TOXICITY ON WATER HARDNESS* 

Metal 

Cadmium (Cd) 

Chromium (Cr+3) 

Copper (Cu) 

Lead (Pb) 

Nickel (Ni) 

Silver (Ag) 

Zinc (Zn) 

Calculation of Maximum Allowable Concentration 

e(l.05[ln (hardness)]-3.73) 

,(l.O8[ln (hardness)]+3.48) 

e(0.94[ln (hardness)]-1.23) 

,(1.22[ln (hardness)]-0.47) 

,(0.76[ln (hardness)]+4.02) 

,(I.72[ln (hardness)]-6.52) 

,(0.83[ln (hardness)]+l.gS) 

* EPA Ambient Water Quality Criteria Documents (1980). 

There is evidence that calcium may be protective against the toxic action of 
pollutants other than metals. Hillaby and Randal (1979) found that increased 
calcium concentration decreased the acute toxicity of ammonia to rainbow 
trout. Calcium concentration has also been associated with increased survival 
of fish in acidic conditions (Haranath et al. 1978). 

SALINITY 

Salinity is a measure of the weight of dissolved salts per unit volume of 
water. The chloride content of water, the chlorinity, is strongly correlated 
with salinity. In freshwater, the total concentration of ionic components 
constitutes salinity. The major anions are commonly carbonate, chloride, sul- 
fate, and nitrate. The predominant associated cations are sodium, calcium, 
potassium, and magnesium. 

The source of these materials is the substrate upon which the water lies and 
the earth through and over which water flows. The salinity of a given body of 
water is a function of the quantity and quality of inflow, rainfall, and evap- 
oration. 

Importance to Aquatic Life 

Salinity has an impact on a variety of parameters related to biological func- 
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tions. It controls the ability of organisms to live in or pass through various 
waters. It also has an effect on the presence of various food or habitat- 
forming plants. 

Salinity is important not only in an absolute sense, but the degree of vari- 
ation in the salinity of a given water is biologically important. The invasion 
of species to or from fresh or saltwater depends on their ability to tolerate 
changes in salinity. Rapid changes in salinity cause disruption of osmoregula- 
tion in aquatic organisms and can cause plasmolysis in plants. Organisms that 
can tolerate a range of salinity can frequently use salinity gradients to 
evade less tolerant predators. 

Salinity is important to the heat capacity of aquatic systems. As salinity in- 
creases, the specific heat of water decreases. This means that there is less 
heat required to warm the water. Temperature is a significant factor in biolog- 
ical activity and governs many physical processes in water as well. 

Salinity also governs the dissolved oxygen concentration in water. For a given 
temperature, the solubility of oxygen decreases with increasing salinity. 
Table 111-2-6 illustrates this effect. The dissolved oxygen concentration is 
among the most critical of all water quality parameters to aquatic life. 

The ions which make up the total salinity of water have individual effects as 
well. The effects of calcium, magnesium, and carbonate have been discussed pre- 
viously with respect to their effect on the toxicity of pollutants. Several of 
the ions (e.g., nitrate, and potassium) are plant nutrients. 

Aquatic organisms have evolved a variety of physiological adaptations to the 
salinity of their environments. These adaptations are largely related to their 
osmoregulatory systems whose primary function is to solve the problem of the 
difference between the salt concentration of the internal fluids of the organ- 
ism and the salt concentration of the surrounding water. Freshwater organisms 
must maintain an internal salt concentration against the tendency to gain 
water from and lose salts to the environment. Osmoregulation in freshwater 
fish results in the production of high volumes of liquid waste with a low salt 
concentration. In contrast, marine organisms must maintain an internal salt 
concentration that is lower than that of the environment, against a tendency 
to lose water and gain salts. Osmoregulation in salt water fish results in the 
production of small volumes of liquid waste carrying a relatively high salt 
concentration. 

The gills and kidneys of both types of fish are specially developed to accom- 
plish these actions against the natural environmental gradient. Therefore, the 
nature of these systems governs the ability of organisms to survive in regions 
of varying salinity or to successfully migrate through them. 
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TABLE 111-2-5. SOLUBILITY OF DISSOLVED OXYGEN IN WATER IN EQUILIBRIUM WITH 
DRY AIR AT 760 mn Hg AND CONTAINING 20.9 PERCENT OXYGEN. 

Tempera- 
ture. 'C 0 

Chlorideconcmtration.m0/1 

sooo lO.ooO 1s.ooo 20.000 

6 
7 
8 
9 

IO 

II 
12 
I3 
14 
IS 

16 
17 
18 
19 
20 

26 
27 
28 
29 
30 

14.6 
IS.2 
13.8 
13.5 
13.1 
12.8 

12.5 
12.2 
11.9 
11.6 
II.3 

11.1 
10.8 
10.6 
10.4 
IO.2 

10.0 
9.7 
9.5 
9.4 
9.2 

9.0 
8.8 
8.7 
8.S 
a.4 
8' .- 
8.1 
7.9 
7.8 
7.6 

13.8 
13.4 
13.1 
12.7 
12.4 
12.1 

II.8 
I I.5 
11.2 
II.0 
10.7 

IO.5 
10.3 
10.1 
9.9 
9.7 

9.5 
9.3 
9.1 
8.9 
8.7 

8.6 
8.4 
8.3 
8.1 
8.0 

7.8 
7.7 
7.5 
7.4 
7.3 

13.0 
12.6 
12.3 
12.0 
11.7 
Il.4 

11.1 
10.9 
10.6 
10.4 
10.1 

9.9 
9.7 
9.5 
9.3 
9.1 

9.0 
8.8 
8.6 
8.s 
8.3 

8.1 
8.0 
7.9 
7.7 
7.6 

7.4 
7.3 
7.1 
7.0 
6.9 

12.1 
11.8 
Il.3 
11.2 
11.0 
10.7 

IO.5 
10.2 
10.0 
9.8 
9.6 

9.4 
9.2 
9.0 
8.8 
8.6 

8.5 
8.3 
8.2 
8.0 
7.9 

7.7 
7.6 
7.4 
7.3 
7.2 

7.0 
6.9 
6.8 
6.6 
6.5 

11.3 
11.0 
10.8 
IO.3 
10.3 
10.0 

9.8 
9.6 
9.4 
9.2 
9.0 

8.8 
8.6 
85 
8.3 
8.1 

8.0 
7.8 
7.7 
7.6 
7.4 

7.3 
7.1 
7.0 
6.9 
6.7 

6.6 
6.3 
6.4 
6.3 
6. I 
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º SECTION IV: BIOLOGICAL EVALUATIONS 



CHAPTER IV-1 
HABITAT SUITABILITY INDICES 

Habitat Suitability Index (HSI) models developed by the U.S. Fish and 
Wildlife Service are used to evaluate habitat quality for a fish species. 
HSI models can be used independently or in conjunction with the Habitat 
Evaluation Procedures (HEP) applications described in Chapter II-l. 

The HSI models provide a basic understanding of species habitat 
requirements, and have utility and applicability to use attainability 
analyses. There are several types of HSI models including pattern 
recognition, word models, statistical, linear regression, and mechanistic 
forms in the FWS model publication series. Use of models is predicated on 
two assumptions: (1) an HSI value has a positive relationship to potential 
animal numbers: and (2) there is a positive relationship between habitat 
quality and some measure of carrying capacity. The mechanistic model 
(Figure 1) sometimes referred to as a structural model is one type that 
would he useful for use attainability assessments. Information from 
literature reviews, expert opinion, and study results is integrated in 
these models to define relationships between variables and habitat 
suitability. Suitability Index (SI) graphs are developed for each model 
variable (Figure 2). The variables included in a model represent key 
habitat features known to affect the growth, survival, abundance, standing 
crop, and distribution for specific species. The model provides a verbal 
or mathematical comparison of the habitat being evaluated to the optimum 
habitat for a particular evaluation species. For some mechanistic models 
(Figure 3) a mathematical aggregation procedure is used to integrate 
relationships of model components. In others (Figure 4) an HSI value is 
defined as the lowest SI value for any variable in the model. 
Nonmechanistic models (e.g., statistical models for standing crop and 
harvest) do not require use of SI graphs. Output from an HSI model, 
regardless of the type, is used to determine the quantity of habitat for a 
specific species at a site, and an HSI value ranges from 0 to 1, with 1 
representing optimum conditions. The relationship: 

Habitat area x Habitat quality (HSI) = Habitat Units (HU's) 

provides the basis for obtaining habitat data to compare before and after 
conditions for a site if pollution problems or other environmental 
problems are solved. 

As with all models, some potential sources of subjectivity exist in HSI 
models. Potential subjectivity in mechanistic models may occur when: (1) 
determining which variables should be included in the model; (2) 
developing suitability index graphs from contradictory or incomplete data; 
(3) incorporating information for similar species of different life stages 
in the suitability index graphs: (4) determining whether or not highly 
correlated variable really affect habitat suitability independently and 
which variables, if any, should be eliminated from the model: (5) 
determining when, where and how model variables should be measured; and 
(6) converting assumed relationships between variables into mathematical 
equations that aggregate suitability indices for individual variables into 
a species HSI (Terrell et al., 1982). All models developed and published 
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by the U.S. Fish and Wildlife Service are subjected to reviews by species 
experts to eliminate as much subjectivity as possible. 

Appendix A-l of this manual is a reprint of the HSI developed for the 
channel catfish. Readers are encouraged to read the appendix to gain 
greater understanding of features of the model. HSI models for 19 aquatic 
and estuarine fish species were puhlished in FY 82, and an additional 20 
are under development and planned for publication in FY 83. Models have 
been published for striped bass, channel catfish, creek chub, cutthroat 
trout, black crappie, white crappie, blue gill. slouqh darter, common 
carp, smallmouth buffalo, black hullhead, green sunfish, largemouth bass, 
northern pike, juvenile spot, juvenile Atlantic croaker, gulf menhaden, 
brook trout, and the southern kingfish. Models for coastal species were 
developed at the National Coastal Ecosystems Team (MET) and those for 
inland species were developed at the Western Fnergy and Land llse Team 
(WELliT). 

For more information concerning models for inland species, contact: Team 
Leader, Western Energy and Land llse Team, 2627 Redwing Road, Fort Collins, 
Colorado 80526 (FTS 323-5100, or comm. 3n3-226-9100). Individuals 
interested in models for coastal species should contact Team Leader, 
National Coastal Ecosystems Team, 1010 cause Boulevard, Slidell, Louisiana 
71)4!33 ( FTS 685-6511, or c~mm. ‘X4-255-6511). 

- 
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Habitat Variables Life Requisites 

0 
X cover (V2) 

Substrate type (V,)- 

Average current velocity (V,8) 

Temperature (adult) (VS) 

Temperature (fry) (V,2) 

HSI 

Length of agricultural 
growing season (V,)-----' 

*Reproduction (CR) / 

Ffgure 1. Tree diagram illustrating the relationship of habitat variables 
and life requisites in the riverine model for the channel catfish HSI 

,' model. The dashed line for the length of agricultural growing season 
(V,) is for optional use in the model (McMahon and Terre11 1982). 
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Variable 

0,) Percent pools during 
average Sumner flow. 

.C 

n 
10 

4 
.C 
2 

1.0 

0.E 

0.6 

0.4 

0.2 

0.0 

0 25 50 75 100 
t C 

(v,) Percent cover (logs, 
boulders, cavities, 
brush, debris, or 
standing timber) during 
summer within pools, 
backwater areas, and 
littoral areas. 

0.0 -WI 

0 10 20 30 40 50 
t 

Figure 2. Suitability Index graphs for variables V 
channel catfish riverine model. A SI value can ran e 4 

and V2 in the 
from 0 to 1 with 1 

representing an optimum condition (McMahon and Terre11 1982). 
- 
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Food (c,). 

CF - 3 + v4 

2 

Cover (Cc), 

CC = (v, x v2 x v,8)1’3 

Water Quality ($,Q). 

If 

of 

2(v5 + $2 + v14) + v7 x 2b8) + vg + VI3 

'WQ - - 
7 

v5# Vl2' v14' V8, $9 Or v13 is < 0.4, then CW _ Q equals the lowest 

the following: v5, VIZ’ v14# v8$ vg, v13’ or the above equation. 

Note: If temperature data are unavailable, 2(V6) (length of 
agricultural growing season) may be substituted for the term 

W5 + VI2 + V14) 

3 In the above equation 

Reproduction (CR) . 

CR = (v, x vz2 x ve2 x v lo2 x vll) 
118 

Vll is.2 0.4, then CR equals the lowest of the 

following: '6, '10' '11' or the above equation. 

HSI determination. 

HSI * (CF x CC x $Q2 x cR 2 '16, or ) 

If cwQ or CR is < 0.4, then the HSI equals the lowest of the _ 

following: $QB CR, or the above equation. 

Figure 3. Formulas for the channel catfish riverine HSI model (McMahon 
and Terre11 1982). 
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Habitat Variables SuitabIlity Indices 

Ratio of spawning habitat 
to Sumner habltat [area that 
is less than 1 m deep and 
vegetated (sprdng) divided 
by total midsumner area] (V,) 

Drop in water level during embryo 
and fry stages (V,) 

Percent of midsumner area with 
emergent and/or submerged 
aquatic vegetation or remains 
of terrestrial lants (bottom 
debris excluded P (V,) 

Loglo TDS during midsumner (V,) 

Least suitable pH fn spawnlng 
habitat during embryo and 
fry stages (V5) 

Average length of frost-free 
season (16) 

Maximal weekly average 
temperature (1 to 2 m 
deed (V,) 

Area of backwaters, pools, or 
other standfnglslug 
(less than 5 cm/set 4 

lsh 
water 

during Sumner, as a percent 
of total area (V8) 

Stream gradient (Vg) 

SIl 

=2 

s13 

s14 

s15 

'I6 

s17 

"8 

s19 
/ 

/ 

HSI 

Flgure 4. A tree diagram for the northern pike riverine HSI model. Note 
that habitat variables are not aggregated for separate life requisite 
components (Insklp 1982). 
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CHAPTER IV-2 
DIVERSITY INOICES AND MEASURES OF COMFllltlITY STRUCTURE 

Diversity is an attribute of biological community structure. The 
concepts of richness and composition are commonly associated with 
diversity. Species richness is simply the number of species, while 
composition refers to the relative distribution of individuals among 
the species, or evenness. Odum (1959) defined diversity indices ds 
mathematical expressions which describe the ratio between species and 
individuals in a biotic community. A major advantage of diversity 
indices is that they permit the summarization of large amounts of data 
about the numbers and kinds of organisms into a single numerical 
description of community structure which is comprehensible and useful 
to people not immediately familiar with the specific biota. Some 
diversity indices are expressions of the number of taxa, usually 
species, in the community. Whittaker (1964) referred to these formulas 
as indices of "species diversity", i.e. the more species - the greater 
the diversity. "Dominance diversity indices" (Whittaker, 1964) 
incorporate the concepts of both richness and evenness; thus, diversity 
increases as the number of species increases or as the individuals 
become more evenly distributed between the species. 

The response of bottom fauna to four types of pollution is represented 
in Figure IV-2-l (Keup 1966). Figure IV-2-1A shows that organic 
pollutants generally decrease the number of species present while 
increasing the numbers of surviving taxa, whereas toxic pollutants tend 
to reduce both numbers and kinds of organisms (Figure I'/-2-1B). In 
general, the effect of all types of pollutant stress on community 
structure is the loss of diversity. The value of diversity in natural 
communities lies in the fact that the presence of many species insures 
the likelihood of "redundancy of function" (Cairns et al. 1973). ds 
explained by Cairns and Dickson (1971), in a hiqhly diverse community, 
the constantly changing environment will probably affect only a small 
portion of the complex bottom fauna community at any time. Because 
there are many different kinds of organisms present, the role of those 
eliminated as a result of natural environmental change will be filled 
by other organisms. Thus the food cycle and the system 3s a whole 
remain stable. On the other hand, natural environmental variation 
miqht eliminate a significant portion of a community that has been 
simplified by pollutant stress. With no organism available to fill the 
vacated niche, the functional capacity of the unstable community may be 
jeopardized. Generally, maintenance of diversity is important because 
it enhances the stability of a system. 

Diversity indices are commonly computed as one tool among many in the 
analysis of aquatic (as well as terrestrial) communities. Some 
prevalent reasons for measuring community diversity are listed below 
(these purposes are by no means independent of each other): 

' To investigate community structure or functions 
O To establish its relationship to other community properties 

such as productivity and stability 
' To establish its relationship to environmental conditions 
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Figure IV-Z-l. Response of bottom fauna to pollution: A=organic wastes; 
B=toxic wastes; C=organic wastes showing temporary toxicity; 
D=organic wastes mixed with toxic chemicals (from Keup,1966). 
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O To compare communities 
O To evaluate the biotic health of the community 
O To assess the effects of pollutant discharges 
O To monitor water quality by biological rather than 

physicochemical means 

In analyses of freshwater aquatic communities, diversity studies generally 
involve benthic macroinvertebrates or fish. Several advantaqes and 
disadvantages have been given for the study of these groups (Cairns and 
Dickson 1971, Karr lo81), and are listed in Table I'/-2-1. These two groups 
are generally considered to be the most suitable organisms for evaluation 
of community integrity. Whereas it might be desirable to investigate the 
diversity of both fish and macroinvertebrates, the two groups generally are 
not used in combination to calculate a single diversity index because of 
differences in sampling selectivity and error. 

DIVERSITY INDICES 

Many indices of diversity have been developed. Some indices selected from 
the literature are presented in Table IV-Z-Z, and the more common ones are 
discussed below. 

Species Diversity Indices 

Of the expressions described as species diversity indices (equations 1 
through 4 in Table IV-2-2, plus others), the Margalef formula is probably 
the most popular. Once the sampling and identification is completed, it is 
an easy matter to calculate the diversity index using the Margalef formula 
by substituting the number of species(s) and the total number of 
individuals (n) into the equation below. 

d = s-l 
Inn 

The use of this formula, and others of the type, has some important 
limitations. First, it is not independent of sample size. Menhinick 
(1964) found that for sample sizes from 64 to 300 individuals the Margalef 
diversity index varied from 3.05 to 14.74, respectively. In that study, 
four species diversity indices were evaluated for variation with sample 
size and all were found unsatisfactory except for the equation referred to 
as the Menhinick formula in Table IV-2-2. The second limitation of species 
diversity indices is that, by definition, they do not consider the relative 
abundance among species, and, therefore, rare species exert a high 
contribution to the index value. To illustrate this limitation, Wilhm 
(1972) calculated diversity by the Margalef and Menhinick formulas for 
three hypothetical communities each containing fi ve species and InO 
individuals (see Table IV-2-3). Communities A, 5, and C exhibit a wide 
range of relative distribution of individuals between the five species. 
Intuitively, community A is more diverse than community C, but the two 
species diversity indices fail to express any difference. 
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TARLE IV-2-l. ADVANTAGES AP!D DISADVANTAGES OF USING MACROINVERTEBRATES AND 
FISH IN EVALUATION OF THE BIOTIC INTEGRITY OF FRESHWATER 
AOUATIC c0wwiITIts (CAIRNS AND DICKSON, 1971; KARR, igsi) 

MACROINVERTEBRATES 

Advantages 

o Fish that are highly valued by humans 
are dependent on bottom fauna as a 
food source. 

O Many species are extremely sensitive 
to pollution and respond quickly to 
it. 

O Bottom fauna usually have a complex 
life cycle of a year or more, and if 
at any time during their life cycle 
environmental conditions are outside 
their tolerance limits, they die. 

O Many have an attached or sessile mode 
of life and are not subject to rapid 
migrations, therefore they serve as 
natural monitors of water quality. 

FISH 

O Life history information is extensive 
for most species. 

O Fish communities generally include a 
range of species that represent a 
variety of trophic levels (omnivores, 
herbivores, insectivores, 
planktivores, piscivores) and utilize 
foods of both aquatic and terrestial 
origin. Their position at the top of 
the aquatic food web also helps 
provide an integrated view of the 
watershed environment. 

O Fish are relatively easy to identify. 
Most samples can be sorted and 
identified in the field, and then 
released. 

' The general public can relate to 
statements about conditions of the 
fish community. 

O Poth acute toxicity (missing taxa) 
and stress effects (depressed growth 
and reproductive success) can be 
evaluated. Careful examination of 
recruitment and growth dynamics among 
years can help pinpoint periods of 
unusual stress. 

Disadvantages 

O They require specialized 
taxonomic expertise for 
identification, vJhich is also 
time-consuming. 

O Background life-history 
information is lacking for many 
species and groups. 

O Results are difficult to 
translate into values meaningful 
to the general public. 

O Sampling fish communities is 
selective in nature. 

O Fish are highly mobile. This 
can cause sampling difficulties 
and also creates situations of 
preference and avoidance. Fish 
also undergo movements on die1 
and seasonal time scales. 

O There is a high requirement for 
manpower and equipment for field 
sampling. 
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TABLE IV-2-2. SUMMARY OF DIVERSITY INDICES 

-- Descriptive Name Formula 

1. Simplest possible ratio of 
species per individual 

d I 2 
n 

2. Gleason d=+T 

3. Margalef d=s 

4. Menhinick d* $p2 

5. McIntosh 

6. - Simpson 

7. Brillouin 

8. Shannon-Wiener 

n - !Zn 2)1'2 n - !Zn 2)1'2 
a= a= 

i i 

- n - (n)l" - n - (n)l" 

hf(nf-l) lnf(nf-l) 

a = n (n-11 a = n (n-11 

H = (k) (log n! - f 
i=l 

log ni!: 

H - -1 (pilog2pi; 

Approximate form of the 
Shannon Index 

Shannon Index using a= 
biomass (weight) uni'ts 

Reference 

ililhm, 1967 

Menhinick, 1964, 
Gleason, 1922 

Margalef, 1951 
1956 

Menhinick, 1964 

McIntosh, !967 

Simpson, 1949 

Brillouin, 1960 

Shannon and 
bieaver, 1963 ; 
Wiener, 1948 

Wilhm, 1968 
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TABLE IV-2-2. (Cont'd) 

9. 

10. 

il. 

12. 

13. 

14. 

15. 

Hierarchical 
Di,v;;sity Index 

Hierarchical Trophic- 
Based D.I. (HTDI) 

Redundancy (r) 

Equitability (e) 

Evenness (J,J’, v) 

Number of moves (NM) 

HOI = H'(F)+H' 
F 

+H' GF(‘) 

HTDI - H'(TI)+H'Tl(T2)+H'TI,T2(T3) 

a max - a 
r= 

a 
max 

-a 
min 

I 
e=$ 

J+- 
max 

J’ XL, a 

a max log 5 

a - a mi n v = 
a 

max 
- a 

min 

Pielou, 1969, 
1975 

Osborne et al., 
1980 

Patten, 1962; 
Wil hm, 1967 

Lloyd and 
Ghelardi, 1964 

Pielou 1969, 
1975; Hurlbert, 
1971 

Fager, 1972 

Sequential Comparison Index 
number of 

DIl * number o 
runs 

f species 
Cairns et al. 
1968; Cairns 8 
Dickson, 1971; 

DIT 
= (ml 1 (number of taxa) Buikema et al. 

1980 
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TABLE IV-2-2. (Cont'd) 

KEY 

H = d f H’ = a = diversity index. 

n = total number of individuals. 

n. 
1 

= number of individuals in species i. 

S = total number of species. 

"i 
Pi = probability of se1 ecti ng an element of state i 5 n. 

Ri = rank of species i. 
5' t the species required to produce the calculated d.i. value if 

the individuals were distributed among the species accord- 

ing to MacArthur's (1957, 1960) "broken-stick" model. 
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TABLE 1'1-2-3. DIVERSI?v OF THREE HYPOTHETICAL COMMUNITIES EVALUATE3 B" THE 
M&RGALEF, k!!ENHI~lICK, ;\P’D SiiAP!NON-dIriit2 IIiGICrS 

Community 
"1 "2 "3 "4 

s-l 
"5 n s 

A 20 20 20 20 20 100 s z 0.50 2.32 
B 40 30 15 10 5 100 5 0:87 0.50 1.57 
c 1111 96 100 5 0.87 0.50 0.12 

Another shortcoming of species per individual formulas is that tney are not 
dimensionless, thus substitutjon of alternate vari abies for numDerS - sucn 
as biomass or energy flow - would produce values dependent on tne arbittarj 
choice of units. 

The major advantage of using species diversity inaices is the simplicity of 
calculation; however, certain conditions for their prooer use must be 
cpnsi dered. Since these formulas are depenaent on sample size (except 
possibly, the Menhinick equation), for intercommunity comparison the sample 
sizes snould be as nearly identical as possible. It must be kept in mind 
that tnese expressions represent only the numoer of species and not any 
exoression of relative abundance. Finally, for use of variables otner tnan 
numbers, the units must be specified and kept consistent. 

Dominance Diversity Indices 

The most prominent dominance diversity index (equations 5 through B in 
Table IV-2-2, plus others) is the Shannon-Wiener formula. This index is 
used extensively in research projects, as is the Simpson eauation. The 
Shannon-Weiner diversity index evolved from infonation tneory to the 
functional equation shown below: 

n. 
"f a = -1 ($)log,(+ 

in wnich the ratio of the number of individuals collected of species i 
to the total number of individuals in the sample (ni/n) estimates the 
total population value (Ni/N), which is an aoproximation of the 
2rooability of collecting an individual of soecies i (pi). It should oe 
noted that the units of d using log2 is the oinary unit, or bit. Flatural 
logarithms or log10 are sometimes substituted into the eauation for 
convenience, in wnich case different index values would be obtained, with 
tYe units of nats or decits, resDectively. The Shannon-aiener aiversity 
j naex is calculated using base 10 logaritnms, for two simple, nypothetical 
samoles in Examole IV-2-l (see statistical analysis section). A formula 
for conversion between differently-based ‘iogarItnms is given below: 

log2Y = 1.443 In Y = 3.323 1oglDY 

The logarithm base and uni ts should always be given when reporzi ng data. 
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The dominance and species diversity indices discussed can be used to 
measure the diversity of virtually any biological community (including 
macroinvertebrates and fish), and their application is limited only by 
sampling effectiveness. Wilhm and Dorris (1968) evaluated species 

- diversity of benthic macroinvertebrates using the Shannon-Wiener formula 
and obtained values less than 1.0 in areas of heavy pollution, values from 
1.n to 3.D in areas of moderate pollution, and values exceeding 3.0 in 
clean water areas (values given are in decits). 

Disadvantages of using the Shannon index (or others of the type) include 
the considerable time, expense, and expertise involved in sampling, 
sorting, and identification of samples. Calculation of the index value can 
be mathematically tedious if done manually, but is greatly simplified if a 
computer is available. Computer programs for computing d and r are 
provided in the literature (Wilhm, 1970; Cairns and Dickson, 1971). 

The Shannon-Wiener formula has a number of features which enhance its 
usefulness. This index of diversity is much more independent of sample 
size than the species diversity indices (Wilhm 1972). Since it 
incorporates the concept of dominance diversity, the relative importance of 
each species collected is expressed and the contribution of rare species to 
diversity is low. This is illustrated by the d values calculated using the 
Shannon equation for the three communities in Table IV-2-3. Also, the 
Shannon formula is dimensionless, facilitating the measurement of biomass 
diversity. Odum (1959) recognized that the structure of the biomass 
pyramid held more ecological (trophic) significance than the numbers 
pyramid because it takes many small individuals to equal the mass of one 
large individual. The Shannon-Wiener equation can easily be modified to 
accomodate any units of weight as shown below: 

Wilhm (1968) pointed out that use of this diversity index with units of 
energy flow might be even more valuable to the study of community structure 
and function. 

Hierarchical Diversity 

Diversity indices, such as the Shannon-Wiener index, can be partitioned to 
reflect the contribution made by different taxonomic and trophic levels. 
Pielou (1975) suggested that a community showing more diversity at higher 
taxonomic levels (e.g. genus and family) should be considered to be more 
diverse than a community with the same number of species but congeneric or 
cofamilial. Osborne et al (1980)questioned the ecological significance of 
Pielou's suggestion, but investigated the use of the hierarchical diversity 
index (HDI) shown below: 

HDI = H'(F) + H'F(G) + H'FG(S) 

in which v'(F) is the familial component of the total diversity, H'F(G) 
is the generic component of the total diversity, and H FG(S) is the 
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specific component of the total diversity. The equation used by Kaesler et 
al. (1978) illustrates the calculation of the hierarchical components. 
They used 

H=aH +6 
e Ni 

0 i=l FT HF,i 
+ 6 f fi 'yj Nijr: H, ijk 

i=l j=l k=l 9 

where a .B,r, and 6 are weighting coefficients: subscripts 0, F, G, and S 
reorcrsert order, family, genus, and species, respectively; o, f, and g 
represert number of orders, families within orders, and genera within 
families, respectively; N represents the number of individuals; and Ni 
represents the number of individuals in the ith group. Osborne et al. 
(lSE0) concluded that identification to the family level was sufficient to 
detect intersite differences in that study, while the order level (Hughes, 
1978) and generic level (Kaesler et al.. 1978) were sufficient in other 
studies. Oetermination that identification to species or genus is 
unnecessary for a particular study would reduce the time, expertise, and 
exoense reauired. A hierarchical diversity index would be of more 
ecological value if it were based on trophic relationships rather than 
taxonomy. Osoorne, et al. (1980) presented the following hierarchical 
troohic diversity index (HTDI): 

HTDI = H'(T1) + H'Tj(T2) + H'T~Q(~~) 

in which H'(T1) is the general trophic level component of the total 
trophic diversity, H'Tl(T2) is the functional group component of the 
total trophic diversity, and 
unit component of the total 

H'TlT2(TS) is the lowest taxonomic 
trophic diversity. The classifications used in 

the hierarchical trophic-based diversity index of Osborne et al. (1980) are 
listed in Table IV-2-4A. Two classification systems were investigated by 
Kaesler et al. (1973): the trophic classifications appear in Table IV-2-48. 
and tne functional morphological classifications are shown in Table 
IV-2-cc. All of these hierarchical diversity indices used benthic 
macroinvertebrates as their group of study. Hierarchical diversity indices 
based on trophic level and functional morphology are relatively new and 
their utility will improve as more experience is gained. These indices are 
of potentially great ecological value because of their functional (rather 
than structural, e.g. taxonomic) approach to community analysis. 

Evenness and Redundancy 

When using dominance diversity indices, it is desirable to distinguish 
betwee? the two concepts of diversity incorporated into them, since it is 
t?teorerically possible for a community with a few, evenly-represented 
soecies to have the same index value as a community with many, 
unevenly-represented species. For this reasons, relative diversity 
expressions (equations 11 through 14 in Table IV-2-2, plus others) such as 
eveness and redundancy are often used in conjunction with dominance 
diversity indicies. Redundancy is an expresslon of the dominance of one or 
more species and is inversely proportional to the wealth of species (Wilhm 
and Dcrrls, lg63). To use the redundancy expression in conjunction with 
the Shannon-Wiener index, the theoretical maximum diversity (d,,,) 
and minimum diversity (dmin) are calculated by the equations: 

a 
max 

= [$) [log2n! - s log2 (n/s)!3 
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TABLE IV-2-4. FUNCTIONALLY-BASED HIERAPCHICAL CLASSIFICATIOK SYSTEMS 

A. Hierarchical trophic classification used for HTDI calculations 

HT1 HT2 HT3 

(Trophic level) (Functional group) (Number of individuals) 

Omnivore 

Carnivore 

Herbivore 

Detritivore 

Filter Feeders Number of individuals of each 
Collector-Catherer- taxon within each functional 

Shredder-Engulfer group. 
Engulfer-Shredder 
Collector-Filterer- 

Engulfer 
Engulfer-Grazer 
Engulfer-Collector- 

Grazer 
Engulfer 
Piercer 
Scraper-Collector-Gatherer 
Collector-Gatherer-Shredder 
Collector-Filterer-Gatherer 
Collector-Gatherer 
Collector-Filterer 
Shredder 
Shredder 
Collector-Gatherer 

B. Trophic classification of macrobenthic invertebrates. For any specific 
application, not all possible combinations are likely to be realized. 

Level of 
Hierarchy trame Subdivisions 

I Functional group shredders (vascular plant tissues) 
collectors (detrital materials) 
grazers (Aufwuchs) 
predators 
parasites 

II Feeding mechanism chewers and miners 
filters (suspension feeders) 
gatherers (sediment or deposit feeders) 
scrapers 
chewers and suckers 
swallowers and chewers 
piercers 
attachers 

III Dependence obligate 
facultative 

IV Food habit herbivory 
detritivory 
carnivory 
omnivory 

V Species number of individuals 
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c TABLE IV-Z-4 . 

C. HBR (head, body, respiratory organ) classification of macrobenthic 
invertebrates according to functional morphology: head position, 
body shape, a?d respiratory organs. 

Level of 
Hierarchy Name Subdivisions 

I 

II 

IV 

III 

Head position (feeding hypognathous 
category) prognathous 

opisthorhynchous 
vestigial or other 

Body shape (current flattened irregular 
of stream) flattened oval 

flattened elongate 
compressed laterally 
cylindrical 
elongate 
short, compact 
fusiform 
irregular 
hemicylindrical or subtriangular 

Respiratory organs simple filamentous gills 
(substratum) compound filamentous gills 

platelike gills 
operculate gills 
leaflike gills or organs 
respiratory dish 
respiratory tube 
spiracular gills 
caudal chamber 
plastron 
body integument 
tracheal respiration 

Species number of individuals 

- 
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a min = (J-) (10g2n! - log2Cn - (S-l)!1 

Then the location of 1 between the theoretical extremes can be computed by 
the redundancy formula: 

r= 
amax- a 

a 
max - amin 

Table IV-2-5 illustrates the expression of redundancy. 

TABLE IV-2-5. THE SHANNON-WIENER INDEX AND CORRESPONDING 
REDUNDANCY VALUES FOR 11 HYPOTHETICAL 
COMMUNITIES. (after Patten. 19621. 

Communities 
(N = 6) 

Species A B C D E F G H I J K 

Sl . . . . . . 12 2 3 2 3 4 3 4 5 6 

S2 . . . . . . 11 2 1 2 13 2 1 - 

S3 . . . . . . 111 2' 11 

54 . . . . . . 111 1 - - - : : : : 

S5 . . . . . . 11 --------- 

s6 . . . . . . 1 ---------- 

a(bits)2.58 2.25 1.93 1.79 1.61 1.47 1.25 1.00 0.92 0.65 0.00 
R . . . ..O.OO 0.13 0.25 0.30 0.38 0.43 0.52 0.61 0.64 0.75 1.00 

Expressions have also been developed to describe the evenness of 
apportionment of individuals among species in a community. Evenness 
measures have historically taken two forms. One is the ratio of diversity 
to the maximum possible diversity, where dmax is defined as the 
community in which all species are +qually distributed: 

J’ = a/amax f J/log s 

Where the logarithm is to the same base as used in the corresponding 
diversity index calculation. However, log s is only an approximation of 
d max because all species in the community generally will not be 
sampled. A measure of evenness that does not depend on s is shown below: 

'd - 2 
v = min 

It was from this measure of evenness that the expression for redundancy 
(shown above) was derived by the relationship r = 1-V; thus, redundancy may 
also be thought of as a measure of the unevenness of apportionment of 
individuals among species. 

Seouential Comoarison Index 

The sequential comparison index (SCI) is probably the most widely used 
index of diversity because of its extensive worldwide use in industrial 
(non-academic) studies. The SC1 is a simplified, rapid method for 
estimating relative differences in biological diversity and has been used 
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mainly for assessing the biological consequences of pollution. Use of the 
SC I requires no taxonomic expertise on the part of the investigator. 
Although it has been used with microorganisms, the SC1 is predominately 
used to evaluate diversity in benthic macroinvertebrate communities. The 
collected specimens are randomly poured into a white enamel pan with 
parallel lines drawn on the bottom. Only two specimens are compared at a 
time. Comparisons are based on differences in shape, color, and size of 
the organisms. If the imminent specimen is apparently the same as the 
previous one, it is part of the same "run"; if it is not, it is part of a 
new run. An easy way of recording runs is to use a series of X's and 0's. 
For example, the specimens shown in line one of Figure IV-2-2 would be 
recorded, from left to right as X 0 X 0 X 0 X, or seven runs. The -- 
specimens in line two would be tabuTaficby X X7( 2 X X X. Sample two only 
contains three runs and is obviously less dl5erse. Ultimately, it will be 
necessary to know the total number of taxa in the collection. This can 
either be counted after determining the number of runs or determined 
simultaneously by underlining the symbol of each new taxon as shown above. 

Cairns, et al. (1971) described the following stepwise procedure for 
calculating the Sequential Comparison Diversity Index: 

1. Gently randomize specimens in a jar by swirling. 
2. Pour specimens out on a lined white enamel pan. 
3. Disperse clumps of specimens by pouring preservative or water on 

clumps. 
4. If the sample has fewer than 250 specimens, determine the number of 

runs for entire sample and go to Step 12. 
5. If sample has more than 2513 specimens, determine the number of runs for 

the first 50 specimens. 
6. 
7. 

Calculate DI1 where DI1 = numbers of runs/50. 
Plot @I1 against the number of specimens examined as in Figure 
IV-2-3. 

8. Calrulate the SC1 for the next 50 specimens. 
9. Determine the total number of runs for the 100 specimens examined. 
10. Calculate a new “11 for 100 specimens as in Step 6 and plot the value 

obtained on the graph made in Step 7, where DI 
11. Repeat this procedure in increments of 50 unti the curve obtained t 

= number of runs/loo. 

becomes asymptotic. At this point enough specimens have been examined 
so that continued work will produce an insignificant change in the 
final DII value. 

12. Calculate final DI1 where 

DI1 = number of runs 
number of specimens 

- 

- 

13. Record the number of different taxa observed in the entire sample. This 
can be done after deriving the final r)Il or simultaneously by simply 
noting each new taxon as it is examined in the determination of runs. 
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2. 

figure IV-2-2. Determination of runs in SC1 
technique (from Cairns and Dickson, 1971). 

I 

Figure IV-2-3. DI and sample 
size (from Cairns a nd Dickson, 
1971). 
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14. Determine from Figure IV-Z-4 the number of times the SC1 examination 
must be repeated on the same sample to be 9S percent confident that the 
mean DII is within a chosen percentage of the true value for DI . 
In most pollution work involving gross differences between t samp ing 
areas, Line A of Figure IV-Z-4 should be used. For example, suppose 
011 were 9.60. Using Line A of Figure IV-Z-4 the SC1 should be 
performed twice to be 9S percent confident that the mean DI1 is 
within 20 percent of the true value. 

15. After determining tl, rerandomize the sample and repeat the SC1 
examination on the same number of specimens as determined in Step 
11. Repeat this procedure 11 - 1 times. 

16. Calculate DII by the following equation: 

DIT = D>l x (number of taxa) 

17. Calculate DIT by the following equation: 

DIT = (@Tl ) x (number of taxa) 

18. Repeat the above procedure for each bottom fauna collection. 
19. After determining the DIT for each bottcm fauna collection at each 

sampling station, there is a simple technique for determining if the 
community structures of the bottom fauna as evaluated by the SC1 
(OIT) value are significantly different within a station or between 
stations. Calculate the 95 percent confidence intervals around each 
61~ value. If the 95 percent confidence intervals do not overlap, 
then the community structures of the bottom fauna as reflected by the 
DIT values are significantly different. For example, suppose the 
3!T value for Station 1 were 45 and for Station 2 were 28. In the 
determination of DIT a decision was made to use Line A in Figure 
IV-Z-d, which means that the DIT is within 20 percent of the true 
value 95 times out of 100. Therefore the 95 percent confidence 
interval for the DIT value at Station 1 would be from 49.5 to 40.5, 
or 10 percent of the DIT value on either side of the determined 
@IT. Station 2 would have a 95 percent confidence interval for the 
CIT value of from 30.8 to 25.2. The bottom fauna communities at the 
two stations as evaluatd by the DIT index are significantly 
different. 

The SC1 permits rapid evaluation of the diversity of benthic 
macroinvertehrates. Some insight into the integrity of the bottom 
community can be gained from DIT values. Cairns and Dickson (1971) 
reported that healthy streams with high diversity and a balanced density 
see7 to have DIT values above 12.0, while polluted communities with 
skewed oopulation structures have given values for DIT of 8.0 or less, 
and intermediate values have been found in semipolluted situations. 
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SPECIAL INDICES 

Several expressions that are not diversity indices per se but which 
incorporate the concept of diversity have been formulated. These include 
numerous biotic indices (Pantle and Buck, 1955; Beck, 1955; Beak, 1964; 
Chutter 1971, Howmiller and Scott 1977, Hilsenhoff 1977, Winget and Mangum 
1979), a composite index of "well-being" (Gammon 1976), and Karr's index 
(Karr 1981). These indices are designed to evaluate the biotic integrity, 
or health, of biological communities and ecosystems. 

Biotic Indices 

Beck (1955) developed a biotic index for evaluating the health of 
streams using aquatic macroinvertebrates. In the equation 

Biotic index = 2(n Class I) + (n Class II) 

where n represents the number of macroinvertebrate species, more weight is 
assigned to Class I organisms (those tolerant of little organic pollution) 
than to Class II organisms (those tolerant of moderate organic pollution 
but not of anaerobic conditions). A stream nearing septic conditions will 
have a biotic index value of zero; whereas streams receiving moderate 
amounts of organic wastes will have values from 1 to 6, and streams 
receiving little or no waste will have values usually over 10 (Gaufin 
1973). 

The biotic index proposed by Hilsenhoff uses the arthropod community 
(specifically insects, amphipods, and isopods) to evaluate the integrity of 
aquatic ecosystems via the formula: 

BI = c nisi/n 

where ni is the total number of individuals of the ith species (or 
genus ), ai is the tolerance value assigned to that species (or genus), 
and n is the total number of individuals in the sample (Hilsenhoff, 1977: 
Hilsenhoff, 1982). Pollution tolerance values of zero to five are assigned 
to species (or genera when species cannot be identified) on the basis of 
previous field studies. A zero value is assigned to species found only in 
unaltered streams of very high water quality, a value of 5 is assigned to 
species known to occur in severely polluted or disturbed streams, and 
intermediate values are assigned to species occurring in intermediate 
situations. Calculation of this and other biotic indices are methods of 
biologically assessing water quality. 

Index of Well-Beinq 

Utilizing fish communities, Gamnon developed a composite index of well- 
being (IWB) as a tOOI for measuring the effect Of VariOUS human 
activities on aquatic communities (Gammon, 1976; Gammon and Reidy, 1981: 
Gammon et al., 1981). This index was calculated by: 

*k!B = 0.5 In n + 0.5 In w + &, + Zwt 

in which n is the number of individuals captured per kilometer, w is the 
weight in kilcgrams captured per km, dn is the Shannon index based on 
numbers, and d,, is the Shannon index ii ased on weights. (The Shannon 
index was calculated using natural logarithms). 
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Karr's Index of Biotic Integrity (IBI) 

Karr. (1991) presented a procedure for classifying water resources by 
evaluating their biotic integrity using fish communities. Use of the 
system involves three assumptions: (1) the fish sample is a balanced __ 
representation of the fish community at the sample site; (2) the sample 
site is representative of the larger geographic area of interest; and (3) 
the scientist charged with data analysis, and the final classification is a 
trained, competent hiologist with considerable familiarity with the local 
fish fauna. For each of the twelve criteria listed in Table IV-2-6, the 
evaluator SubJectively assigns a minus (-), zero (0), or plus (+) value to 
the sample. The grades are assigned numerical values - (-)=l, (0)=3, (+)=5 
- which are summed over all twelve criteria to produce an index of 
community quality. The sampled community is then placed in one of the 
biotic integrity classes described in Table IV-2-7 based on numerical 
boundaries such as those tentatively suggested by Karr (19Sl) and shown in 
Table IV-2-8. 

TABLE IV-2-6. PARAMETERS USED IN ASSESSMENT OF FISH 
COMMUNITIES. (SEE ARTICLE TEXT FOR DISCUSSION.) 

Species Composition and Richness 
Number of Species 
Presence of Intolerant Species 
Species Richness and Composition of Darters 
Species Richness and Composition of Suckers 
Species Richness and Composition of Sunfish (except 
Green Sunfish) 
Proportion of Green Sunfish 
Proportion on Hybrid Individuals 

Ecological Factors 
Number of Individuals in Sample 
Proportion of Omnivores (Individuals) 
Proportion of Insectivorous Cyprinids 
Proportion of Top Carnivores 
Proportion with Disease, Tumors, Fin Damage, and 
Other Anomalies 

BIOLOGICAL POLLUTION SURVEY DESIGN 

The first step in planning any survey of water quality is to identify 
specific objectives and clearly define what information is sought. For 
instance, the objective of a use attainability analysis might be to 
evaluate the water quality or degree of degradation of a body of water, in 
general, in order to ascertain the accuracy of the current use designation. 
Alternately, the analysis objective might he to determine the extent of 
damage caused by a discharge or series of discharges. From such 
information, the potential attainable use can be identified; judgments must 
then be made regarding the benefits/costs of improving the degree of waste 
treatment. 
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TABLE 1'4-2-7: BIOTIC INTEGRITY CLASSES USED IN ASSESSMENT OF FISH COMMUNITIES 
ALONG WITH GENtRAL DESCRIPTIONS OF THEIR ATTRIBUTES 

Class 

Excellent 

Attributes 

Comparable to the best situations without influence of 
man; all regionally expected species for the habitat and 
stream size, including the most intolerant forms, are 
present with full array of age and sex classes; balanced 
trophic structure. 

Good 

Fair 

Poor 

Very Poor Few fish present, mostly introduced or very tolerant 
forms; hybrids common; disease, parasites, fin damage, 
and other anomalies regular. 

No Fish Repetitive sampling fails to turn up any fish. 

Species richness somewhat below expectation especially 
due to loss of most intolerant forms; some species with 
less than optimal abundances or size distribution; 
trophic structure shows some signs of stress. 

Signs of additional deterioration include fewer 
intolerant forms, more skewed trophic structure (e.g., 
increasing frequency of omnivores); older age classes of 
top pedators may be rare. 

Dominated by omnivores, pollution-tolerant forms, and 
habitat generalists; few top carnivores: growth rates 
and condition factors commonly depressed; hybrids and 
diseased fish often present. 

TABLE IV-2-8: TENTATIVE RANGES FOR THE BIOTIC 
INTEGRITY CLASSES. 

Class 

Excellent (E) 

:,:d (G) 

Fd!r (F) 
F-P 
Poor (P) 
P-VP 
Very Poor (VP) 

Index Number 

S7-60 
53-56 
48-52 
45-47 
39-44 
36-38 
28-35 
24-27 
< 23 
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The next steps in planning the survey are to review all available reports 
and records concerning the waste effluents and receiving waters, and to 
make a field reconnaissance of the waterway, noting all sources of 
pollution, tributaries, and uses made of the water. 

Sampling Stations 

There is no set number of sampling stations that will be sufficient to 
monitor all types of waste discharges; however, some basic rules for a 
sound survey design are listed below (Cairns and Dickson 1971). The 
following describes an "upstream-downstream" study. The reader should also 
consult Section IV-6 on the reference reach approach to see an alternative 
method. 

1. Always have a reference station or stations above all possible 
discharge points. Because the usual purpose of a survey is to 
determine the damage that pollution causes to aquatic life, there must 
be some basis for comparison between areas above and below the point or 
points of discharge. In practice, it is usually advisable to have at 
least two reference stations. One should be well upstream from the 
discharge and one directly above the effluent discharge, but out of any 
possible influence from the discharge. 

2. Have a station directly below each discharge. 

3. If the discharge does not completely mix on entering the waterway but 
channels on one side, stations must be subdivided into left-bank, 
midchannel, and right-bank substations. All data collected - 
biological, chemical, and physical - should be kept separate by 
substations. 

4. Have stations at various distances downstream from the last discharge 
to determine the linear extent of damage to the river. 

s. All sampling stations must be ecologically similar before the bottom 
fauna communities found at each station can be compared. For example, 
the stations should be similar with respect to bottom substrate (sand, 
gravel, rock, or mud), depth, presence of riffles and pools, stream 
width, flow velocity, and bank cover. 

6. Biological sampling stations should be located close to those sampling 
stations selected for chemical and physical analyses to assure the 
correlation of findings. 

7. Sampling stations for bottom fauna organisms should be located in an 
area of the stream that is not influenced by atypical habitats, such as 
those created by road bridges. 

8. In order to make comparisons among sampling stations, it is essential 
that all stations be sampled approximately at the same time. Not more 
than 2 weeks should elapse between sampling at the first and last 
stations. 
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For a long-term biological monitoring program, bottom organisms should be 
collected at each station at least once during each of the annual seasons. 
More frequent sampling may be necessary if water quality of any discharge 
changes or if spills occur. The most critical period for bottom fauna 
organisms is usually during periods of high temperature and low flow of the 
waterway. Therefore, if time and funds available limit the sampling 
frequency, then at least one survey during this time will produce useful 
information. 

Sampling Equipment 

Commonly used devices for sampling benthic macroinvertebrate communities 
include the Peterson dredge, the surber square foot sampler, aquatic bottom 
nets, and artificial substrate samplers. Proper use of the first three 
pieces of equipment requires that the operator exert the same amount of 
effort at each station before comparisons can be made. This subjectivity 
can cause error, but can be minimized by an experienced operator. 
Artificial substrates standardize sampling to some extent by providing the 
same type of habitat for colonization when placed in ecologically similar 
conditions. A simple type of artificial substrate sampler is a wire basket 
containing rocks and debris. Others consist of masonite plates or plastic 
webs which can be floated or submerged. Additional advantages of 
artificial substrate samplers are quickness and ease of use. 

Fish sampling equipment includes electrofishing gear, encircling gear (haul 
seine, purse seine), towed nets (otter trawl), gill nets, maze gear, and 
chemical toxicants (rotenone, antimycin). As discussed above, the same 
sampling effort must be put forth at each station when using this 
equipment. Also, measures should be-taken to reduce the selectivity of 
fish sampling. 

Number of Samples 

If comparisons are to be made between stations in a pollution survey, each 
station must be sampled equally. Either an equal number of samples must be 
taken at each station or an equal amount of time and effort must be 
expended. 

Organisms are not randomly distributed in nature, but tend to occur in 
clusters. Recause of this, it is necessary to take replicate samples in 
order to obtain a composite sample that is representative of that station. 

There is no "cookbook recipe" which defines the number of samples to take 
in a given situation. Cairns and Dickson (1971) have found practical 
experience to show that not less than three artificial substrate samplers, 
3 to 10 dredge hauls, and at least three Surber square foot samples 
represent the minimum number of samples required to describe the bottom 
fauna of a particular station. Naturally, increasing the number of 
replicate samples increases the reliability of the data. The data of 
replicate samples taken at a given station are combined to form a pooled 
sample. It has been found that a plot of the pooled diversity index versus 
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cumulative sample units becomes asymptotic, and that once this asymptotic 
diversity index value is found, little is gained by additional sampling. 
Ideally, a base line study would be conducted to determine the optimum 
number of samples for a pollution survey. 

STATISTICAL ANALYSES 

This section describes some of the statistical methods of comparing the 
diversity indices calculated for different sampling stations. 

Hutcheson's t-test 

Hutcheson (1970) proposed a t-test for testing for difference between two 
diversity indices: 

"1 - "2 
t=- 

"1 - "2 

Where HI-HZ is simply the difference between the two diversity indices, 
and 

'HI - H2 = (sil - s;' y2 
2 

The variance of H may be approximated by: 

2 

'H = 

1 f, log2 ff - ($ log f,)2/n 

n2- 
Where fi is the frequency of occurrence of species i and n is the total _ 
number of individuals in the sample. The degrees of freedom (df) 
associated with the preceding t are approximated by: 

df = (S;, + 5; )2/ 
2 

Convenient tables of filOg'fi are provided by Lloyd, et al. (1968), 
and t-distribution tables can be found in any statistics textbook (such as 
Dixon and Massey, 1969; Zar, 1974; etc.). Example IV-2-l demonstrates the 
calculation of the Shannon-Wiener index (H) for two sets of hypothetical 
sampling station data, and then tests for significant difference between 
them using Hutcheson's t-test. 
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Examole IV-2-1. Comoarinq Two Indices of Diversity (adapted from Zar 
!. 1974 

-0 HO: The diversity index of station 1 is the same as the diversity 
index of station 2. 

HA: The diversity indices of stations 1 and 2 are not the same. The 
level of siqnificance (a) = 0.05 

Station 1 
number of 2 “i “i 

Species individuals("i) percentage fi 'Og fi fi log fi n- log n 

1 47 47 78.5886 131.4078 -0.1541 
2 35 35 54.0424 83.4452 -0.1596 
3 7 7 5.9157 4.9994 -0.0808 
4 5 5 3.4949 2.4429 -0.0651 
5 3 3 1.4314 0.6830 -0.0457 
6 3 3 1.4314 0.6830 -0.0457 

6 100 100 144.9044 223.6613 -0.5510 

Station 2 
number of 

Species individuaIs(“i) percentacjeffi) fi loeg fi f, log2 fi 

1 48 48 80.6996 135.6755 -0.1530 
2 23 23 31.3197 42.6489 -0.1468 
3 11 11 11.45s3 11.9294 -0.1054 
4 13 13 14.4813 16.1313 -0.1152 
5 3 3 1.4314 0.6830 -0.0457 
6 2 2 0.6021 0.1813 -0.0340 
6 100 

I V-2-23 
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“1 = 0.5510 
"2 

= 0.6001 

2 

sH1 = 0.00136884 

5 
Hl-H2 

= 0.0499 

t = -0.98 

2 

s"2 
= 0.00112791 

df = 198.2 = 200 

From a t-distribution table: 
t0.05(2),200 = 1-g72 

Therefore, since the t value is not as great as the critical value for the 
95 percent level of significance (a= O-OS), the null hypothesis (Ho) is 
not rejected. 

Analysis of Variance 

Analysis of variance (ANOVA) can be used to test the null hypothesis that 
all means are equal, where k is the number of 
experimental groups. 8, ;;;;, eHof;$t;;?r*;; =:L;e-way II ANOVA is used to test 
the effect of one factor (sampling site) on the variable in question 
(diversity) in Example IV-2-2. Two-way AhOVA can be used for comparison of 
spatial and temporal data. 

In Examole IV-2-2, 
has been calculated 

each datum (Xij) represents a diversity index that 
for j replicate samples at each of i stations. 

Also, 1;. 
replicates 

represents the mean of station i, ni represents the number of 
in s3mple i, and N(= 1 ni) represents the total number of indices 

calculated in the survey. 

After computing the mathematical summations, the ANOVA results are 
typically summarized in a table as shown. The equality of means is 
detemined by the F test. 
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Fq, groups df, error df = 
*is-% 

- The critical value for this test is obtained from an F-distribution table 
based on the degrees of freedom of both the numerator and denominator. 
Since the computed F is at least as large as the critical value, Ho is 
rejected, e.g. the diversity index means at all stations are not equal, 

Examcle IV-Z-Z. A Sinale Factor Analvsis of Variance (adaoted from Zar 

Ho: ul = u2 - u3 - u4 = us 

HA: The mean diversity indices of the five stations are not the same 

a = 0.95 

Station 1 Station 2 Statlon 3 Station 4 Station 5 

2.E' 
3.32 4.08 3.96 4.10 4.41 4.63 4.21 5.63 5.41 
3.64 3.79 4.64 4.35 5.94 
3.46 3.71 4.02 4.88 6.27 
2.91 4.36 3.86 4.37 6.00 
3.10 4.24 3.63 4.01 5.73 

Station 1 2 3 4 5 

i 
i 

3.21 4.02 4.11 4.41 5.83 

n. 6 6 6 6 6 
1 

n. 
1 
1 X . . 

jsl 'J 
19.25 24.14 24.67 26.45 34.98 

2 

hi 61.76 97.12 101.43 

= 580.84 

1 l xi j = 129 . 49 

i j 

2 
total sum of squares = 1 1 

xij -c 
= 24.29 

_ - 

1 j 

116.60 203.93 

zz 2 

‘id = 583.21 

(. I2 
Ll 

'ij 
c I ,+. = 558.92 
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2 
groups sum of squares = /ni - c = 21.32 

error sum of squares = total ss - groups ss = 2.37 
total degrees of freedom = N - 1 = 29 
groups degrees of freedom = k - 1 = 4 
error degrees of freedom = total df - groups df = 25 
mean squared deviations from the mean (MS) = ss/df 
groups MS = 21.92/4 = 5.48 error MS = 2.37125 = 0.09 

Sumnary of the Analysis of Variance 

Source of Variation 

total 
groups 
error 

SS df MS 

24.29 29 
21.92 4 5.480 
2.37 25 0.095 

F 0.05(1),4,25 = 2076 

Therefore, Reject Hn : u1=u2=u3=u4=uS 

Multiple Range Testing 

The single factor analysis of variance tests whether or not all of toe 7ean 
diversity indices are the same, but gives no insight into the location of 
the differences among stations. To determine between which stations t'le 
equalities or inequalities lie, one must resort to multiple comparison 
tests (also known as multiple range tests). The most commonly used nethods 
are the Student-hewman-Keuls test (hewman 1939, Keuls 1952) and the 
Duncan's test (Duncan 1955). 

Student-Newman-Keuls Test 

Example IV-2-3 demonstrates the Student-Mewman-Keuls (SNK) procedure for 
the data presented in Example 2. Since the ANOVA in Example !I/-2-2 
rejected the null hypothesis that all means are equal, the SIIK test may be 
applied. First, the diversity index rTleans are ranked in increasing order. 

Then, pairwise differences ( i~-iA ) are tabulated as shown in Example 
IV-2-2 . The value of p is determined by the number of means in the range 
of means being tested. IJsing the p value and the error degrees of freedom 
from the ANOVA, "studentized ranges," abbreviated q C$*df+ are obtained 
from a table of q-distribution critical values. Ihe standard error is 
calculated by: 

SE = (S2/n)1'2 = (error MS/n)1'2 

If the k group sizes are not equal, a slight modification is necessary. 
For each comparison involving unequal n, the standard error is approximated 
by: j2 1 : [i II l/2 

jE= ?I 
'cf 
n, M "3 
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Example IV-2-3. Student-Newman-Keuls Multi Di e Range Test with Ecual Sample 
Sizes. This exampie utilizes the raw aata ana anaiysis of 
varince presented in Example !V-2-2. 

d Ranks of sample (i) means 1 2 3 4 5 
Ranked sample means (Xi) 3.21 A.02 4.11 4.41 5.83 

SE = (error MS/n)l/2 = (0.095,/6)1/2 = 0.126 

Comparison D'fference 
(R vs. A! ('n, - 1, ) SE 9 P q 0.05,24,~* Conclusion 

d 

5 vs. : 
5 vs. 2 
s vs. 3 
5 vs. A 
4 vs. 1 
4 vs. 2 
4 vs. 3 
3 vs. 1 
3 vs. 2 
2 vs. 1 

5.83-3.2!=2.62 0.126 20.79 5 4.166 Reject Ho:u5=u1 
5.83-4.02=1.81 0.126 14.37 4 3.901 Reject Ho:u5=u2 
5.83-4.11=1.72 0.126 13.65 3 3.532 Reject 
5.83-4.41=1.42 0.126 11.27 2 2.919 

Ho:u5=u3 
Reject Ho:u5=u4 

4.41-3.21r1.20 0.126 9.52 4 3.901 Reject Ho:u4=u1 
4.41-4.n2=0.39 0.126 3.10 3 3.532 Accept 
Do Not Test 

Ho:u4=u2 

4.11-3.21-0.90 0.126 7.14 3 3.532 Reject 
Do Not Test 

Ho:u3=uT 

4.02-3.2110.81 0.126 6.43 2 2.919 Reject H3:u2=u, 

*since q0.05,25,p 
does not appear in the q-distribution table, q. o5 24 p is used. 

* , , 

Overall conclusion: u1 # u2 = u3 = u4 # u5 

The q value is computed by: 
9 = (XB - +,)/SE 

If the computed q value is greater than or equal to the critical value, 
then Ho: UD = UA is rejected. 

In Example 3, 
3 or 3 vs. 2. 

after accepting Ho:u4= ~)2 there is no need to test 4 vs. 
The conclusions drawn in the example are that the community 

at Station 1 has a significantly.different mean diversity index from all 
other sampled communities; likewise, the Station 5 mean is different from 
the others. However, the communities at Stations 2, 3, and 4 have 
statistically equal diversity index means. These conclusions can be 
visually represented by underlining the means that are not significantly 
different with a common line as shown below: 

station 1 2 3 4 
mean diversity index 3.21 4.02 4.11 4.41 Z.83 

Conversely, any two means not underscored by the same line are 
significantly different. 

Duncan's Multiple Range Test 

The theoretical basis of the nuncan's test is somewhat different from the 

-' Student-Newman-Keul test, although the procedures and conclusions are quite 
similar. Duncan's test makes use of the concept of Least Significant 
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Difference (LSD) which is related to the t-test, a form of which was 
discussed previously. The LSD is calculated by: 

LSD, = t, (2S2/n)1’2 
where s2 is the mean square for error, n is the number of 
replications, and t is the tabulated t value for the error degrees of 
freedom (MS and df for error are calculated in the analysis of 
variance). After determining p as in the SNK procedure, R values are 
obtained from a table dependent on the level of significance, error df, and 
P* The shortest significant difference (SSD) is computed by the equation: 

SSD = R(LS0) 

Example IV-2-4 demonstrates Duncan's procedure for hypothetical data. As 
before, the difference between means is calculated for every possible 
pairwise comparison of means. This difference is then compared to the 
corresponding SSD value and conclusions are drawn. If the difference is at 
least as large as the SSD, then the null hypothesis - that the two means 
are equal - is rejected; if the difference is less than SW, Ho is 
accepted. The results are visually represented as described for the SNK 
test. 

Example IV-2-4. Duncan's Multiple Range Test. 

HO: U1 =U2=U3=U4 
HA: The mean diversity indices of the four sampling stations are not 
the same 

cl= 0.05 n=4 error MS = 0.078 error df=9 

Ranks of sample means (i) 1 2 3 4 
Ranked sample means (ii) 5.j 5.7 5.9 6.3 

LSD0.05 = to.05 (2S2/“P2 = 0.447 

Comparison Differ_ence SSD 
(B vs. A ) (in - >;A ) 

R 
P a,df ,p =R(LSD) Conclusion 

4 vs. 1 6.3-5.3=1.0 4 1.07 0.40 reject Ho:u4=ul 
6.3-5.7=0.6 3 1.04 0.46 reject Ho: U~=UZ 

4 vs. 3 6.3-5.9=0.4 2 1.m n.45 accept Ho:u4=u3 
3 vs. 1 5.9-5.3=fI.6 3 i.n4 0.46 reject Ho:u3=ul 
3 vs. 2 5.9-5.7=0.2 2 1.00 0.45 accept Ho: U3=lJ2 
2 vs. 1 5.7-5.3=0.4 2 1.00 0.45 accept HO:u3=u, 

station 1 2 3 4 
mean diversity index 5.3 5.7 5.9 6.3 
visual representation 
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COMMUNITY COMPARISON INDICES 

Introduction 

Whereas the statistical analyses discussed above can discern significant 
differences between diversity indices calculated at two or more sampling 
stations, corrmunity comparison indices have been developed to measure the 
degree of similarity or dissimilarity between communities. These indices can 
detect spatial or temporal changes in community structure. Polluted 
communities presumably will have different species occurrences and abundances 
than relatively non-polluted communities, given that all other factors are 
equal. Hence, community comparison indices can be used to assess the impact of 
pollution on aquatic biological communities. 

There are two basic types of community comparison indices: qualitative and 
quantitative. Qualitative indices use binary data: in ecological studies, the 
two possible attribute states are that a species is present or is not present 
in the collection. This type of community similarity index is used when the 
sampling data consists of species lists. Kaesler and Cairns (1972) considered 
the use of presence-absence data to be the only justifiable (and defensible) 
approach when comparing a variety of organism groups (e.g. algae and aquatic 
insects). Also, qualitative similarity coefficients are simple to calculate. 
When data on species abundance are available, quantitative similarity indices 
can be used. Quantitative coefficients incorporate species abundance as well 
as occurrence in their formulas, and thus, retain more information than 
indices using binary data. An annotated list of community comparison indices 
of both types appears in Table IV-2-9. 

Qualitative Similarity Indices 

Although the terminology used in the literature varies considerably, the 
qualitative similarity indices in Table IV-2-9 (1 - 6) are represented using 
the symbolism of the 2X2 contingency table shown in Figure IV-2-5. In the form 
of the contingency table shown, collections A and B are entities and all of 
the species represented in a collection are the attributes of that entity. 

Indices 1 through 4 in Table IV-2-9 are constrained between values of 0 and 1, 
while equation 6 has a potential range of -1 to 1. The minimum value 
represents two collections with no species in cormK)n and the maximum value 
indicates structurally identical communities. 

According to Boesch (1977), the Jaccard, Dice, and Ochiai coefficients are the 
most attractive qualitative similarity measures for biological assessment 
studies. The Jaccard coefficient (1) is superior for discriminating between 
highly similar collections. The Dice (2) and Ochiai (4) indices place more 
emphasis on common attributes and are better at discriminating between highly 
dissimilar collections (Clifford and Stehpenson, 1975; Boesch, 1977; Herricks 
and Cairns, 1982). Thus, the nature of the data determines which index is most 
suitable. The Jaccard coefficient has been widely used by some workers in 
stream pollution investigations (Cairns and Kaesler, 1969; Cairns et al., 
1970; Cairns and Kaesler, 1971; Kaesler at al., 1971; Kaesler and Cairns, 
1972; Johnson and Brinkhurst, 1971; Foerster et al., 1974). Peters (1968) has 
written BASIC computer programs for calculating Jaccard, Dice, and Ochiai 
indices. 
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TABLE IV-Z-9 (continued) 

Key: s = similarity between samples. 

D = dissimilarity betvreen samples. 

a ,b ,c ,d = (see Figure IV-2-5). 

X. ia' 'ib = number of individuals of species 1 at Station A or 8. 

Pia* 'ib = relative abundance of species i at Station A or B. 

'a' 'b = total number of individuals at Station A or 8. 

n = total number of different taxa. 

x 
a' 'b = Simpson diversity index for Station A or 8. 

H 
ab = Shannon-Wiener d index of Station A and 8 combined. 

H 
max = maximum possible 

iversity 

value of 

value of H min = minimum possible 

H 
ab' 

H ab' 

H =- 'ia 
ab lx 

+ 'lb log 'ia + 'ib 

a + 'b ' +'b a 

H = 
(Xa + X,) 109 (Xa ’ Xb) - Z Xia 109 ‘ia - .I ‘lb “9 ‘ib 

max ' +'b a 

- 
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COLLECTION A 

present absent 

I b 
number of species 
comon to both 
collections 

number of species 
present in B 
but not in A 

I C I d 
number of species 
present in A 
but not in B 

number of spcies 
not represented in 
either collectfon 

Figure IV-2-5. 2 x 2 contingency table defining variables a, b, c, and d. 
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The Fager coefficient (5) is simply a modification of the Ochiai index. 
Because a correction factor is subtracted from the Ochiai index, the Fager 
coefficient may range from slightly less than zero to slightly less than one; 
this makes it less desirable. The Fager index has been used a great deal in 
marine ecology. 

Both the Sokal and Michener index (3) and the Point Correlation Coefficient 
(6) include the double-absent term d. A number of authors (Kaesler and Cairns, 
1972; Clifford and Stephenson, 1975; Boesch, 1977) have criticized the 
approach of considering two collections similar on the basis of species being 
absent from both. 

Pinkham and Pearson (1976) illustrated the weaknesses of qualitative 
comparison indices. The basic shortcoming is that two communities having 
completely different species abundances but the same species occurrence will 
produce the maximum index value, indicating that the two collections are 
identical. 

Quantitative Comparison Indices 

Quantitative indices (7 - 12) consider species abundance in addition to mere 
presence-absence. Incorporating species abundance precludes the over-emphasis 
of rare species, which has been a criticism of the Jaccard coefficient 
(Whittaker and Fairbanks, 1958). Quantitative measures are not as sensitive to 
rare species as qualitative indices and emphasize dominant species to a 
greater extent. Distance (ll), information (9, lo), and correlation (12) 
coefficients weight dominance even more than other quantitative indices. 
Quantitative indices also avoid the loss of information involved in 
considering only presence-absence data when species abundance data are 
available. However, data transformations (e.g., to logarithms, roots, or 
percentages) may be desirable or necessary for the use of some quantitive 
comparison indices. Calculation of quantitative indices is more complicated 
than qualitative coefficients, but can be facilitated by computer application. 

The Bray-Curtis index (7) is one of the most widely used quantitive comparison 
measures. Forms of this index have been referred to as "index of associaton" 
(Whittaker, 1952), as "dominance affinity" (Sanders, 1960), and as "percentage 
similarity of community" (Johnson and Brinkhurst, 1971; Pinkham and Pearson, 
1976; Brock, 1977). The simplest and probably most commonly used form of the 
Bray-Curtis index is the Percent Similarity equation: 

S ab x Cmin(PiaSPib) 

where the attributes have been standardized into a proportion or percent of 
the total for that entity (collection). The shortcoming of the Percent 
Similarity coefficient was illustrated by Pinkham and Pearson (1976) as shown 
below. 
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Station A 40 20 10 10 10 

Station B 20 10 5 5 5 

In this hypothetical comparison, all species are twice as abundant at Station 
A as at Station B but their relative abundance is identical; therefore, the 
maximum similarity value of 1.0 is registered. The authors felt that this 
situation is germane to pollution assessment surveys in which the only 
difference between two sampling stations is the relative degree of cultural 
eutrophication. 

In Table IV-2-9, the Bray-Curtis index is displayed as both a measure of 
similarity and dissimilarity. Any cormnunity similarity index can be converted 
to a dissimilarity measure by the simple equality: 

D=l-S 

Of course, values obtained by a dissimilarity expression are inversely related 
to similarity values; they increase with decreasing similarity. 

Pinkham and Pearson (1976) presented a community similarity index (8) that 
would overcome the shortcomings of other indices (e.g. 1,3,7,12) that were 
discussed in the article. Their similarity coefficient can be calculated 
using either actual or relative (percent) species abundance, although they 
suggested using actual abundance whenever possible. The authors also offered 
a modified formula that includes a weighting factor for assigning more 
significance to dominant species: 

s 

Two community comparison indices that employ diversity indices in their 
formulas are the Morisita Index of Affinity (9) and the Horn Index of Overlap 
(10). The Morisita comparison measure incorporates the Simpson (1949) 
diversity index, and the Horn coefficient uses the Shannon-Wiener (1948) 
diversity index. Horn (1966) described the Morisita index as the probability 
that two individuals drawn randomly from communities A and B will both belong 
to the same species, relative to the probability of randomly drawing two 
individuals of the same species from A or B alone. Because the numerator of 
the Morisita index is a product rather than a difference ( or minimum value) 
it tends to be affected by abundant species to a greater extent than the 
Bray-Curtis or Pinkham and Pearson indices. Like those similarity measures, 
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the Morisita index ranges from zero for no resemblance to one for identical 
collections. The Horn Index of Overlap is a manipulation of Shannon's 
information theory equation that closely resembles the expression of community 
redundancy developed by Margalef: - 

The observed value in Horn's index (Hab) is the Shannon index calculated for 
the sum of the two collections being considered. The maximum diversity value 
(Hmax) would occur if the two collections contained no species in cormK)n, and 
the minirmm diversity value (Hmin) would be attained if the two collections 
contained the same species in the same proportions. It should be noted that 
the equations given for Hab, Hmax, and Hmin in the key to Table IV-2-9 are 
adapted from those given by Perkins (1983) since those appearing in the 
original article (Horn, 1966) are apparently inconsistent with the Shannon 
index. The Morisita and the Horn indices have been used in aquatic ecology 
studies (Kohn, 1968; Bloom et al., 1972; Livingston, 1975; Heck, 1976). 

If two entities (i.e. communities) are thought of as points in an 
n-dimensional space whose dimensions are determined by their attributes (i.e. 
species occurrence and abundance ), then the linear distance between the two 
points in the hyperspace can be construed as a measure of dissimilarity 
between the two entities. The two distance formulas shown in Table IV-2-9 
(11) are simply forms of the familiar geometrical distance formula, 

d = 
[ 

(x~-x~)~ + (yl-y2) 
2 l/2 

I 
which has been expanded to accomodate n dimensions. Sokal (1961) divided the 
distance by n to produce a mean squared difference, which he felt was an - 
appropriate measure of taxonomic distance. Values computed by the distance 
formulas may range from zero for identical collections to infinity; the 
greater the distance the less similar the two comunities are. Because the 
difference in species abundance is squared in the numerator, the distance 
formulas are heavily influenced by abundant species and may over-emphasize 
dominance. The similarity of disparate communities with low species 
abundances may be overstated, while the resemblance of generally similar 
communities with a few disproportionately high species abundances may be 
understated. To avoid indicating misleading resemblance, it may be necessary 
to transform data (e.g. to squared or cubed roots) before computing taxonomic 
distance. 

The Product-Moment Correlation Coeffficient (12) is a popular resemblance 
measure that ranges from -1 (completely dissimilar) to +l (entirely similar). 
Several undersirable characteristics of this measure have been cited (Sneath 
and Sokal, 1973; Clifford and Stephenson, 1975; Boesch, 1977). Deceptive 
resemblance values can result from outstandingly high species abundances or 
the presence of many species absences, and non-identical communities can 
register perfect correlation scores. Pinkham and Pearson (1976) demonstrated 
how the Product-Moment Correlation Coefficient, like the Percent Community 
Similarity Index, indicates maximum similarity for two conmnunities having the 
same relative species composition but different actual species abundances. 
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Experimental Evaluation of Comparison Indices 

Brock (1977) compared the Percent Community Similarity Index (7) and the 

-' Pinkham and Pearson Similarity Index (8) for their ability to detect changes 
in the zooplankton community of Lake Lyndon B. Johnson, Texas, due to a 
thermal effluent. For this study, the Pinkham and Pearson index was 
considered too sensitive to rare species and not sensitive enough to dominant 
forms, whereas the Percent Similarity coefficient was more responsive to 
variation in dominant species and relationships between dominant and 
semi-dominant forms. Linking dominance to function, the author concluded that 
the later index may better indicate structural-funcitonal similarity between 
corrrunities. 

Perkins (1983) evalutaed the responsiveness of eight diversity indices and 
five community comparison indices to increasing copper concentrations. The 
indices were calculated for bioassays conducted using benthic 
macroinvertebrates and artificial streams. The indices evaluated by Perkins 
correspond to equations presented in Tables IV-.2-2 and IV-24 except: Perkins 
tested the Bray-Curtis dissimilarity index; Perkins' Biosim index is Pinkham 
and Pearson's index, and the distance formula tested by Perkins (not included 
in this report) is shown below. 

The results of the study appear in-Figure 'IV-2-6; the diversity index results 
are presented for comparison. 

The diversity indices did not clearly demonstrate the perturbation caused by 
increasing copper concentrations. The Shannon and Brillouin formulas 
increased initially, in spite of a decreasing number of species, because of 
increasing evenness of species distribution. 
diversity 

Other than the increasing 
indicated at the lower copper concentrations, these two indices 

reflected perturbation effectively by decreasing rapidly with increasing 
pollutant concentration. The McIntosh, Simpson, and Pielou (evenness) indices 
(not shown for 28 days in Figure IV-2-6) resembled the trends demonstrated by 
the Shannon and Brillouin formulas albeit less dramatically. Because the 
results obtained for those three indices were less pronounced, they were more 
difficult to interpret than the Shannon and Brillouin findings. 

The community comparison indices were found to be good indicators of the 
perturbation of macroinvertebrate communities caused by copper pollution. 
Although the Bray-Curtis index was considered the most accurate after 14 days, 
all of the comparison indices tested effectively reflected community response 
after 28 days (see Figure IV-2-6). Note that by definition the Biosim, 
Morisita, and Percent Community Similarity indices decrease as similarity 
decreases, while the Distance and Bray-Curtis dissimilarity indices increase. 
It has frequently been suggested that it may be desirable to apply several 
indices in a pollution assessment study (Peters, 1968; Brock, 1977; Perkins, 
1983). 
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l=Shannon 
2=Brillouin 
3=Pielou 
4=Simpson 
Ei=McIntosh 
6=Menhinick 
7=Species(xlO) 
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Figure IV-2-6. Evaluation of diversity indices and community compariso? indices 
using bioassay data: a,c=after 14 da:.ls; b,d=after 28 davs (from 
Perkins, 1983). 
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Numerical Classification or Cluster Analysis 

A common use of similarity indices is in numerical clasification of biological 
communities. Numerical classification, or cluster analysis, is a technique 

- for grouping similar entities on the basis of the rsemblance of their 
attributes. In instances where subjective classification of communities is 
not clear-cut, cluster analysis allows incorporation of large amounts of 
attribute data into an objective classification procedure. Kaesler and Cairns 
(1972) outlined five steps involved in normal cluster analysis. First, a 
community similarity index is chosen based on pre-determined criteria and 
objectives. Second, a matrix of similarity coefficients is generated by 
pairwise comparison of all possible combinations of stations. The third step 
is the actual clustering based on the resemblance coefficients. A number of 
clustering procedures are discussed in the literature (Williams, 1971; Sneath 
and Sokal, 1973; Hartigan, 1975; Boesch, 1977). In the fourth step, the 
clustered stations are graphically displayed in a dendogram. Because 
multi-dimensional resemblance patterns are displayed in two dimensions and 
because the similarity coefficients are averaged, a significant amount of 
distortion can occur. For this reason, a distortion measure should be 
evaluated and presented as the fifth step in the cluster analysis. The 
Cophenetic Correlation Coefficient (Sokal and Rohlf, 1962) is a popular metric 
of display accuracy. An additional step in any cluster analysis application 
should be interpretation of the numerical classification results since the 
technique is designed to simplify complex data and not to produce ecological 
interpretation. 

SUMMARY 

The ability of a water resource to sustain a balanced biotic comnunity is one 
of the best indicators of its potential for beneficial use. This ability is 
essential to the comnunity's health. Although several papers have criticized 
the use of diversity indices (Hurlbert,l971; 
(1977) stated that 

Peet,1975; Godfrey,l978), Cairns 
"the diversity index is probably the best single means of 

assessing biological integrity in freshwater streams and rivers". Cairns 
concluded that no single method will adequately assess biological integrity, 
but rather its quantification requires a mix of assessment methods suited for 
a specific site and problem. The index of diversity is an integral part of 
that mix. Community comparison indices are also useful in assessing the 
biological health of aquatic systems. By measuring the simiarity (or 
dissimilarity) between sampling stations, community comparison indices 
indicate relative impairment of the aquatic resource. 
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CHAPTER IV-3 
RECOVERY IHnEX 

It is important to examine the ability of an ecosystem to recover from 
displacement due to pollutional stress in order to evaluate the potential 
uses of a water body. Cairns (1975) developed an index which gives an 
indication of the ability of the system to recover after displacement. The 
factors and rating system for each factor are: 

(a) Existence of nearby epicenters (e.g., for rivers these might be 
tributaries) for providing organisms to reinvade a damaged system. 
Rating System : l=poor, 2=moderate, 3=goori 

(b) Transportability or mobility of disseminules (the disseminules might be 
spores, eggs, larvae, flying adults which might lay eggs, or other stages 
in the life history of an organism which permit it to move to a new area). 

Rating System : l=poor, 2-moderate, 3=good 

(c) Condition of the habitat following pollutional stress (including 
physical habitat and chemical quality). 
Rating system : l=poor, 2=moderate, 3=good 

(d) Presence of residual toxicants following pollutional stress. 
Ratinq System : l=large amounts, 2=moderate amounts, 3=none 

(e) Chemical-physical environmental quality after pollutional stress. 
Rating System : l=in severe disequilibrium, 2=partially restored, 

3=normal 

(f) Management or organizational capabilities for control of damaged area. 
Rating system : l=none, 2-some, 3=strong enforcement possible. 

Using the characteristics listed above, and their respective rating 
systems, a recovery index can be developed. The equation for the recovery 
index follows: 

Recovery Index = a x b x c x d x e x f 
4nfl+ = chances of rapid recovery excellent 
55-399 = chances of rapid recovery fair to good 
less than 55 = chances of rapid recovery poor 

This index and the rating system was developed by Cairns based on his 
experience with the Clinch River. For a full description of the rationale 
for the rating factor, the reader should refer to Cairns (1975). 
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CHAPTER IV-4 

INTOLERANT SPECIES ANALYSIS 

NICHE CONCEPT 

The ecological niche of a species is its position and role in the biological 
community. Hutchinson (1957) described niche as a multidimensional space, or 
hypervolume, that is delineated by the species' environmental requirements and 
tolerances. Physical, chemical, and biological conditions and relationships 
constitute the dimensions of the hypervolume, and the magnitude of each dimen- 
sion is defined by the upper and lower limits of each environmental variable 
within which a species can persist. If any one of the variables is outside of 
this range the organism will die, regardless of other environmental conditions. 

TOLERANCE 

The "Law of Toleration" proposed by Shelford (1911) is illustrated in Figure 
IV-4-l. For each species and environmental variable there is a range in the 
variable intensity over which the organism functions at or near its optimum 
level. Outside the maximum and minimum extremes of the optimum range there are 
zones of physiological stress, and, beyond, there are zones of intolerance in 
which the functions of the organism are inhibited. The upper and lower toler- 
ance limits (also called incipient lethal levels) are intensity levels of the 
environmental variable that will eventually cause the death of a stated frac- 
tion of test organisms, usually 50 percent. 

VARIABILITY OF TOLERANCE 
-- 

The tolerance of an organism for a lethal condition is dependent on its gene- 
tic constitution - both its species and its individual genetic makeup - and 
its early and recent environmental history (Warren 1971). Acclimation has a 
marked effect on the tolerance of environmental factors such as temperature, 
dissolved oxygen, and some toxic substances (see Figure IV-4-Z). Tolerance is 
also a function of the developmental stage of the organism and it may change 
with age throughout the life of the animal. Because of this variability, no 
two organisms have exactly the same tolerance for a lethal condition and toler- 
ance limits must be expressed in terms of an "average" organism. 

INTERACTIONS INFLUENCING TOXICITY 

An organism's tolerance for a particular lethal agent is dependent not only on 
its own characteristics but also on the environmental conditions. The inter- 
actions between lethal and nonlethal factors are well documented and are ad- 
dressed elsewhere in this handbook (Chapters II-5 and 111-Z). Briefly, these 
nonlethal effects include: 
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Figure IV-4-l. Law of toleration in relation to distribution and oopulation 
level--often a normal curve (modified by Kendeigh (1974) from 
Shelford (1911)). 

Figure IV-4-2. 

*r 

The zones of tolerance of brown bullheads (Ictalurus nebulosus) The zones of tolerance of brown bullheads (Ictalurus nebulosus) 
and chum salmon (Oncorh nchus keta) as delimited bv incipient and chum salmon (Oncorh nchus keta) as delimited bv incipient 

7&l-- 7&l-- lethal temperature an lethal temperature an in uenced by acclimation temperature in uenced by acclimation temperature 
(after Brett 1956). (after Brett 1956). 
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Hardness. Increasing hardness decreases the effect of toxic metals on aqua- 
tic organisms by forming less-toxic complexes. 

pH. The dissociation of weak acids and bases is controlled by pH and either 
the molecular or ionic form may be more toxic. 

Alkalinity and Acidity. These modify pH by constituting the buffering capa- 
city of the system. 

Teqerature. Increasing temperature enhances the effect of toxicants by in- 
creasing the rates of metabolic processes. 

Dissolved Oxygen. Decreasing dissolved oxygen concentration augments the 
exposure and absorption of toxicants by increasing the necessary irriga- 
tion rate of respiratory organs. 

When two or more lethal agents are present, several types of interactions are 
possible: synergistic, additive, antagonistic, or no interaction. 

INTOLERANT SPECIES ANALYSIS 

The tolerance ranges for environmental variables differ widely between spe- 
cies. Thus, the range of conditions under which an organism can survive (its 
niche) is broader for some species than it is for others. Fish species with 
narrow tolerance ranges are relatively sensitive to degradation of water qual- 
ity and other habitat modifications, and their populations decline or disap- 
pear under those circumstances before more tolerant organisms are affected. In 
general, intolerant species can be identified and used in evaluating environ- 
mental quality. The presence of typically intolerant species in a fish sam- 
pling survey indicates that the site has relatively high quality; while the 
absence of intolerant species that, it is judged, would be there if the envi- 
ronment was unaltered indicates that the habitat is degraded. 

LISTS OF INTOLERANT FISH SPECIES 

While the tolerance limits of a fish species for a particular environmental 
factor can be defined relatively precisely by toxicity bioassays, its degree 
of tolerance may vary considerably over the range of physical, chemical, and 
biological variables that may be encountered in the environment. The variables 
that are the object of intolerant species analysis are intentionally left 
vague in order to accommodate the variety of situations precipitated by man's 
activities. A species may be intolerant of alterations in water quality or in 
habitat structure, such as those listed below. 

Water Quality Changes Habitat Alterations 

increased turbidity 
increased siltation 
increased water temperature 
increased dissolved solids 
organic enrichment 
lowered dissolved oxygen 

substrate disruption 
cover removal 
changes in velocity and discharge 
removal of instream and streamside 

vegetation 
water level fluctuation 
impoundment and channelitation 
blockage or hinderance of migration 
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Many species can be identified that are relatively intolerant of anthropogenic 
alterations of the aquatic environment compared to other fish. Appendix C con- 
tains a list of fish species, nationally, which are relatively intolerant to 
one or more of the environmental changes shown above. The information in Appen- 
dix C is based on literature sources (Wallen 1951; Trautman 1957; Carlander 
1969, 1977; Scott and Crossman 1973; Pflieqer 1975; Moyle 1976; Timbol and 
Haciolek 1978; Smith 1979; Muncy et al. 1979; Lee et al. 1980; Morrow 1980; 
Johnson and Finley 1980; U.S. EPA 1980; Karr 1981; Haines 1981; and Ball 1982) 
and on the professional judgment of State and University biologists. 

The darters and sculpins are listed only by genus in Appendix C. Identifica- 
tion of those taxa to species would have been inconvenient (together, Amno- 

iP 
Etheostoma, Percina, and Cottus contain 150 species in the Um 

atesj and 1arqeTy unnecessary because, with a few possible exceptions, all 
of the species of darters and sculpins can be considered intolerant. Karr 
(1981) recognized the johnny darter (Etneostoma ni rum) as the most tolerant 
darter species in Illinois and Ball'~)i dir cateqori ze the johnny 
darter as an intolerant forage fish. Other darter species that appear to be 
relatively more tolerant of turbidity, silt, and detritus than others in their 
genus are listed below: 

mud darter 
bluntnose darter 
slough darter 
cypress darter 
oranqet hroat darter 
swamp darter 
river darter 

Etheostoma aspriqene 
L. chlorosomum 

Fercina shumardi 

The list in Appendix C Is intended to be used by knowledgeable biologists as a 
rough guide to the relatively intolerant fish species in their state. Site- 
specific editing is left to persons familiar with the local fish fauna and en- 
vironmental conditions. Local editing of the provided data should produce a 
workable list for intolerant species analyses of the streams in that area. 

IV-4-4 



CHAPTER IV-5 

OMNIVORE-CARNIVORE (TROPHIC STRUCTURE) ANALYSIS 

INTRODUCTION 

Water pollution problems nearly always involve changes in the pathways by 
which aquatic populations obtain energy and materials (Warren 1971). These 
changes lead to differential success of constituent populations which affects 
the composition of the aquatic community. Anthropogenic introduction of or- 
ganic substances or mineral nutrients directly increases the energy and ma- 
terial resources of the system, but other pollution problems - such as pH or 
temperature changes, toxic materials, low dissolved oxygen, turbidity, silta- 
tion, et cetera - also lead to changes in trophic pathways. Thus, the health 
of a system can be evaluated through a study of its trophic structure. The 
following material concentrates on stream and river systems. Lakes will have 
different structural aspects. 

TROPHIC STRUCTURE 

The ecosystem has been described as the entire complex of interacting physi- 
cochemical and biological activities operating in a relatively self-supporting 
community (Reid and Wood 1976). The biological operations of an ecosystem can 
be viewed as a series of compartments which are described by three general cat- 
eqori es: producers, consumers, and decomposers. The producers include all auto- 
trophic plants and bacteria (both photosynthetic and chemosynthetic) which, by 
definition, are capable of synthesizing organic matter from inorganic sub- 
strates. The consumers are heterotrophic organisms that feed on other orqan- 
isms, and are typically divided into herbivores and carnivores. Herbivores 
(primary consumers) feed principally on living plants while carnivores (sec- 
ondary, tertiary, and quarternary consumers) feed principally on animals that 
they kill. Another type of consumer, the omnivore, feeds nearly equally on 
plants and animals, and occupies two or more trophic levels. The decomposers 
include all organisms that release enzymes which break down dead organisms. 

Food chains are sometimes used to simply represent feeding relationships be- 
tween trophic levels (e.g., plant > herbivore > carnivore). Ecosystems cormnon- 
ly contain three to five links in their food chains. Diagraming all of the 
pathways of energy and material transfer in a community entails many inter- 
connecting food chains, forming a complex food web. 

The concept of trophic structure, first formally discussed by Lindeman (1942), 
is a method of dealing with the pathways of enerqy and material transfer which 
focuses on functional compartments without considering the specific feeding 
relationships. The pathways between functional compartments are illustrated in 
Figure IV-5-l. Trophic structure is commonly represented by trophic or ecoloq- 
ical pyramids. An ecological pyramid is a diaqramatic representation of the r- 
elationships between trophic levels arranged with the producers making up the 
base and the terminal or top carnivore at the apex. An ecological pyramid may 
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Figure IV-5-1. Trophic pathways of an ecosystem (after Reid and Wood 1976). 
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Figure IV-5-2. Ecological pyramids for Silver Springs, Florida, indicating (a) 
biomass and (b) productivity. P=producers; C=consumers; S=sapro- 
phytes or heterotrophs (after Odum 1957). 

IV-5-2 



represent the number of individuals that compose each trophic level, or, of 
more ecological significance, the biomass or productivity of each level (Fig- 
ure IV-5-2). Because enerqy transfer between trophic levels is less than 100 p- 
ercent efficient the pyramid of productivity must always be regular in shape, 
while pyramids of numbers and biomass may be partially inverted in some in- 
stances (Richardson 1977). 

TROPHIC STRUCTURE OF FISH COMMUNITIES 

Fish cotnnunities generally include a range of species that represent a variety 
of trophic levels. The trophic classification system shown below was used in 
the assessment of fish fauna of the Illinois and Maumee River basins (Karr and 
Dudley 1978, Karr et al. 1983). 

(1) Invertivore - food predominantly (>75%) invertebrates. 
(2) Invertivore/Piscivore - food a mixture of invertebrates and fish; rela- 

tive proportions often a function of age. 
(3) Planktivore - food dominated by microorganisms extracted from the water 

column. 
(4) Omnivore - two or more major (>253 each) food types consumed. 
(5) Herbivore - feed mostly by scraping algae and diatoms from rocks, and 

other stream substrates. 
(6) Piscivore - feed on other fish. 

Schlosser (1981, 1982a, 1982b) used the trophic structure of fish communities 
to investigate differences in Illinois stream ecosystems. His categorization 
scheme appears in Table 1. 

In addition to representing a range of trophic levels, fish utilize foods of 
both aquatic and terrestrial origin, and occupy a position at the top of the 
aquatic food web in relation to plants and invertebrates. These facts enhance 
the ability of fish communities to provide an integrative view of the water- 
shed environment (Karr 1981). 

BIOLOGICAL HEALTH 

Degradation of water quality and habitat affects the availability of many food 
resources, resulting in changes in the structure and functions, and, thus, the 
health of the aquatic community. Structural characteristics include the num- 
bers and kinds of species and the number of individuals per species. These 
parameters can be evaluated relatively quickly via compilation of species 
lists, calculation of diversity indices, and identification of indicator spe- 
cies. The importance of evaluating the impact of pollution on community func- 
tions - such as production, respiration, energy flow, degradation, nutrient 
cycling, and other rate processes - is becoming increasingly evident, and, 
ideally, any study of cmnity health should include both structural and 
functional assessment. However, use of functional methods has been hindered 
because they are often expensive, time-consuming, and not well understood. 
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TABLE IV-5-l. TROPHIC GUILDS USED BY SCHLOSSER (1981, 1982A, 19828 ) 
TO CATEGORIZE FISH SPECIES 

Herbivore - detritivores (HD) HD species fed almost entirely on dia- 
toms or detritus. 

Omnivores (OMN) OMN species consumed plant and animal 
material. They differed from GI species 
in that, subjectively, greater than 25 
percent of their diet was composed of 
plant or detritus material. 

Generalized Insectivores (GI) 

Surface and Water Column 
Insectivores (SWI) 

Benthic insectivores (BI) 

Insectivore - Piscivores (IP) 

GI species fed on a range of animal and 
plant material including terrestrial 
and aquatic insects, algae, and small 
fish. Subjectively, less than 25 per- 
cent of their diet was plant material. 

SW1 species fed on water column drift 
or terrestrial insects at the water 
surface. 

BI species fed predominantly on imna- 
ture forms of benthic insects. 

IP species fed on aquatic invertebrates 
and smal? fish. Their diets ranged from 
predominantly fish to predominantly in- 
vertebrates. 

IV-504 



Examining the trophic structure of a community can provide insight into its 
production and consumption dynamics. A trophic-structure approach to the study 
of the functional processes of stream ecosystems has been proposed by Cumins 
and his colleagues (Cumins 1974, 1975; Vannote et al. 1980). Their concept 
assumes that a continuous gradient of physical conditions in a stream, from 
its headwaters to its mouth, will illicit a series of consistent and predict- 
able responses within the constituent populations. The River Continuum Concept 
identifies structural and functional attributes that will occur at different 
reaches of natural (unperturbed) stream ecosystems. These attributes (sum- 
marized in Table IV-5-2) can serve as a reference for comparison to measured 
stream data. Measured data which are commensurate with those predicted by the 
river continuum model indicate that the studied system is unperturbed, while 
disagreement between actual and expected data indicates that modification of 
the ecosystem has occurred (Karr and Dudley 1978). 

EVALUATION OF BIOLOGICAL HEALTH USING FISH TROPHIC STRUCTURE 

Karr (1981) developed a system for assessing biotic integrity using fish com- 
munities, which is discussed in Chapter IV-2: Diversity Indices. Three em- 
pirical trophic metrics are incorporated into Karr's index of biotic integrity 
(IBI). They are: 

(1) the proportion of individuals that are omnivores, 
(2) the proportion of insectivorous individuals of the Cyprinidae family, 

and 
(3) the presence of top carnivore populations. 

Karr (1981) observed that the proportion of omnivores in a cotmnunity increases 
as the quality of the aquatic environment declines. Nearly all major consumer 
species are omnivorous to a degree (Darnell 1961), so populations are con- 
sidered to be truly omnivorous only if they feed on plants and animals in 
nearly equal amounts or indiscriminately (Kendeigh 1974). Recall that Karr and 
Schlosser used 25 percent of plant material ingested as the level for distin- 
guishing between omnivores and other trophic guilds. Presumably, changes in 
the food base due to pollutional stress allow the euryphagic omnivores to be- 
come dominant because their opportunistic foraging ecology makes them more suc- 
cessful than more specific feeders. Omnivores are often virtually absent from 
unmodified streams. Even in moderately - altered streams omnivorous species 
usually constitute a minor portion of the community. For this reason, the bi- 
ologist responsible for assessment must be familiar with the local fish fauna 
and aquatic habitats in order to be able to interpret subtle disproportions in 
trophic structure. In general, Karr (1981) has found samples with fewer than 
20 percent of individuals as omnivores to be representative of good environ- 
mental quality, while those with greater than 45 percent omnivores represent 
badly degraded sites. 

Karr (1981) reported that a strong inverse correlation exists between the abun- 
dance of insectivorous cyprinids and omnivores. Thus, communities containing a 
large proportion of insectivorous members of the minnow family (~45%) tends to 
indicate relatively high environmental quality. 
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TABLE IV-5-2. GENERAL CHARACTERISTICS OF RUNNING WATER ECOSYSTEMS ACCORDING 
(From Karr and Dudley 1978, modified from Cunmrins 1975) 

Primary Production 
energy (trophic) 
source state 

Light and 
tem erature 

! reg mef 

TO SIZE OF STREAM. 

Atrophic status of dominant 

insects wsn 

*Small 
headwater 
streams 

(strem 
order 
i-3) 

Coarse particulate Heterotrophic Heavily Shredders lnvertivores 
0 anic matter 
(C%M) from the 

shaded 
P/R (1 Collectors 

terrestrial Stable 
environment temperatures 

Little primary 
production 

*Medium 
sired 
streams 
(4-6) 

Fine particulate 
organic matter 
(FPOIN, mostly 

Considerable 
primary 
production 

Autotrophic 

P/R >l 

Little 
shadfng 

High daily 
temperature 
variation 

Collectors Invertivores 

Scrapers Piscivores 
(grazers) 

*Large 
rivers 
(7-12) 

FPOM from 
upstream 

Heterotrophic Little shading 
Planktonic Planktivores 

P/R <L Stable collectors 
temperatures 

F Streams are typlcal ly subdlvlded Into these three sire classes based on the stream order classiflcatlon system 
of Kuehne (1962). 
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Faucsh et al. (unpublished manuscript) investigated the regional applicability 
of the IBI. Results from the two least disturbed watersheds in the study -- 
the Embaras River, Illinois and the Red River, Kentucky -- confirmed the fixed 
scoring criteria Groposed by Karr (1981) for omnivores and insectivorous cypri- 
nids. At most of the undisturbed sites in each stream, omnivores constituted 
20 percent or less of all individuals and at least 45 percent of individuals 
were insectivorous cyprinids. 

The presence of viable, vfgorous populations of top carnivores is another in- 
dicator of a relatively healthy, trophically diverse community used in Karr's 
index. As described earlier, top carnivores constitute the peak of the eco- 
logical pyramid, and, therefore, occupy the highest trophic level in that par- 
ticular comnrnity. Degradation of environmental quality causes top carnivore 
populations to decline and disappear. Theoretically, since top carnivore pop- 
ulations are supported (directiy or indirectly) by all of the other (lower) 
trophic levels, they serve as a natural monitor of the overall health of the 
community. Because of their position atop the food chain, terminal carnivores 
are most vulnerable to detrimental effects of biomagnified toxicants. Also, 
predation by top carnivores keeps the populations of forage and rough fish in 
check, thereby functioning to maintain biotic integrity. As always, ft is as- 
sumed that the project biologist will use considerable personal knowledge of 
local ichthyology and ecology in adjusting expectations of top carnivore spe- 
cies to stream size. The top carnivore populations must be evaluated in rela- 
tion to what would be there if the habitat were not modified. Defining the 
baseline is a major problem in any study of pollutional stress. In determining 
the baseline community, the biologist may rely on the faunas of similar, unal- 
tered habitats in the area, literature information, and personal experience -- 
remembering the concepts of the river continuum model. 

The results of research conducted throughout the midwest tend to support the 
theoretical basis of the omnivore and top carnivore metric approaches to as- 
sessing biotic integrity (Larimore and Smith 1963, Cross and Collins 1975, 
Menzel and Fierstine 1976, Karr and Dudley 1978, Schlosser 1982a, Karr et al. 
1983). Fausch et al. (unpublished manuscript) evaluated five watersheds in 
Illinois, Michigan, Kentucky, Nebraska, and North and South Dakota using the 
IBI, and found that scores accurately reflected watershed and stream condi- 
tions. 

However, experts in the field recognize that the omnivore - top carnivore anal- 
ysis may not be applicable in every situation on a nationwide basis. Reser- 
vations over use of this approach seem to be based on three variables. 

(1) Type of pollutional stress - e.g., the trophic metrics proposed by Karr 
(1981) were largely derived from agricultural watersheds in which sedi- 
mentation and nutrient enrichment are the predominant forms of anthro- 
pogenic stress; other pollution problems such as toxic waste discharge 
could conceivably have a different impact on fish trophic structure. 
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(2) Type of aquatic habitat - e.g., headwater streams, large rivers, and 
flowing swamps represent very different environments which are charac- 
terized by a variety of trophic pathways and food sources. 

(3) Type of Jmbient fish fauna - e.g., no or very tolerant top carnivores 
might be present naturally, or no or very intolerant omnivores. 

LIST OF OMNIVORES AND TOP CARNIVORES 

Examples of resident omnivore and top carnivore fish species are listed nation- 
ally in Appendices B-l and B-2, respectively. These tables were compiled based 
on information found in the literature (Morita, 1963; Carlander, 1969, 1977; 
Pflieger, 1975; Moyle, 1976; Tfmbol and Maciolek, 1978; Smith, 1979; Morrow, 
1980; Lee et a1.,1980; Karr et al., 1983). The purpose of the lists is to 
provide a framework for assessing omnivore and top carnivore populations. 
However, because of the geographic variability in feeding habits, the gaps in 
available foraging data, and the dynamic nature of range boundaries, some 
members of the list may not occupy the specified trophic compartment in a 
particular area, while other species that belong on the list may have been 
overlooked. The list is intended to be used by knowledgeable biologists who 
are capable of adding and deleting species where necessary to produce a list 
which is appropriate for the particular area of study. 
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CHAPTER IV-6 
REFERENCE SITES 

Introduction 

The goal of this section is to suggest an objective, ecological 
approach that should aid States in determining the ecological potential of 
priority aquatic ecosystems, evaluating and refining standards, 
prioritizing ecosystems for improvements, and comprehensively evaluating 
the ecological quality of aquatic ecosystems. The objectives of this 
section are to demonstrate the need for regional reference sites and to 
demonstrate how they can be determined. To do this the need for some type 
of control or reference sites will be discussed and alternate types will be 
outlined, the concept of ecological regions and methods for determining 
them will be described, aspects that should be considered when selecting 
reference sites will be listed, and the limitations of the regionalization 
method will be discussed. 

Although correlation between a disturbance and the resulting 
functional or structural disorder can stimulate considerable insight, the 
disorder that results from disturbing a water body can be demonstrated 
scientifically only by comparing it with control or reference sites. To 
scientifically test for functional or structural disorder, data must be 
collected when the disturbances are present and when the disturbances are 
absent but everything else is the same. Disorders that are unique to the 
disturbed areas must be related to the disturbances but separated from 
natural variability. This requires carefully selected reference sites, but 
it is difficult or impossible to find pristine control or reference sites 
in most of the conterminous United States. Also, it is unlikely that 
pristine reference sites would be appropriate for most disturbed sites 
because they would differ in ways besides the distrubance, as will be 
discussed later. 

The most comonly used reference sites are upstream and downstream of 
the recovery zone of a point source. However, these sites provide little 
value where diffuse pollution is a problem, where channel modifications are 
extensive, where point sources occur all along the stream, where the 
stream's morphology or flow changes considerably among sites, or where 
various combinations of these disturbances occur. 
suggest a different approach, 

Hughes et al. (1983) 
which reduces the problems of upstream- 

downstream reference sites. 
large, 

Their approach is based on first determining 
relatively-homogeneous, ecological regions (areas with similar 

land-surface form, climate, vegetation, etc.) followed by selection of a 
series of reference sites within each region. These sites could QOSSibly 
serve as references for a number of polluted sites 011 a number of streams 
thereby economizing on and simplifying concurrent or future studies. A 
modification of Hughes et al. 's approach has been tested on two polluted 
streams in Montana (Hughes MS) and the approach is being rigorously tested 
on 110 sites in Ohio ((hernik and Hughes 1983). 
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The logical basis for Omernik and Hughes' approach was developed from 
ailey (1976), Green (1979). Hall et al. (1978), and arren (1979). Their 

logic fits well with the proposed water quality standards regulation 
(Federal Register 1982) that suggests grouping of streams wherever 
possible. Bailey stressed that heterogeneous lands, such as those managed 
by the U.S. Forest Service, must be hierarchically classified by their 
capabilitles. tie added that classification should be objective, 
synthesized from present mapped knowledge, and based on the spatial 
relationships of several environmental characteristics rather than on one 
characteristic or on the similarity of the characteristics alone. 

One of Green's ten principles for optimizing environmental assessments 
is that wherever there are broad environmental patterns, the area should be 
broken into relatively homogeneous subareas. Clearly, this principle 
applies to most States. Hall et al. found that studies that incorporate 
several variously-impacted sites were more useful than separate intensive 
studies of one or two sites and more practical than long-term pre- and 
post- impact studies. 

Warren proposed that a watershed/stream classification should 
integrate climate, topography, substrate, biota, and culture at all levels, 
as opposed to considering them separately. He also stated that the 
integration and classification should be hierarchical and be determined 
from the potentials of the lands and waters of interest, rather than from 
their present conditions. Streams within Warren's proposed classification 
would have increasingly similar ecological potentials as one moved down 
through the hierarchy to ever smaller watersheds or ecological regions. 

The Concept of Ecological Regions 

The ecological potential of a reference or disturbed site is 
considered to be the range of ecological conditions present in a number of 

but relatively-undisturbed sites within an ecological region. 
%\atively-undisturbed sites , can be found even in the channelized 
streams of the Midwest Corn Belt (Marsh and Luey 1982). One should not 
suppose that such sites represent pristine or undisturbed controls, only 
that they are the best that exist given the prevalent land use patterns in 
an ecological region. Because of the major economic and political strains 
required, we do not believe that resource managers or even knowledgeable 
and concerned citizens will change those general land use patterns much. 
But such persons will need to know the best conditions they can expect in a 
water body in order to decide whether the economic and noneconomic benefits 
of a particular water body standard are worth their economic and 
noneconomic costs. To make such determinations rationally, the reference 
sites must also be typical of a region. That is, their watersheds must 
wholly reflect the predominant climate, land-surface form, soil, potential 
natural vegetation, land use, and other environmental characteristics 
defining that region, and the site itself must contain no anomalous 
feature. For example, a cobble-bottomed stream in an entirely forested, 
highly dissected watershed would not be typical of the sand and 
gravel-bottomed streams in the agricultural prairies of the Midwest, nor 
could it be a useful predictor of such an agricultural stream's ecological 
potential, even though such a watershed and stream might be found in such a 
region. 
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Although all aquatic ecosystems differ to some degree, the basis of 
ecological regions is that there also is considerable similarity among 
aquatic ecosystem characteristics and that these similarities occur in 
definable geographic patterns. Also, the variabilities in the present and 
potential conditions of the chemical and physical environment and the biota 
are believed to be less within an area than among different areas. For 
example, streams in the Appalachian Mountains, are more similar to each 
other than to those in the Corn Belt or those on the Atlantic Coastal 
Plain. It is assumed that streams acquire their similarities from 
similarities in their watersheds and that streams draining watersheds with 
similar characteristics will be more similar to each other than to those 
draining watersheds with dissimilar characteristics. Thus, an ecological 
region is defined as a large area where the homogeneity in climate, 
land-surface form, soil, vegetation, land use, and other environmental 
characteristics is sufficient to produce relative homogeneity in stream 
ecosystems. 

The concept of an ecological region is an out-growth of the work of 
vegetation ecologists, climatologists, physiographers, and soil 
taxonomists, all of whom have sought to display national patterns by 
mapping classes of individual environmental characteristics (USDI - 
Geological Survey 1970). James (1952) discusses the value of integrating 
or regionalizing such environmental characteristics and Warren (1979) 
provides an excellent rationale for classifying ecological regions, but 
Bailey's ecoregion map (1976) comes the closest to actually doing so. 
However, Bailey's map incorporates a hierarchical approach, concentrating 
on an individual environmental characteristic at each level, and does not 
yet incorporate land-surface form or land use. Hughes and Omernik (1981b) 
agree with Warren that it is most useful to integrate these features at 
every level in the hierarchy of ecological regions. Such an approach 
facilitates the mapping of ecological regions at a national, state, or 
county level with increasing resolution (but decreasing generality) at each 
lower level. 

Ecological regions should improve States' abilities to manage aquatic 
ecosystems in at least four ways (Hughes and Omernik 1981b): (1) They 
should provide ecologically-meaningful management units. Such units allow 
objective and logical synthesis of existing data from ecologically-similar 
aquatic ecosystems and, using that synthesis, extrapolation to other 
unstudied ecosystems in the same ecological region. (2) They should 
provide an objective, ecological basis to refine use classifications and to 
evaluate the attainment of uses for aquatic ecosystems. This is because 
they provide an ecological basis for determining typical and potential 
states of aquatic ecosystems located in similar watersheds. (3) They 
should provide an objective ecological basis to prioritize aquatic 
ecosystems for improvements or for attainability analyses. Given knowledge 
of the typical and potential conditions of aquatic ecosystems in the 
separate ecological regions of a State, that State can rationally determine 
what to expect from improvements and thereby know where it will get the 
greatest ecological returns for its investments. (4) They should simplify 
set+; ~LJ site-specific criteria on site-specific biota, as allowed by the 
prcposed water quality regulation. Rather than set separate criteria for a 
large number of sites at enormous expense, a State could use criteria 
obtained from a series of sites that typify potential conditions in each 
ecological region of that state or neighboring states. 
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The process of selecting reference sites car be broken into two major 
phases with most of the work done in an office. First, the ecological 
regions, and most-typical area(s) of interest are determined. Second, 
various sizes of candidate watersheds and reaches are evaluated for 
typicalness and level of disturbance in order to select reference sites. 

Determining Ecological Regions 

There are several methods for determining ecological regions. 
Trautman (1981) suggested that one factor, physiography, could be used to 
determine patterns of stream types and fish assemblages in Ohio. Lotspeich 
and Platts (1982) believed regions should be determined from two factors, 
climate and geology. Railey (1976) used three factors, climate, soil, and 
potential natural vegetation, in his ecoregion map of the United States but 
suggested adding land-surface form and lithology if smaller ecoregions are 
mapped. Warren (1979) proposed that five factors, climate, topography, 
substrate, biota and culture, should all be incorporated in watershed 
classification. Hughes and Omernik (1981b), 0nernik et al. (1982), and 
Omernik and Hughes (1983) overlaid maps of land-surface form, soil 
suborders, land use, and potential natural vegetation in studies of the 
Corn Relt and Ohio, but suggest using precipitation, temperature, and 
lithology if major differences in these factors are suspected. totspeich 
and Platts, Bailey, and Warren all emphasized the use of hierarchical 
ecoregions, movinq from broad national regions thousands of square 
kilometers in size to small watersheds a few square kilometers in area. A 
much different approach to determining ecological regions is the stream 
habitat classification of Pflieger et al. (1981). They used cluster 
analysis of fish collections from throughout Missouri to group localities 
having similar fish faunas. Where States have computerized fish collection 
data from a thousand or mOre sites, cluster analysis is a useful approach, 
however only a handful of States have such data. 

Recause of the diversity of methods for determining ecological 
regions, the limited testing of their applicability to aquatic ecosystems, 
and the limited number of large computerized data files, States are 
encouraged to select a method that allows the greatest potential for later 
modification. The method of Hughes and fhnernik requires no prior 
collection data and appears to allow more modification than the others. 
The greater number of characteristics used to determine regions increases 
the opportunity that those regions wi 11 have a variety of uses by several 
agencies and greater value in predicting impacts of managment actions. 
Therefore, their method is out1 ined by the following steps: 

1. Select the area and aquatic characteristics of interest. In many cases 
the area of interest will be a State, but wherever major environmental 
characteristics or watersheds do not coincide with state borders, States 
may find it useful and economical to work cooperatively and incorporate 
portions of neighboring States. Aquatic characteristics of Interest may 
include fish and macro-invertebrate assemblages and various aspects of 
the chemical and physical environment affecting those assemblages. 
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2. Select broad environmental characteristics most likely to control the 
aquatic characteristics of interest. Environmental characteristics to 
consider are climate (especially mean annual precipitation and surnner 
and winter temperature extremes), land-surface form (types of plains, 
hills, or mountains), surficial geology (types of soil parent material), 
soils (whether wet or dry, hot or cold, shallow or deep, or low or high 
in nutrients), potential natural vegetation (grassland, shrubland, or 
forestland, and dominant species), major river basins 
important in unglaciated areas for limiting fish anldesp~~~~~~: 
distribution), and land use (especially cropland, grazing land, forest, 
or various mixes of these). National maps of most of these 
characteristics are available in USDI-Geological Survey (1970), but, 
often, larger-scale State maps can be obtained from State agencies or 
university departments. 

3. Examine maps of the selected environmental characteristics for classes 
of characteristics that occur in regional patterns. When original maps 
differ in scale or when finer resolution is required, a mechanical 
enlarger/reducer, photocopy machine, photo-enlarger, or slide projector 
can be used to produce maps of the desired scale. Select those classes 
of characteristics that best represent tentative ecological regions. 
For example, is the predominant class of land-surface form flat plains 
or high hills; is the predominant potential natural vegetation oak 
forest or ash forest? List the predominant class of all the 
characteristics considered for each tentative ecological region. 

4. Overlay the selected environmental characteristics mapped at the same 
scale and outline the most-typical areas in each tentative ecological 
region. The maps are examined in combination on a light table and lines 
are drawn on a sheet of clear plastic or transparent paper (e.g. 
albanene). Most-typical areas are those areas in each tentative 
ecological region where al 1 the predominant classes of environmental 
characteristics in that region are present. These can be considered as 
most -typical areas because they contain all the classes of 
characteristics that will be used to determine that ecological region. 
For example, if the predominant classes of land use, potential natural 
vegetation, and land-surface form in an ecological region are cropland, 
grassland, and plains, respectively, only the portion of that region 
where cropland, grassland, and plains all occur together would be 
most-typical. This overlay approach and some of the environmental 
characteristics are similar to those used by McHarg (1969) in his 
examination of the values of various land uses in the Potomac River 
8asin. 

5. Determine which environmental characteristics best distinguish between 
regions. Where the major characteristics abruptly differ at the same 
place (e.g. hilly forestlands vs. prairie croplands) this is easily 
done, but where there are gradual transitions (e.g. from flat to smooth 
and irregular plains with decreasing amounts of croplands and increasing 
forestlands) it is more difficult and the boundries are less precise. 
At one boundary the distinguising characteristic may be land-surface 
form and surficial geology, at another it may be land use or a river 
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basin divide. Thus, this boundary determination is a sub.jective - not a 
mechanical or McHargian - process and it requires considerable judgment 
and knowledge of the key environmental characteristics along the 
tentative boundary. See Figure IV-7-1 for an example of a final 
product. Fianlly, the regional lines are transferred to a base map of 
the area of interest. On d State level, most of this work should be 
done using map scales of 1:500,0130 to 1:7,5OO,OOO. The base map should 
then be circulated among knowledgeable professionals to evaluate the 
significance of the ecological regions as drawn. 

For cases where top-priority aquatic ecosystems are anomalies, or where 
the State is interested in only a few sites, it may be more appropriate to 
use a slightly different approach based only on the watershed 
characteristics of the sites in question. For such cases, rather than 
analyze the entire State, researchers can determine the climate, 
land-surface form, soils, potential natural vegetation, land use, river 
basin, etc. of the watershed upstream of the site of interest. The same 
classes of characteristics elsewhere in the State or neighboring States can 
then be determined from maps. The rest of the regionalization process is 
the same as described above. The major difference in this approach is 
that, because of the spatially-narrower objective, fewer ecological regions 
will be determined, consequently, the product would have only local 
application. 

netermining Candidate References Reaches 

The most-typical areas are considered the most-logical places to 
locate reference reaches for several reasons: (1) Such areas should 
contain a narrower range of land use or disturbance potentials compared to 
the entire region or other regions. Hence, there should be a narrower 
range of aquatic ecosystem conditions in these most-typical areas compared 
to the entire region or other regions. (2) Such areas are more likely to 
be free of ma,jor anomalies that might produce undisturbed sites that are 
also atypical, such as an entirely forested, mountainous watershed in a 
region typified by shrublands and plains. (3) Such areas can potentially 
represent the greatest number of streams in the ecological region because 
they drain watersheds having all the predominant classes of environmental 
characteristics that were used to identify the region. (4) Such areas best 
represent the prevailing land use of the ecological region and the best 
background conditions likely. For example, there is little likelihood of 
transforming an area dominated by rangeland into forestland, therefore, the 
predominant land use in the watershed of a reference reach in such an area 
should be grazinq. 

For the above reasons, if watersheds of reference or benchmark reaches 
are to have the broadest possible applicability, they should fall entirely 
within the most-typical areas of ecological regions. Thus, the size of the 
most-typical area will determine the maximum size of such watersheds. The 
smallest watersheds should include the smallest intermittent or permanent 
streams and ponds that support spawning or rearing or valued populations. 
Valued populations may include sport, commercial, rare, threatened, 
endangered, forage, or intolerant species of any phylum. 
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Refining the Number of Candidate Reference Reaches 

Regardless of how candidates for reference watersheds are determined 
there are several important aspects to consider when selecting reference 
reaches: 

1. Human Disturbances. Obviously. watersheds that contain dense human 
populations, concentrations of mines or industry, several or important 
point sources, or major and atypical problems with diffuse pollution 
(e.g. acidification, soil erosion, overqrazing, mine wastes, landslides) 
should be eliminated from consideration as reference watersheds. 
Intentional stocking of sport fishes and incidental releases of aquarium 
and bait organisms have extended the ranges of many aquatic species, If 
these introductions are only local, knowledge of such populations should 
he considered when selecting least-disturbed watersheds because 
introduced stocks of species are one of the most detrimental changes 
that humans initiate in aquatic ecosystems. Where human disturbances 
are mapped this step should be done for the entire State. 

2. Size: Because of the gradual change in many stream characteristics from 
headwaters to rivers (Vannote et al. 1980), plus application of 
MacArthur and Wilson's (1967) theory of island biogeography to lakes 
(Rarbour and Brown 1974), it is important to consider the size of the 
reference reaches when they are to be compared with a priority water 
body. Although stream order (Strahler 1957) has often been used by 
biologists to approximate stream size, Hughes and Omernik (lWa, 1983) 
give several reasons why watershed area and mean annual discharge are 
preferahle measures. Limnologists typically use surface area and volume 
to estimate lake size. Although regional differences make any 
generalizations difficult, the stream order of priority and reference 
reaches should not differ by more than one order in most cases and the 
watershed areas usually should differ by less than one order of 
magnitude. 

3. Surface water hydrology. While determining size, the researcher should 
also briefly examine the types of the watersheds, streams, or lakes for 
anomalies. Large scale topographic maps will usually reveal whether the 
streams are effluent or influent, i.e., whether the net movement of 
water if from the streams to the ground water or the reverse. The same 
maps reveal drainage lakes, lake type (kettle, solution, oxbow. etc.), 
amount of ditching or canalization, and drainage pattern (dendritic, 
trellis, aimless, etc.). 

4. Refugia. Parks, monuments, wildlife refuges, natural areas, preserves, 
state and federal forests, and woodlots are often indicated on large 
scale topographic maps and locations of others can be obtained from 
state agencies charged with their administration. Such refugia are 
often excellent places to locate reference sites and reference 
watersheds. 
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5. Groundwater hydrology. Reports from the State water resource agency and 
the State office of the U.S. Geological Survey reveal whether lakes are 
influent or effluent. The direction of water movement in lakes is 
extremely important in determining their nutrient balance, causes of 
eutrophication, and possible results of lake restoration efforts. For 
example, in shallow effluent lakes with small watersheds the major 
source of nutrients is the atmosphere and hence uncontrollable. 

6. Runoff per unit area. 
size. 

\This is extremely important in estimating stream 
The sumnarited. runoff data are published in U.S. Geological 

Survey reports for each State. These data can be used to estimate 
isolines of runoff per unit area or existing runoff maps produced by 
State water resource agencies can be used. For a national example, see 
USDI - Geological Survey (1970). 

7. Water chemistry. These data can be used to estimate background or 
typical conditions. Most are not summarized, but they can be located 
using NAWDEX and are available from computerized data bases such as 
WATSTORE and STORET and from State water reports of the U.S. Geological 
Survey and State water resource agencies. 

8. Geoclimatic history. The historical geomorphology and climate determine 
the basin divides and historical connections among water bodies and 
basins. The absence of such connections and the locations of basin 
divides and major gradient changes determine centers of origin or 
endemism. Regionally, continental glaciation, ocean subsidence, and 
pluvial flooding, and locally, stream capture, canals, and headwater 
flooding all provided passages across apparent barriers that allowed 
range extension, and, in large part, determine the present ranges of 
primary freshwater fish and mollusks. This information is usually 
available from university geology departments and often from the state 
geologist. 

9. Known zoogeographic patterns. These are best revealed by maps in books 
and articles on the biota of the state, e.g. Smith (1983), Trautman 
(1981), or Pflieger (1975). Such patterns may also be predicted by 
present river basins where the basin divides are substantial and the 
river mouths distant. 

After considering the broad watershed and regional aspects of the 
candidate watersheds, the highly-degraded or unusual watersheds should be 
easily rejected. Candidate reaches can then be selected and ranked or 
clustered by expected level of disturbance. At this level of resolution, 
the researcher should study air photo mosaics and large-scale (1:24,000- 
1:250,000) maps of the candidate reaches. Stream gradient, distance from 
other refugia, barriers (falls, dams) between reference reaches and other 
refugia, distance from the major receiving water, number of mines, and 
buildings, amount of channelization, and presence of established monitoring 
or gaging sites should all be considered. The list of candidate reaches 
should be distributed to other professionals to query them about their 
knowledge of disturbance levels, previous or concurrent studies, fish 
stocking schedules, fish catch per unit effort, spawning or hatching 
pulses, valued species, etc. 
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Selecting Actual Reference Sites 

All the preceding research can, and should, be done in an office. It 
is then useful to view and photograph the reduced number of candidate 
reaches from the air. A small wing-over airplane flying 300-1500 meters 
above the ground is ideal for this or recent stereo pairs of air photos can 
suffice. The candidate reach should be examined at several access points 
to assess typical and least-disturbed conditions, i.e., the absence of farm 
yards, feed lots, livestock grazing, irrigation diversions, row crops, 
channelization, mines, housing developments, clearcuts, or other small 
scale disturbances should be rejected, though the candidate reaches may be 
moved upstream of them. The main reasons for this aerial view are to 
determine what the candidate watersheds and reaches typically look like, to 
characterize relatively undisturbed conditions, and to help select actual 
reference sites. The photographs are also useful as visual aids in 
briefings and public meetings. This phase is not essential if the chief 
state ecologist has developed this knowledge of present conditions through 
years of experience statewide. 

Finally, the remaining candidate reaches can be assessed and ranked 
for disturbance from the ground. Three to four candidate reference sites 
in each reach should be examined for typical natural features, least- 
disturbed channel and riparian characteristics, and ease of access. The 
concept of typicalness of natural features is similar to that of 
typicalness of watershed features; for example, riffle-pool morphology and 
swift current would not be typical of coastal plain or swamp streams and 
such anomolous sites should not be included as reference sites. 

One of the best indicators of least-disturbed sites is extensive, 
old, riparian forest (see Section 11-6). Another is relatively-high 
heterogeneity in channel width and depth (shallow riffles, deep pools, 
runs, secondary channels, flooded backwaters, sand bars, etc.). Abundant 
large woody debris (snags, root wads, log jams, brush piles), coarse bottom 
substrate (gravel, cobble, boulders), overhanging vegetation, undercut 
banks, and aquatic vascular macrophytes and additional substrate 
heterogeneity and concealment for biota. Relatively high discharges; 
clear, colorless, and odorless waters; visually-abundant diatom, insect, 
and fish assemblages; and the presence of beavers and piscivorous birds 
also indicate relatively-undisturbed sites. 

In order to confidently ascertain whether a designated biotic use of 
a priority aquatic ecosystem is attainable it is necessary to (1) clearly 
define that use in objective, measurable, biotic conditions and (2) examine 
those conditions in at least three least-disturbed reference sites. We 
have described a process to locate and rank a number of least-disturbed 
reference sites. However, there are several limitations to that approach. 
To date this process has only been tested on streams with watersheds less 
than 1600 km2. Major lakes and rivers can be examined in the same 
manner, but a multistate or national analysis will be needed and greater 
allowances for variability in the level of disturbance and the degree of 
typicalness may be necessary because large ecosystems encompass more 
variability, they are more likely to receive major point sources, and they 
are rarer to begin with. 
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Where priority aquatic ecosystems are unique it will be more 
difficult to find reference sites. For example, if the priority system is 
a forested watershed with a high-gradient stream in Iowa, where such a 
system is rare, it would be necessary to seek reference sites in 
neiqhboring States. Where a stream passes through extremely dissimilar 
ecological regions, reference streams should do likewise. For example, the 
Yampa River of Northwestern Colorado passes from spruce-forested mountains 
through sagebrush tablelands and should not be compared with a river that 
flows through only one of those regions. 

Stream reaches above barriers, such as the falls on the Cumberland 
River or the relatively steep gradients of the Watauga River at the North 
Carolina-Tennessee border, should not be compared with those below because 
few purely aquatic species have passed those historical barriers. Streams 
that had glacial or pluvial connections (such as the Susquehanna and James 
Rivers) may have more species in common than neighboring rivers of either, 
the neighboring rivers have similar environmental conditions. Gilbert 
(19Rfl) provides a clear discussion of these possible zoogeographic 
anomalies using examples from the eastern United States. decisions about 
reference sites must also take such knowledge into consideration. 

Finally, ecological regions and reference sites as described herein 
are believed most useful for making comparisons between broad assemblage- 
level patterns or patterns between widely-ranging and common species of 
importance, not between the presence or absence of specific uncommon or 
localized species viewed separately. That is, multivariate approaches such 
as ordination and classification or biotic indices such as Karr's (1981) 
are most applicable and researchers should not expect to discriminate among 
sites that vary only sliqhtly. 

Summary 

The final product of this approach is a map like that of Figure 
IV-7-l. Oata from the reference sites in each ecological region can be 
compared with those from disturbed sites in that region. For aquatic 
ecosystems that cross houndaries between ecological regions, state 
ecologists ought to examine data from the reference sites in those 
respective regions. Comparisons should he limited to ecosystems of similar 
size. 

Rather than an ad hoc, best - biological judgment approach, a 
regionalization approach as described provides a rational, objective means 
to compare similarities and differences over large areas. The regions 
provide ecoloqically-meaningful management units and they would help in the 
organization and interpretation of State water quality and NPS reports. 
nata from the reference sites provide an objective, ecological basis to 
refine use classifications and, when compared with more disturbed sites, to 
evaluate the attainment of uses. Knowledge of potential conditions in a 
region provides an objective, ecological basis to predict effects of land 
use changes and pollution controls, to prioritize aquatic ecosystems for 
improvements, and to set site-specific criteria. Regular monitoring of the 
reference sites and comparisons with historical information will provide a 
usef111 assessment of temporal changes, not only in those aquatic 
ecosystems, but in the ecological regions that they model. 
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CHAPTER V 

INTERPRETATION 

INTRODUCTION 

There are many use classifications which might be assigned to a water body, 
such as navigation, recreation, water supply or the protection of aquatic 
life. These need not be mutually exclusive. The water body survey as discussed 
in this manual is concerned only with aquatic life uses and the protection of 
aquatic life in a water body. 

The water body survey may also be referred to as a use attainability analysis. 
The objectives in conducting a water body survey are to identify: 

1. What aquatic protection uses are currently being achieved in the water 
body, 

2. What the causes are of any impairment to attaining the designated aqua- 
tic protection uses, and 

3. What the aquatic protection uses are that could be attained, based on 
the physical, chemical and biological characteristics of the water body. 

The types of analyses that might be employed to address these three points are 
summarized in Table V-1. Most of these are discussed in detail elsewhere in 
this manual. 

CURRENT AQUATIC PROTECTION USES 

The actual aquatic protection use of a water body is defined by the resident 
biota. The prevailing chemical and physical attributes will determine what 
biota may be present, but little need be known of these attributes to describe 
current uses. The raw findings of a biological survey may be subjected to 
various measurements and assessments, as discussed in Chapters IV-2, IV-4, and 
IV-5. After performing a biological inventory, omnivore-carnivore analysis, 
and intolerant species analysis, and calculating a diversity index and other 
indices of biological health, one should be able adequately to describe the 
condition of the aquatic life in the water body. 

It will be helpful to digress at this juncture briefly to discuss water body 
use classification systems and their relationship to the water body survey. 
Classification systems vary widely from state to state. Some consist of as few 
as three broad categories, while others include a number of more sharply- 
defined categories. Also, the use classes may be based on geography, salinity, 
recreation, navigation, water supply (municipal, agricultural, or industrial), 
or aquatic life. Often an aquatic protection use must be categorized as either 
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TAsLE V-l. SWWMY OF PlPICM HATER BOOY EVALUATIONS (from EPA.1963, Water Quality Standards Handbook), 
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a warmwater or coldwater fishery. Clearly, little information is required 
to place a water body into one of these two categories. Far more 
information may be gathered in a water body survey than is needed to 
assign a classification, based on existing classes, but the additional 
data may be necessary to evaluate management alternatives and refine use 
classification systems for the protection of aquatic life in the water 
body. 

Since there may not be a spectrum of aquatic protection use categories 
available against which to compare the findings of the biological survey; 
and since the objective of the survey is to compare existing uses Hith 
designated uses, and existing uses with potential uses, as seen in the 
three points listed above, the investigators may need to develop their own 
system of ranking the biological health of a water body (whether 
qualitative or quantitative) in order to satisfy the intent of the water 
body survey. Implicit to the water body survey is the development of 
management strategies or alternatives which might result in enhancement of 
the biological health of the water body. To do this it would be necessary 
to distinguish the predicted results of one strategy from another, where 
the strategies are defined in terms of aquatic life. The existing state 
use classifications will probably not be helpful at this staqe, for one 
may very well be seeking to define use levels within an existinq use 
category, rather than describing a shift from one IJse classification to 
another. To conclude, it may be helpful to develop an internal use 
classification system to serve as a yardstick during the course of the 
water body surve,y, which may later he referenced to the legally 
constituted use categories of the state. Sample scales of aquatic life 
classes are presented in Tahle V-? and V-3. 

CAUSFS OF IF(PAIF?MEWT OF AOUATIC PROTECTIOn USES 

If the biological evaluations indicate that the bioloqical health of the 
system is impaired relative to a "healthy" or least disturbed control 
station or reference aquatic ecosystem (e.g., as determined by reference 
reach comparisons), then the physical and chemical evaluations can he used 
to pinpoint the causes of that impairment. Figure V-l shows sme of the 
physical and chemical parameters that may he affected hy VariOlJS causes of 
change in a water body. The analysis of such parameters will help clarify 
the magnitude of impairments to attaining other uses, and will also be 
important to the third step in which potential uses are examined. 

ATTAINABLE AOllATlC PRflTECTIO~l USES 

The third element to be considered is the assessment of potential uses of 
the water body. This assessment would be based on the findings of the 
physical, chemical and biological information which has been gathered, but 
additional study may also be necessary, Procedures which might be 
particularly helpful in this stage include the Habitat Suitability Index 
Yodels of the Fish and Wildlife Service, that may indicate which fish 
species could potentially occl~py a given hahitat: ahd the Recovery Index 
of Cairns et al. (1977) which estimates the ability of a system to 
recover following stress. A reference reach comparison will be 
particularly important. In addition to establishing a comparative 
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TABLE V-Z. BIOLOGICAL HEALTH CLASSES WHICH COULD BE USED 
IN WATER BODY ASSESSMENT (Modified from Karr, 1981) 

Class Attributes 

Excellent Comparable to the best situations unaltered by man; all re- 
gionally expected species for the habitat and stream size, 
including the most intolerant forms, are present with full 
array of age and sex clases; balanced trophic structure. 

Good 

Fair 

Poor 

Very Poor 

Fish and macroinvertebrate species richness somewhat less 
than the best expected situation, especially due to loss of 
most intolerant forms; some species with less than optimal 
abundances or size distribution (fish); trophic structure 
shows some signs of stress. 

Fewer intolerant forms of fish and macroinvertebrates are 
present. Trophic structure of the fish community is more 
skewed toward an increasing frequency of omnivores; older 
age classes of top carnivores may be rare. 

Fish comnrnity is dominated by omnivores; pollution-toler- 
ant forms and habitat generalists; few top carnivores; 
growth rates and condf tion factors connnonly depressed; hy- 
brids and diseased fish may be present. Tolerant macroinver- 
tebrates are often abundant. 

Few fish present, mostly introduced or very tolerant forms; 
hybrids common; disease, parasites, fin damage, and other 
anomalies regular. Only tolerant forms of macroinverte- 
brates are present. 

Extremely Poor No fish, very tolerant macroinvertebrates, or no aquatic 
life. 
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Table V-3: Aquatic Life Survey Rating System (EPA, 1983 Draft) 

A reach that is rated a five has: 

-A fish community that is well balanced among the different levels 
of the food chain. 

-An age structure for the most species that is stable, neither 
progressive (leading to an increase in population) or regressive 
(leading to a decrease in population). 

-A sensitive sport fish species or species of special concern always 
present. 

-Habitat which will support all fish species at every staqe of their 
life cycle. 

-Individuals that are reaching their potential for growth. 
-Fewer individuals of each species. 
-All available niches filled. 

A reach that is rated a four has: 

-Many of the above characteristics but some of them are not 
exhibited to the full potential. For example, the reach has a well 
balanced fish community: the age structure is good, sensitive 
species are present: hut the fish are not up to their full growth 
potential and may be present in higher numbers: an aspect of the 
habitat is less than perfect (i.e. occasional high temperatures 
that do not have an acute effect on the fish); and not all food 
organisms are available or they are available in fewer numbers. 

A reach that is a three has: 

-A community is not well balanced, one or two tropic levels 
dominate. 

-The age structure for many species is not stable, exhibiting 
regressive or progressive charisteristics. 

-Total number of fish is high, but individuals are small. 
-A sensitive species may be present, but is not flourishing. 
-Other less sensitive species make up the majority of the biomass. 
-Anadromous sport fish infrequently use these water as a migration 

route. 
A reach that is rated a two has: 

-Few sensitive sport fish are present, nonsport fish species are 
more common than sport fish species. 

-Species are more common than abundant. 
-Aqe structures may be very unstable for any species. 
-The composition of the fish population and dominate species is very 

changeble. 
-r\nadromo~is fish rarely use these waters as a miqration route. 
-A small percent of the reach provides sport fish habitat. 

A reach that is a one has: 

-The ability to support only nonsport fish. A occasional sport fish 
may be found as a transient. 

4 reach that is rated a zero has: 

-No ability to support a fish of any sort, an occasional fish may be 
found as a transient. 
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baseline community, defining a reference reach can also provide insight to the 
aquatic life that could potentially occur if the sources of impairment were 
mitigated. 

The analysis of all information that has been assembled may lead to the dtfini- 
tion of alternative strategies for the management of the water body at hand. 
Each such strategy corresponds to a unique level of protection of aquatic 
life, or aquatic life protection use. If it is determined that an array of 
uses are attainable, further analysis which is beyond the scope of the water 
body survey would be required to select a management program for the water 
body. 

A number of factors which contribute to the health of the aquatic life will 
have been evaluated during the course of the water body survey. These may be 
divided into two groups: those which can be controlled or manipulated, and 
those which cannot. The factors which cannot be regulated may be attributable 
to natural phenemona or may be attributable to irrevocable anthropogenic 
(cultural) activities. The potential for enhancing the aquatic life of a 
water body essentially lies in those factors over which some control may be 
exerted. 

Whether or not a factor can be controlled may itself be a subject of contro- 
versy for there may be a number of economic judgments or institutional consid- 
erations which are implicit to a definition of control. For example, there are 
many cases in the West where a wastewater discharge may be the only flow to 
what would otherwise be an intermittent stream. If water rights have been es- 
tablished for that discharge then the discharge cannot be diverted elsewhere, 
applied to the land for example, in order to reduce the pollutant load to the 
stream. If a stream does not support an anadromous fishery because of dams and 
diversions which have been built for water supply and recreational purposes, 
it is unlikely that a concensus could be reached to restore the fishery by re- 
moving the physical barriers - the dams - which impede the migration of fish. 
However, it may be practical to build fish ladders and by-passes to allow 
upstream and downstream migration. In a practical sense these dams represent 
anthropogenic activity which cannot be reversed. A third example might be a 
situation in which dredging to remove toxic sediments in a river may pose a 
much greater threat to aquatic life than to do nothing. In doing nothing the 
toxics may remain in the sediment in a biologically-unavailable form, whereas 
dredging might resuspend the toxic fraction, making it biologically available 
and also facilitating wider distribution in the water body. 

The points touched upon above are presented to suggest some of the phenomena 
which may be of importance fn a water body survey, and to suggest the need to 
recognize whether or not they may realistically be manipulated. Those which 
cannot be manipulated essentially define the limits of the highest potential 
use that might be realized in the water body. Those that can be manipulated 
define the levels of improvement that are attainable, ranging from the current 
aquatic life uses to those that are possible within the limitations imposed by 
factors that cannot be manipulated. 
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PREFACE 

The habitat use information and Habitat Suitability Index (HSI) models 
presented in this document are an aid for impact assessment and habitat man- 
agement activities. Literature concerning a species' habitat requirements and 
preferences is reviewed and then synthesized into HSI models, which are scaled 
to produce an index between 0 (unsuitable habitat) and 1 (optimal habitat). 
Assumptions used to transform habitat use information into these mathematical 
models are noted, and guidelines for model application are described. Any 
models found In the literature which may also be used to calculate an HSI are 
cited, and simplified HSI models, based on what the authors believe to be the 
most Important habitat characteristics for this species, are presented. 

Use of the models presented in this publication for impact assessment 
requires the setting of clear study objectives and may require modification of 
the models to meet those objectives. Methods for reducing model complexity 
and recommended measurement techniques for model variables are presented in 
Appendix A. 

The HSI models presented herein are complex hypotheses of species-habitat 
relationships, not statements of proven cause and effect relationships. 
Results of model performance tests, when available, are referenced; however, 
models that have demonstrated reliability in specific situations may prove 
unreliable in others. For this reason, the FWS encourages model users to 
convey comments and suggestions that may help us increase the utility and 
effectiveness of this habitat-based approach to fish and wildlife planning. 
Please send comments to: 

Habitat Evaluation Procedures Group 
Western Energy and Land Use Team 
U.S. Fish and Wildlife Service 
2625 Redwing Road 
Ft. Collins, CO 80526 
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CHANNEL CATFISH (Ictalurus punctatus) 

HABITAT USE INFORMATION 

General 

The native range of channel catfish (Ictalurus punctatus) extends from 
the southern portions of the Canadian prairie provinces south to the Gulf 
states, west to the Rocky Mountains, and east to the Appalachian Mountains 
(Trautman 1957; Miller 1966; Scott and Crossman 1973). They have been widely 
introduced outside this range and occur in essentially all of the Pacific and 
Atlantic drainages in the 48 contiguous states (Moore 1968; Scott and Crossman 
1973). The greatest abundance of channel catfish generally occurs in the open 
(unleveed) floodplains of the Mississippi and Missouri River drainages (Walden 
1964). 

Age, Growth, and Food 

Age at maturity in channel catfish is variable. Catfish from southern 
areas with longer growing seasons mature earlier and at smaller sizes than 
those from northern areas (Davis and Posey 1958; Scott and Crossman 1973). 
Southern catfish mature at age V or less (Scott and Crossman 1973; Pflieger 
1975) while northern catfish mature at age VI or greater for males and at age 
VIII or greater for females (Starostka and Nelson 1974). 

Young-of-the-year (age 0) catfish feed predominantly on plankton and 
aquatic insects (Bailey and Harrison 1948; Walburg 1975). Adults are oppor- 
tunistic feeders with an extremely varied diet, including terrestrial and 
aquatic insects, detrital and plant material, crayfish, and molluscs (Bailey 
and Harrison 1948; Miller 1966; Starostka and Nelson 1974). Fish may form a 
major part of the diet of catfish > 50 cm in length (Starostka and Nelson 
1974). Channel catfish diets in rivers and reservoirs do not appear to be 
significantly different (see Bailey and Harrison 1948; Starostka and Nelson 
1974). Feeding is done by both vision and chemosenses (Davis 1959) and occurs 
primarily at night (Pflieger 1975). Bottom feeding is more characteristic but 
food is also taken throughout the water column (Scott and Crossman 1973). 
Additional information on the composition of adult and juvenile diets is 
provided in Leidy and Jenkins (1977). 

Reproduction 

Channel catfish spawn in late spring and early summer (generally late May 
through mid-July) when temperatures reach about 21° C (Clemens and Sneed 1957; 
Marzolf 1957; Pflieger 1975). Spawning requirements appear to be a major 
factor in determining habitat suitability for channel catfish (Clemens and 
Sneed 1957). Spawning is greatly inhibited If suitable nesting cover is 
unavailable (Marzolf 1957). 

Specific Habitat Requirements 

Channel catfish populations occur over a broad range of environmental 
conditions (Sigler and Miller 1963; Scott and Crossman 1973). Optimum riverine 



habitat is characterized by warm temperatures (Clemens and Sneed 1957; Andrews 
et al. 1972; Biesinger et al. 1979) and a diversity of velocities, depths, and 
structural features that provide cover and food (Bailey and Harrison 1948). 
Optimum lacustrine habitat is characterized by large surface area, warm temper- 
atures, high productivity, low to moderate turbidity, and abundant cover 
(Davis 1959; Pflieger 1975). 

Fry, juvenile, and adult channel catfish concentrate in the warmest 
sections of rivers and reservoirs (Ziebell 1973; Stauffer et al. 1975; McCall 
1977). They strongly seek cover, but quantitative data on cover requirements 
of channel catfish in rivers and reservoirs are not available. Debris, logs, 
cavities, boulders, and cutbanks in lakes and in low velocity (< 15 cm/sec) 
areas of deep pools and backwaters of rivers will provide cover for channel 
catfish (Bailey and Harrison 1948). Cover consisting of boulders and debris 
in deep water is important as overwintering habitat (Miller 1966; Jester 1971; 
Cross and Collins 1975). Deep pools and littoral areas (< 5 m deep) with 
> 49% suitable cover are assumed to be optimum. Turbidities > 25 ppm but 
< 100 ppm may somewhat moderate the need for fixed cover (Bryan et al. 1975). 

Riffle and run areas with rubble substrate and pools (< 15 cm/sec) and 
areas with debris and aquatic vegetation are conditions associated with high 
production of aquatic insects (Hynes 1970) consumed by channel catfish in 
rivers (Bailey and Harrison 1948). Channel catfish are most abundant in river 
sections with a diversity of velocities and structural features. Therefore, it 
is assumed that a riverine habitat with 40-60% pools would be optimum for 
providing riffle habitat for food production and feeding and pool habitat for 
spawning and resting cover (Bailey and Harrison 1948). It also is assumed 
that at least 20% of lake or reservoir surface area should consist of littoral 
areas (< 5 m deep) to provide adequate area for spawning, fry and juvenile 
rearing, and feeding habitat for channel catfish. 

High standing crops of warmwater fishes are associated with total 
dissolved solids (TDS) levels of 100 to 350 ppm for reservoirs in which the 
concentrations of carbonate-bicarbonate exceed those of sulfate-chloride 
(Jenkins 1976). It is assumed that high standing crops of channel catfish in 
lakes or reservoirs will, on the average, correspond to this TDS level. 

Turbidity in rivers and reservoirs and reservoir size are other factors 
that may influence habitat suitability for channel catfish populations. 
Channel catfish are abundant In rivers and reservoirs with varying levels of 
turbidity and siltation (Cross and Collins 1975). However, low to moderate 
turbidities (< 100 ppm) are probably optimal for both survival and growth 
(Finnell and Jenkins 1954; Buck 1956; Marzolf 1957). Larger reservoirs 
(> 200 ha) are probably more suitable reservoir habitat for channel catfish 
populations because survival and growth are better than in smaller reservoirs 
(Finnell and Jenkins 1954; Marzolf 1957). Other factors that may affect 
reservoir habitat suitability for channel catfish are mean depth, storage 
ratio (SR), and length of agricultural growing season. Jenkins (1974) found 
that high mean depths were negatively correlated with standing crop of channel 
catfish. Mean depths are an inverse correlate of shoreline development (Ryder 
et al. 1974), thus higher mean depths may mean less littoral area would be 
available. Jenkins (1976) also reported that standing crops of catfishes 
(Ictaluridae) peaked at an SR of 0.75. Standing crops of channel catfish were 
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postlvely correlated to growing season length (Jenkins 1970). However, harvest 
of channel catfish reported in reservoirs was not correlated with growing 
season length (Jenkins and Morais 1971.). 

Dissolved oxygen (DO) levels of 5 mg/l are adequate for growth and 
survival of channel catfish, but 0.0. levels of 2 7 mg/l are optimum (Andrew5 
et al. 1973; Carlson et al. 1974). Dissolved oxygen levels < 3 mg/l retard 
growth (Simco and Cross 1966), and feeding is reduced at D.O. levels < 5 mg/l 
(Randolph and Clemens 1976). 

Adult. - --_ Adults in rivers are found in large, deep pools with cover. They 
move to riffles and runs at night to feed (McCammon 1956; Davis 1959; Pflieger 
1971; 1975). Adults in reservoirs and lakes favor reefs and deep, protected 
areas with rocky substrates or other cover. They often move to the shoreline 
or tributaries at njght to feed (Davis 1959; Jester 1971; Scott and Ctossman 
1973). 

The optimal temperature range for growth of adult channel catfish is 
26-29O C (Shrable et al. 1969; Chen 1976). Growth is poor at temperatures 
< 21° C (McCammon and LaFaunce 1961; Macklin and Soule 1964; Andrews and 
Stickney 1972) and ceases at < 18' C (Starostka and Nelson 1974). An upper 
lethal temperature of 33.5' C has been reported for catfish acc\Imated at 
25' C (Carlander 1969). 

Adult channel catfish were most abundant in habitats with salinities 
< 1.7 ppt in Louisiana, although they occurred in areas with salinities up to 
11.4 ppt (Perry 1973). Salinities 5 8 ppt are tolerated with little or no 
effect, but growth slows above this level and does not occur at salfnities 
> 11 ppt (Perry and Avault 1968). 

Embryo. Dark and secluded areas are required for nesting (Harzolf 1957). 
Males build and guard nests in cavities, burrows, under rocks, and in other 
protected sites (Davis 1959; Pflieger 1975). Nests in large impoundments 
generally occur among rubble and boulders along protected shorelines at depths 
of about 2-4 m (Jester 1971). Catfish in large rivers are likely to move into 
shallow, flooded areas to spawn (Bryan et al. 1975). Lawler (1960) reported 
that spawnfng In Utah Lake, Utah, was concentrated in sections of the lake 
with abundant spawning sites of rocky outcrops, trees, and crevices. The male 
catfish fans embryos for water exchange and guards the nest from predators 
(Miller 1966; Minckley 1973). Embryos can develop in the temperature range of 
15.5 to 29.5O C, with the optimum about 27O C (Brown 1942; Clemens and Sneed 
1957). They do not develop at temperatures < 15.5' C (Brown 1942). Embryos 
hatch In 6-7 days at 27O C (Clemens and Sneed 1957). 

Laboratory studies indicate that embryos three days old and older can 
tolerate salinities up to 16 ppt until hatching, when tolerance drops to 8 ppt 
(Allen and Avault 1970). However, 2 ppt salinity Is the highest level in 
which successful spawning in ponds has been observed (Perry 1973). Embryo 
survival and production in reservoirs will probably be high In areas that are 
not subject to disturbance by heavy wave action or rapId water drawdown. 

Fry. The optimal temperature range for growth of channel catfish fry Is 
29-30' C (West 1966). Some growth does occur down to temperatures of 18' C 
(Starostka and Nelson 1974). but growth generally is poor in cool waters with 
average summer temperatures c 21° C '(McCammon and LaFaunce 1961; Macklin and 
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Soule 1964; Andrews et al. 1972) and in areas with short agricultural growing 
seasons (Starostka and Nelson 1974). Upper incipient lethal levels for fry 
are about 35-38° C, depending on acclimation temperature (Hors and Scott 1961; 
Allen and Strawn 1968). Optimum salinities for fry range from 0-5 ppt; 
salinities > 10 ppt are marginal as growth is greatly reduced (Allen and 
Avault 1970). 

Fry habitat suitability in reservoirs is related to flushing rate of 
reservoirs in midsummer. Walburg (1971) found abundance and survival of fry 
greatly decreased at flushing rates < 6 days in July and August. 

Channel catfish fry have strong shelter-seeking tendencies (Brown et al. 
1970), and cover availability will be important in determining habitat suit- 
ability. Newly hatched fry remain in the nest for 7-8 days (Marzolf 1957) and 
then disperse to shallow water areas with cover (Cross and Collins 1975). Fry 
are commonly found aggregated near cover in protected, slow-flowing (velocity 
< 15 cm/sec) areas of rocky riffles, debris-covered gravel, or sand bars in 
clear streams (Davis 1959; Cross and Collins 1975), and in very shallow 
(< 0.5 m) mud or sand substrate edges of flowing channels along turbid rivers 
and bayous (Bryan et al. 1975). Dense aquatic vegetation generally does not 
provide optimum cover because predation on fry by centrarchids is high under 
these conditions, especially in clear water (Marzolf 1957; Cross and Collins 
1975). Fry overwinter under boulders in riffles (Miller 1966) or move to 
cover in deeper water (Cross and Collins 1975). 

Juvenile. Optimal habitat for juveniles is assumed to be similar to that 
for fry. The temperature range most suitable for juvenile growth Is reported 
to be 28-30° C (Andrews et al. 1972; Andrews and Stickney 1972). Upper lethal 
temperatures are assumed to be similar to those for fry. 

HABITAT SUITABILITY INDEX (HSI) MODELS 

Model Applicability 

Geographic area. The model is applicable throughout the 48 conterminous 
States. The standard of comparison for each individual variable suitability 
index is the optimum value of the variable that occurs anywhere within the 48 
conterminous States. Therefore, the model will never provide an HSI of 1.0 
when applied to water bodies in the Northern States where temperature-related 
variables do not reach the optimum values for channel catfish found in the 
Southern States. 

Season. The model provides a rating for a water body based on its ability 
to support a self-sustaining population of channel catfish through all seasons 
of the year. 

Cover types. The model is applicable in riverine, lacustrine, palustrine, 
and estuarine habitats, as described by Cowardin et al. (1979). 

Minimum habitat area. Minimum habitat area is defined as the minimum 
area of contiguous suitable habitat that is required for a species to success- 
fully live and reproduce. No attempt has been made to establish a minimum 
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habitat size for channel catfish, although this species is most abundant In 
larger water bodies. 

Verification level. The acceptable output of these models is an index 
between 0 and I which-the authors believe has a positive relationship to 
carrying capacity. In order to verify that the model output was acceptable, 
sample data sets were developed for calculating HSI's from the models.. 

The sample data sets and their relationship to model verification are 
discussed in greater detail following the presentation of the models. 

Model Description 

It is assumed that channel catfish habitat quality is based primarily on 
their food, cover, water quality, and reproduction requirements. Variables 
that have been shown to have an impact on the growth, survival, distribution, 
abundance, or other measure of well-being of channel catfish are placed in the 
appropriate component and a component rating derived from the Individual 
variable suitability indices (Figs. 1 and 2). Variables that affect habitat 
quality for channel catfish, but which do not easily fit into these four major 
components, are combined under the "other component" heading. Levels of a 
variable that are near lethal or result in no growth cannot be offset by other 
variables. 

Model Description - Riverine 

Food component. Percent cover (V2) is assumed to be important for rating 

the food component because if cover is available, fish would be more likely to 
occupy an area and utilize the food resources. Substrate (V4) Is included 

because stream production potential of aquatic insects (consumed directly by 
both channel catfish and their prey species) Is-related to amount and type of 
substrate. 

Cover component. Percent pools (V1) is included because channel catfish 

utilize pools as cover. Percent cover (V2) is an index of all types of 

objects, including logs and debris, used for cover in rivers. Average current 
velocity in cover areas (V18) Is Important because the usable habitat near a 

cover object decreases if cover objects are surrounded by high velocities. 

Water quality component. The water quality component is limited to 
temperature, oxygen, turbidity, and salinity measurements. These parameters 
have been shown to effect growth or survival, or have been correlated with 
changes in standing crop. Variables related to temperature, oxygen, and 
salinity are assumed to be limiting when they approach lethal levels. Toxic 
substances are not considered. 
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Habjtat Vatlrbltr life Rtquisltes 

% cover (V,) -jFood (CF) 

Substrate type (V,)----" 

\ 

Average current velocity (W,,) 

Temperature (adult) (V,) 

Temperature (fry) (V,,) 

Dissolved oxygen (V,) 

Turbidity (V,) 

Salinity (adult) (V,) 

SalInIty (fry, juvenile) (V,,) 

Length of agricultural growing season (v,j' 

% pools (V,) 

% cover (V,) 

Dissolved oxygen (U,) Reproduction (C,)' 

Temperature (embryo) (V 

Salinity (embryo) (V,,) 

Figure 1. Tree diagram illustrating relationship of habrtst variables 
and life requisites in the riverlne model for the channel catfish. 
Dashed lines indicate optional variables in the model. 



Habftat Variables Life Requisites 

L cover (V,) 

% littoral area (V,) 

Total dissolved solids (V,,) 

Food (CF) 

\ 

% cover (V,) 

% littoral area (V,) 

- Cover 

Temperature (adult) (V,) 

Temperature (fry) (V,,) 

Temperature (juvenile) (VI,) 

Djssolved oxygen (V,) 

Turbidity (V,)- 

Salinity (adult) (V,) 

Salinity (fry, juvenile) (V,,) 

Length of agricultural growing season (V:) 

% cover (V,) 

Water 

CC,) 

qua1 

Dissolved oxygen (V,) -q Reoroduction (CR 

Temperature (embFy0) (V,,) 

Salinity (embryo) (V,,) 

Storage ratio (V,,) 

Flushing rate (V,,) 

Figure 2. Tree diagram fllustratlng relationship of habitat variables 
and life requisites in the lacustrfne model for the channel catflrh. 
Dashed ?Ines indicate optional variables fn the model. 



&production component. Percent pools (V,) is in the reproductive compo- 

nent bccaose channel catfish spawn in low velocity areas In rlverb. Percent 
cover (IV,) is in this component since channel catfish requite cover for 

spawning. If mlnlmum dfssolved oxygen (00) levels within pools and backwaters 
during midsummer (V,) are adequate, they should be adequate during spawning, 

whfch occurs earlier in the year. DCl levels measured during spanning and 
embryo, development could be substi,tuted for V,. TWO additional variables, 

average water temperatures within pools and backwaters during spawning and 
embryo development (V,,) and maximum salinjty during spawning and embryo 

develoPmcnt (V,,) are fncluded' because these watw quality conditions affect 

embryo survfval and development. 

Model Cescrlption - Lacustrlne 

hod component. Percent cover (V,) is included since it is assumed that 

if cover fs available, channel catfish would be more likely to utilize an area 
for feeding. Percent littoral area (V,) is included because littoral areas 

generally produce the greatest amount of food and feedihg habitat for catfIsh. 
Total dlssolvcd solids (TDS) (V,,) is included because adult channel catfish 

eat ffsh, and fish production in lakes and reservoirs is correlated with TDS. 

Cover smpontnt. Percent cover (V,) is included rlnct channel catfir 

strongly seek structural features of logs, debris, brush, and other objects 
for she1 ttr. Percent littoral area (V,) Is Included because all lift stage 

prtdom4nantly utilize cover found in littoral areas of a Irk. 

Water quality component. Refer to rlverine model dtrcrfption. 

Reproduction component. Percent cover (V,) is Included since catfish 

build nests in dark and secluded areas; spawnlng is not observed if suitable 
cover is unavailable. Percent llttoral area (V,) Is included sjnct catffsh 

spawning is concentrated along the shoreline. DO (V,), temperature (V,,) and 

salinity (V,,) art included because ,these water quality parameters affect 

embryo survival and development. 

Other component. -- -- For reservoirs, storage ratlo (V,,) and ~ximum flushing 

rate when fry are present (V,,) art Included in this component because storage 

ratio may affect standing crop and the flushing of fry fron a reservoir outlet 
can reduce the abundance of fry. 



Suitability Index ($1) Graphs for Model Variables 

This section contains suitability index graphs for the 18 variables 
described above, and equations for combining selected variables into a species 
HS! using tne component approach. Variables pertain to a riverine (R) habitat, 
lacustrine (L) habitat, or both (R, L). 

Habitat Variable Suitability Graph 

R 

R,L 

(W 

(V,) 

Percent pools during 
average summer flow. 

Percent cover (logs, 
boulders, cavities, 
brush, debris, or 
standing timber) during 
summer within pools, 
backwater areas, and 
littoral areas. 

0.8 

0.6 

0.2 

0.0 

0.8 

0.6 

0.4 

0.2 

0 25 50 75 1oc 
a 62 

0 10 20 30 40 50 

% 



L 

R 

(VI) 

(V.1 

Percent littoral area 
during summer. 

Food production potential 
in river by substrate type 
present during average 
summer flow. 

0 25 50 75 100 

% 

A) Rubble dominant in 
riffle-runs with some 
gravel and/or boulders 
present; fines (silt 1.0 b I c 
and sand) not common; 
aquatic vegetation 2 
abundant (2 3Cl%) in 2 0.8 
pool areas. I 

8) Rubble, gravel, 3 0.6 a 
boulders, and fines G 1 
occur in nearly equal 'Z 0.4 _ 
amounts in riffle-run 2 
areas; 
tion is 

aquatic vegeta-2 
lo-30!% in 0.2 - 

pool areas. 
C) Some rubble and gravel 0.0 

present, but fines or 
boulders are dominant; A B C D 

aquatic vegetation is Cl ass 
scarce (< 10%) in pool 
areas. 

0) Fines or bedrock are 
the dominant bottom 
material. Little or 
no aquatic vegetation 
or rubble present. 
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R,L 

R,L 

Average midsummer water 
temperature wlthfn 
pools, backwaters, or 
littoral areas {Adult). 

Length of agricultural 
groning season (frost- 
free days). 

Note: This variable 
TGptional. 

Maxlnum monthly average 
turbidity dprlng surmner. 

1.0 
X , 

5 0.8 - 
c( 

3 0.6 - .C P 

2 0.4 - 

2 0.2, 

0.0 

1.0 

x .0.8 

f 
; 0.6 

0 125 250 

Days 
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R,L w Average minimum dissolved 1.0 
oxygen levels within 
pools, backwaters, or g 0.8 littoral areas during c 
midsummer. - 

3 0.6 
.C C .c 
fi u-4 
2 

2 0.2 

0 2 6 

R,L U.) Maximum salfnity 
during summer 
(Adult). $ 0.8 

3 0.6 

0.0 

0 5 10 

PPt 

R,L (V,.) Average water 
temperatures withjn 1.0$----l- '- 
pools, backwaters, 
and littoral areas 

* during spawning and 
embryo development s 

0.8 - 

L1 
(Embryo). h 0.6 - 

4 -r 

5 0.4 - 
s 

-5 0.2 - 
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R.1 h) Maximum rrllnlty 
ourjng 5prwnfng 
and c&wyo devclopaent 
(Embryo). 

>, 0.6 
4 

Average m~drummer water 1.0 
temperature wlthln pools,, 
brckwrtets, or ll+arrl f 0.8 
areas (Fry). M 

3 0.6 v 

R-1 (V,d Pirxinun rrllnlty 
during sun&r 
(Fry, Juvenlle). 
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, 
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OC 
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L 

L 

(V,,) 

hd1.f #".I': III ICJ,Urllllll:r *#J Lc'l- 
tl*mpcr;ltuie within 
pools, backwaters, or 
littoral areas 
(Juvenile). 

Storage ratio. 

(VI‘) Monthly average TDS 
(total dissolved 
sollds) during 
summer. 

I.c, 
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.2 0.6 
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L (VJ 

R (VA 

Maximum reservoir 
flushing rate while 
fry present (Fry). 

Average current velocity 
in cover areas during 
average summer flow. 

x 

s - 

0.8 

0.6 

0.2 

0.0 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

. 

4 5 6 

Days 

Rlverine Model 

10 20 30 40 50 

cm/set 

These equations utilize the Ijfe requlsite approach and consist of four 
components: food, cover, water quallty, and reproduction. 

Food (c,). 

VI + v, 
'F= 2 

15 



Cover (CC). 

cc = 04 x v2 x VI.1 l/3 

Water Quality (Cw). 

av, + VI:, + v1.1 
-. __--... v-e--- 

3 + v, + 2(V,) + v, l v,, 

cvo = 7 

If V,, VI1, V,, V,, VI, or Vi, is s 0.4, then Cw equals the lmrt 

of the following: V,, VI,, VI,, VI, VI, V,', or the rbovr tqurtlon. 

Note: If temperature data are unavailable, 2(V,) (length of rgrlcul- 

tura'l growing season) may be substituted for the terr 

w, + VI’ + w 
'3 In the above rqurtlon 

Reproduct!on (CR). 

CR = (V, x v*’ % U,’ x V,r’ x v,1P8 

If V., V,., or& 1s s 0.4, then CR equals the lwst of tM 

following: V,, V,,, VII, or the above equrtlon. 

HSI determination. 

,,$I = (CF x CC x $Q' x $') 
l/6 

, or 

If Cwp or CR fs s 0.4, then the HSI equals the lowest of the 

followlng: Cwl CR, or tht above l qurtlon. 
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Sources of data and assumptions made in developlng the ruitablllty 4ndlctr 
are presented in Table 1. 

Sample data sets using riverine HSI model are listed fn Table 2. 

Lacustrine Model 

This model utilizes the life requisite approach and consists of flvc 
components: food, cover, water quality, reproduction, and other. 

Food (CF). 

v* + v3 + VI‘ 
CF = 3 

Cover (Cc). 

Cc = (V, x w 
I/2 

Water Quality (C 

cw 
= same as in Riverlne HSI Model 

Reproduction (C,). 

CR = (va’ % v, x v,’ x VI,’ x v,l+‘* 

If V,, kc or VII Is 5 0.4, then CR equals the lowest of the 

followlng: V,, V,,, V,,, or the above equation. 

Other (COT). 

V II + VI1 

'OT = 2 
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Table 1. Data sources and assumptions for channel catfish sultabil!ty lndlces. 

Variable and source Assumption 

V* Bailey and Harrison 1948 
Matzo1 f 1957 
Cross and Collins 1975 

V* Bailey and Harrison 1948 
Marzolf 1957 
Cross and Collins 1975 

v. eailey and Harrison 1948 

VS 

V‘ 

v, 

V. 

V, 

Bailey and Harrison 1948 Optimum conditions for a diversity of 
velocities, depths, and structural 
features for channel catfish will be 
found when there are approximately equal 
amounts of pools and riffles. 

The strong preference of all life stages 
of channel catfish for cover indicates 
that some cover must be present for 
optimum conditions to occur. 

Lakes with small littoral area will pro- 
vide less area for cover and food pro- 
duction for channel catfish and are there- 
fore less suitable. 

The amount and type of substrate or the 
amount of aquatic vegetation associated 
with high production of aquatic insects 
(used as food by channel catfish and 
channel catfish prey species) Is optimum. 

Clemens and Sneed 1957 
West 1966 
Shrable et al. 1969 
Statostka and Nelson 1974 
Biesinger et al. 1979 

Jenkins 1970 

Temperatures at the warmest tfme of year 
must reach levels that permit growth in 
order for habitat to be suitable. Optimum 
temperatures are those when maximum growth 
occurs. 

Growing seasons that are correlated with 
high standing crops are optfmum. 

Finnell and Jenkins 1954 
Buck 1956 
Marzolf 1957 

High turbidity levels are associated with 
reduced standing crops and therefore art 
less suitable. 

Moss and Scott 1961 
Andrews et al. 1973 
tarlson et al. 1974 
Randolph and Clemens 1976 

Lethal levels of dissolved oxygen art 
unsuitable. 00 levels that reduce feeding 
are suboptimal. 

Perry and Avault 1968 
Perry 1973 

Salinity levels where adults are most 
abundant are optimum. Any ralinlty 
level at which adults have been 
reported has some suitabilty. 
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Table 1. (concluded) 

Variable and source Assumption 

V 10 

V II 

V 12 

V 11 

V 14 

V 1) 

Brown 1942 
Clemens and Sneed 1957 

Perry and Avault 1968 
Perry 1973 

McCammon and LaFaunce 1961 
Moss and Scott 1961 
Macklin and Soule 1964 
West 1966 
Allen and Strawn 1968 
Andrews 1972 
Starostka and Nelson 1974 

Allen and Avault 1970 

Andrews et al. 1972 
Andrews and Stickney 1972 

Jenkins 1976 

V lb Jenkins 1976 

V 11 

V 10 

Walburg 1971 

Mjlltr 1966 
Scott and Crossman 1973 
Cross and Collins 1975 

Optimum temperatures are those which 
result in optimum growth. Temperatures 
that result in death or no growth are 
unsuitable. 

Salinity levels at which spawning has 
been observed are suitable. 

Optimum temperatures for fry art those 
when growth Is best. Temperatures that 
result in no growth or death are unsuit- 
able. 

Salinities that do not reduce growth 
of fry and juveniles are optimum. 
Salinities that greatly reduce growth 
are unsuitable. 

Temperatures at which growth of juveniles 
1s best are optjmum. Temperatures that 
result in no growth OF death art unsuft- 
able. 

Storage ratios correlated with maxImum 
standing crops are optimum; those cor- 
related with lower standing crops art 
suboptimum. 

Total dissolved sollds (TOS) levels cor- 
related with high standing crops of warm- 
water fish are optimum; those correlated 
with lower standing crops are suboptimum. 
The data used to develop this graph are 
primarily from southeastern reservotrs. 

Flushing rates correlated with reduced 
levels of fry abundance art suboptiaal. 

High velocities near cover objects will 
decrease the amount of usable habitat 
around the objects and art thus 
considered suboptimum. 

19 



Table 2. Sample data sets using riverine HSI motel. 

Vatiabl e 

Oata set 1 

Oata SI 

Oata set 2 

Oata $1 

Oata set 3 

Oata SI 

f; pools Vl 60 

t; cover Vl 50 

Substrate for V. silt- 
food production gravel 

Temgetature-Adult 
co 0 VI 

Crowing season U‘ 

Turbidity (ppm) VI 

Dissolved oxygen 
bg/l) VI 

Salinity-adult 
(PPt) VI 

Temperature-Embryos 
("C) V 11 

Salinity-Embryo 
(PPt) V Al 

Temperature-Fry 
to C) V 11 

Salinity-Fry/ 
Juvenile (ppt) V 11 

Temperature- 
juvenile (" C) V 14 

Velocity V 11 

28 1.0 

180 0.8 

SO 1.0 

4.5 0.6 4.0 

< 1 

25 0.8 21.5 

< 1 

26.5 0.8 32 

< 1 

29 

15 

1.0 

1.0 

0.7 

1.0 

1.0 

1.0 

1.0 

1.0 

90 

10 

silt- 
sand 

32 

210 

< 1 

c 1 

< 1 

32 

5 

0.6 15 

0.4 5 

0.5 sand 

0.4 

0.5 

0.5 

1.3 

3.5 

1.0 

0.7 

1.0 

0.7 

1.0 

22 

160 

4.0 

< 1 

23.5 

< 1 

23 

< 1 

22 

30 

0.5 

0.2 

0.2 

0.5 

0.6 

0.5 

1.c 

0.5 

1.0 

0.5 

1.0 

0.5 

0.3 
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Table 2. (concluded) 
3 

m 

Variable 

Data set 1 

Data $1 

Data set 2 - ---.- 

Data SI 

Data set 3 

Data SI 

Component $1 

CF = 

cc = 

cwQ = 

54 = 

HSI = 

0.85 0.45 0.20 

1.00 0.62 0.31 

0.87 0.40' 0.69 

0.86 0.58 0.47 

0.88 0.40" 0.43 

*Note: Cwg 5 0.4; therefore, HSI = Cw In Data Set 2. 
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HSI dcterminatlon. 

HSI = (CF x cc x c 
l/7 

. wQ* x CR2 x CDT) , or 

If cwg or CR is 5 0.4, then the HSI equals the lowest of the 

follon in9 : C,Q. $9 or the above equation. 

Sample data sets using lacusttine HSI model are listed in Table 3. 

Interpreting Yodel Outputs 

The proper interpretation of the HSI produced by the models is one of 
comparison. If two water bodies have large differences in HSl's, then the one 
with the higher HSI should be able to support more catfish than the water body 
with the lower HSI, given that the model assumptions have not been violated. 
The actual differences in HSI that indicate a true difference in carrying 
capacity are unknown and likely to be high. We have aggregated a large number 
of variables into a single index with little or no quantitative information on 
how the variables interact to effect carrying capacity. The probability that 
we have made an error in our assumptions on variable interactions is high. 
However, we believe the model is a reasonable hypothesis of how the selected 
variables interact to determine carrying capacity. 

Before using the model, any available statistical models, such as those 
described under model 3 in the next section, should be examined to determlne 
if they better meet the goals of model application. Statistical models are 
likely to be more accurate in predicting the value of a dependent variable, 
such as standing crop, from habitat related variables than the HSI models 
descr'bed above. A statistical model is especially useful when the habitat 
variables in the data set used to derive the model have values similar to the 
proposed model application site. The HSI models described above may be most 
useful when habitat conditions are dissimilar to the statistical model datl 
set or it is important to evaluate changes in variables not included in the 
statistical model. 

The sample data sets consist of different variable values (and their 
corresponding SI score), which although not actual field measurements, are 
thought to represent realistic conditions that could occur in various channel 
catfish riverine or lacustrine habitats. We believe the MI's calculated from 
the data reflect what carrying capacity trends would be in riverine or lacus- 
trine habitats with the characteristics listed in the respective data sets. 
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Table 3. Sample data.sets using lacurtrine HSI model. 

Variable 

Data set 1 Data set 2 Data set 3 

Data 51 Data $1 Data SI 

!i cover 

% llttoral area 

Temperature-Adult 
co Cl 

Growing season 

Turbidity 

Dissolved oxygen 

Sallnlty-Adult 
(PW) 

Temperature-Embryo 
(" c> 

Salinfty-Embryo 
(PPt) 

Temperature-Fry 
to Cl 

Salinity-Fry/ 
Juvenile (ppt) 

Temperaturt- 
Juvmrle (" C) 

Storage ratio 

TDS bpm> 

Flushing rate 
whfle fry 
present (days) 

V1 
VJ 

vs 
V‘ 
Vl 
V.. 

VS 

V 1s 

V IA 

V 21 

V IJ 

V lb 

V 1S 

V 1S 

V 11 

50 1.0 10 0.4 5 0.2 

40 1.0 20 cl.7 70 0.6 

26 1.0 

180 0.8 

175 0.7 

4.5 0.6 

20 0.3 33 0.2 

210 0.5 250 0.3 

4.5 0.6 2.5 0.2 

< 1 1.0 < 1 < 1 1.0 

2s 0.8 21.5 28 0.5 

< 1 1.0 < 1 < 1 1.0 

26.5 0.8 32 

< 1 

29 

I.5 

200 

15 

1.0 

1.0 

0.9 

1.0 

1.0 

< 1 

1.0 

0.5 

1.0 

0.7 

1.0 

0.7 

0.7 

1.0 

0.4 

23 0.5 

< 1 1.0 

32 

.3 

300 

22 0.5 

0.8 1.0 

600 0.6 

4 11 1.0 
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Table 3. (concluded) 

Variable 

Data set 1 -Data set 2 

Data SI Data SI 

Data set 3 

Data SI 

Component SI 

CF = 1.00 0.70 0.47 

CC = 1.00 0.52 0.33 

CWQ = 0.82 0.30* 0.20* 

CR = 0.83 0.56 0.20 

COT = 0.95 0.55 1.00 

HSI = 0.89 0.30* 0.20* 

*Note: CWQ < 0.4; therefore, HSI = CWQ in Data Sets 2 and 3. 

ADDITIONAL HABITAT MODELS 

Model 1 

Optimal riverine habitat for channel catfish is characterized by the 
following conditions, assuming water quality is adequate: warm, stable water 
temperatures (summer temperatures of 25-31° C); an approximate 40-60% area of 
deep pools; and abundant cover in the form of logs, boulders, cavities, and 
debris (> 40% of pool area). 

HSI = 
number of above criteria present 

3 
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Model 2 

Optimal lacustrine habitat for channel catfish is characterized by the 
following conditions, assuming water quality is adequate: warm, stable water 
temperatures (summer temperatures of 25-30° C); large surface area (> 500 ha); 
moderate to high fertility (TDS 100-350 ppm); clear to moderate turbidities 
(< 100 JTU); and abundant cover (> 40% in areas < 5 m deep). 

HSI = 
number of above criteria present 

5 

Model 3 

Use the reservoir standing crop regression equations for catfishes pre- 
sented by Aggus and Morais (1979) to predict standing crop, then divide the 
predicted standing crop by the highest standing crop value used to develop the 
regression equation, in order to obtain an HSI. 
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APPENDIX B-1. NATIONAL LIST OF OMNIVORE FISH SPECIES. 

Common name 

Gizzard shad 
Threadfin shad 
Central mudminnow 
Eastern mudminnow 
Mexican tetra 
Longfin dace 
Goldfish 
Grass carp 
Common carp 
Silverjaw minnow 
Alvord chub 
Utah chub 
Tui chub 
Blue chub 
Sonora chub 
Yaqui chub 
Speckled chub 
Blotched chub 
California roach 
Virgin spinedace 
Hardhead 
Bluehead chub 
Golden shiner 
White shiner 
Common shiner 
Bigmouth shiner 
Blacknose shiner 
Spottail shiner 
Swallowtail shiner 
Sand shiner 
Skygazer shiner 
Mimic shiner 
Blackside dace 
Northern redbelly dace 
Southern redbelly dace 
Bluntnose minnow 
Fathead minnow 
Blacknose dace 
Speckled dace 
Redside shiner 
Creek chub 
River carpsucker 
Quillback 
Highfin carpsucker 
Utah sucker 
Longnose sucker 
Bluehead sucker 
Owens sucker 
Flannelmouth sucker 
Largescale sucker 
Sacramento sucker 

Latin name 

Dorosoma cepedianum 
Dorosoma petenense 
Umbra limi 
Umbra pygmaea 
Astyanax tetra 
Agosia chrysogaster 
Carassius auratus 
Ctenopharyngodon 
Cyprinus carpio 
Ericymba buccata 
Gila alvordensis 
Gila atravia 
Gila bicolor 
Gila coerulea 
Gila ditaenia 
Gila purpurea 

idella 

Hybopsis aestivalis 
Hybopsis insignis 

Lavinia symmetricus 
Lepidomeda mollispinis 
Mylopharodon conocephalus 
Nocomis leptocephalus 
Notemigonus crysoleucas 
Notropis albeolus 
Notropis cornutus 
Notropis dorsalis 
Notropis heterolepis 
Notropis hudsonius 
Notropis procne 
Notropis stramineus 
Notropis uranoscopus 
Notropis volucellus 
Phoxinus cumberlandensis 
Phoxinus eos 
Phoxinus erythrogaster 
Pimephales notatus 
Pimephales promelas 
Rhinichthys atratulus 
Rhinichthys osculus 
Richardsonius balteatus 
Semotilus atromaculatus 
Carpiodes carpio 
Carpiodes cyprinus 
Carpiodes velifer 
Catostomus ardens 
Catostomus catostomus 
Catostomus discobolus 
Catostomus fumeiventris 
Catostomus latipinnis 
Catostomus macrocheilus 
Catostomus occidentalis 



Mountain sucker 
Rio grande sucker 
Tahoe sucker 
Blue sucker 
Smallmouth buffalo 
Black buffalo 
Oriental weatherfish 
Snail bullhead 
Slack bullhead 
Yellow bullhead 
Flat bullhead 
Channel catfish 
Walking catfish 
Chinese catfish 
Desert pupfish 
Sheepshead minnow 
Plains killifish 
Porthole livebearer 
Gila topminnow 
Pinfish 
Black acara 
Rio grande perch 
Firemouth 
Jewelfish 
Mozambique tilapia 
Redbelly tilapia 
Shiner perch 

Catostomus platyrhyncus 
Catostomus plebeius 
Catostomus tahoensis 
Cycleptus elongatus 
Ictiobus bubalus 
Ictiobus niger 
Misgurnus anguillicaudatus 
Ictalurus brunneus 
Ictalurus melas 
Ictalurus natalis 
Ictalurus platycephalus 
Ictalurus punctatus 
Clarias batrachus 
Clarias fuscus 
Cyprinodon macularius 
Cyprinodon variegatus 
Fundulus zebrinus 
Poeciliopsis gracilis 
Poeciliopsis occidentalis 
Lagodon rhomboides 
Cichlasoma bimaculatum 
Cichlasoma cyanoguttatum 
Cichlasoma meeki 
Hemichromis bimaculatus 
Tilapia mossambica 
Tilapia zilli 
Cymatogaster aggregata 



APPENDIX B-Z. NATIONAL LIST OF TOP CARNIVORE FISH SPECIES. 

Common name 

Bull shark 
Alligator gar 
Spotted gar 
tongnose gar 
Florida gar 
Shortnose gar 
Bowfin 
Machete 
Ladyfish 
Tarpon 
Skipjack herring 
Hickory shad 
Pink salmon 
Chum salmon 
Coho salmon 
Sockeye salmon 

Chinook salmon 
Golden trout 
Arizona trout 
Cutthroat trout 
Rainbow trout 
Atlantic salmon 
Brown trout 
Arctic char 
Bull trout 
Brook trout 
Dolly varden 
Lake trout 
Inconnu 
Redfin pickerel 
Grass pickerel 
Northern pike 
Muskellunge 
Chain pickerel 
Sacramento squawfish 
Colorado squawfish 
Northern squawfish 
Umpqua squawfish 
Flathead catfish 
Burbot 
Fat snook 
Tarpon snook 
Snook 
White bass 
Striped bass 
Yellow bass 
Rock bass 
Roanoke bass 
Redeye bass 
Smallmouth bass 
Suwanee bass 

Latin name 

Carcharhinus leucas 
Atractosteus spatula 
Lepisosteus oculatus 
Lepisosteus osseus 
Lepisosteus platyrhincus 
Lepisosteus platostomus 
Amia calva 
Elops affinis 
Elops saurus 
Megalops atlanticus 
Alosa chrysochloris 
Alosa mediocris 
Oncorhynchus gorbuscha 
Oncorhynchus keta 
Oncorhynchus kisutch 
Oncorhynchus nerka 
Oncorhynchus tshawytscha 
Salmo aguabonita 
Salmo apache 
Salmo clarki 
Salmo gairdneri 
Salmo salar 
Salmo trutta 
Salvelinus alpinus 
Salvelinus confluentus 
Salvelinus fontinalis 
Salvelinus malma 
Salvelinus namaycush 
Stenodus leucichthys 
Esox americanus americanus 
Esox americanus vermiculatus 
Esox lucius 
Esox masquinongy 
Esox niger 
Ptychocheilus grandis 
Ptychocheilus lucius 
Ptychocheilus oregonensis 
Ptychocheilus umpquae 
Pylodictis olivaris 
Lota lota 
Centropomus parallelus 
Centropomus pectinatus 
Centroporms undecimalis 
Morone chrysops 
Morone saxatilis 
Morone mississippiensis 
Ambloplites rupestris 
Ambloplites cavifrons 
Micropterus coosae 
Micropterus dolomieui 
Micropterus notius 



Spotted bass 
Largemouth bass 
Guadalupe bass 
White crappie 
Black crappie 
Yellow perch 
Sauqer 
Walleye 
Gray snapper 
Freshwater drum 
Spotted seatrout 
Red drum 
Goldeye 
White catfish 
Blue catfish 
Tucunare 
Snakehead 

Micropterus punctulatus 
Wicropterus salmoides 
Micropterus treculi 
Pomoxis annularis 
Pomoxis niqromaculatus 
Perca flavescens 
Stizostedion canadense 
Stizostedion vitreum 
Lutjanus griseus 
Aplodinotus grunniens 
Cynoscion nebulosus 
Sciaenops ocellatus 
Hiodon alosoides 
Ictalurus catus 
Ictalurus furcatus 
Cichla ocellaris 
Channa striata 



APPENDIX C. NATIONAL LIST OF INTOLERANT FISH SPECIES. 

Common name 

Cisco 
Arctic cisco 
Lake whitefish 
Bloater 
Kiyi 
Bering cisco 
Broad whitefish 
Humpback whitefish 
Shortnose cisco 
Least cisco 
Shortjaw cisco 
Pink salmon 
Chum salmon 
Coho salmon 
Sockeye salmon 
Chinook salmon 
Pygmy whitefish 
Round whitefish 
Mountain whitefish 
Golden trout 
Arizona trout 
Cutthroat trout 
Rainbow trout 
Atlantic salmon 
Brown trout 
Arctic char 
Bull trout 
Brook trout 
Dolly varden 
Lake trout 
Inconnu 
Arctic grayling 
Largescale stoneroller 
Redside dace 
Cutlips minnow 
Bigeye chub 
River chub 
Pallid shiner 
Pugnose shiner 
Rosefin shiner 
Bigeye shiner 
Pugnose minnow 
Whitetail shiner 
Blackchin shiner 
Blacknose shiner 
Spottail shiner 
Sailfin shiner 
Tennessee shiner 
Yellowfin shiner 
Ozark minnow 
Ozark shiner 

Latin name 

Coregonus artedii 
Coregonus autumnalis 
Coregonus clupeaformis 
Coregonus hoyi 
Coregonus kiyi 
Coregonus laurettae 
Coregonus nasus 
Coregonus pidschian 
Coregonus reighardi 
Coregonus sardinella 
Coregonus zenithicus 
Oncorhynchus gorbuscha 
Oncorhynchus keta 
Oncorhynchus kisutch 
Oncorhynchus nerka 
Oncorhnchus tshawytscha 
Prosopium coulteri 
Prosopium cylindraceum 
Prosopium williamsoni 
Salmo aguabonita 
Salmo apache 
Salmo clarki 
Salmo gairdneri 
Salmo salar 
Salmo trutta 
Salvelinus alpinus 
Salvelinus confluentus 
Salvelinus fontinalis 
Salvelinus malma 
Salvelinus namaycush 
Stenodus leucichthys 
Thymallus arcticus 
Campostoma oligolepis 
Clinostomus elongatus 
Exoglossum maxillingua 
Hybobsis amblops 
Nocomis micropogon 
Notropis amnis 
Notropis anogenus 
Notropis ardens 
Notropis boops 
Noropis emiliae 
Notropis galacturus 
Notropis heterodon 
Notropis heterolepis 
Noropis hudsonius 
Notropis hypselopterus 
Notropis leuciodus 
Notropis lutipinnis 
Notropis nubilus 
Notropis ozarcanus 



Silver shiner 
Duskystripe shiner 
Rosyface shiner 
Safron shiner 
Flagfin shiner 
Telescope shiner 
Topeka shiner 
Mimic shiner 
Steelcolor shiner 
Coosa shiner 
Bleeding shiner 
Bandfin shiner 
Blackside dace 
Northern redbelly dace 
Southern redbelly dace 
Blacknose dace 
Pearl dace 
Alabama hog sucker 
Northern hog sucker 
Roanoke hog sucker 
Spotted sucker 
Silver redhorse 
River redhorse 
Black jumprock 
Gray redhorse 
Black redhorse 
Rustyside sucker 
Greater jumprock 
Blacktail redhorse 
Torrent sucker 
Striped jumprock 
Greater redhorse 
Ozark madtom 
Elegant madtom 
Mountain madtom 
Slender madtom 
Stonecat 
Black madtom 
Least madtom 
Margined madtom 
Speckled madtom 
Brindled madtom 
Frecklebelly madtom 
Brown madtom 
Roanoke bass 
Ozark rockbass 
Rock bass 
Longear sunfish 
Darters 
Darters 
Darters 
Sculpins 
O'opu alamoo (goby) 
O'opu nopili (goby) 
O'opu nakea (goby) 

Notropis photogenis 
Notropis pilsbryi 
Notropis rubellus 
Notropis rubricroceus 
Notropis signipinnis 
Notropis telescopus 
Notropis topeka 
Notropis volucellus 
Notropis whipplei 
Notropis xaenocephalus 
Notropis zonatus 
Notropis zonistius 
Phoxinus cumberlandensis 
Phoxinus eos 
Phoxinus erythrogaster 
Rhinichthys atratulus 
Semotilus margarita 
Hypentelium etowanum 
Hypentelium nigricans 
Hypentelium roanokense 
Minytrema melanops 
Moxostoma anisurum 
Moxostoma carinatum 
Moxostoma cervinum 
Moxostoma congesturn 
Moxoatoma duquesnei 
Moxostoma hamiltoni 
Moxostoma lachneri 
Moxostoma poecilurum 
Moxostoma rhothoecum 
Moxostoma rupiscartes 
Moxostoma valenciennesi 
Noturus albater 
Noturus elegans 
Noturus eleutherus 
Noturus exilis 
Noturus flavus 
Noturus funebris 
Noturus hildebrandi 
Noturus insignis 
Noturus leptacanthus 
Noturus miurus 
Noturus nunitus 
Noturus phaeus 
Ambloplites cavifrons 
Ambloplites constellatus 
Ambloplites rupestris 
Lepomis megalotis 
Ammocrypta sp. 
Etheostoma sp. 
Percina sp. 
Cottus sp. 
Lentipes concolor 
Sicydium stimpsoni 
Awaous stamineus 
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FOREWORD 

The Technical Support Manual: Water Body Surveys and Assessments for 
Conducting Use Attainability Analyses in Estuarine Systems contains 
guidance prepared by EPA to assist States in implementing the revised Water 
Quality Standards Regulation (48 FR 51400, November 8, 1983). This 
document addresses the unique characteristics of estuarine systems and 
supplements the Technical Support Manual: Water Body Surveys and 
Assessments for Conducting Use Attainability Analyses (EPA, November, 

The central purpose of these documents is to provide 'guidance to 
assist States in answering three central questions: 

(1) What are the aquatic protection uses currently being achieved in the 
water body? 

(2) What are the potential uses that can be attained based on the 
physical, chemical and biological characteristics of the waterbody? 
and 

(3) What are the causes of any impairment of the uses? 

Consideration of the suitability of a water body for attaining a given use 
is an integral part of the water quality standards review and revision 
process. EPA will continue to provide guidance and technical assistance to 
the States in order to improve the scientific and technical bases of water 
quality standards decisions. States are encouraged to consult with EPA at 
the beginning of any standards revision project to agree on appropriate 
methods before the analyses are initiated, and to consult frequently as 
they are conducted. 

Any questions on this guidance may be directed to the water quality 
standards coordinators located in each of the EPA Regional Offices or to: 

Elliot Lomnitz 
Criteria and Standards Division (WH-585) 
401 M Street S.W. 
Washington, D.C. 20460 

Steven Schatzow, Director 
Office of Water Regulations and 
Standards 
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CHAPTER I 

INTRODUCTION 

EPA's Office of Water Regulations and Standards has prepared guidance to 
accompany changes to the Water Quality Standards Regulation (48 FR 51400). 
Programmatic guidance has been compiled and published in the Water Quality 
Standards Handbook (EPA, December 1983). This document discusses the water 
quality review and revision process; general programmatic guidance on 
mixing zones, flow, and economic considerations; use attainability 
analyses; and site specific criteria. 

One of the major pieces of guidance in the Handbook is "Water Body Surveys 
and Assessments for Conducting Use Attainability Analyses." This guidance 
lays out the general framework for designing and conducting a use 
attainability analysis, whose objective is to answer the questions: 

1. What are the aquatic life uses currently being achieved in the 
water body? 

2. What are the potential uses that can be attained, based on the 
physical, chemical and biological characteristics of the water 
body? 

3. What are the causes of impairment of the uses? 

Technical guidance on conducting water body surveys and assessments was 
provided in the Technical Support Manual: Water Body Surveys and 
Assessments for Conducting Use Attainability Analyses (EPA, November 1983) 
in response to requests by several States for additional information. The 
Technical Support Manual essentially provides methods and tools for 
freshwater evaluations, but does not cover estuarine water bodies. The 
chapters presented in this volume address those considerations which are 
unique to the estuary. Those factors which are common to the freshwater 
and the estuarine system -- chemical evaluations in particular, are not 
discussed in this volume. Thus it is important that those who will be 
involved in the water body survey should al so consult the 1983 Technical 
Support Manual. The methods and procedures offered in these guidance 
documents are optional and the States may apply them selectively, or they 
may use their own techniques or methods for conducting use attainability 
analyses. 

The technical material presented In this volume deals with the major 
physical, chemical and biological attributes of the estuary: tides and 
currents, stratification, substrate characteristics; the importance of 
salinity, dissolved oxygen and nutrient enrichment; species diversity, 
plant and animal populations, and physiological adaptations which permit 
freshwater or marine organisms to survive In the estuary. 

Given that estuaries are very complex receiving waters which are highly 
variable in description and are not absolutes in definition, size, shape, 
aquatic life or other attributes, those who will be performing use 
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attainability analyses on estuarine systems should consider this volume as 
a frame of reference from which to initiate study design and execution, but 
not as an absolute guide. 
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CHAPTER II 

PHYSICAL AND CHEMICAL CHARACTERISTICS 

INTRODUCTION 

The term estuary is generally used to denote the lower reaches of a river 
where tide and river flows interact. The generally accepted definition for 
an estuary was provided by Pritchard in 1952: "An estuary is a semi- 
enclosed coastal body of water having a free connection with the open sea 
and containing a measureable quantity of seawater." This description has 
remained remarkably consistent with time and has undergone only minor 
revisions (Emery and Stevenson, 1957; Cameron and Pritchard, 1963). To 
this day, such qualitative definitions are the most typical basis for 
determining what does and what does not constitute an estuary. 

Estuaries are perhaps the most important social, economic, and ecologic 
regions in the United States. For example, according to the Department of 
Commerce (DeFalco, 1967), 43 of the 110 Standard Metropolitan Statistical 
Areas are on estuaries. Furthermore, recent studies indicate that many 
estuaries, including Delaware Bay and Chesapeake Bay, are on the decline. 
Thus, the need has arisen to better understand their ecological functions 
to define what constitutes a "healthy" system, to define actual and 
potential uses, to determine whether designated uses are impaired, and to 
determine how these uses can be preserved or maintained. This is the basis 
for the Use Attainability Analysis. 

As part of such a program, there is a need to define impact assessment pro- 
cedures that are simple, in light of the wide variability among estuaries, 
yet adequately represent the major features of each system studied. 
Estuaries are three-dimensional waterbodies which exhibit variations in 
physical and chemical processes in all three directions (longitudinal, 
vertical, and lateral) and also over time. However, following a careful 
consideration of the major physical and chemical processes and the time 
scales involved in use assessment, one can often define a simplified 
version of the prototype system for study. 

In this chapter, a discussion is presented of important estuarine features 
and of major physical processes. A description of chemical evaluations is 
also presented, although the discussion herein is very limited since an 
extensive presentation was included in the earlier U.S. EPA Technical 
Support Manual (U.S. EPA November 1983). From this background, guidance 
for use attainability evaluations is given which considers the various 
assumptions that may be made to simplify the complexity of the analysis, 
while retaining an adequate description of the system. Finally, a frame- 
work for selecting appropriate desk-top and computer models for use 
attainability evaluations is outlined. 

PHYSICAL PROCESSES 

Introduction 

Estuarine flows are the result of a complex interaction of: 

II-1 



• tides, 
• wind shear, 
• freshwater inflow (momentum and buoyancy), 
• topographic fractional resistance, 
• Coriolis effect, 
• vertical mixing, and 
• horizontal mixing. 

In performing a use attainability study, one must simplify the complex 
prototype system by determining which of these effects or combination of 
effects is most important at the time scale of the evaluation. To do this, 
it is necessary to understand each of these processes and their impacts on 
the evaluation. A complete description of all of the above is beyond the 
scope of this report. Rather, Illustrated are some of the features of each 
process, particularly in terms of magnitude and time scale. 

Tides 

Tides are highly variable throughout the United States, both in amplitude 
and phase. Figure II-1 (NOAA 1983) shows some typical tide curves along 
the Atlantic, Gulf of Mexico, and Pacific Coasts. Tidal amplitude can vary 
from 1 foot or less along the Gulf of Mexico (e.g., Pensacola, Florida) to 
over 30 feet in parts of Alaska (e.g., Anchorage) and the Maritime 
Provinces of Canada (e.g., the Bay of Fundy). Tidal phasing is a 
combination of many factors with differing periods. However, in the United 
States, most tides are predominantly based on 12.5-hour (semidiurnal), 25- 
hour (diurnal) and 4-day (semi-lunar) combinations. In some areas, such as 
Boston (Figure II-l), the tide is predominantly semidiurnal with 2 high 
tides and 2 low tides each day. In others, such as along the Gulf of 
Mexico, the tides are more typically mixed. 

Tidal power is directly related to amplitude. This potential energy source 
can promote increased mixing through increased velocities and interactions 
with topographic features. 

Wind 

In many exposed bays or estuaries, particularly those in which tidal 
forcing is smaller, wind shear can have a tremendous impact on circulation 
patterns at time scales of a few hours to several days. An example is 
Tampa Bay on the West Coast of Florida, where tidal ranges are 
approximately 3 feet, and the terrain is generally quite flat. Wind can be 
produced from localized thunderstorms of a few hours duration, or from 
frontal movements with durations on the order of days. Unlike tides, wind 
is unpredictable in a real time sense. The usual approach to studying wind 
driven circulations is to develop a wind rose (Figure II-2) from local 
meteorological data, and base the study of impacts on statistically 
significant magnitudes and directions, or on winds that might produce the 
most severe impact. 
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Figure 11-2. 'ypical Wind Rose. (H.C. Perkins, :974) 

Freshwater Inflows 

Freshwater inflows from a major rfverine source can be highly variable from 
day to day and season to season. At the shorter time scale, the river may 
be responding to a localized thunderstorm, or the passage of a front. In 
many areas, however, the frequency of these events tends to group into a 
season (denoted the wet season) which is distinct from the remainder of the 
year (the dry season). The average monthly streamflow dfstrfbutfons in 
Figure II-3 illustrate that in Virginia the wet season is typically from 
Oecember to May and comes mainly from portal systems. In Florida, however, 
the trend Is reversed, wf th the wet season coinciding with the Sumner 
months when localized thunderstorms predominate. 

It is important to consider the effect of freshwater flows on estuarine 
circulation, because streamflow is the only major mechanism which produces 
a net cross sectional flow over long averaging times. A co-n approach is 
to represent the estuary as a system drive by net freshwater flows in the 
downstream directory with other effects averaged out and lumped into a 
dispersion-type parameter. When using this assumption to evaluate the 
estuary system, one must weigh the consequences very carefully. 

Freshwater is less dense and tends to "float" over seawater. In some 
cases, freshwater may produce a residual 2-layer flow pattern (such as in 
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the James Estuary (Vfrgfnfa) or Potomac Rivers) or even a 3-layer flow 
pattern (as in Baltimore Harbor). The danger is to treat such a distinctly 
2-layer system as a cross-sectionally averaged, river driven system, and 
then try to explain why pollutants are observed upstream of a discharge 
point when no mechanism exists to produce this effect using a one- 
dimensional approach. 

Friction 

The estuary's topographic boundaries (bed and sides) produce frictional 
resistance to local currents. In some estuaries with highly variable 
geometries, this can produce a number of net nontidal (or tidally-averaged) 
effects such as residual eddies near headlands or tidal rectification. 
Pollutants trapped in residual eddies, perhaps from a wastewater treatment 
plant outfall, may have very large residence times that are not predictable 
from cross-sectionally averaged flows before such pollutants are flushed 
from the system. 

Corfolfs Effect 

In wide estuaries, the Corf 011s effect can cause freshwater to adhere to 
the right-hand bank (facing the open sea) so that the surface slopes upward 
to the right of the flow. The interface has an opposite slope to maintain 
geostrophfc balance. For specific configurations and corresponding flow 
regimes, the boundary between outflow and inflow may actually cut the 
surface (Figure II-4a). This is the case in the lower reaches of the St. 
Lawrence estuary, for example, where the well-defined Gaspe current holds 
against the southern shore and counter flow is observed along the northern 
side. This effect is augmented by tidal circulation which forces ocean 
waters entering the estuary with the flood tide to adhere to the left side 
of the estuary (facing the open sea), and the ebb flow to the right side. 
Thus, as is often apparent from the surface salinity pattern in an estuary, 
the outflow is stronger on the right-hand side (Figure II-4b). The exact 
location and configuration of the saltwater/freshwater interface depends on 
the relative magnitude of the forces at play. Quantitative estimates of 
various mixing modes in estuaries are discussed below. 

Vertf cal Mix1 ng 

All mixing processes are caused by local differences in velocities and by 
the fact that liquids are viscous (i.e., possess internal frfctfonl. In 
the vertical direction, the most comnon mixing occurs between rfverfne 
fresh waters and the underlying saline ocean waters. 

If there were no friction, freshwater would flow seaward as a shallow layer 
on top of the seawater. The layer would become shallower and the velocity 
would decrease as the estuary widened toward its mouth. Friction between 
the two types of water requires a balancing pressure gradient down-estuary, 
explaining the salt wedge formatfon which deepens toward the mouth of the 
estuary, as seen in Figure 11-5. 
interface. 

Friction also causes mixing along the 
A particularly well-defined salt wedge is observed in the 

estuary of the Mississippi River. 
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Figure 11-3. Monthly Average Streamflows for location in 
Virginia. (from U. S. Geological Survey 1982) 
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a. Cross-section A-A looking b. Surface Salinity Distribu- 
Down-estuary. tion (ppt). 

Figure 11-h. Net Inflow and Outflow in a Tidal Estuary, Northern 
Hemlsphert. 

If significant mixing dots not occur along the freshwater/saltwater Inter- 
face, the layers of dl fferlng dtnslty tend to remain distinct and the 
system is said to be hfghly stratlfltd in the vertical directfon. If the 
vertical mixlng is rtlatlvtly high, the mixing process can almost 
completely break down the density difference, and the system is called 
well-mfxtd or homogeneous. 

In sections of the estuary where there Is a slgnlflcant difference between 
surface and bottonr saljnlty levels over some specified depth (e.g., differ- 
ences of about 5 ppt or greater over about a 10 foot depth), the water 
column is regarded as highly stratifled. An important Impact of vertical 
stratificatfon on use attafnabilfty Is that the vertical density differ- 
ences sfgnificantly reduce the exchange of dissolved oxygen and other 
constituents between surface and botton waters. Consequently, persistent 
stratfflcatlon can result fn a depression of dfssolvtd oxygen (DO) fn the 
high salinity bottom waters that are cut off from the low salinity surface 
waters. Thfs Is because bottom waters depend upon vertical mixing with 
surface waters, which can take advantage of reaeratlon at the air-water 
interface, to replenish DO that 1s consumed as a result of organic 
materials within the water column and bottom sediments. In sections of the 
estuary exhfbitfng sfgnlficant vertlcat stratfflcatfon, vertical mixing of 
DO contributed by reaeratlon Is limited to the low sallnlty surface waters. 
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As a result, persistent stratlfltd condltlons can cause the DO concentra- 
tion In bottom wattr to fall to levels that cause stress on or mortality to 
the ttsldtnt cmmunitits of btnthlc organisms. 

Another pottntlal impact of vertical stratiflcatlon Is that anaerobic con- 
dltlons in bottom wattts Can rtSult in Increased release of nutrients such 
as phosphorus and amnia-nitrogen from botton sediments. During later 
periods or In stCtiOnS Of the estuary exhlbltlng reduced levels of 
stratlflcatlon, these increased bottom sediment contributions of nutrlttlts 
can eventually be transported to the surface water layer. These increased 
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Figure 11-5. Layered Flow in a Salt-wedge Estuary (Longitudinal Profile). 
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nutrient loadings on surface waters can result in higher phytoplankton con- 
centrations that can exert diurnal DO stresses and reduced lfght penetra- 
tion for rooted aquatic plants. In summary, the persistence and area1 
extent of vertical stratification is an important determinant of use at- 
tainability wfthfn an estuary. 

Horfzontal Mixing 

Mixing also occurs in the horizontal plane, although it is often neglected 
fn favor of vertfcal processes. As with vertical mixing, horizontal mfxing 
fs caused by localized velocfty varfatfons and internal frfction, or vis- 
cosity. The velocity variatfons are usually produced by the interactions 
of topographic and bed or side frictfonal effects, resultfng In eddies of 
varying sizes. Thus, horizontal constituent dfstrfbutions tend to be broken 
down by differential advection, whfch when viewed as an average advection 
(laterally, or cross-sectionally) is called dfspersfon. 

ESTUARINE CLASSIFICATION 

Introduction 

It fs often useful to consider some broad classfficatfons of estuaries, 
particularly in terms of features and processes which enable us to analyze 
them in terms of sfmpliffed approaches. The most commonly used groupfngs 
are based on geomorphology, stratiffcation, circulation patterns, and time 
scales. 

Geomoroholoafcal Classfffcation 

Over the years, a systematfc structure of geomorphological classiffcatfon 
has evolved. Dyer (1973) and Fischer et al. (1979) identify four groups: 

0 Drowned river valleys (coastal plain estuaries), 

0 Fjords 

0 Bar-built estuaries, and 

0 Other estuaries that do not fit the first three classifications. 

Typical examples of North American estuaries are presented in Table II-l. 

Coastal plain estuaries are generally shallow wfth gently slopfng bottoms, 
with depths fncreasfng uniformly towards the mouth. Such estuaries have 
usually been cut by erosfon and are drowned river valleys, often displaying 
a dendritic pattern fed by several streams. A well-known example is 
Chesapeake Bay. Coastal pl af n estuaries are usually moderately stratified 
(particularly fn the old river valley section) and can be highly Influenced 
by wind over short time scales. 

Bar buflt estuaries are bodies of water enclosed by the deposition of a 
sand bar off the coast through which a channel provides exchange with the 
open sea, usually servicing rivers wfth relatively small dfscharges. These 
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TABLE II-l. TOPOGRAPHIC ESTUARINE CLASSIFICATION 

Type 

Dominant 
Long-Term Process 

Degree of 
Stratiffcation Examples 

Coastal 
Plafn 

River Flow Moderate Chesapeake Bay, MD/VA 
James River, VA 
Potomac River, MD/VA 
Delaware Estuary, DE/NJ 
New York Bight, NY 

Bar Built Wind 

Fjords Tide High 

Other Estuaries Varfous Various 

Low or None Little Sarasota Bay, FL 
Apalachicola Bay, FL 
Galveston Bay, TX 
Roanoke Rfver, VA 
Albemarle Sound, NC 
Pamlfco Sound, NC 

Alberni Inlet, B.C. 
Sflver Bay, AL 

San Francfsco Bay, CA 
Columbfa River, WA/OR 
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are usually unstable estuaries, subject to gradual seasonal and cata- 
strophic var iations in configuration. Many estuaries in the Gulf Coast and 
Lower Atlant ic Regions fall fnto this category. They are generally a few 
meters deep, vertically well mfxed and highly fnfluenced by wind. 

Fjords are c haracterized by relatively deep water and steep sides, and are 
generally 1 ong and narrow. They are usually formed by glaciation, and are 
more typfcal in Scandinavia and Alaska than the contiguous United States. 
There are examples along the Northwest Pacific Ocean, such as Alberni Inlet 
in British Columbia. The freshwater streams that feed a fjord generally 
pass through rocky terrain. Little sediment is carried to the estuary by 
the streams, and thus the bottom is likely to be a clean rocky surface. 
The deep water of a fjord is dfstfnctly cooler and more saline than the 
surface layer, and the fjord tends to be highly stratified. 

The remaining estuaries not covered by the above classification are usually 
produced by tectonic activfty, faultfng, landslides, or volcanfc eruptions. 
An example is San Francisco Bay which was formed by movement of the San 
Andreas Fault System (Dyer, 1973). 

Stratification 

A second classification of estuaries is by the degree of observed strati- 
ficatfon, and was developed orfgfnally by Prftchard (1955) and Cameron and 
Pritchard (1963). They considered three groupings (Figure 11-6): 

0 The highly stratiffed (salt wedge) type 

0 Partially mixed estuary 

0 Vertfcally homogeneous estuary 

Such a classfficatfon Is intended for the general case of the estuary 
influenced by tides and freshwater fnflows. Shorter term events, such as 
strong winds, tend to break down highly stratified systems by Inducing 
greater vertical mfxfng. Examples of dffferent types of stratification are 
presented in Table II-Z. 

In the stratified estuary (Figure II-6a), large freshwater inflows ride 
over saltier ocean waters, with little mixing between layers. Averaged 
over a tidal cycle, the system usually exhibits net seaward movement in the 
freshwater layer, and net landward movement in the salt layer, as salt 
water fs entrained into the upper layer. The Missfssippf River Delta is an 
example of this type of estuary. 

As the interfacfal forces become great enough to partially break down the 
density differences, the system becomes partially stratified, or partially 
well-mfxed (Figure II-6b). Tidal flows are now usually much greater than 
river flows, and flow reversals fn the lower layer may still be observed, 
al though they are generally not as large as for the highly stratified 
system. Chesapeake Bay and the James River estuary are examples of this 
type. 
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(b) Partially mixed 

(a) Stratified 

(c) Well-mixed 

figure 11-6. Classification of Estuarine Stratification. 
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TABLE II-Z. STRATIFICATION CLASSIFICATION 

Type 
Highly Stratified 

River Discharge 

Large 

Examples 

Mississippi River, LA 
Mobile River, AL 

Partially Mixed Medium Chesapeake Bay, MD/VA 
James Estuary, VA 
Potomac River, MD/VA 

Vertically Homogeneous Small Delaware Bay, DE/NJ 
Raritan River, NJ 
Biscayne Bay, FL 
Tampa Bay,FL 
San Francisco Bay, CA 
San Diego Bay, CA 
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In a well mixed system (Figure 11-6~1, the river inflow is usually very 
small, and the tidal flow is sufficient to completely break down the 
stratification and thoroughly mix the system vertically. Such systems are 
generally shallow so that the tidal amplitude to depth ratio is large and 
mlxing can easily penetrate throughout the water colunn. The Delaware and 
Raritan River estuaries;are examples of well-mixed systems. 

Circulation Patterns 

Circulation in an estuary (i.e., the velocity patterns as they change over 
time) is primarily affected by the freshwater outflow, the tidal inflow, 
and the effect of wind. In turn, the difference in density between outflow 
and inflow sets up secondary currents that ultimately affect the salinity 
distribution across the estuary. The salinfty distribution is important in 
that it affects the distribution of fauna and flora withln the estuary. It 
Is also important because it is indicative of the mfxlng properties of the 
estuary as they may affect the dispersion of pollutants, flushing proper- 
ties, and additional factors such as friction forces and the size and 
geunetry of the estuary contribute to the circulation patterns. 

The complex geometry of estuarles, in combination with the presence of 
wind, the effect of the earth's rotation (Coriolis effect), and other 
effects, often results in resldual currents (i.e., of longer period than 
the tidal cycle) that strongly influence the mixing processes In estuaries. 
For example, uniform wind over the surface of an estuary produces a net 
wind drag force which may cause the center of mass of the water in the 
estuary to be displaced toward the deeper side since there is more water 
there. Hence a torque is induced causing the water mass to rotate. 

In the absence of wind, the pure interaction of tides and estuary geometry 
may also cause residual currents. For example, flood flows through narrow 
inlets set up so-called tidal jets, which are long and narrow as compared 
to the ebb flows which draw from a larger area of the estuary, thus forcing 
a residual circulation from the central part of the estuary to the sfdes 
(Stomnel and Farmer, 1952). The energy available In the tide is in part 
extracted to drive regular circulation patterns whose net result is similar 
to what would happen if pumps and pipes were installed to move water about 
in circuits. This is why this type of circulation is referred to as "tidal 
pumping" to differentlate from wind and other circulation (Fisher, et al., 
1979). 

Tidal "trapping" is a mechanism -- present in long estuarles with side 
embayments and small branching channels -- that strongly enhances 
longitudinal dispersion. It is explafned as follows. The propagation of 
the tide in an estuary -- which represents a balance between the water mass 
Inertia, the hydraulic pressure force due to the slope of the water 
surface, and the retarding bottom friction force -- results in main channel 
tidal elevations and velocities that are not In phase. For example, high 
water occurs before high slack tide and low water before low slack tide 
because the momentum of flow in the main channel causes the current to 
continue to flow against an opposing pressure gradient. In contrast, slde 
channels which have less momentum can reverse the current direction faster, 

II-14 



thus "trapping" portions of the main channel water which are then available 
for further longitudinal dlsperslon during the next flood tide. 

Time Scales 

The consideration of the time scales of the physical processes being 
evaluated is very Important for any water quality study. Short-term 
conditions are much more influenced by a variety of short-term events which 
perhaps have to be analyzed to evaluate a "worst case" scenario. Longer 
term (seasonal 1 conditions are influenced predominantly by events which are 
averaged over the duration of that time scale. 

The key to any study is to identify the time scale of the impact being 
evaluated and then analyze the forcing functions over the same time scale. 
As an example, circulation and mass transport in the upper part of 
Chesapeake Bay can be wind driven over a period of days, but is river 
driven over a period of one month or more. Table II-3 lists the major 
types of forcing functions on most estuarfne systems and gives some Idea of 
their time scales. 

INFLUENCE OF PHYSICAL CHARACTERISTICS ON USE ATTAINABILITY 

"Segmentation" of an estuary can provide a useful framework for evaluating 
the Influence of estuarine physical characteristics such as circulation, 
mixing, salinity, and geomorphology on use attainability. Segmentation is 
the compartmentalizing of an estuary into subunits with homogeneous 
physical characteristics. In the absence of water pollution, physical 
characteristics of different regions of the estuary tend to govern the 
suftability for major water uses. Therefore, one major objective of 
segmentation is to subdivide the estuary into segments with relatively 
homogeneous physical characteristics so that differences in the biological 
comnunltles among similar segments may be related to man-made alterations. 
Once the segment network is established, each segment can be subjected to a 
use attainability analysis. In addition, the segmentation process offers a 
useful management structure for monitoring conformance with water quality 
goals in future years. 

The segmentation process is an evaluation tool which recognizes that an 
estuary is an Interrelated ecosystem composed of chemically, physically, 
and bfologlcally diverse areas. It assumes that an ecosystem as diverse as 
an estuary cannot be effectively managed as only one unit, since different 
uses and associated water quality goals will be appropriate and feasible 
for different regions of the estuary. The segmentation approach to use 
attainability assessment and water quality management has been successfully 
appl fed to several major receiving water systems, most notably Chesapeake 
Bay, the Great Lakes, and San Francisco Bay. 

A potential source of concern about the construction and utility of the 
segmentation scheme for use attafnabilfty evaluations is that the estuary 
is a fluid system with only a few obvious boundaries, such as the sea 
surface and the sediment-water interface. Boundaries fixed in space are to 
be imposed on an estuarlne system where all components are in communication 
with each other following a pattern that is highly variable in time. Fixed 
boundaries may seem unnatural to scientists, managers, and users, who are 

If-15 



TIDE 

WIND 

TABLE 11-3. TIME SCALES OF MAJOR PROCESSES 

Forcing Function 

One cycle 
Neap/Sprfng 

Thunderstorm 
Frontal Passage 

RIVER FLOW 

Thunderstorm 
Frontal Passage 
Wet/Dry Seasons 

Time Scale 

0.5-l day 
14 days 

l-4 hours 
l-3 days 

0.5-l day 
3-7 days 
4-6 months 
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more likely to view the estuary as a continuum than as a system composed of 
separable parts. The best approach to dealing with such concerns is a 
segmentation scheme that stresses the dynamic nature of the estuary. The 
scheme should emphasize that the segment boundaries are operationally 
defined constructs to assist in understanding a changeable, intercommuni- 
cating system of channels, embayments, and tributaries. 

In order to account for the dynamic nature of the estuary, it is recommend- 
ed that estuarine circulation patterns be a prominent factor in delineating 
the segment network. Circulation patterns control the transport of and 
residence times for heat, salinity, phytoplankton, nutrients, sediment, and 
other pollutants throughout the estuary. Salinity should be another impor- 
tant factor in delineating the segment network. The variations in salinity 
concentrations from head of tide to the mouth typically produce a separa- 
tion of biological comnunitfes based on salinity tolerances or preferences. 

A segmentation scheme based upon physical processes such as circulation and 
salinity should track very well with the major chemical and biological 
processes. However, after developing a network based upon physical 
characteristics, segment boundaries can be refined with available chemical 
and biological data to maximize the homogeneity of each segment. 

To illustrate the segmentation approach to evaluating relationships between 
physical characteristics and use attainability, the segmentation scheme 
applied to Chesapeake Bay is described below. While most of the estuaries 
subjected to use attainability evaluations will be considerably smaller and 
less diverse than Chesapeake Bay, the principles illustrated in the 
following example can serve as useful guidance for most estuary evaluations 
regardless of the spatial scale. Figure II-7 shows the main stem and 
tributary segments defined for Chesapeake Bay by the U.S. Environmental 
Protection Agency's Chesapeake Bay Program (U.S. EPA Chesapeake Bay 
Program 1982). As may be seen, the segment network consists of eight main 
stem segments designated by the prefix "CB" and approximately forty 
segments covering major embayments and tributaries. The methodology for 
delineating the main stem segments will be described first, followed by a 
discussion of the major embayments and tributaries. 

Starting at the uppermost segment and working down the main stem, the 
boundary between CB-1 and CB-2 separates the mouth of the Susquehanna River 
from the upper Bay and lies in the region of maximum penetration of salt- 
water at the head of the Bay. South of this region most freshwater 
plankton would not be expected to grow and flourish, although some may be 
continually brought into the area by the Susquehanna River. 

The boundary between CB-2 and CB-3 is the southern limit of the turbidity 
maximum, a region where suspended sediment causes light limitation of 
phytoplankton production most of the year. This boundary also coincides 
with the long-term summer average for the 5 parts per thousand (pptl 
salinity contour which is an important physiological parameter for oysters. 

lhe boundary between CB-3 and CB-4 is located at the Chesapeake Bay Bridge. 
It marks the northern limit of the 10 ppt salinity contour and of deep 
water anaerobic conditions in Chesapeake Bay stratification. In segment 
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Figure 11-7. Chesapeake Bay Program segments used in data 
analysis.(from U.S.EPA Chesapeake Bay Program 1982) 
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CB-4, water deeper than about 30 ft usually experiences oxygen depletion in 
Sumner which may result in oxygenless conditions and hydrogen sulfide 
production. Uhen anaerobic conditfons occur, these deep waters are toxic 
to fish, crabs, shellfish, and other benthic animals. Due to the increased 
release of nutrients from bottom sediments under oxygenless conditions, the 
anaerobic layer is also rich in phosphorus and amnonfa-N which may reach 
surface waters by diffusion, mixing, and vertical advection either later in 
the year or in less stratified sections of the Bay. In spring, the region 
near the bridge is the site where phytoplankton and fish larvae that travel 
in the deep layer from the Bay mouth are brought to the surface by a 
combination of physical processes. 

The boundary between CB-4 and CB-5 was established at a narrows. Below 
this point, the Patuxent and Potomac Rivers intersect the main stem of the 
Bay. It is characterized by average summer salinities of 12 to 13 ppt and 
is located at the approximate midpoint of the area subject to bottom water 
anaerobic conditions during the summer. 

The boundary between CB-5 and CB-6/7 approximates the 18 ppt salinity 
contour and the southern limit of significant vertical stratification and 
anaerobic conditions in the bottom waters. Most, of the deeper areas of the 
Bay are found in segment CB-5. As mentioned earlier, the bottom waters of 
segments CB-4 and CB-5 experience considerable nutrient enrichment during 
the summer when phosphorus and ammonia-N are released from bottom 
sediments. This region also exhibits high nitrate-N concentrations in the 
fall when the amnonfa-N accumulated in surrnner is oxidized. The southern 
boundary of CB-5 also approximates the region where the elevated nitrate-N 
concentrations from the relatively high streamflows during the spring 
season becomes a critf cal factor in phytopl ankton growth. 

The boundary between CB-6 and CB-7 horizontally dfvfdes the lower Bay into 
two regions with different circulation patterns. North of thfs boundary, 
the Bay's density stratification results in two distinct vertical layers, 
with bottom waters moving in a net upstream flow and the surface layer 
flows moving downstream. Between this boundary and the Bay mouth the 
density distribution tends toward a cross-stream (i.e., horizontal) 
gradient rather than a vertical gradient. Net advective flows throughout a 
vertically well-mfxed water column tend to flow northward in segment CB-7 
and southward in CB-6 and CB-8. This pronounced horfzontal gradient also 
exists across the Bay mouth. Thus, plankton and fish larvae are brought 
into the Bay with the higher salinity ocean waters along the eastern sfde 
of the lower Bay until they become entraf ned into the lower layer at 
segment CB-5 and are transported up the Bay to grow and mature. 

Eastern shore embayments such as Eastern Bay (EE-11, the subestuary of the 
Choptank River (EE-2) and the Pocomoke and Tangier Sounds (EE-31 have 
salinities similar to adjacent Bay waters, and they are shallow enough to 
permit light penetration necessary for the growth of submerged aquatic 
vegetation (SAVs). These areas provide shelter for many benthic inver- 
tebrates and small fish which make an important contribution to the Bay's 
rich environment. 
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Boundaries have been delineated at the mouths of the Bay's major tributar- 
ies. These boundaries define the sources of freshwater, sedfment, nutri- 
ents, and other constftuents delivered to the main stem of the Bay. Along 
these boundaries, frontal zones between the tributary and main stem waters 
tend to concentrate detrftal matter and nutrients, with circulation 
patterns governing the transport of many organisms to this food source. 

The major tributaries are further subdivided into three segment classffica- 
tions: tidal fresh (TF), river estuarfne transition zone (RET), and lower 
subestuary (LE). The tidal fresh segments are biologically important as 
spawning areas for anadromous and semianadromous fish such as the alewife, 
herrings, shad, striped bass, white perch and yellow perch. There are also 
freshwater species which are resident in these areas such as catfish, 
minnows and carps. Algal blooms tend to be most prolific within the tidal 
fresh zone. The extent of these blooms is dependent upon nutrient supply, a 
range of factors such as retention time, and lfght avaf\abflIty. Mast of 
the algal species that can flourish within tidal fresh segments are 
inhibited as they encounter the more saline waters associated with the 
transition zone. 

The highest concentration of suspended solids is found at the interface of 
fresh and saline waters and it approximates the terminus of density 
dependent estuarine circulation. The area where this phenomenon occurs is 
typically referred to as the "turbidity maximum" zone. The significance of 
this area lies in its value as a sediment trap entraining not only material 
introduced upstream but, additionally, material transported in bottom 
waters from downstream. This mechanism also tends to concentrate any 
material associated with the entrained sedfment. For example, Kepone 
accumulations within the James River estuary are highest in the turbidity 
maximum zone. 

The final segment type found within the major tributaries is fdentified as 
the lower subestuary segment. This area extends from the turbidity maximum 
to the point where the tributary intersects the main stem of the Ray. 
Highly productive oyster bars are found fn these segments. There is a 
heavy concentration of oyster bars in the lower subestuaries because of the 
favorable depth, sal f nitfes, and substrate. In general, the oyster bars 
are located in depths of less than 35 feet in salinities greater than 7-8 
ppt and on substrates which are firm. Seasonal depressions of dissolved 
oxygen in bottom waters prevent the establishment of oyster bars in most 
waters over 35 feet deep. 

CHEMICAL PARAMETERS 

This section provides a brief discussion of chemical indicators of aquatic 
use attainment for estuaries. Three clarifications are necessary before 
beginning this discussion. First, while it is useful to refer to these 
parameters as "chemical" characteristics to distinguish them from the 
physical and biological parameters in a use attainability evaluatf on, these 
characteristics are traditionally referred to as water quality criteria and 
are referred to as such in other sectfons of this report. Second, 
chlorophyll-a is introduced in this section rather than in Chapter III 
because it is the primary impact indicator for chemicals such as nitrogen 
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and phosphorus. Third, because an extensive discussion of chemical ;er 
quality indicators is presented in the earlier U.S. EPA Technical Support 
Manual (U.S. EPA November 19831, the discussion herein is very limitc~!. 
Manual users who are interested in a more extensive discussion are referred 
to the previous volume. 

The most crltlcal water quality indicators for aquatic use attainment 1 n an 
estuary are dissolved oxygen, nutrients and chlorophyll-a, and toxicants. 
Dissolved oxygen (DO) is an important water quality indicator for all 
fisheries uses. The DO concentration in bottom waters is the most critical 
indicator of survival and/or density and diversity for most shellfish and 
an important indicator for ffnfish. DO concentrations at mid-depth and 
surface locations are also important indicators for ffnfish. In evaluating 
use attainability, assessments of DO impacts should consider the relative 
contributions of three different sources of oxygen demand: (a) 
photosynthesis/respiration demand from phytoplankton; (bl water column 
demand; and (c) benthic oxygen demand. If use impafnent is occurring, 
assessments of the signiffcance of each oxygen sink can be used to evaluate 
the feasibility of achieving sufficient pollution control to attafn the 
designated use. 

Chlorophyll-a is the most popular indicator of algal concentrations and 
nutrient overenrichment which in turn can be related to diurnal DO 
depressions due to algal respiration. Typically, the control of phosphorus 
levels can limit algal growth in the upper end of the estuary, while the 
control of nitrogen levels can limit algal growth near the mouth of the 
estuary; however, these relatfonshfps are dependent upon factors such as 
N:P ratios and light penetration potential which can vary from one estuary 
to the next, thereby producing different limiting conditions within a given 
estuary. Excessfve phytoplankton concentrations, as i ndi ca+;d by 
chlorophyll-a levels, can cause adverse DO impacts such as: (al wide 
diurnal variations in surface DO's due to daytime photosynthetic oxygen 
production and nighttime oxygen depletion by respiration, and (b) depletion 
of bottom DO's through the decomposition of dead algae. Thus, excessive 
chlorophyll-a levels can deplete the oxygen resources requfred for bottom 
water fisheries, exert stress on the oxygen resources of surface water 
fisheries, and upset the balance of the detrital foodweb In the seagrass 
cormnunity through the production of excessive organic matter. 

Excessive chlorophyll-a levels also result in shading which reduces light 
penetration for submerged aquatic vegetation. Consequently, the prevention 
of nutrient overenrichment Is probably the most important water quality 
requirement for a heal thy SAV comnuni ty. 

Blooms of certain phytopl ankton can also be toxic to fish. For example, 
blooms of the toxic "red tide" organism during the early 1970's resulted in 
extensive fish kills in several Florida estuaries. 

The nutrients of concern in the estuary are nitrogen and phosphorus. Their 
sources typically are discharges from sewage treatment plants and fndus- 
tries, and runoff from urban and agricultural areas. Increased nutrient 
levels lead to phytoplankton blooms and a subsequent reduction in DO 
levels, as discussed above. In addition, algal blooms decrease the depth 
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to which light is able to penetrate, thereby affecting SAV populations in 
the estuary. 

Sewage treatment plants are typically the major source of nutrients to 
estuaries in urbanized areas. Agricultural land uses and urban land uses 
represent sfgnfffcant nonpofnt sources of nutrients. Often wastewater 
treatment plants are the major source of phosphorus loadings while nonpof nt 
sources tend to be major contributors of nitrogen. In estuaries located 
near highly urbanized areas, municipal discharges probably wfll domfnate 
the point source nutrient contributions. Thus, it is important to base 
control strategies on an understanding of the sources of each type of 
nutrient, both in the estuary and in its feeder streams. 

In the Chesapeake 8ay, an assessment of total nf trogen, total phosphorus, 
and N:P ratios indicates that regions where resource quality is currently 
moderate to good have lower concentrations of ambient nutrients, and N:P 
ratios between 1O:l and 20:1, indicating phosphorus-limited algal growth. 
Regions characterized by little or no SAU's (i.e., phytoplankton-dominated 
systems) or massive algal blooms had high nutrient concentrations and 
significant variations in the N:P ratios. Moving a system from one class 
to another could involve either a reductfon of the limiting nutrient (N or 
P) or a reduction of the non-lfmftfng nutrient to a level such that it 
becomes lfmftfng. For example, removal of P from a system characterized by 
massive algal blooms could force it to become a more desirable 
phytoplankton-dominated system with a higher N:P ratio. 

Clearly the levels of both nitrogen and phosphorus are important deter- 
minants of the uses that can be attained in an estuary. Because point 
sources of nutrients are typically much more amenable to control than 
nonpoint sources, and because nutrient (phosphorus) removal for municipal 
wastewater discharges is typically less expensfve than nitrogen removal 
operatf ons, the control of phOSphOrUS discharges is often the method of 
chofce for the prevention or reversal of use impairment in the upper 
estuary (i.e., tidal fresh zone). However, the nutrient control programs 
for the upper estuary can have an adverse effect on phytoplankton growth in 
the lower estuary (i.e., near the mouth) where nitrogen 1 s typically the 
critical nutrient for eutrophication control. This is because the 
reduction of phytoplankton concentrations in the upper estuary will reduce 
the uptake and settling of the non-lfmftfng nutrient which is typi tally 
nitrogen, thereby resulting fn increased transport of nitrogen through the 
upper estuary to the lower estuary where it is the 1 fmftfng nutrient for 
algal growth. The result is that reductions in algal blooms wfthi n the 
upper estuary due to the control of one nutrient (phosphorus) can result in 
increased phytoplankton concentratfons in the lower estuary due to higher 
1 eve1 s of the uncontrolled nutrient (nitrogen). Thus, tradeoffs between 
nutrient controls for the upper and lower estuary should be considered in 
evaluating measures for preventfng or reversing use impairment. The 
Potomac Estuary Is a good example of a system where tradeoffs between 
nutrient controls for the upper and lower estuary are being evaluated. 

The impacts of toxicants such as pesticides, herbicides, heavy metals and 
chlorinated effluents are beyond the scope of this volume. However, the 
presence of certain toxicants in excessive concentrations within bottom 
sediments or the water column may prevent the attainment of water uses 
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(particularly flsherfes propagation/harvesting and seagrass habftat uses) 
in estuary segments which satisfy water qua1 ity crfterfa for DO, 
chlorophyll-a/nutrient enrichment, and fecal co11 forms. Therefore, poten- 
tial interferences from toxfc substances need al so to be consfdered in a 
use attainabllity study. 

TECHNIQUES FOR USE ATTAINABILITY EVALUATIONS 

Introduction 

Use attafnabillty evaluations generally follow the conceptual outline: 

0 Determfne the present use of the estuary, 

0 Determine whether the present use corresponds to the desfgnated 
use, 

0 If the present use does not correspond to the designated use, 
determine why, and 

0 Determine the optimal use for the system. 

In assessing use levels for aquatlc life protection, the first two items 
are evaluated in terms of biological measurements and indices. However, if 
the present use does not correspond to the designated use, one turns to 
physical and chemfcal factors to explain the lack of attainment, and the 
highest level the system can achieve. 

The physical and chemical evaluations may proceed on several levels depend- 
fng on the level of detafl required, amount of knowledge avallable about 
the system (and similar systems), and budget for the use- attalnabillty 
study. As a first step, 
processes (e.g., 

the estuary Is classified in terms of physlcal 
stratlflcation, flushing time) so that it can be compared 

with reference estuarles that exhibft similar physical characteristics. 
Once a similar estuary is Identlfled, it can be compared with the estuary 
of interest in terms of water quality differences and dffferences in 
bfological comnunitles which can be related to man-made alteratfon (i.e., 
pollution discharges). It is Important to consider a number of simplifying 
assumptions that can be made to reduce the conceptual complexity of the 
prototype system for easier classification and more detailed analyses. 

The second step Is to perform desk-top or slmple computer model calcula- 
tfons to improve the understanding of spatial and temporal water quality 
conditions in the present system. These calculatfons Include continuous 
pofnt source and simple box model type calculations, among others. 

The thfrd step Is to perfon more detailed analyses to investfgate system 
Impact from known anthropogenfc sources through the use of more sophisti- 
cated computer models. These tools can be used to evaluate the system 
response to removing individual pofnt and nonpoint source discharges, so as 
to assfst with assessments of the cause(s) of any use impairment. 
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Desktop Evaluations of System Characteristics 

This section discusses desktop analyses for evaluating relationships 
between physical/chemical characteristics and use attainabillty. Desktop 
evaluations that can provide guidance for the selection of appropriate 
mathematical models for use attainability studies are also dIscussed. 

Such evaluations can be used to characterize the complexity of an estuary, 
important physical characteristics such as the level of vertical stratiff- 
cation and flushing times, and violations of water quality criteria. 
Depending upon the complexity of the estuary, these evaluations can 
quantffy the temporal and spatial dimensions of important physical/ 
chemical characteristics and relationships to use attainability needs as 
summarized below: 

1. Vertical Stratiffcation 

a. Temporal Scale: During which seasons does it occur? What is 
the approxfmate duration of stratification in each season? 

b. Spatial Scale: How much area is subject to significant 
stratification in each season? 

2. Flushing Times 

a. Temporal Scale: What are the flushing times for each major 
estuary segment and the estuary as a whole? 

b. Spatial Scale: Which segments exhibit relatively high flushing 
times? Relatively low flushing times? 

3. Violations of Water Quality Criteria (based upon statistfcal 
analysis of measured data) 

a. Temporal Scale: Which seasons exhibit violations? How fre- 
quently and for what durations do violations occur in each 
season? Are the violatfons caused by short-term or long-term 
phenomena? Short-term phenomena include: DO sags due to 
combined sewer overflows or short-term nonpofnt source 
loadings, and diurnal DO variations due to significant 
chlorophyll-a levels. Long-ten phenomena include: seasonal 
eutrophication impacts due to nutrient loadfngs, seasonal DO 
sag due to point source discharges, and seasonal occurrence of 
anaerobic conditions in bottom waters due to persistent 
vertical stratiffcatfon. 

b. Spatial Scale: What is the spatial extent of the violations 
(considering longitudinal, horizontal, and vertical dfrec- 
tions)? 

4. Relationship of Physical/Chemical Characteristics to Use Attain- 
abilfty Needs 
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a. Temporal Scale: Are use designations more strfngent during 
certain seasons (e.g., spawning season)? Are acceptable 
physical/chemical characteristics required 100 percent of the 
time in each season in order to ensure use attainabflfty? 

b. Spatial Scale: Are there segments fn the estuary whf ch cannot 
support designated uses due to physf cal lfmftations? Are 
acceptable physical/chemical characteristics required in 100 
percent of the estuary segment or estuary in order to ensure 
attainability of the use? 

Sfmplffying Assumptions. Zfson et al. (1977) and Mills et al. (1982) list 
a number of simplifying assumptions that can be made to reduce the com- 
plexity of estuary evaluations. However, care must be taken to ensure that 
such assumptions are applicable to the estuary under study and that they do 
not reduce the problem to one which is physically or chemically unrea;on- 
able. The following assumptions may be considered (Zison et al., 1977; 
Mills et al., 1982): 

a. 

b. 

C. 

d. 

e. 

f. 

9* 

h. 

I. 

The present salinity distribution can be used as a direct measure 
of the distribution of all conservative continuous flow pollutants 
entering the estuary, and can be used as. the basis for calculating 
dispersion coefficients for a defined freshwater discharge con- 
dition, 

The vertical water column is assumed to be well mixed from top to 
bottom, 

Flow and transport through the estuary is essentially one- 
dfmensional, 

The Coriolis effect may be neglected, which means that the estuary 
is assumed to be laterally homogeneous, 

Only steady-state conditions will be CWISf deFe1, by using cal- 
culations averaged over one OF more tidal cycles to estimate a 
freshwater drfven flow within the estuary, 

Regular geometry may be assumed, at least over the length of each 
segment, which means that topogFaphica?ly induced circulations are 
neglected, 

Only one river inflow can be used in the evaluation, 

No variations in tidal amplitude are permitted, and 

All water leaving the estuary on each tidal cycle is replaced by a 
given percentage of "fresh" seawater. 

The above list of assumptions are directed tOWaFd5 the specific objective 
of reducing the estuary to a one-dimensional, quasi-steady-state system 
amenable to desktop calculations. In reality these assumptions need to be 
carefully weighed so that important processes are not omftted from the 
analysis. 

II-25 



One approach is to start with a completely three-dimensfonal system, deter- 
mine which assumptions can reasonably be made, and see what the answer 
means in terms of a simpliffed analysis. Procedures for makfng such 
detenfnations are discussed in the next sectfon, but several examples are 
presented here fOF fl?uStratfOn. 

The fact is that many narrow estuarfne systems in which lateral homogeneity 
can be assumed, also exhibit 2 or more layers of resf dual flow, making the 
assumption of a one-dfmensfonal system invalfd. Conversely, given a 
vertically well-mixed system like Biscayne Bay, one cannot assume lateral 
homogeneity because the system is usually very wide wind mixing is too 
significant to permit such a simple analysis. 

Degree of Stratification. 

Freshwater fs lighter than saltwater. Therefore, the river may be thought 
of as a source of buoyancy, of amount: 

Buoyancy = ApgQf (1) 

where AP = the3difference in density between sea and rfver water, 
M/L 

i 
= XCeleratfOn of gFavity,+/T' 
= freshwater rfver flow, L /T 

Mf = units of mass 
L = units of length 
T = units of time 

The tide on the other hand is a source of kinetic energy, equal to: 

kinetic energy = P WUt3 

where ftY, P = the seawater dens 
u = the estuary width 
Ut = the square root o f the averaged squared velocities. 

(2) 

The ratio of the above two quantities, called the "Estuarfne Richardson 
Number" (Fischer 19X), is an estuary characterization parameter whfch is 
indicative of the vettfcal mixing potentfal of the estuary: 

g Qf R =3 

uUt 

(31 
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If R is very large (above 0.81, the estuary is typically consfdered to be 
strongly stratified and the flow to be typfcally dominated by density 
currents. If R is very small, the estuary is typically considered to be 
well-mfxed and the densfty effects to be negligible. 

Another desktop approach to characterizing the degree of stratiffcatfon in 
the estuary is to use a stratfffcatfon-circulation diagram (Hansen and 
Rattray 1966 1. The diagram (shown in Ffgure II-81 requires the calculatfon 
of two parameters: 

Stratfffcatfon Parameter = F 
0 

(4) 

and Circulation Parameter uS 
=q 

where AS = time averaged dffference between salinity levels at 
the surface and bottom of the estuary, 

s = 
u" = 

cross-sectfonal mean salfnf ty, 

u; = 
net non-tidal surface velocfty, and 
mean freshwater velocity through the sectfon. 

To apply the stratfffcatfon-circulatfon diagram fn Figure 11-8, which is 
based on measurements from a number of estuaries wfth known degrees of 
stratfffcation, calculate the parameters of Equation (4) and plot the 
resulting point on the dfagram. Type Ia represents slight stratfffcatfon 
as in a laterally homogeneous, well-mixed estuary. In Type lb, there is 
strong stratfficatfon. Type 2 is partially well-mixed and shows flow 
reversals with depth. In Type 3a the transfer is prfmarfly advectfve, and 
in Type 3b the lower layer is so deep, as in a fjord, that cfrculation does 
not extend to the bottom. Finally, Type 4 represents the salt-wedge type 
with intense stratfffcation (Dyer 1973). 

The purpose of the analysis is to examine the degree of vertical resolution 
needed for the analysis. If the estuary Is well-mixed, the vertical dimen- 
sion may be neglected, and all constituents in the water column assumed to 
be dispersed evenly throughout. If the estuary is highly stratified, at 
least a 2-layer analysis must follow. For the case of a partially-mfxed 
system, a judgment call must be made. The James River may be considered as 
an example which is partfally stratified but was treated as d 2-layer 
system for a recent toxfcs study (O'Connor, et al., 1983). 

A final desktop method for ChaFaCteFfZfng the degree of stratiffcatfon 
is the calculation of the estuary number proposed by Thatcher and Harleman 
(1972): 
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2 
't Fd 

Ed= -T 
(5) 

where estuary number, 
tidal prism volume (volume between low and high tides), 
freshwater inflOW 
tidal period, and' 

Fd = densimetric Froude number = 

where u = 
4 

layer velocity, 
= acceleration due to gravity, 

AP = density dffference across interface, 

? = density in layer, and 

hl = layer thickness. 

Again, by comparfng the calculated value with the values from known 
systems, one can Infer the degree of stratification present. The reader 
should consult Thatcher and Harleman (1972) for further details. 

Horfzontal variatfons in density may still exist in a vertically well-mixed 
estuary, resul tfng in cf rculatfon that is densf ty driven in the horf zontal 
direction. It is helpful to understand density-driven circulation in an 
estuary (baroclfnic circulation) fn order to assess its effect in relation 
to turbulent dfffusion on the landward transport of sal fnf ty. Uhfle 
numerous studies have been performed over the years (e.g., Hansen and 
Rattray 1965, 1966; Rfgter, 1973), no unf fyf ng theory has emerged clearly 
delineating longitudinal, transverse and vertf cal di spersf on mechanisms. 
This means that we still have to rely to a large extent on actual in-situ 
data. 

Decisions about whether it is reasonable to neglect processes such as 
Corfol is effects and wind f s often judgmental. HOWeVeF, Cheng (1977) did 
offer the fO?lOwfng crf terfon for neglecting the CoFio?f s effect. The 
crf terion Is based on the Rossby number: 

R,= q (6) 
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R+= Rossby number, 
U = characterfstfc wind velocity = l/2 peak surface 

velocity, 
12 = earth's rotation rate, and 
L = length of estuary, 

Cheng suggested that for R ( 0.1, the Coriolfs effect is small. Wind is 
so highly variable and unp%edfctable that it is almost always neglected. 
In general, it has little effect on steady-state conditions, except in 
large open estuaries. 

Finally, the use of simplified geonetrfes, such as uniform depth and width 
is highly judgmental. One may choose to neglect side embayments, minor 
tributaries, narrows and inlets as a symplffyfng approach to achieve 
uniform geometry. However, it is always fmportant to consider the 
consequences of this assumptfon. 

- 
The time that is required to remove pollutant mass from a 

part cu ar point in an estuary (usually some upstream location1 is called 
the flushing time. Long flushing times are often indicative of poor water 
quality conditions due to long residence times for pollutants. Flushing 
time, particularly in a segmented estuary, can also be used in an initial 
screening of alternate locations for facilities which discharge constftu- 
ents detrfmental to estuarfne health if they persist in the water column 
for lengthy periods. 

Factors influencing flushing times are tidal ranges, freshwater inflows, 
and wind. All of these forcing functions vary over time, and may be 
somewhat unpredictable (e.g., wfnd). Thus, flushing time calculations are 
usually based on average conditions of tidal range and freshwater inflows, 
with wind effects neglected. 

The Fraction of Fresh Water Method for flushing time calculation Is based 
upon observations of estuarfne salinities: 

‘0 - ‘e F =- 
e 

where F = flushing tfme in tidal cycles, 
I salinf ty of ocean water, and 
= mean estuarfne salinity. 

(7) 

The tidal prism method for flushing time calculation considers the system 
as one unft with tidal exchange being the dominant process: 
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VL + P 

F-7 
(8) 

where F = flushing time in tidal cycles, 
= low tide volume of the estuary, and 
= tidal prism volume (volume between low and high tides). 

The Tidal Prism technique was further modified by Ketchum (1951) to segment 
the estuary into lengths defined by the maximum excursion of a particle of 
water during a tidal cycle. This technique can now include a freshwater 
inflow: 

vLi + pi 
F = 

1x1 pf 

(9) 

where F = flushfng time in tidal cycles, 
f = segment number, 

v" 
= number of segments 
= low tide volume in segment 1, and 

pLf I 
1 tidal prfsm volume in segment. 

Riverfne Inflow is accounted for by setting the upstream length equal to 
the river velocity mu?tfplfed by the tfdal perfod, and setting: 

pO = QfT (10) 

where P 
B 

= tidal prism volume in upstream segment, 
Tf : ~;~~~w;~;;,d'~ow. and 

Finally, the replacement time technfque is based upon estuarine geometry 
and longitudinal dfspersfon: 

tR = 0.4 L2/EL (111 

where 
LtR 

= replacement tfme, 
= length of estuary, and 

EL = longitudinal dfspersfon coefficient. 
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This technique requires knowledge of a longitudinal dispersion 

5' 
which may not be known from direct estuarine measurements. 

e t based upon measured data from a similar estuary may be 
Table II-4 for typical values in a number of U.S. estuaries) 
estimated from empirical relationships, such as the one 
Harleman (1964): 

EL = 77 n u R5'6 

or Harleman (19711: 

EL = 

where 
;L : 

u = 

ii 
max== 

where A = cross sectional area, 
P = wetted perimeter. 

100 n urnaX R5'6 (13) 

longitudinal dispersion coefficient (ft*/sec), 
Manning's roughness coefficient (0.026-0.035, typically), 
velocity (ft/sec), 

coefficient, 
A coeffici- 

assumed (see 
or it may be 
reported by 

(12) 

maximum tidal velocfty, and 
hydraulic radius = A/P 

Desktop Calculations of Pollutant Concentrations 

Classification and characterization are means of identifying estuarine 
types and their major processes as a basis for comparison with reference 
estuaries. There are some desktop methods for calculating ambient water 
quality for defined pollutant loading conditions which can provide further 
insight into system response for use attainability tivaluations. 

These techniques usually assume uniform geometry, a well-mixed system, and 
net freshwater driven flows. There are essentially two types of desktop 
calculations for ambient water quality evaluations -- mixed tank analyses 
and simple analytic solutions to the governing equations. 

Under the first approach, the pollutant discharge is continuously mixed 
with an inflowing river, or else at a point along the estuary. Solutions 
at steady-state are well-known (Mills et al., 19821. For a river borne 
pollutant inflow, the steady-state concentration for a conservative 
pollutant may be calculated as follows: 

C 
Ti Qf 

pi= F (14) 
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TABLE II-4 

OBSERVED LONGITUDINAL DISPERSION COEFFICIENTS 

Estuary River Flow Dispersion Coefficents 

Del aware River (DE/NJ) 

Hudson River (NY) 

East River (NY) 

Cooper River (SC) 

Savannah River (GA, SC) 

Lower Raritan River (NJ) 

South River (NJ) 

Houston Ship Channel (TX) 

Cape Fear River (NC) 

Potomac River (MD/VA) 

Compton Creek (NJ) 

Wappinger and Ffshkill Creek (NY) 

San Francisco Bay (CA): 
Southern Arm 
Northern Arm 

SOURCE: From Mills et al. (1982). 

(cfsl 

2500 150 1600 

5000 600 6500 

0 300 3250 

10000 900 9700 

7000 300-600 3250-6500 

150 150 1600 

23 150 1600 

900 800 8700 

1000 60-300 650-3250 

550 30-300 325-3250 

10 30 325 

2 15-30 160-325 

(m*/sec) 

18-180 200-2000 
46-1800 500-20000 

(ft*/sec) 
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where C = pollutant concentration in segment I, 
Tpf = flushing time for segment i, 

" 1 water volume at'segnent 1 
freshwater flow and 

"I 
. 

For a direct discharge along the estuary, the concentration of a 
conservative pollutant at any section downstream is given by (Dyer 1973): 

c, = (p+)(~) 

and at a section upstream: 

c,= yq-- 
( )O 

(15) 

(16) 

where C 
C 
QP 
fp 

$ 

subscript x 
subscript o 
subscript s 

= concentration, 
= inflow concentration, 
= inflow rate, 
= fraction of freshwater in segment, 
0 river flow, 
= salinity, 
- denotes distance downstream, 
- denotes point of injection, and 
- denotes ocean salinity. 

A refinement to the above desktop methods involve calculations for noncon- 
servative pollutants. The usual approach is to rely upon a first order 
decay relationship: 

Ct = Coe 
-kTt 

where 
Et 

= concentration at time t, 
= inftial concentration, and 

k" = T decay or reaction rate at temperature T. 

(17) 

The decay rate, k, is often expressed as a function of water temperature, 
based upon the departure from a standard temperature (usually 20°C): 
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T-20 
kT = k20 8 (181 

where 
k20 1 constant (1 03-l 04) 

decay or reaction rate at 2O"C, and 
. . . 

The final pollutant concentration is then calculated by applying a ffrst- 
order decay to the dilution concentration given from Equations (14)-(16), 
based on an estimate of travel time to the cross-section of interest. 

The second approach is to greatly simplify the governing mass transport 
equation, and derive a closed-form solution which can be evaluated using a 
hand-held calculator, for continuous, discrete discharges of either con- 
servative or non-conservative pollutants (MI 11s et al., 1982). From the 
basic sfmpliffed equation for a continuous discharge of a nonconservative 
pollutant: 

g= - kc 

the following solution can be read1 ly derived 

cx= c,exp ~~~~+~~) 

(19) 

(20) 

where c = X concentration at distance x (x is positive downstream, and 
negative upstream) 

C = fnitfal concentration, 
uo = mean velocity, 

= longitudinal dispersion coefficient, and 
= decay rate. 

in the upstream and downstream directions, respectively. Again, dispersion 
coefficients, if not directly known, can be estimated from similar 
estuaries, or from empf rfcal formulas, such as those gf ven fn Equations 
(12) and (13). 

For multiple pollutant discharges, the resulting concentration curves for 
each source may be superimposed to give a final composite profile along the 
estuary (Figure 11-g). 

Finally, Equation (20) can be used to estimate the length of salinity 
intrusion by using salt as the constituent and assuming cross-sectional 
homogeneity and an ocean salinity of 35 ppt (Stommel 1953): 
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LOWER UPPER 

Fiyure II-9 Pattern of Recent Changes in the Distribution of Submerged Aquatic Veyetation (SAV) 
in the Chesapeake Bay: 1950-1980. Arrows Indicate Former to Present Limits. Solid 
Arrows Indicate Areas Where Eelgrass (Zostera Marina) Dominated. Open Arrows Indicate 
Other SAV Species. 

--- 

(frown U.S. EPA Chesapeake Bay Program. 1982) 
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3.5554 A EL 
X = 

Qf 
(21) 

where 
it 

= length of intrusion from ocean to 1 ppt fsohalfne, 
= cross-sectional area of estuary, 

EL = longitudinal dispersion coefficient, and 
Q, = freshwater inflow rate. 

Such a desktop evaluation of salinity intrusion can be used to relate 
changes in freshwater inflow to use attafnabflfty within the upper estuary. 

Other Desktop Evaluations for Use Attainabflfty Assessments 

The most common desktop evaluations of use attainabflity within estuaries 
are statistical analyses of water quality monitoring data to determine the 
frequency of violation of criteria for the designated aquatic use. Statis- 
tical evaluations of contraventfons of water quality criteria should 
cons1 der the confidence intervals for the number of violations that are 
attributable to random variations 
deterioration). for example, 

(rather than actual water quality 
consider an estuary monitoring station with 

12 dissolved oxygen (DO) observations per year (i.e., a single slackwater 
sample each month) with a standard of 5 mg/l DO. If statistical analyses 
of the DO observations indicate that the upper and lower confidence lfmits 
for the frequency of random violations of the 5 mg/l DO standard cover a 
range of I to 4 violations per year, a regulatory agency should be cautious 
in deciding whether actual use impairment has occurred unless more than 4 
violations are observed annually. 

In addition to the State water quality standard values, both quantitative 
and qualitative measures should be considered for relationships between 
water qualfty criteria and use attainment. Quantitative measures 1 ncl ude 
parametric statistical tests (i.e., assume normal frequency distribution) 
such as correlation analyses and simple and multiple regress1 on analyses, 
as well as nonparametric statistical tests (i.e., distribution-free) such 
as the Spearman and Kendall correlation analysis. These quantitative tests 
might involve relating water quality indicators (e.g., DO, chlorophyll-a) 
to use attafnabflity indicators such as juvenile index data (numbers per 
haul 1 for different ffnffsh or commercial landings data (tons) for selected 
fi sherfes. Qualitative measures include graphical displays of historical 
trends in water quality and use attainment. For example, a map showing the 
areas which have experienced a decline in bottom DO conditions during the 
past 25 years could be overlaid on a map showing areas which experienced a 
decline in oyster beds over the same period. Another example, which proved 
to be very persuasive in the recent development of the U.S. EPA Chesapeake 
Bay management program (U.S. EPA Chesapeake Bay Program, 19821, is 
described in Figures II-9 through 11-12. Figures II-9 and II-10 illustrate 
the decline in submerged aquatic vegetation (SAV) in Chesapeake Ray during 
the past three decades. Figures II-11 and II-12 illustrate changes in 
nutrient enrichment within Chesapeake Bay over the same period. The water 
quality index plotted in Figure II-12 is based on changes 1 n the concen- 
trati ons of both nitrogen and phosphorus. As may be seen, the areas of 
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LOWER MIDDLE UPPER 

Figure II-10 Sections of Chesapeake Bay Where Submerged Aquatic Vegetation (SAV) has 
Experienced the Greatest Decline: 1950-1980 
(from U.S. EPA Chesapeake Bay Program, 1982) 
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Figure 11-12. Water Quality Trends in Chesapeake Bay. If either N or P trends 
(from Figure 11-11) are increasing, then the overall water quality 
is said to be degrading. 
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"degrading quality" in Figure II-12 typically correspond to areas where 
submerged aquatic vegetation has experienced the greatest decline. Based 
on these types of qualitative comparisons and quantitative evaluations, the 
U.S. EPA Chesapeake Bay Program has secured considerable State, Federal, 
and Regional support for more aggressive water quality management efforts 
to protect Chesapeake Bay. Key to making decisions is the presentation of 
quantitative data as well as qualitative information. 

In developing quantitative and qualitative measures for relationships 
between water quality and use attainability, care should be taken to 
distinguish the impacts of pollution discharges from the impacts of 
non-water quality factors such as physical alterations of the system. For 
example, in some estuaries, dredging/spoil disposal activities associated 
with the construction and maintenance of ship navigation channels and 
harbors may have contributed to use impairment over the years. Among the 
potential impacts of channel dredging is the reduction in the coverage of 
SAV's. Therefore, in order to minimize interferences from dredging/spoil 
disposal, analyses of water quality and use impairment for certain 
fisheries (e.g., shellfish) and SAV habitats should be based upon periods 
which do not include major dredging/spoil disposal operations. Another 
example of physical alterations which should be accounted for in any trend 
analyses is poor tidal flushing resulting from the construction of bridges 
and causeways. Potential contributions of extreme meteorologic conditions 
(e.g., hurricanes, air temperature) to use impairment should also be 
considered. 

If it is determined that some estuary segments exhibit use attainment 
although violations of water quality criteria occur, the development of 
site-specific water quality criteria should be considered. Development of 
site-specific criteria is a method for taking unique local conditions into 
account. In the case of the water quality indicators (i.e., non-toxicants) 
being considered in this guidance manual, a potential application of site- 
specific criteria could be the establishment of temporal dimensions for 
water quality criteria to restrict use attainment requirements to certain 
seasons (i.e., in the event that year-round conformance with the water 
quality criteria is not required to protect the viability of the designated 
water use). 

Computer Modeling Techniques for Use Attainability Evaluations 

For many estuaries, field data on circulation, salinity, and chemical 
parameters may be inadequate for desktop evaluations of use attainability. 
In these cases, computer-based mathematical models can be used to expand 
the data base and define causal relationships for use attainability 
assessments. Specifically, there are three major areas in which computer 
models of estuaries can contribute to use attainability evaluations: 

Applications of hydrodynamic and mass transport models can expand 
parameter data bases (i.e., circulation, salinity) in 
identify aquatic use segments and to determine whether 

physical characteristics are adequate for use attainment. 
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2. Applications of water quality models can expand chemical parameter 
(i.e., water quality) data bases in order to determine whether 
ambient water quality conditions are adequate for use attainment, 

3. In cases where use fmpairment is noted despite acceptable physical 
characteristics, applications of water quality models can identify 
the causes of use impairment and alternative control measures that 
promise use attainment. 

The major problem facing the engineer or scientist performing the evalua- 
tion is to select the most appropriate numerical model for a given study. 
Such a selection process must be based on a consideration of system 
geometry, physical and chemical processes of importance, and the temporal 
and spatial scales at which the evaluation is being conducted. 

Previously discussed were some of the simplifications that can be made to 
reduce the conceptual complexity of an estuary from its inherently three- 
dimensional nature. Unfortunately, few quantitative measures exist to 
define precisely how such determinations should be made, Most criteria for 
selecting the most appropriate mathematical modeling approach are based on 
"intuftfve judgment" or "experience" with few comparative indices, such as 
stratfffcation diagrams and numbers, to make the selection less arbitrary. 

One particular problem that needs to be addressed is the selection of 
steady-state versus dynamic approaches to estuarfne modeling. Again, 
intuition leads one to accept that steady-state approaches are fine for 
rivers or river-flow dominated systems, such as the upper Wmfles of the 
Potomac River estuary near Washington, D.C. However, for areas further 
downstream in the estuary where the river flow is less dominant particu- 
larly in the dry season, one would intuftfvely consider using a dynamic 
approach. The question then is how to formulate a criterion for choosing 
between steady-state and dynamic modeling approaches. The governing 
parameters in the selection criteria might be expected to be some com- 
bination of freshwater inflow, tidal prism volume, density variations, and 
tidal period, perhaps in the form of the estuary number, E 
Equation (7) or some other "number." 

given by 
A comparative study';f various 

approaches at differing estuary numbers, E might lead to an empirical 
formulation of a useful criterion for moBei selection, similar to the 
stratification df agram. 

Once the appropriate simplifyfng assumptions have been made, the type of 
model needed can be determined. There are several model classifications 
that could be utilized for selection purposes. A four level scheme was 
used by Ambrose et al. (1981) to classify and compare a number of estuarine 
receiving water models. The recommended model classiffcatfon scheme is as 
follows: 

Level 1 - desktop methodologies, 
Leve? 2 - steady-state or tidally averaged models 
Level 3 - one-dimensional or quasi-two-dimensional real time models, 

and 
Level 4 - two-dimensional or three-dimensional real time models. 
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Within each of the four levels, a number of numerical models are listed 
(Ambrose et al. 1981) and their utility for problem solving is discussed. 
In actuality, however, there are many more categories, which are sub- 
divisions of the levels suggested by Ambrose et al. (1981). These are 
sumnarfzed in Table II -5 and discussed below, except Level 1 which was 
previously discussed. 

Within Level 2, there are two subdivisfons: one-dimensional steady-state 
models, and two-layer steady-state models. One-dimensional steady-state 
models assume that the hydraulics are driven entirely by a constant river 
inflow to the estuary or by net non-tidal (tidally averaged) flow. Con- 
ditions are assumed to be uniform over the cross-section, and the effects 
of Coriolfs, wind, tidal, and stratification are neglected. Examples in 
this category are QUAL I I (Roesner et al., 1981) and the WASP models 
(DiToro et al. 1981). 

Two-layer (hydraulic) steady-state models are a simple, but fairly 
significant extension beyond the one-layer models, in that the advectfve 
transport can be resolved to allow for layered residual flow as in the 
James River. O'Connor et al. (1983) developed such a model to study the 
fate of Kepone in the James River, in which the net rfver flow could be 
specified in the top layer, and the net upstream density-driven flow 
specified in the lower hydraulfc layer. In addition, this model has two 
sediment layers, 
layers. 

one flufd and one fixed, with exchanges between all 

In Level 3, models can be subdivided into two categorf es: one-dfmensfonal 
real time, and quasi-two-dimensional real time. The category of one- 
dimensional real-time models has an advantage over steady-state models in 
that the velocity field simulation can be completely dynamic, allowing 
tides, wind, friction, variable freshwater inflows, and longitudinal 
density varfations to be included. Again, the estuary is assumed to be 
cross-sectionally homogeneous. 

Quasi-two-dimensional real-time models are an improvement on the 
one-dimensional real-time representation in that they allow branching 
systems to be simulated. In addition, the link-node models (such as OEM 
and RECEIV) can be configured to approximate a two-dimensional horizontal 
geometry, thus allowing lateral variations to be included 1 n the system 
evaluation. A very popular mode? in both these Level 3 categories is the 
Dynamic Estuary Model (OEM) which represents the geometry with a branching 
link-node network (Genet et al., 1974). This model is probably the most 
versatile of its kind and has been applied to numerous estuarfne systems, 
bays, and harbors throughout the world. It contafns a hydrodynamic 
program, DYNHYD, or DYNTRAN (Walton et al., 19831 in its density driven 
form, and a compatible water quality program, DYNQUAL, whf ch can simulate 
up to 25 water quality constituents, including four trophfc levels. 

There are a variety of categories that might be considered in Level 4. 
Many two-dimensional, vertically-integrated, finite-difference hydrodynamic 
programs exist. There are, however, relatively few that contain a water 
quality program that simulates constituents other than salinity and/or 
temperature (Blumberg, 1975; Hamilton, 1975; Elliot, 1976). These are real 
time models, assuming only vertical homogeneity (Corfolis effects are now 
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TABLE 11-5. CATEGORIES OF RECEIVING YATER WOELS 

LEVEL CATEGORY MCLUDES WEGLECTS EXAMPLE MIDELS 

Desk top 

1-D. steady-strtc 

2-layer, 
steady-stJtc 

1-D real tiw 

Quasi 2-D 
reel time 

2-D. ftnltc-dlffctcncr 
vertical lntcgrrted 

2-O. flnlt+eleaent 
vtrtlcelly integrated 

2-0, finite-dlffercncc 
lrterrlly lntegrrted 

3-o 

Unlfom flaus 

Rtvcr flows 
Longltudlndl 
vrrlrblllty 

River flaws 
Residual upstream 
flaws 
Longltudlnal and 
vertical vrrtrblllty 

Tides, wind, rtver 
flows, friction 
Longltudlnrl 
vrrleblllty 

Tides, wind, rlvw 
flour, friction 
Longltudlnrl and 
lateral vrrlrblllty 

Ttdes, wind, river 
flows, frlctlofi 
Corlolls 
Longltudlnal and 
lrtcral vrrltblllty 

Tides, wind, river 
flour, frlctlon 
Corlolis 
Longltudlnrl dnd 
lateral vwlrblllty 

Tides, rind, rlvcr 
flow, frlctlon 
Corlolls 
Longltudlnrl and 
vertlcrl vrrlabillty 

All physical procoses 

Wind. Corlolls, 
frlctlon, tide 
Lateral and vtrtlcrl 
vrrlrtlons 

Ylnd. Corlolls, 
frlctlon, tide 
Lateral and vcrtlcrl 
vrrlrtlons 

Ytnd, Cortoltr, 
frtctlon, tides 
L&err1 vrrlrtlons 

Corlolis 
Lateral rnd vertlcrl 
effects 

Corlolis. lateral 
mmentua trrnsfer 
Vertlcrl vrrletlons 

Vertlcrl vrrlattons 

See text 

DUAL II 
HASP 

O'Connor et a\. 
(1983) 

DEH 
RECEIV 

DEW 
RECEIV 

Ross and derklns 
(1983) 

Vertlcrl vrrletlons CAfEl/DISPERl 
cm 
Chcn 11978) 

Corlolls 
Lateral varlrtlons 

cm 

-- CBCH 
Lccndertse et al. 
11973) 
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included). An example of a water quality model fn thfs category is the 
hydrodynamic and water quality model developed by Ross and Jerkins (1983) 
which has been extensively applied to Tampa Bay. 

Similar to the above category are the two-dfmensional, vertically- 
integrated, flnlte-element models. The physical process and simplifica- 
tions are identical. The difference is that the geometry is represented as 
a series of elements (usually triangles) which can better represent complex 
coastlines. Examples of models in this category are the CAFEl/OISPERI 
hydrodynamic models (Wang and Connor 1975; Leimkuhler 19741, the Chesapeake 
Bay Circulation Model, CBCM (Walton et al., 1983), and a water quality 
model developed by Chen (1978). The flrst two models can simulate only 
mass transport of a non-conservative constituent, whereas Chen's model is 
capable of representing most major water quality processes. CBCM has the 
additional advantages of a three-dfmensional form and the capabilfty to 
link l-2 or 2-3-dfmensional models to treat tributaries from a main bay or 
subgrid scale cuts in a main bay which cannot be resolved adequately at the 
horizontal spatial scale. 

There are a number of two-dimensfonal, laterally-averaged models (longi- 
tudinal and vertical transport simulations) that treat mass transport of 
salt and temperature, but very few that include nonconservatfve constit- 
uents or water quality routlnes. While models in this category assume 
lateral homogeneity and neglect Coriol is effects, they can represent 
vertical stratification although for nunerlcal reasons, care should be 
taken in defining vertical layers to represent the saltwater/freshwater 
interface of high stratified systems. The tributary submodels of CBCM 
(Walton et al., 1983) are included in this category. 

Last is the category of three-dimensional, ffnlte-difference and finite- 
element models. These models allow all physical processes to be included, 
althou h many were developed for systems of constant saljnity (lakes or 
oceans 3 which cannot simulate stratfficatfon processes. Models in this 
category include CBCM (Walton et al. 1983) and the models of Leendertse et 
al. (1973) which simulate hydrodynamics and the transport of salt, tem- 
perature, and other conservative constituents. 

Sample Applications of Estuary Models 

Delineation of Aquatic Use Segments. Figure II-7 illustrates the use of 
measured data on physical parameters to dellneate homogeneous aquatic use 
segments in Chesapeake Bay. For many estuaries, the measured data on 
circulation and salinity will not have sufficient spatfal and temporal 
coverage to permit a comprehensive analysis of use attainability zones. In 
cases where the measured data base is inadequate, computer models can be 
used to expand the physical parameter data bases for segmentation of the 
estuary. 

Figure II-13 illustrates the use of model projections for Tampa Bay, 
located on the Gulf Coast of central Florida, to delineate relatively 
homogeneous segments for use attainabllity evaluations (Camp Dresser & 
McKee, Inc. 19831. Tampa Bay is considerably smaller and shallower than 
Chesapeake Bay, with a surface area (approx. 350 sq. mi .I that is less than 
10 percent of the Maryland/Virginia estuary's (approx. 5,000 sq. mi. 
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Figure 11-13. Map of Tampa Bay *owing Sample Estuary Segments 
(A through N) and Net Current Velocities for a 
Single Tidal Cycle (from Camp Dresser and McKee 1983) 
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including tributaries). The Tampa Bay estuary exhibits extremely diverse 
and abundant marine life which has been attributed to the geographic 
position of the estuary between temperate and subtropical waters. As a 
result of Tampa Bay's location, winter water temperatures rarely fall to 
levels which could kill tropical organisms and summer water temperatures 
are moderate enough to be tolerated by many of the temperate species. 
Another contributing factor to the diversity and abundance of Tampa Bay 
marlne life is that salinity is typically in the range 25-35 ppt over most 
of the estuary, without the wide fluctuations and significant vertical 
stratification that characterize many other estuaries. As a result of the 
stability of the salinity regime, many ocean species can coexist with 
typical estuarine species. 

Tampa Bay's salinity regime is also much different from Chesapeake Bay's. 
Whereas extensive areas in Chesapeake Bay exhibit vertical stratification, 
Tampa Bay is very well-mixed vertically due in large part to its relatively 
shallow mean depth (i.e., relationship of storage volume to surface area). 
Unlike Chesapeake Bay where circulation and mass transport must be evalu- 
ated in the vertical as well as horizontal and 1 ongi tudl nal directions, 
only the hori tontal and longitudinal directions need to be considered for 
Tampa Bay evaluations. Therefore, the sample analysis of Tampa Bay is a 
good example of a segmentation approach to an estuary where the use is not 
significantly influenced by vertical stratification. It is also a good 
example of how an estuary circulation model can be used to segment an 
estuary for use attainability analyses. 

The estuary segment boundaries shown in Figure II-13 have been delineated 
on a map of Tampa Bay showing circulation model projectlons of net current 
velocities (i.e., magnitude and direction) for a single tidal cycle. The 
model projections are based upon a two-dimensional circulation model 
(horizontal and longitudinal directions) which had previously been 
calibrated to measured current velocity and tidal elevation data for Tampa 
Bay (Ross and Jerkins, 19781. The use of the model expanded the available 
circulation data base from a lfmited number of gaging stations to 
comprehensive coverage of the entire Bay. One of the most important 
factors in subdividing the Tampa Bay estuary system into relatively 
homogeneous subunits is the shlp navigation channel extending from the 
mouth of the Bay to the vicinity of Interbay Peninsula with branches 
extending into Hillsborough Bay (segment D) and into the lower end of Old 
Tampa Bay (segment C). As may be seen from the convergence of velocity 
vectors in the vicinity of the navigation channel, there tends to be 
relatively little mixing between waters on either side of the Main Bay 
channel. Therefore in Figure 11-13, the navigation channel and the 
adjoining dredge spoil areas serve as the approximate boundary between seg- 
ments H and I and between segments F and G. Each of these segments appears 
to be relatively isolated from fts counterpart on the opposite side of the 
navigation trench before mixing occurs in the vicinity of the navigation 
channel, thereby justifying the designation of each as a separate segment. 
Water movement is also somewhat isolated on approximately either side of 
the navigation channel branches extending into Hillsborough Bay and the 
lower end of Old Tampa Bay. However, since net current velocities tend to 
converge a short distance south of the two ship channel branches, the 
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boundaries between segments E and F and E and G in Figure II-13 depart 
somewhat from the navigation trench. 

Another circulation factor considered in the delineatfon of estuary 
segnents is the impact of causeways and bridges on tidal flushing. Based 
upon the circulation patterns shown in Figure 11-13, it seems appropriate 
to assign separate seQlrent designations (A, B, and C) to the areas above 
the three bridge crossings in Old Tampa Bay: Courtney Campbell Causeway 
(boundary between segments A and B), Howard Franklin Bridge (boundary 
between segments B and C) and Gandy Bridge (boundary between segments C and 
F). Likewise, McKay Bay (segment Kl, which is separated from Hillsborough 
Bay by the 22nd Street Causeway, also merf ts a separate segment desig- 
nation. 

A final circulation factor in the open bay is the location of net rotary 
currents (indicated by circles in Figure II-131 which are called “gyres.” 
The gyres result from water movf ng back and forth with the tides, while 
following a net circular path. Gyres can have a significant effect on 
flushing times, since waters caught in the gyres typically exhibit much 
higher residence times than waters which are not affected by these areas of 
net rotary currents. The use of the main ship channel and causeway/bridge 
crossings as sewnt boundaries in Figure II-13 has generally 1 solated the 
major gyres or groups of gyres. Further subdivision of the Hillsborough 
Bay segment (D) to isolate the waters on the eastern and western sides of 
the ship channel (which bisects segment D) does not appear to be warranted 
because of the two gyres in the middle section of the Bay and the gyre in 
lower Bay. In other words, the gyres in Hillsborough Bay are indicative of 
an irregular cfrculatfon pattern that seems to mix waters on both sides of 
the ship channel. Likewise, the gyres within segment B are indicative of a 
circular mixing pattern throughout the segment which suggests that further 
subdivision into eastern and western sections 1 s not justfffed. 

The segment network in Figure II-13 also maintains relatively homogeneous 
salinity levels within each segment. The greatest longitudinal variations 
in salinity occur in segments F and G which exhibit 3-5 ppt increases in 
average annual values between the upper and lower ends of the segment. If 
these longitudinal variations in salinity will result In significant 
differences in the biological comnunfty, further subdivision of segments F 
and G should be considered. 

Figure II -13 also shows five separate segments for significant embayments: 
Safety Harbor (31, McKay Bay (K), Alaffa River (Ll, Hillsborough River (M), 
and Little Manatee River (Nl. The latter three represent the tidal sec- 
tions of the indicated river. In addition to these five embayments there 
may be other inlets which should be separated from Tampa Bay segments for 
separate use attainability studies. 

In sunary, the network shown in Figure II-13 illustrates how hydrodynamic 
and salf nity data produced by an estuary model can be used to segment the 
Tampa Bay system. In addition to the type of hydrodynamic data shown in 
Figure 11-13, the estuary model can be used for "particle tracer" studies 
that can further address issues such as mixing of waters on either side of 
the ship channel and the impacts of gyres. 
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Evaluation of Use Attainment Based Upon Ambient Water Qualfty Data. It fs 
often the case that the measured ambient water quality data base fs fnade- 
quate from temporal and/or spatial standpoints for a deff nf tive assessment 
of use attainment. 

An example of temporal limitatfons is an ambient water quality data base 
that suffers from a small sample size (e.g., 6-12 slackwater observations 
at each station per year), thereby resulting in extremely wide confidence 
intervals for the number of violations of standards and criteria that are 
attributable to random variations (rather than actual water quality 
deterioration). 

Another example of temporal limftatfons is an observed water quality 
data base that is restricted to a single daytime observation on each 
sampling day. This type of data base may not provide any insights into 
diurnal variations in DO which can result in use impairment, since 
nighttime DO's can be signfficantly lower than daytime values due to 
diurnal variations in algal production/respiration. 

An example of spat1 al limftatfons in the measured water quality data base 
is inadequate coverage of longitudinal and/or horizontal variations in 
water quality. Adequate longitudinal coverage is required in all estuaries 
to assess the sf gnf ffcance and spat1 al extent of maximum and mfnimum con- 
centrations in the estuary. Adequate horizontal coverage is required in 
relatively wide estuaries where horizontal transport processes are 
signiffcant. 

Another example of spatial lfmitations would be the collection of surface 
water samples only within an estuary which exhfbf ts extensive areas of 
vertical stratiffcation. The lack of bottom water samples may prevent an 
adequate assessment of use attainment, sf nce potential depressions of 
bottom water DO levels cannot be evaluated. 

In cases where the measured water quality data base is inadequate from 
efther temporal or spati al standpoints, an estuary model should be used to 
expand the data base for use attafnabflfty evaluations. The model must 
first be calibrated with the available measured data base to demonstrate 
that its representation of the prototype produces water quality statistics 
that are not signfffcantly different from the measured statistics. The 
relfabflfty of the estuary model projections depends upon the amount and 
type of measured data available for model calibration. If the measured 
data base provides reasonably good coverage of spatial and temporal (e.g., 
both short-term and long-term) variations in water quality, projections by 
a model calibrated to this data base should be quite reliable in a statis- 
tical sense. If the measured data base used for calibration is quite 
limited, estuary model projections will be less reliable; however, the 
application of an approprf ate model to an estuary wf th limfted measured 
data can still provide significant insights for use attainabflfty eval- 
uations and considerable guidance for future estuary monitoring programs. 

To illustrate the use of an estuary model for use attainment evaluations, a 
sample application of a one-dimensional (1-D) model to Naples Bay, Florida 
is described below (Camp Dresser L McKee, Inc. 1983). Naples Bay (see 
Figure II-141 is a rather small estuary (less than 1.5 sq. ml. surface 
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area1 located on the Gulf Coast of southeastern Florida. The City of 
Naples' municipal wastewater treatment plant (secondary treatment) which 
discharges to the Gordon River portion of the Naples Bay estuary, is the 
only major point source of pollution. This sample application illustrates 
the impacts of an 8.0 millfon gallons per day (mgd) discharge from the 
Naples wastewater treatment plant. Nonpof nt pollution loadings are con- 
tributed by rainfall runoff and groundwater recharge from a 155 sq. ml. 
drainage area, the majority of which discharges to the estuary at the 
uppermost point in the system (node no. 1 in Figure 11-141. The Gulf of 
Mexico boundary condition (introduced at node no. 29 in Figure II-141 also 
contributes nutrients and other constituents to the lower Bay. Since the 
Naples Bay system is a relatively narrow and shallow estuary, it was 
assumed that a 1-D model which only represents longitudinal transport would 
be adequate for this water quality evaluation (i.e., horizontal and 
vertical gradients are neglected). A schematic of the 1-D representation 
of the Naples Bay system with the Dynamic Estuary Model (DEM) is shown in 
Figure 11-14. 

As indicated 1 n the earlier section on modeling techniques, the DEM model 
(Genet et al., 1974) applied to Naples Bay is one of the most widely used 
estuary models in the U.S. DEM provides a representation of intertidal 
hydrodynamics and mass transport with computation intervals which are 
typically less than one hour. The model simulates 1-D flow, mass trans- 
port, and water qua11 ty processes in a network of channels connected by 
junctions called "nodes." As shown in Figure 11-14, the DEM model network 
applied to Naples Bay consists of 29 nodes and 28 channels. This network 
includes all the appropriate conveyance and storage features of the proto- 
type system, including bifurcation around an island (between nodes 7 and 
101, and the canal system adjacent to the main water body. Streamflows, 
wastewater discharges, and associated pollutant loadings are added to the 
system at the nodes. Based upon a set of motion equations solved for the 
channels and a set of continuity equations solved for the nodes, the hydro- 
dynamic portion of the model calculates flows and velocities in the chan- 
nels and water surface elevations at the nodes, An accurate representation 
of hydrodynamic processes within the system is developed to adequately 
model mass transport and water quality processes. 

The output from the hydrodynamic model becomes input to the water quality 
model which calculates mass transport between nodes and calculates changes 
in concentration due to physical, chemical and biological processes. Water 
quality processes represented by this portion of the model include: mass 
transport based upon advection and dispersion, BOD decay, nftriffcatfon, 
algal productivity, benthic sources of pollutants, dissolved oxygen sources 
and sinks, and fecal coliform die-off. 

Following calibration and verification of the Naples Bay model with mea- 
sured hydrodynamic and water qualfty data, the model was used to assess 
estuary-wide water quality. Figure II-15 shows the model projections of 
wet season chlorophyll-a (f.e., phytoplankton concentrations) for secondary 
treatment operations which were in effect at the Naples wastewater treat- 
ment plant. As indicated in an earlier section, chlorophyll-a is an 
important indicator of estuary health for use attainabflfty evaluations. 
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Firlure II-15 Comparison of Simulated Average Daily Chlorophyll-a in Main Stem of 
Naples Bay Projected for Different Wastewater Discharge 
Scenarios: "Worst Case" Wet Season Conditions 
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The chlorophyll-a simulations shown in Figure II-15 represent "worst case" 
water quality conditions at the start of the wet season (i.e., 4-month 
period of significant rainfall and high streamflow). As may be seen from 
the plot of "Secondary STP" conditions along the main stem of the Bay, the 
combination of point and nonpoint source loadings of nitrogen and phosphor- 
us under wet season conditions results in chlorophyll-a levels exceeding 50 
ug/l for almost 3.0 miles and maximum values on the order of 80 ug/l for 
about 1.0 mile. The volume-weighted mean chlorophyll-a (i.e., weighted by 
the storage volume in each estuary segment) for the upper twc lllI;Ls (i.e., 
Gordon River) of the estuary is about 60 ugll, while the volume-weighted 
mean for the entire estuary is about 45 ug/l. These maximum and mean con- 
centrations can be compared with state or regional water quality criteria 
for local use attainability evaluations. Additional model projections can 
be developed for other wet season and dry season conditions to evaluate the 
frequency of use impairment expressed in terms of ambient water quality. 
Since chlorophyll-a impacts are primarily of interest in terms of associ- 
ated impacts on DO, the estuary model can also be used to evaluate diurnal 
DO impacts for use attainability assessments. Once chlorophyll-a and DO 
relationships have been evaluated, the estuary model can be used to evalu- 
ate nitrogen and phosphorus goals that maintain chlorophyll-a at levels 
ensuring use attainment. 

Evaluations of Use Impairment Causes and Alternative Controlr. Estuary 
models are probably most useful for management evaluations followinq a 
determination of use impairment in certain sections of the estu‘ 'y. Models 
can be used to define the causes of impairment and to define the effect of 
alternate controls on attaining the use. Such analyses requfre the 
development of causal relationships between pollution loadings, physical 
modifications and the resulting changes in uses. It is very difficult to 
develop such causal relationships from statlstical analyses of measured 
data. For example, regression equations can merely indicate that prJllution 
loadings and impairment of the uses appear to be correlated based upon tile 
measured data base. Such regression equations should not be interpreted as 
deffnitive indications of cause-effect relationships. Evaluations of 
cause-effect relationships requlre the use of a deterministic estuary 
model. 

Evaluations of use impairment causes will typically focus on comparisons of 
point and nonpoint source pollution impacts. The estuary model is well- 
equipped to perform such evaluations because both point and nonpofnt source 
loadings can be "shut off" (i.e., deleted from the system) for evaluations 
of relative contributions to use impairment. Applications of the Naples 
Bay model will be used to illustrate how evaluations of cause-effect rela- 
tionships can be perfoned. After analyses of the impacts of existing 
secondary treatment operations at the 8.0 mgd wastewater treatment plant, 
the Naples 8ay model was rerun with no wastewater discharges. For this 
model run, the only sources of nutrients and other constituents were 
norpoint source flows from the Bay's 155 sq. ml. drainage area and ocean 
boundary condf tfons at the mouth of the Bay. The resulting chlorophyll-a 
projection for "worst case" wet season conditions are shown in Figure II-15 
as the "Zero STP Discharge" plot. As may be seen, the maximum chlorophyll- 
a concentration is about 25 ug/l, with concentrations on the order of 15-25 
ug/l for about 5.0 miles. The chlorophyll-a concentrations for the "Zero 
STP Discharge" condition are typfcally only 25-50 percent of the existing 
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"Secondary STP" levels for about 5.0 miles. Also, the location of the 
maximrn chlorophyll-a concentration is shifted about 1.0 mile further 
downstream for the "Zero STP Discharge" condition. The mean volume- 
weighted chlorophyll-a for the entire Bay is approximately 20 ug/l which is 
less than half of the "Secondary STP" mean. These evaluations suggest that 
secondary effluent discharges from the wastewater treatment plant are the 
major cause of relatively high chlorophyll-a levels under wet season 
conditions. Approximately 50-55 ug/l or about 70 percent of the peak 
chlorophyll-a concentration (80 ug/l) and about 25 ug/l or 55 percent of 
systwfde volume-weighted mean concentration can be attributed to the 
wastewater treatment plant. 

Chlorophyll-a is a speciftc index of phytoplankton biomass. Thus, assuming 
that the chlorophyll-a levels associated with the "Secondary STP" condition 
indicate use impairment, the estuary model provides a mechanism for eval- 
uating the use attainability benefits of alternate controls. The Naples 
Bay model was rerun with the 8.0 mgd discharge upgraded to advanced waste- 
water treatment (AWT) levels. The simulated AWT upgrading involved 
reducing total phosphorus effluent levels from 7.0 tng(l to 0.5 mg/l as P, 
the achievement of almost total nftrificatlon in comparison with less than 
50 percent nftrification for secondary treatment conditions, and reducing 
5-day biochemical oxygen demand (BOD) from 20 mg/l to 5 mg/l. Nonpoint 
source loadings and ocean boundary conditions were set at the same levels 
as the "Secondary STP" model runs. As shown in Figure 11-15, the projected 
chlorophyll-a concentrations for the "AUT" conditions are 20-30 percent 
lower than the "Secondary STP" levels for approximately a two mile section 
that includes the maximum concentrations for both scenarios. The AWT 
scenario's maximum concentrations of chlorophyll-a are on the order of 
50-60 ug/l for about 2.5 miles, while the volume-weighted mean concentra- 
tion for the entire Bay system is about 40 ug/l. Even under AUT condf- 
tfons, the maximum chlorophyll-a levels for AUT conditions are still about 
35 ug/l greater than the maximum values for "Zero STP Discharge" condf- 
tions. 

The maximum and mean concentrations for AUT conditions can be compared wf th 
water quality criteria to determine if this control measure can achieve use 
attainment. If the projected chlorophyll-a reductions are not sufficient 
to prevent use impairment, the model can be rerun to assess the use 
attainability benefits of nonpoint source controls in addftfon to AUT 
implementatfon. 

ESTUARY SUBSTRATE COMPOSITION 

The bottom of most estuaries is a mix of sand, silt and mud that has been 
transported and deposited by ocean currents or by freshwater sources. 
Rocky areas may also be seen, particularly in the fjord-type estuary. None 
of these substrate types are particularly hospitable to aquatic plants and 
animals, which accounts in part for the paucity of species seen in an 
estuary. 

Much of the estuarine substrate is in flux. 
bottom material, transported by currents, 

The steady addition of new 
may smother existing commrnfties 

and hinder the establishment of new plants and animals. Currents may cause 
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a constant shifting of bottom sediment, further hindering the colonization 
of species. Severe storms or flooding may also disrupt the bottom. 

The sediment load introduced at the head of the estuary will be determined 
by the types of terrain through which the river passes, and upon land use 
practices which may encourage runoff and erosion. It is important to take 
land use practices into consideration when examining the attainable uses of 
the estuary. The heavier particles carried by a river will settle out 
first when water velocity decreases at the head of the estuary. Smaller 
particles do not readily settle and may be carried a considerable df stance 
into the estuary before they settle to the bottom. The fines may never 
settle and will contribute to the overall turbidity which is characteristic 
of estuaries. 

It is often difficult for plants to colonize estuaries because they may be 
hindered by a lack of suitable anchorage points, and by the turbidity of 
the water which restricts light penetration (McLusky, 1971). Attached 
plant communities (macrophytes) develop in sheltered areas where silt and 
mud accumulate. Plants which become established in these areas help to 
slow prevailing currents, leading to further deposition of silt (Mann). 
The growth of plants often keeps pace with rising sediment levels so that 
over a long period of time substantial deposits of sediment and plant 
mater1 al may be seen. 

Attached plant communities, also known as submerged aquatic vegetation 
(SAY), serve very important roles as habitat and as food source for much of 
the biota of the estuary. Major estuary studies, including an intensive 
years-long study of the Chesapeake Bay, have shown that the health of SAV 
comnunftfes serves as an important indicator of estuary health. Although 
excess siltation may have some adverse effects on SAV, as discussed above, 
this problem is minor compared to the effects of nutrient and toxics 
loadings to the estuary. When SAV comnunitfes are adversely affected by 
nutrients and/or toxfcs, the aquatic 1 ffe uses of the estuary also will be 
affected. The ecological role of SAV in the estuary wf 11 be discussed 
further in Chapter III, and its importance to the study of attainable uses 
in Chapter IV. 

Sediment/substrate properties are important because such properties: (11 
determine the extent to which toxic compounds in sediments are available to 
the biota; and (2) determine what types of plants and animals may become 
established. The presence of a suitable substrate may not be sufficient, 
however, since nutrient, DO, and/or toxics problems may cause the demise 
and prevent the reestablishment of desirable plants and animals. There- 
fore, characterization of the substrate is important to a use attainabflity 
study in order to understand what types of aquatic life should be expected 
in a given area. 

ADJACENT WETLANDS 

Tidal and freshwater wetlands adjacent to the estuary can serve as a buffer 
to protect the estuary from external phenomena. This function may be 
part1 cularly important during wet weather periods when relatively high 
streamflows discharge high loads of sediment and pollutants to the estuary. 
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The volume of sediment carried by streamflow during wet weather periods is 
substantially greater than the amount transported into the estuary by 
rivers and streams during dry weather periods. Such shock loads could 
quickly smother plant and animal communities and jeopardize their survival. 
Wetlands can serve an important function by protecting the estuary from 
such shock 1 oads. Because of the sinuous pattern of streams that flow 
through the wetlands, and the high density of plants, water velocitfes will 
be reduced enough to allow settlement of a substantial proportion of the 
sediment load before it reaches the estuary. This simultaneously protects 
the estuary and contributes to the maintenance of the wetlands. 

The sediment load discharged by streamflow may be accompanied by nutrients 
and other pollutants. Excessive loadings of nutrients such as nitrogen and 
phosphorus may promote eutrophication and the growth of algal mats in the 
estuary, which is undesirable from both aquatic use and aesthetic stand- 
points. On the other hand, these nutrients are beneficial to the main- 
tenance of plant life in the wetland. 

Another important function of a wetland is to reduce peak streamflow dfs- 
charges into the estuary during wet weather periods. To the extent that 
this peak flow attenuation prevents abrupt changes in salinity, the flora 
and fauna of the estuary are protected. It has been cornnon practice to 
straighten existing channels and cut new channels in wetlands to speed 
drainage and enable the use of wetlands for agriculture or other develop- 
ment. Such channelfzatfon may dfminish the protective functions of the 
wetland and have an adverse impact on the health of the estuary. 

While the wetland may help to withhold nutrients in the form of nitrogen 
and phosphorus from the estuary, it serves as a major source of nutrients 
in the form of detritus. A substantial portion of dead plant material in 
the wetland is transported to the estuary as detritus. Detritus is a basic 
fuel of the estuary, serving as the main source of nutrient for filter 
feeders and many fish at the bottom of the food chain. The estuary is 
highly productive, more so than the freshwater or marine environment, 
because of this source of nutrients. 

Since the alteration or destruction of wetlands may hold important impli- 
cations for the health of the estuary, it is important during the course of 
a water body survey to examine historical trends in the wetland acreage, 
locations, and characteristics for clues which explain changes in the 
estuary and its uses. The extent to which wetlands have been irreversibly 
altered may establish bounds on the uses that might be expected. Converse- 
ly, restoration of wetlands may provide some means of restoring uses pro- 
vided that other conditions such as toxic or nutrient loadings are not a 
problem, or some other irreversible change has not been made to the 
estuary. 

HYDROLOGY AND HYDRAULICS 

There are two important sources of freshwater to the estuary-streamflow and 
direct precipitation. In general, streamflow represents the greatest con- 
tribution to the estuary and direct precipitation the smallest. 
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The location of the salinity gradient in the river controlled estuary is to 
a large extent an artifact of streamflow. The location of salinity fso- 
concentration lines may change considerably, depending upon whether stream- 
flow is high or low. This in turn may affect the biology of the estuary, 
resulting in population shifts as biologfcal species adjust to changes in 
salinity. 

Most species are able to survive within a range of salinity levels, and 
therefore most aquatic uses may not be adversely affected by minor shifts 
in the salinity gradient. Most of the bfota can also sustain temporary 
extreme changes In salinity, either by flight or through some other mechan- 
ism. For example, molluscs may be able to withstand temporary excursf ons 
beyond their preferred salinity range by simply closing themselves off from 
their environment. This is important to their survival since the adult is 
unable to relocate in response to sali nfty changes. However, molluscs can- 
not survive this way fndefinftely. 

Generally speaking, the response of a stream or estuary to rainfall events 
depends upon the intensity of rainfall, the drainage area affected by the 
rainfall and the sf ze of the estuary. Movement of the salt front is depen- 
dent upon tidal influences and freshwater flow to the estuary. Varfatf ons 
in salinity generally follow seasonal patterns such that the salt front 
will occur further down-estuary during a rainy season than during a dry 
season. The salinity profile may also vary from day to day reflecting the 
effect of individual rainfall events, but may also undergo major changes 
due to extreme meteorological events. 

The location of the salt front in a small estuary may be easily displaced 
but rapidly restored in response to a rainstorm, whereas the effect of the 
same size storm on salinity distribution within a larger estuary may be 
minor. For a large system, the contribution of a given storm may be only a 
fraction of the overall freshwater flow and thus will have no appreciable 
effect. For a small system the contribution of a given storm may be very 
large compared to overall flow, and the system will respond accordingly. 

A rapid 1 ncrease in flow may have several deleterious effects on a small 
estuary: (1) the salinity gradient changes drastically, placing severe 
stress on non-motile species and forcing the migration of motile forms, (2) 
a sediment and pollutant load which is too large to be captured by sur- 
rounding wetlands may be transported into the estuary, and (3) the bottom 
may be scoured in areas of high flow velocity, destroying floral and fauna1 
communities and existing habitat, and elfminating the conditions that would 
be required for replacement corrmunftfes to become established. 

Major shifts in salinity due to extreme changes in freshwater flow are not 
uncommon. An excellent example is the impact of Hurricane Agnes on the 
Chesapeake Bay in 1972. The enormous and prolonged increase in freshwater 
flow to the Bay shifted the salinity gradient many ml1 es seaward and had a 
devasting effect on the shellfish population. The flow was so great that 
salinity levels did not return to normal for several months, a period far 
1 onger than non-motile species would be able to survive such radical reduc- 
tions in salinity. In addition, the enormous quantities of sediment delfv- 
ered to the Bay by Hurricane Agnes exerted considerable stress on the Bay 
environment. 
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Anthropogenic activity may also have a significant effect on salinity in an 
estuary. When feeder streams are used as sources of public water supply 
and the wfthdrawals are not returned, freshwater flow to the estuary will 
be reduced, and the salt wedge found further up the estuary. If the water 
is returned, usually in the form of wastewater effluent, the salinity grad- 
ient of the estuary may not be affected although other problems might occur 
which are attributable to nutrients and other pollutants in the wastewater. 

Even when there is no appreciable change in annual freshwater flow or qual- 
ity due to water supply uses, the salinity profile may still be affected by 
the way in which dams along the river are operated. Flood control dams may 
result in controlled discharges to the estuary rather than relatively short 
but massive discharge during high flow periods. A dam which is operated so 
as to impound water for adequate public water supply during low-flow per- 
iods may severely alter the pattern of freshwater flow to the estuary. Al- 
though annual input to the estuary may remain unchanged, seasonal changes 
may have a significant impact on the estuary and its biota. 

The discussion of hydrology, meteorology and the effect of hydraulic struc- 
tures in this section provides only an overview of their possible effects 
on the health of an estuary. Hydrologic impacts wi 11 depend upon the unf- 
que physical characteristics of the estuary and its feeder streams, in- 
cluding structural activity that may have changed flow characteristics to 
the estuary. Extreme rainfall events are particularly important because 
they may result 1 n physical damage to wetlands and to the estuarfne sub- 
strate, and may subject the biota to abnormally low salinftfes as the salt 
wedge is driven seaward. Extreme periods of drought may also have an ad- 
verse impact on the estuary. The operation of hydraulic structures -- dams 
and diversions -- can sfgniffcantly alter the characteristics and the uses 
of an estuary. Clearly, these characteristics must be taken into account 
in determining the attainable uses of the water body. 
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CHAPTER III 

CHARACTERISTICS OF PLANT AND ANIMAL COMMUNITIES 

INTRODUCTION 

Salinity, light penetration and substrate composition are the most critical 
factors to the distribution and survival of plant and animal communities in 
an estuary. This Chapter begins with an overview of the physical phenomena 
and biological adaptations which influence the colonization of the estuary. 
Following this, specific information is presented on Estuarine Plankton 
(phytoplankton and zooplankton), Estuarine Benthos (infaunal forms, 
crustaceans and molluscs), Submerged Aquatic Vegetation, and Estuarine 
Fish. There is also a short discussion of measures of biological health 
and diversity. This last subject is presented in much greater detail in 
the Technical Support Manual (U.S. EPA, November 1983). 

The information in this Chapter (and its associated Appendices) has been 
compiled to provide an overview of the types of habitat, ranges of 
salinity, and life cycle and other requirements of plants and animals one 
might expect to find in an estuary, as well as analyses that might be 
performed to characterize the biota of the system. 

With this information having been presented as a base, discussion in 
Chapter IV will be directed towards how the biological, chemical and 
physical data descriptive of the estuary may be synthesized into an 
assessment of the present and potential uses of the estuary. 

COLONIZATION AND PHYSIOLOGICAL ADAPTATIONS 

The estuarine environment is characterized by variations in circulation, 
salinity, temperature and dissolved oxygen supply. Due to differences in 
density, the water is generally fresher near the surface and more saline 
toward the bottom. Colonizing plants and animals must be able to withstand 
the fluctuating conditions in estuaries. Rooted plants need a stable 
substrate to colonize an area. Once established, the roots of aquatic 
vegetation help to stabilize the sediment surface, and the stems interfere 
with and reduce local currents so that more material may be deposited. 
Thus, small hummocks become larger beds as the plants extend their range. 

The depth to which attached plants may become established is limited by 
turbidity, since they require light for photosynthesis. Estuaries are 
typically turbid because of large quantities of detritus and silt 
contributed by surrounding marshes and rivers. Algal growths may also 
hinder the penetration of light. If too much light is withheld from the 
lower depths, animals cannot rely heavily on visual cues for habitat 
selection, feeding, or in finding a mate. 

Estuarine animals are recruited from three major sources: the sea, 
freshwater environments, and the land. Animals of the marine component 
have been most successful in colonizing estuarine systems, although the 
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extent to which they penetrate the environment varies (Green 1968). 
Estuarine animals that belong to groups prevalent in freshwater habitats 
are presumed to have originated there. Such species comprise the fresh- 
water component. The invasion of estuaries from the land has been 
accomplished mainly by arthropods. 

When animals encounter stressful conditions in an estuary, they have two 
alternatives: they can migrate to an area where more suitable conditions 
exist, or if sedentary or sessile they can respond by sealing themselves 
inside a shell, or by retreating into a burrow. 

Most stenohaline marine animals can survive in salinities as low as 
10-12 ppt by allowing the internal environment (blood, cells, etc.) to 
become osmotically similar to the surrounding water (McLusky 1981). Such 
"conformers" often change their body volume. In contrast oligohaline 
animals actively regulate their internal salt concentration. They do so by 
active transport of sodium and potassium Ions (Na +, K +). Osmoregulation 
relies on several possible physiological adaptations. Reduced surface 
permeability helps minimize osmotic flow of water and salts. In addition, 
the animal's excretory organs serve to conserve ions or water needed for 
osmoregulation. 

Upper and lower tolerance limits define a range between which environmental 
factors are suitable for life (zone of compatibility). The adaptations of 
these tolerance limits are referred to as resistance adaptations. In 
estuaries, the major environmental factors to which organisms must adjust 
are periodic submersion and desiccation as well as fluctuating salinity, 
temperature, and dissolved oxygen. 

Vernberg (1983) notes several generalizations concerning the responses of 
estuarine organisms to salinity: (1) those organisms living in estuaries 
subjected to wide salinity fluctuations can withstand a wider range of 
salinities than species that occur in high salinity estuaries; (2) inter- 
tidal zone animals tend to tolerate wider ranges of salinities than do 
subtidal and open-ocean organisms; (3) low intertidal species are less 
tolerant of low salinities than are high intertidal ones; and (4) more 
sessile animals are likely to be more tolerant of fluctuating salinities 
than those organisms which are highly mobile and capable of migrating 
during times of salinity stress. These generalizations reflect the 
correlation of an organism's habitat to its tolerance. Some estuarine 
animals are able to survive In adverse salinities, provided that the stress 
is fluctuating, not constant. For example, initial mortalities of the 
oyster drill (Urosalpinx cinerea) were very high when exposed to constant 
low salinity values. However, or no mortalities occurred during ten 
days of exposure to low fluctuating salinities, Tolerance limits may also 
differ between larval and adult stages, as in the case of fiddler crabs 
(Uca pugilator). Adults are able to survive extended periods of 5 ppt 

salinity while larvae cannot tolerate salinities below 20 ppt (Vernberg 
1983). The salinity in which they were spawned may also influence larval 
responses. 

Temperature also has an effect on salinity tolerances of organisms. 
Generally, cold-water species can tolerate low salinities best at low 
temperatures and tropical species can withstand low salinities best at high 
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temperatures. The previous thermal history of an organism influences its 
resistance to temperature extremes. Acclfmatfon to higher sal fnities can 
also broaden an organism's zone of compatibility for temperature. 

The transport of oxygenated surface water to the bottom is greatly fn- 
hfbfted when an estuary Is stratffied. In addition, the solubflity of 
oxygen in water 1 s suppressed by sali nfty, so that estuarfne DO levels at a 
given temperature may not be as high as would be seen in freshwater. As a 
consequence, many estuarfes exhibit consistently low DO levels in the lower 
part of the water column, and may become anoxic at the bottom. This con- 
dition may be exacerbated by benthic DO demand. Many estuarine organisms 
must be tolerant of low DO. Those that are able will leave to seek areas 
of sufficient dissolved oxygen, while others (such as bivalves) will 
respond by regulating metabolic activity to levels that can be supported by. 
the ambient DO concentration. 

Intertidal organisms experience al ternatfng perfods of desiccation and 
submersion. These animals, majnly molluscs, are able to resfst desiccation 
because of morphological characteristics that aid in controlllng water 
losses. Others burrow into the moist substrate to avoid prolonged exposure 
to the air. Small animals with high ratios of surface area to volume are 
less resistant to water loss than are larger organlsms. 

MEASURES OF BIOLOGICAL HEALTH AND DIVERSITY 

Estuarfes are characterized by high productivity but low species diversity. 
Several authors have noted decreased species diversity in estuaries when 
compared to freshwater or marine systems (Green 1968, McLusky 1971, McLusky 
1981, Haedrich 1983). Two major hypotheses explain the paucity of 
estuarine species. The first explanatfon is that of physlological stress 
caused by variable conditions in estuaries (McLusky 1981). Plants and 
animals must be able to withstand considerable changes in salfni ty, DO and 
temperature. In addition, because of tidal variation, they may be sub- 
jected to periods of dessfcatfon. Variable salinities are especially 
challenging to an organfsm's ability to osmoregulate. Because conditions 
in estuaries are not stable, fewer species inhabit estuaries than inhabit 
fresh or marlne waters. 

The second hypothesis explains decreased species diversity by the relative 
youth of present-day estuaries (McLusky 1971, Mctusky 1981, Haedrich 1983). 
The estuaries that we see today probably did not exist several thousand 
years ago. Since this 1s a short per1 od relatfve to the same scale over 
which speciatfon has taken place, few species have been able to adapt to 
and colonize the estuarine system. An investigation by Allen and Horn 
(1975) of several small estuarine systems in the United States revealed 
that a small number of species (<5) comprfsed more than 75 percent of the 
total number of individuals. Sfiflarly, Haedrich (1983) noted that the 
number of fish families characteristic of estuarfes comprises only SIX 
percent of the total number of families described. 

Investigations of diversity in estuarine systems have employed the same 
diversity indices that are conxnonly used in freshwater systems (see U.S. 
EPA, 1983b, Chapter IV-2). The Shannon-Wiener index is often employed in 
conjunction with the two components that influence its value, a species 
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richness index and a measure of evenness (McErlean 1973, Allen and Horn 
1975, Hoff and Ibara 1977). 

Because seasonal changes are so marked in estuaries, the selected diversity 
fndex should be sensitive to changes in species composition. Thus, 
quantitative similarity coefffcfents and cluster analyses may be used to 
determine the extent of slmilarity between samples. Such measures are 
discussed in Chapter IV-Z of the Technical Support Manual: Waterbody 
Surveys and Assessments for Conductfng Use Attainability Analyses (U.S. 
EPA, 1983&L 

An equal effort should be expended at each sampling station each time 
sampling is done. The results of a fish fauna survey may be biased by the 
sampling method employed. For example, 
trap net, sefnel, 

the gear used (trawl, gill net, 
the mesh sfre and the area In which fishing occurs 

determine the sftes, numbers and kinds of fish caught (McHugh 1967, 
McErlean 1973). Samplfng gear and technique are also Important fn benthic 
and planktonic investigations. Because of the many migratory organisms 
found intermittently in estuaries, sampling should occur durfng each season 
of the year. 

A major concern in estuarine systems is biological change due to pollutlon, 
especially alterations to cormnercially important populations. The ratlo of 
annelids to mollusks and annelids to crustaceans has been used as an 
indlcatfon of environmental stress. By comparing these ratios to the 
Contamination Index (C 1 and the Toxicity Index (T 1, descrfbed in Appendix 
A, areas highly conf!aminated by metals and o$ganic chemicals can be 
characterized (U.S. EPA, 1983a). 

Brlefly, contaminant factors (C ) indicate the anthropogenic concentration 
of individual contaminants, bafed on metal content and Si/Al ratios in 
sediment. The Contamination Index (C 1 is a sum of these contaminant 
factors, gfving equal weight to all m&tals, and thus has no ecological 
significance until combfned with biotoxicity data. The map of the 
Chesapeake Bay in Figure III-1 illustrates the degree of metal 
contamfnation based on C The Toxicf ty Index (T 1 is calculated using 
contaminant factors and ibA "acute" criteria for Ithe metals, i.e., the 
concentration that may not be exceeded in a given environment at any time. 
This index gives fnfonation pertinent to the toxicity of sediments to 
aquatic life. Figure III-2 illustrates the results of calculations of 
Toxicity Indices for the Chesapeake Bay. 

The Toxicity Index ranges from values of 1 to 20 where to lowest values 
denote the least polluted condftions. Characteristics associated with 
various values of T may also be seen in Chapter IV, Table IV-3. 
Contaminatfon Index 'rs based on the calculation of the quantity C 

The 
(see 

Appendix A) where C =0 when observed and predicted metal concentratibns In 
sediment are the sa fne, C (0 when the observed is less than the predicted, 
and Cf>O when the observe6 fs greater than the predicted. 

The juvenlle index is often used to help predict future landings of certain 
commercially Important fish in estuarles. The juvenlle index is simply the 
number of first year fish of a species divided by the number of seine 
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Figure III-l. Degrees of metal contamination in the Chesapeake Bay based 
on the Contamination Index (CI). (from USEPA 19832) 
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(from USEPA 19832) 
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haul s . This index is then compared to juvenile indices from previous years 
along with connnercial fisheries landings data. 

In sumnary, species diversity in estuaries is generally lower than in 
adjacent freshwater or marfne ecosystems. El ther the changrng environment 
or the youth of estuarles or perhaps a combination of both is responsible 
for this lack of species diversity. Indices of diversity that are used in 
estuaries are the same as those employed in freshwater studies and have 
been sumnarfred in a prevlous document (U.S. EPA, 198311. 

ESTUARINE PLANKTON 

Plankton Include weak swimmers and drlfting life forms. Most planktonic 
organfsms are small in size, and although they may be capable of localized 
movement, their distrlbution is essentially governed by water movements. 
Because of their unl que salinity conditions and currents, indlvi dual 
estuarfes have characteristic plankton populations. 

Phytoplankton 

Three principal groups are included in the phytoplankton. They are 
diatoms, dinoflagellates and nanoplankton. Like the phytoplankton of 
freshwaters and oceans, estuarfne phytoplankton require nutrients (such as 
phosphorus, njtrogen, sillcon), vitamins, iron, zinc and other trace metals 
for growth. For photosynthesfs to occur, adequate llght must be available. 
Suitable salinities must also be present for phytoplankton populations to 
survjve. 

Nutrlents generally are abundant in estuaries. Seasonal fluctuations in 
nitrogen and phosphorus levels are often evident, and are related to 
overland runoff and fertilizer application to agricultural lands. External 
sources are not entirely responsible for nutrjent levels in estuaries. 
Cycling within estuaries also plays a role in plankton productivity. Thus 
the turnover, or replenishment time (RI, of nutrients is significant in 
determining their availability. Replenishment time is defined as R = 
[S]/Sp, where [S3 Is the concentration of the nutrient in the phytoplankton 
and Sp fs the daily production rate measured in terms of particulate 
content of that nutrient in the h toplankton (Smayda 1983). Recycling 
mechanisms may be separated Into I excretfon of remineral ized nutrients PT 
accompanying grazing by herblvorous zooplankton or benthic organisms, (21 
release through sediment roiling and diffusive flux of nutrlents from the 
interstitial water of sedlments following microbial remlneralization, and 
(31 kinetic, steady-state exchanges between nutrients present in the 
particulate phase (phytoplankton, 
the dissolved phase. 

bacteria, sedimentary particles) and in 
The importance of each of the preceding mechanisms is 

dependent upon characteristics, viz. depth and vertical mixing, of specific 
estuaries. 

Although the phytoplankton of estuaries is an fntegral part of the eco- 
system, its role is somewhat less important than in marine or freshwater 
lake ecosystems. Thfs is due partly to the large quantities of detritus 
and bacterfa that serve as an alternative food source for many primary 
consumers. Estlmates of primary production are generally calculated from 
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the utilization of nutrients (phosphates, C 
14 uptake, chlorophyll con- 

centration) (Perkins 1974). The phytoplankton contribution to primary 
productivity is often minimal in many coastal plain estuaries. Although 
nutrients are abundant there, other factors limit phytoplankton production. 
At the compensation depth, the amount of oxygen produced by photosynthesis 
is equal to the amount utilized in respiration. Because of high tur- 
bidity, the compensation depth in estuaries is relatively shallow thus 
limiting the volume of water in which positive production occurs. Several 
authors maintain the importance of phytoplankton in supporting estuarine 
food webs, although the degree of contribution is controversial. Boynton, 
et al. (1982) provides a review of factors affecting phytoplankton pro- 
duction by comparing numerous estuarine systems. 

The flushing time of an estuary also affects the phytoplankton population. 
Many estuaries have a relatively long flushing time and stable populations 
are able to develop. The Columbfa River estuary has a stable system with a 
gradatfon from freshwater to brackish to marine plankton. In contrast, the 
Margaree River (the Gulf of St. Lawrence1 is drained completely at low 
water and has no such gradation. Thus, high tide populations are typically 
marine, while a freshwater population is evident at low tide. 

The species composition of an estuary may be unique. Narragansett Bay for 
example, is a shallow, well-mixed estuary located on the northeastern coast 
of the United States. Surface salinity ranges from 20.5 ppt near river 
mouths to 32.5 ppt at the mouth of the bay. Flushing time of the bay is 
estimated at thirty days (Smayda 19831. Because of tidal and wind-induced 
mixing, most of Narragansett Bay has neither a well-defined halocline or 
thermocli ne. Seasonal variation of plankton is evident, al though the 
diatom Skeletonema costatum represents about 80% of total numerical 
abundance over the annual cycle (Smayda 1983). The major phytoplankton 
bloom occurs during December, coinciding with the minimum incident 
radiation and length of day. Blooms are regulated by temperature, light, 
nutrients, grazing, hydrographic disturbances and possibly species inter- 
actions. Neither blue-green algae nor dinoflagellates are important in 
Narragansett Bay due to its relatively high salinity. Planktonic blue- 
green algae tend to be more important in reduced salinities. Dino- 
flagellates (viz. 
Massartia rotundata, 
summer months. althouqh diatoms contmo oredominate. A succession of 
diatom species occurs-seasonally, although Skeletonema is prevalent during 
all months. Detonula confervacea and Thalassiosira nordenskioeldii, 
important secondary species during the winter-spring oom, are replaced by 
ja;oniza, and Rhizoso,e;lia~~r~iinliimsu~~ma~erataulina pbe:agfca, Asterionella Le tot lindrus danicus 

9 

Phytoplankton in the Navesink River, New Jersey, were studied by Kawamura 
(1966). Based on salinity, several zones with characteristic phytoplankton 
were deff ned. Euglenoids domfnated below 20 ppt. The zone in which 
salinity lay between 20 and 22 ppt was populated by Rhizosolenfa. 
Cerataulfna ber onii dominated in salinities ranging from 22. 
Dfnoflagella es, f-e-fiicludfng Peridinfum confcoides, P. trochoides, and 
Glenodinium danfcum, were prevalent in the outer region of the estuary. 
Open water w the mouth of the estuary was DODUlated mostly by 
Skeletonema costatum. For regions with a fafriy stabie'salinfty gradient-, 
kawamura (19-d the dominant forms as presented in Table III-l. 
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TABLE III-l. DOMINANT PHYTOPLANKTON IN DEFINED SALINITY REGIONS 

Salinity Dominant Fons 

2-5 ppt sp., Microcystis sp., 
Melosira varians. 

9-10 ppt Anabaena flos-a uae Melosira varians, 
Chaetoceros sp., +&iulphia spp., 
Cosci nodi scus for_ 

16 ppt Euglenoids 

20 PPt 

24-31 ppt 

Melosira varians, Chaetoceros debilis, 
bitylum b-13, Peridinians. 

Skeletonema costatum, Rhizosolenia 

$$$!&~D?$$eans. 

from Kanamura (1966). 

Zooplankton 

Zooplankton commonly found in estuarlne reaches have been divided into the 
following groups based upon thei.- origins and salinity tolerances: (1) 
Marine Coastal species, (21 Estuarine, and (3) Freshwater. One of the 
dominant copepods in estuaries is Acartia tonsa. Although it is not 
utilized directly by humans, A. tonsamarfood source for fish or 
invertebrates that are consume! byans (Jones and Stokes Assoc. 1981). 
Several surveys of the zooplankton in Narragansett Bay have been conducted 
and are summarized in Miller (1983). Copepods were the dominant group, 
comprising 80% or more of the individuals on an annual average. Important 
species were Acartia clausi, A. tonsa, Pseudocalanus minutus and Oithona 
SPP* Rotifers were abm in l-inter, and cladocerans were abundant 
in early Sumner. Flushing reaches a peak in March-April, coinciding with a 
low in biomass. 

Zooplankton have al so been studied extensively in the Chesapeake and 
Del aware Bays, resulting in the following list of predominant species: 

(1) Coastal: 

copepods - Centro a es t icus, C. hamatus, Labidocera aestiva, 
,,,,gj, 
calanus m nutus; 

-Pa-us parvus, Pseudo- 

cladocerans - Penilia avirostris, Evadne norhanni. 

(2 1 Estuarine: 

copepods - Acartia tonsa, Acartia clausi, Eurytemora affinis, 
Scottolana canadensis (harpacticoi d), and Pseudo- 
dl aptomus coronatus; 
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cladocerans - Podon polyphemoides. 

(3) Freshwater: 

copepods - Cyclops viridis; 

cladocerans - Bosmina longirostris. 

Grazing by zooplankton is an important factor in the control of phyto- 
plankton populations, although the precise role played is not yet well- 
defined. The population dynamics of zooplankton on the east coast, 
including seasonal cycles and predation by ctenophores, is covered 
extensively by Miller (1983). Ctenophores have not been observed in 
Yaquina Bay, Oregon, and it is probable that fish predators limit 
zooplankton densities. 

Comparatively less information is available on Gulf coast zooplankton 
distributions than for the Atlantic coast. Some references for zooplankton 
community structure and distributions in Louisiana estuaries and coastal 
waters are: Brice, 1983; Binford, 1975; Cuzon du Rest, 1963; Drummond, 
1976; Gillespie, 1971. 

Planktonic larval forms of organisms such as oysters and crabs are included 
in the temporary zooplankton. The veliger larvae of molluscs become part 
of the plankton during the spring and sump. Some estuarine worms also 
have planktonic larval forms. The occurrence of these forms is governed by 
the breeding season of the adults. Environmental tolerances of the larval 
forms of the blue crab (Callinectes sa idus) and the American oyster 
(Crassostrea virginica) are found in App&(e,f). 

To persist in an estuary, zooplankton, like phytoplankton, must have rates 
of population increase at least equal to the rates of loss due to tidal 
flushing and river flow. High flushing rates generally prohibit the 
development of an endemic plankton population, and the plankton found 
merely resemble those found in the ocean offshore. Studies of population 
budgets have been made on a few estuaries (Narragansett Bay, Great Pond, 
Moriches Bay) and are mentioned briefly by Mfller (1983). 

The following articles contain information on methods in zooplankton 
research: Computer and electronic processing of zooplankton (Jeffties 
1980); Gear used (Schindler 1969, Josai 1970); Sampling for biomass- 
standing stock (Ahlstrom et al. 1969, Colebrook 1983, Tranter 1968); 
Fixation and preservation of zooplankton (Steedman 1976); Icthyoplankton 
(Smith and Richardson 1977). 

ESTUARINE BENTHOS 

Those organisms which lfve on or in the bottom of any water body are the 
benthos. Plants such as dfatoms, macroalgae and seagrasses comprise the 
phytobenthos, while the zoobenthos fncludes the animals occupying this 
habitat. The estuari ne zoobenthos will be discussed in this sectfon. The 
zoobenthos is generally divided into macro-, meio- and mfcrobenthos. 
Meiobenthos pass through a l- or 2-tmn sfeve, but are larger than 100 urn; 
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macro- and mfcrobenthos are respectively 1 arger and smaller than meio- 
benthos (Wolff 1983). 

Although the diversity of the benthos in estuaries is low compared to other 
ecosystems, benthfc production is relatively high. A high level of food 
(detritus and plankton) and shallow depths contribute to the 
characterfstically high benthic production noted in estuaries. Detritus is 
readily available to the benthos because it sinks through the shallow 
water. In addi tfon, waves and tidal currents promote resuspension of 
particles, makfng them available to filter-feeders. The predominance of 
relatively opportunistic species, with one or more generations per year, 
results in a high turnover of biomass and thus high production. Macrofauna 
have high biomass and low turnover tfmes and hence have economic and 
comnerci al value. Mel ofauna, with low biomass and high turnover rate, play 
an essential role as nutrient regenerators and food for higher trophic 
levels (Tenore et al. 1977, McIntyre and Murison 1973, Ajheit and Scheibel 
19821. 

Infaunal Forms 

The benthos comprises invertebrates such as thread worms, bristle worms, 
ostracods, and copepods as well as commercially important species of 
crustaceans and mlluscs. Nematodes (Nematoda, thread worms) dominate the 
shallow water meiofauna of estuarine sedfments. In addition to nematodes, 
permanent meiofauna include copepods, gastrotrichs, ol igochaetes, rotifers 
and turbellarians. Juvenile macrofauna comprise the temporary mei ofauna. 
Generally, coarser sediments support a greater diversity of species than 
finer estuarine sediments (Ferris and Ferris 1979). 
(Polychaeta:Annelida, 

Polychaetes 
bristle worms) are abundant in the soft bottom, 

especially within the sediment of intertidal mud flats. 

Studies have used polychaete populations to characterize water bodies as 
having healthy, polluted, or very polluted bottoms. The use of benthic 
organisms as indicator species is well-documented for freshwater studies 
whereas studies in the estuarine/marine environment are relatlvely few 
(Reish 19791. Although the species composition in freshwater is different 
than marine species composftfon, the concept of using benthic communities 
as indicators of pollution remains the same. In estuari ne systems, 
polychaete species composition changes from zones characterized as healthy 
to those classified as polluted. As shown in Table III-Z, there is a 
concurrent decrease in dissolved oxygen concentration, an increase in the 
organic carbon content of the soil, and a reduction in the number of 
organisms until all species are absent (Reish 1979). However, the validity 
of using polychaetes as indicator species has been questioned, since 
polychaetes such as Ca itella ca itata 

+as* 
an opportunistic organism whose 

presence has often been c te n cation of pollution, also occur in 
pristine estuarine areas (Reish 1979). The following literature con- 
tributions also pertain to the use of benthos as indicators of pollution: 
Sediment bacteria as indicators (Erkenbrecher 1980); Meiofauna as indi- 
cators (Coull et al 1981, Raffaelli 1981, Warwick 1981); Macrofauna as 
indicators (Gray and Mirza 1979). 
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TABLE III-P. SUMMARY Of BIOLOGICAL, CHEMICAL AN0 PHYSICAL CHARACTERISTICS 
OF FIVE ECOLOGICAL AREAS OF THE LOS ANGELES-LONG BEACH HARBORSavb. 

1 II 

II 
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Crustaceans 

Crustaceans include microorganisms such as ostracods, copepods and isopods 
along with commercially important macroorganisms such as crabs, shrimp and 
lobsters. The crabs (Arthropoda:Crustacea:Decapoda:Brachyural that have 
successfully colonized North American estuarine systems are listed in Table 
111-3. Brachyuran crabs have a complex ontogeny. They are released from 
the female as zoeae, or free swimming larvae, into meso- to euhaline 
waters. The zoeae undergo a series of molts before reaching the megalopa 
stage. The megalopa metamorphoses into the first crab stage, which becomes 
the adult following successive molts (Williams and Duke 1983). It has been 
noted that above and below the preferred temperature range, the length of 
time required for larval development increases. Two species of Cancer that 
have commerical value, 
irroratus (Rock crab), 

C. y:giste; (Pacific Dungeness crab)d C. 
norma y en er estuaries only in high salinity 

regions. Larvae of C. ma ister and C. irroratus prefer conditions of 25-30 
ppt, lo-13OC and 23.3=3 * 13"~X°C, respectively. , 

Callinectes sapidus, the blue crab, supports a major fishery in the United 
States. The species lives in fresh water to salinities as hfgh as 117 ppt 
(large males have been recorded in salt springs over 180 miles from the sea 
in Marion County, Florida) and from the water's edge to 35 meter depths. 
Appendix B (Table le) contains information pertaining to the life cycle of 
the blue crab. Additional information on general life histories of crabs 
and other connnercially important shellfish in Gulf Coast waters is compiled 
by Benson (1982). The family Portunidae is also represented by Carcinus 
maenas in estuaries. The green or shore crab normally inhabits waters 
ranging in salinity from lo-33 ppt, and depths of less than 5-6 m (Williams 
and Duke 1979). Other crabs commonly found in North American estuaries are 
listed in Table III-3. Among the xanthid crabs, only Meni e mercenaria 
the stone crab, has any fishery value. The major conmnerc a * fishery fo; 
stone crabs occurs in Florida, where its flesh is considered a de1 icacy. 

Most of the information about shrimp pertains to the commercially valuable 
penaeid shrimp, Penaeus duorarum (pink shrimp), Penaeus aztecus (brown 
shrimp) and Penaeuiemte shrimp). Penaemmpmpendent 
upon estuarimng thefr transformation from the postlarval stage to the 
juvenile stage. Adults migrate from the estuarine environment to coastal 
and nearshore oceanic waters (Couch 1979). The life cycle of the penaeid 
shrimp is illustrated in Figure 111-3. The range of the brown shrimp 
extends from Martha's Vineyard, Massachusetts, through the Gulf of Mexico 
to the Yucatan Peninsula, Mexico (Turner, 1983). Brown shrimp spawn in 
offshore marine waters deeper than 18 m (59 ftl. Movement of postlarvae 
into estuaries has been observed from January through June in Loutslana. A 
peak migration from March to April was noted for Galveston Bay, Texas. 
Postlarval brown shrimp prefer salinities of 10 to 20 ppt, and temperatures 
above 15°C. Transformation from postlarvae to juveniles occurs four to six 
weeks after entering the estuary. Juveniles remain in shallow estuarine 
areas (near the marsh-water or mangrove-water interface or in seagrass 
beds) that provide feeding habitat and protection from predators until they 
reach 60 to 70 mn (2.4 to 2.8 inches) total length (TL). They move into 
deeper, open water, and begin gulfward migration when they reach 90 to 110 
tmn (3.5 to 4.3 inches) (Turner and Brody, 1983). 
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TABLE III-3. TAXONOMIC POSITION AND HABITAT OF DECAPOD CRUSTACEAN 
SPECIES, INFRAORDER BRACHYURA, OF CONCERN IFi ESTUARINE 
POLLUTION STUDIES. 

Tcmpenr-polybdme 

Tcmprv-uopad-cuqhdur 

Tcmprrc-plyhahnc 

TropacJ-p~lyhl~nc 

Tcmpnr-maohahn 

Tcmpnv-mcsohalm 

Tcmpcrut -wopud -mesduhnr 

Temprae41p-mrsohd1n 

Tcmpr*c -polytulme 

Tcmpnu-wbuopd-mrsoplyhahne- 

umtvmnn8l 

Tev-mrsopolyhahn-wrmunwnd 

(from Williams and Duke 1979) 
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Fiqure 111-3. Life Cycle of the Penaeid Shrimp. (from Couch 1979) 

Post1 arval white shrimp migrate into estuaries from late spring to early 
fall, and are most abundant in Louisiana estuaries from June through 
September. They are generally found in lower salinity waters than brown 
shrimp and prefer water temperatures higher than 15°C. White shrimp (120 
to 140 IIIII) leave Gulf of Mexico embayments from September to December, as 
the water cools. 

Finally, the grass shrimp (Paleomonetes sp.1 of estuaries c-only live in 
patches of grasses growfng In shallow water. Because of aquarium suita- 
bility, members of palaemonldae are often used in pollution studies. 

Molluscs 

The last major group 1n the estuarine benthos is the molluscs. The 
molluscs include clams, mussels, scallops, oysters and snails. Clams of 
major importance include Mya arenaria (soft shell clam), Mercenaria 
mercenaria (hard shell clam), andvcuneata (brackish water clam). 
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The soft shell clam is cormon in bays and estuaries on both the east and 
west coasts of the United States, although it is commercially important 
only on the east coast. Soft shell clams can tolerate a wide range of 
salinities and temperatures. Larval development occurs at salinities from 
16-32 ppt, and at temperatures of 17-23*C. M a arenarfa occurs in a 
variety of substrates, but prefers a mixture o ?- sand and mud (Jones and 
Stokes Assoc. 1981). Hard clams (Mercenaria mercenaria) can tolerate high 
pollution and low oxygen levels; thus, they thrive where other species 
cannot compete. Hard clams prefer substrates of sand or sandy clay 
(Beccasfo et al. 1980). The littleneck clam (Protothaca stamfnea) is a 
hardshell species found in estuaries, 
Paci fit coast. 

bays and open coasfl%i'KZ'%g the 
It ranges from the Aleutian Islands to Socorro Island, 

Mexico. Minimum salinity for survival is 20.0 ppt (Rodnick and Li 1983). 
The brackish water clam is found in low salinity bays and estuaries from 
the Chesapeake Bay to Mexico (Haven 1978). Ran ia cuneata can survive in 
fresh water, but needs brackish water for spawn ng 7-Y -979). 

The bay mussel (Mytilus edulis) is found worldwide in estuaries and bays. 
It is tolerant of varfatfm temperature, salfnity.and dissolved oxygen. 
Although the bay mussel is under stress at salinities less than 14-16 ppt, 
it can survive at 4 ppt for short periods of time. This mussel attaches to 
any hard substrate and may be found on rocks, stones, shingles, dead 
shells, ship bottonrs, piers, 
and Stokes Assoc. 1981). 

harbor walls and compacted mud and sand (Jones 

Bay scallops (Ar o ectfn irradians) are usually found in shallow estuarine 
eelgrass beds, *occur in depths to 18 m (8eccasio et al. 1980). 
They ingest detrf tus, bacteria and phytoplankton. The large amount of 
detritus consumed reflects its great availability in estuarine systems 
(McLusky 1981). 

The American oyster (Crassostrea virginfca) is a permanent resident of 
estuaries. It is a valuable component of east coast fisheries. Oysters 
prefer salinities between 14.1 ppt and 22.2 ppt, although they are able to 
tolerate a wider range, from 4-5 ppt to 35 ppt (Castagna and Chanley 1973). 
Within the range of distribution of C. vir inica the species lives in 
water temperatures from about l*C (during t e w n er in northern states) to -3-k 
about 36°C (in Texas, Florida, and Louisiana) (Galtsoff 1964). Larvae 
develop well in depths from 2 to 8 meters at temperatures of 17.5 to 
32.2OC. The oyster population in hiqh salinities is limited bv ovster 
drills (e.g. -gastropod 
Dermocystfdfum) (Haven 1 

Urosal fnx cinerea) and parasites hSX- and 
!3m+ pawnii oysters is dependent upon 

temperature, and commences when the water reaches from 16-28°C deoendinu 
upon geographic area (Bardach et al, 1972, Ingle 1951). After 6-14 days; 
the eggs hatch and the free-swiming larvae settle on a suitable hard 
substrate. Oysters filter food from the water column and deposit organic 
material (feces and pseudofeces) which is then available to other benthic 
organisms; thus, they play a valuable role in increasing the productivity 
of the area in which they live (McLusky 1981). 

Temperature tolerances of American oysters differ with latitude. Oysters 
at latitudes north of Cape Hatteras can survive at temperatures less than 
0°C for 4 to 6 weeks, while Gulf of Mexico oysters die if subjected to such 
low temperatures (Cake 1983). Temperatures required for mass spawning also 
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differ with latitude. Apalachicol a Bay reached temperatures of 26-28OC 
before mass spawning occurred, while a low of 16.4OC induced mass spawning 
in Long Island Sound, New York (Ingle 1951). Other oyster species cortnn~nly 
found in estuaries of the United States are Crassostrea gigas (Pacific 
oyster) and Ostrea edulis (flat oyster). 

Snails (Gastropoda) have not been studied as extensively as the molluscs 
discussed above. In general, adult snails are slow moving, benthic, and 
able to endure a variety of temperatures and salinities. After the eggs 
are hatched, most snails have a planktonic stage; a few emerge as crawling 
juveniles. Many snails are vegetarians and scrape algae from surfaces. 
Some carnivorous snails use their radulas to drill holes in other shelled 
animals (e.g., oyster drills). Other snails consume gastropods whole, 
digesting the tissue and regurgitating the empty she1 1 s (Menzel 19791. 
More information about the distributions and habitats of NE Gulf gastropods 
is described in Heard (1982). 

References on methodology for the study of estuarine microbiota and benthos 
include: Holme and McIntyre 1971, Hulings and Gray 1971, U.S. EPA 1978, 
Uhlig et al. 1973, de Jonge and Bouman 1977, Federle and White 1982, White 
et al. 1979, Montagna 1982. 

In conclusion, the estuarfne benthos play an important role in estuarine 
ecosystems. The nematodes and polychaetes, along with the commercially 
important shellfishes, contribute to the high productivity noted in most 
estuaries. The benthos are generally able to tolerate variations in 
temperature and salfnity. Thus, they are able to live, and often thrive, 
in estuaries. 

SUBMERGED AQUATIC VEGETATION 

Submerged aquatic vegetation (SAV) plays an important role in the estuarine 
ecosystem, providing habitat, substrate stab11 f ty and nourishment. These 
functions are the subject of discussion in this section. However, sub- 
merged aquatic vegetation also provides a valuable frame of reference 
against which to assess the health of an estuary, or portion of an estuary. 
The importance of SAV to an analysf s of the uses of an estuarine waterbody 
wi 11 be discussed further in Chapter IV, Interpretation. 

Role of SAV in the Estuary 

Plants increase the stab11 1 ty of bottom sediments and reduce shoreline 
erosion. In addition, because the plants help to slow the tidal current, 
more materials may settle from suspension, 
decreasing turbidity. 

augmenting the substrate and 

For example, 
Species differ in their ability to reduce turbidity. 

areas dominated by Potamo eton 
species) were more instrumental 

erfoliatus (a highly branched 
i-T+-+ n mprov ng water c ar ty than areas where 

(a thin-bladed single leaf species) dominated 

Aquatic plants serve as both sources and sinks for nutrients. During the 
growing season, SAV absorbs nutrients from the water and sediments. 
Release of nutrients occurs when the vegetation dies. Submerged aquatic 
vegetation also provides valuable habitat for fish and crabs, along with 
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molluscs and other epffauna. SAV provides shelter, spawning areas and 
shade for fish, while roots, stems and leaves provide firm bases for the 
attachment of mussels, barnacles, molluscs and other epffauna. Thus, 
vegetated bottoms exhfbft 
bottoms (U.S. EPA 1982). 

a greater species richness than unvegetated 

Stevenson and Confer (1978) cited a study (Baker 1918) which emphasized the 
large number of organisms associated with submerged aquatic vegetation. 
Over a 450 sq. mile area, Potamo eton sp. 

+tia 
harbored 247,500 molluscs and 

90,000 associated animals 337,500) and M rfo h llum sp. 
harbored 45,000 molluscs with 56,250 issocfated anfma s *auna, 
101,250). Epfphytes and macroalgae constitute a significant and sometimes 
a dominant feature of SAV comnunfty production and biomass, as can be seen 
from Table 111-4. Fish such as silversides (Menfdfa menfdfa), fourspine 
stickleback (A eltes uadracusl and pfpeffshmnathuuscus) take 

+i-T%--rr advantage of t s a un ant ep auna for food. 

Eelgrass beds also provide protection for amphfpods from predatory ffnffsh. 
Grass shrimp (Palaeomonetes u fol seek protection from predatory kfllfffsh 

ee (Fundulus heteroclftusl in ee grass beds. Young and molting crabs find 
shelter fn areas of submerged aquatic vegetation as well. 

Aquatic vegetation enters the food chain though grazing by waterfowl or as 
detritus passing through epffaunal and fnfaunal invertebrates to small and 
large fish. The extent to which SAV is used as a food source is detennfned 
mafnly by two methods. The ffrst is direct visual identification of mate- 
rial in an organism's digestive system. Such analyses are time-consuming, 
and the degree to which food ftems can be fdentfffed is often limited to 

;;';fs: ;rsrn s that are resistant to digestion. The second techfque is based 
ratios In plants and associated predators. This method assumes 

that animals feeding on a particular plant will, in time, reflect the food 
source ratio. 
if spp-fj P lanPtPs"bhEs ,ilLff'l',r??:$' 

als feed on a variety of species, or 
ratios . In addftfon, determination 

OfC :c ratfos is a relatively expensive procedure. 

Submerged aquatic vegetatfon also plays a role in nutrjent cycling in 
estuaries. Since plants act as nutrient traps and sfnks for dissolved 
minerals, SAV comnunftfes are capable of removing nutrients from the water 
column and incorporating them into blomass. Iron and calcfum were found to 
be absorbed from the sedfment by M rfo h llum s fcatum. 

%vbts ,‘,"'bg%?~a~~ nutrients and minerals occurs by excret on y 
and decomposition of SAV. 

Distribution of SAV 

The distribution of SAV species Is determined largely by sallnfty. The 
degree of flooding also affects vegetation distribution and is particularly 
important for Gulf Coast estuaries (Sasser 1977). In a study of the 
Chesapeake 8ay, Steenfs (1970, cited by Stevenson and Confer 1978) noted 
the following tolerance levels for Bay vegetatfon: 
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TABLE 111-4. DATA FROM SELECTED-fOURCES INDICATING THE PARTITIONING OF (a) PRODUCTION (Pa), gCm -2 -1 

AND (b) BIOMASS gm 
y 

(ORGANIC) BETWEEN VARIOUS AUTOTROPHIC COMPONENTS OF SAV COMMUNITIES 

a. Loca t Ion Species Seagrass Epiphytes Benthic micro-algae Macro-aigae Phytoplankton Reference 

Florida Thalassia 1000 200 W-B --- --w Jones 1968 
N8SS. 20s tcra -we 20 m-w --- --w Marshall 1970 
Calif. Ruppia 28 --------------267 --------------- 91 Uetzel 1964 
N.Carolina Zostera 330 73 m-w e-e es- 
Ches. Bay Zosteraa 

Pcnhale 1977 
0.48 0.17 -0.05 --- 0.09 Murray (per8 .cm.) 

P.pcctinatue 0.5-2.2 --- --- B-w 0.3-1.0 Kauwycr et al. 1981 
P.pcrfoliatus l-3.0 --- --- e-e 0.5-1.0 Kaureyer et al. 1981 

a) Daily estiutes in s-r period. 

b. Location Species Seagrass Epiphytes Benthic micro-algae Macro-algae Phytoplankton Reference 

Europe Cywdocea 400-700 

Alaska Zostera 
Kintarof 1500 
Klavak 415 
Others 113 

N.Carollna Zostera 80 
Ches. Bay P.pectinatus 20-60 

P.perfollstus 20-80 

e-m Be- 375 B-s Cessner and liar 
1960 

e-v 

a-- 
-em 

25 

0.1-0.6 
0.1-0.6 

-es 393 
--- 29 
me- 2.4 
a-- -w- 
-me -mm 
-se --- 

m-e 
se- 

.w-- 

kidtoy 1970 

Penhale 1977 
Staver et al. 1981 
Staver et al. 1981 

(from USEPA 1982) 
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3 PPt 
Najas guadalupensis (southern naiad) 

3-5 ppt 
Chara spp. (muskgrass) 
VZJT7sneria americana (wildcelery) 

12-13 ppt 
Elodea canadensis (elodea) 

urn s icatum (Eurasian watermilfoil) 
!KZ#$l%*rn (coontail) 

20-25 ppt 

over 30 ppt 
Ru ia maritfma (widgeongrass) 
fe osteraXXK(eelgrass) 

The depth at which vegetatfon is able to survive is directly related to the 
penetration of incident radiation. Plants need lfght for photosynthesis, 
therefore turbidity affects their distribution by decreasing the amount of 
sunlfght teaching greater depths. Temperature also affects the dfstrfbu- 
tfon of SAV, and exerts considerable influence upon its vegetative growth 
and flowering. These factors are considered in more detail in Appendix C 
for several east-coast species. 

Three associations of submerged aquatic vegetation were described for the 
Chesapeake Bay, based on their co-occurfence in mixed beds. The first 
association tolerates fresh to slightly brackish water (upper reaches of 
the Bay) and fncludes bushy pondweed, coontail, elodea (waterweed), and 
wildcelery. The middle reaches of the Bay have associations of widgeon- 
grass, Eurasian watenilfoil, sago pondweed, redhead grass, horned 
pondweed, and wildcelery. Finally, in the lower reaches of the Bay, 
eelgrass and widgeongrass predominate. The kinds of submerged aquatic 
vegetation encountered in the Chesapeake Bay from 1971 to 1981 are listed 
in Table 111-5. 

The major species of SAV found on the eastern coast of the United States 
(their distribution, environmental tolerances and consumer utilfzation) are 
listed in Appendix C. The species that are especially important as food 
items for waterfowl are coontail, muskgrass, bushy pondweed, sago pondweed, 
redhead grass, widgeongrass and wildcelery. Grazing by waterfowl is a 
primary force in the management of aquatic vegetation. Some aquatic 
vegetation, although it provides protective cover for wildlife, fs con- 
sidered a nuisance because of excessive growth and clogging of waterways. 
Elodea, Eurasian watermflfoil, and sago pondweed are among those considered 
to be pest species. 

Information concerning aquatic vegetation in southern U.S. estuaries is 
found in literature by Chabreck and Condrey 1979, Beal 1977, and Correll 
and Correll 1972. 
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TABLE 111-5. A LISTING OF THE SUBMERGED AQUATIC VEGETATION ENCOUNTERED 
IN THE CHESAPEAKE BAY FROM 1971 TO 1981. 

Specie, 

Varcular 
Plantal 

Macro- 
Algae 1 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 

Redhead grar8 (Potamogeton 
Uidgcongra88 (Ruppia maritiu 
Eurarian watermilfoll(nyriophyllum l plcatum) 
Etlgra88 (208ter8 marinr) 
Sago pondweed (P. pcctinatur) - 
Horned-pondweed (Zanichellia palu8trlr) 
Yildctltry (Valll8ntria americana) 
Co-n tlodea (tlodta canadrn818) 
Naiad (1 
Flurkgrarr (Chara a. 1 
Slender pondweed (P. purillur) 
Coontail (CtratophTll ua dtmerrun-) 
Unldtnt if led f ragmtntr 
Curly pondweed (Potamogtton crirpur) 
Sea lettuce (Ulva lee.1 
Agardhitlla E 
Unidtntifitd filamentour green algae 
Unidentified green algae 
Cracilaria m. 
Water-stargrara (Htttranthtra dubia) 
Unidentif led alga 
Enttromorpha m. 
Ctrulrn 
Polyriphonia 
Darya a. 
Unidentified red alga 
Unidtnclfled brown alga 

parvula Chupia 

X 
X 
X 
X 
X 

X 
X 
X 
X 

X 
X 

1 in “X” in the column Indicate8 the type of SAV. 

(from USEPA 1982) 
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Adverse ImDacts on SAV 

Portions of the estuary may become enriched beyond their flushing and 
assimilative capacity and elevated levels of nitrogen and phosphorus begin 
to support abnormal algal growth and eutrophic conditions. Algal growths 
are important because they act to dimfnish to penetration of sunlfght into 
the water. Submerged aquatic vegetation is dependent upon sunlight for 
photosynthesis, and when light penetration is dfmlnished too much by algal 
growths, the SAV will be affected. These factors are discussed in detail 
in Chapter II. 

Runoff may also introduce herbicides to the estuarine ecosystem. The 
magnltude of detrfmental effects depends upon the particular herbicide, 
and its persistence in the environment and potential for leaching. 
Furthermore, several herbfcides hdVe d synergistic effect along with 
nutrients, its potential for leaching and persistence in the environment. 
Several pathogens may dttdCk and dfminish the size of submerged aquatic 
vegetation beds. Rhizoctonfd solanf 1s a fungus that attacks the majority 
of duck food plants, but f s especldlly pathogenic to sago pondweed 
(Stevenson and Confer 19781. Lake Venice Disease causes a gradual nasti ng 
away of the host plant; it is manifested ds d brownish, silt-like coating 
on leaves and stems. Mflfoil Is attacked by the Northeast Disease, which 
gradually cduses the leaves to break off, leaving a blackened stem. 

Survey Techniques 

Aerial, surface and subsurface methods are used to prepare maps delfnedting 
vegetation types and percent cover. Plant growth stage (e.g. season) is 
critical when planning a plant survey. For example, early sunvner is the 
optimum time of year to record maximum plant coverage fn the Chesapeake 8dy 
but a different time of year may be more appropriate in other parts of the 
Country. Water transparency is also important to show plant growth. 
Aerial methods are useful in determfnfng the distribution of plant assoc- 
iations, i rregul ar features, nonal seasonal changes and perturbations 
caused by pollutants. Mapping cameras are designed to photograph large 
areas without distortion. Areas of SAV beds may be derfved from topo- 
graphic quadrangles (Rdschke 1983). The Earth Resources Observation System 
(EROS 1 Data Center may be used to obtain 11 stings and photographs already 
dvdildble for d PdrtiCUldr area. 

Surface or ground maps can be prepared if the area is relatively small. 
Distances can be determined by ruled tapes, graduated lines, range finders, 
or, if more accuracy fs required, surveyor's tools. Field observatfons of 
specfes may be supplemented by photographs. Divers can mark subsurface 
beds with bouys to facilitate determlnatfon of bed shapes and areas from 
the surface. 

Regional surveys of flora give qualitatjve dnformatfon, based upon visual 
observation and collection of plant types. To obtain more quantftative 
fnformatfon, line transects, belt transects, or quddrats may be employed 
(Rdschke 1983). Use of lfne transects involves placement of a weighted 
nylon or 1 edd cord along d compass line and recording plant species and 
lf nedr distance occupied. A belt transect cdn be treated ds a series of 
quddrats, with each quddrdt defjned ds the region photographed from a 
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standard height or a marked ared. The technique of sampling within a 
quadrat or plot of standard size is applicable to shallow and deep water. 
Where visfbilfty is poor, epibenthfc samplers can be used. 

A fundamental characteristic of the Communfty structure of submerged 
aquatic vegetation Is the leaf drea index (LAI). It is deffned as the 
amount of photosynthetic surface per unit of biomass (U.S. EPA 19821. The 
photosynthetic area is measured by Obtdfnlng d two-dimensional outline of 
the frond, and determining the area with a planimeter. Leaf area index 
differences dernanstrdte the importance of light in regulating SAV 
communities and their adaptability to different light regimes. The 
greatest LA1 values occur for mixed beds of Zostera and Ru la* lower 
values were found for pure stands of Zostera and- (U.S. T-lff-&). 

The information presented here fs a brief overview of survey techniques 
used in the sampling of SAV. Supplementary dfscussfons are found in 
literature by Kddlec and Wentz (19741, and Down (1983). 

ESTUARINE FISH 

Systems of CldSSf f f Cdti On 

Various authors have attempted to devise systems to classify estuarine 
organ1 sms. Because salinf ty fs the most dominant physical factor affecting 
the distribution of organisms, it is often used as the basis for classi- 
ffcdtlon systems. McLusky (1971, 1981) divides estuarine organisms into 
the following categories: 

1. 

2. 

3. 

4. 

5. 

01 igohdl ine organisms - The majority of animals living fn rivers 
and other fresh waters do not tolerate salinities greater than 0.1 
ppt but some, the OligOhdline Species, persist dt sdlfnities up to 

5 ppt* 

True estuarfne organisms - These are mostly animals with marine 
affinities which live in the central parts of estuaries. Most of 
them are capable of living in the sea but are not found there, 
apparently because of competitfon from other animals. 

Euryhaline marl ne organisms - These constitute the majority of 
organisms living in estuaries with their distribution ranging from 
the sea into the central part of estuaries. Many disappear by 
18 ppt but a few survive at salfnitfes down to 5 ppt. 

StenOhdline marine organfsms - These occur in the mouths of 
estuaries at salfnf ties down to 25 ppt. 

Mf grants - These animals, mostly fish and Crabs, spend only a part 
estuaries ;:, theiiy ;ffe ' ~g 

(Pldtichth $1 feediig in estuarfes 
wf,than;~~her:;ch as flounder 

such ds salmon 
a RO sa ar or eels (An uilla anguflla) using estuaries as routes 

tx mrf vers and e sea. 
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A similar scheme of classification, shown in Table III-6, was defined by 
Remane. Components of fauna are separated according to the sources from 
which they arrived at their present-day habitat, e.g., from the sea, from 
freshwater and from the land. Marine and freshwater components are further 
divided based on salinity tolerances. The terrestrial component may be 
subdivided into those species which escape the effects of imersion by 
moving upwards when the tide floods the upper shore, and those species 
which remain on the shore and are able to survive submersion for several 
hours. 

Day (1951, cited by Haedrich 1983) divided estuarine fishes into five 
categories: freshwater fishes found near the head of the estuary, 
stenohalfne marine forms from the seaward end of the estuary, euryhaline 
marine forms occurring over wide areas, the truly estuarine fishes found 
only in the estuary, and migratory forms that either pass through the 
estuary or enter it only occasionally. A modified version of this 
classification was presented by McHugh (1967). His categories were: 

1. Freshwater fish species that occasionally enter brackish waters. 

2. Truly estuarine species which spend their entire lives in the 
estuary. 

3. Anadromous and catadromous species. 

4. Marine species which pay regular seasonal visits to the estuary, 
usually as adults. 

5. Marine species which use the estuary primarily as a nursery ground, 
usually spawning and spending much of their adult life at sea, but 
often returning seasonally to the estuary. 

6, Adventitious visitors which appear irregularly and have no apparent 
estuarfne requirements. 

Day's classification of bfota and the Venice System of dividing estuaries 
into six salinity ranges were combined by Carriker (1967 1 to develop Table 
111-7. The right half of the table shows the biotic categories and the 
approximate penetration of animals relative to salinity zones in the 
estuary. 

Salinity Preferences 

Some freshwater fish species may occasionally stray into brackish waters. 
White catfish (Ictalurus catus) is a salt-tolerant freshwater form found in 
estuaries along the east coast of the United States. Three other species 
that are primarily freshwater, but have been captured in higher salinity 
areas are longnose gar (Lepisosteus osseus), bluegill (Lepomfs macrochirus) 
and the flier (Centrarchus macroptermHugh 19671. 

Very few fish are considered to be truly estuarine. McHugh (1967) mentions 
only two species that he considers endemic to the estuarine environment. 
They are the striped killiffsh (Fundulus majalis) and the skilletfish 
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TABLE 111-6. SUMMARY OF THE COMPONENTS OF AN ESTUARINE FAUNA 

I. MARINE COMPONENT 

The stenohalfne marine component, not penetrating below 30 ppt 
The euryhalfne marine ccnnponent 

First grade, penetrate to 15 ppt 
Second grade, penetrate to 8 ppt 
Third grade, penetrate to 3 ppt 
Fourth grade, penetrate to below 3 ppt 

Brackish water component, lives in estuaries, but not in sea 

II. FRESHWATER COMPONENT 

The stenohalfne freshwater component, not penetrating above 0.5 ppt 
The euryhaline freshwater component 

First grade, penetrate to 3 ppt 
Second grade, penetrate to 8 ppt 
Third grade, penetrate above 8 ppt 

Brackish water component, lives in estuaries, but not in freshwater 

III. MIGRATORY COMPONENT migrates through estuaries from sea to freshwater 
or vice versa 

Anadromous, ascending rivers to spawn 
Catadromous, descending to the sea to spawn 

IV. TERRESTRIAL COMPONENT 

Tolerant of Submersion 
Intolerant of Submersion 

(from Green 1967) 
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TABLE 111-7. cLAWFLCATION OF ESTUARINE ZONES RELATING THE 
VENICE SYSTEJ4 CLASSIFICATION TO DISTRIBUTIONAL 
CLASSES OF ORGANISMS. 

Venice sy stm Ecoloptc4l Clrssl f lc4tion 
o~vistons kllsfty 

Of b@9- Types of Ofpmlsms rnb Approriutr Rmpr of Olstrtbutlon rn 
Esturry O/O0 Zones LStUWy, Rllrttve t0 Oivfslotb rnd Sdllnltl*s 

RiVW 0.5 Liuutlc L1mutlc 
Mrd 0.5-S Oltgok4l~M 01~!ph4llM 
upper RIIClwS 5-M fwsoh4l Im Mlrohrl~ne 
Middle neuhes 18-25 Pol yhrl I M 

Core Rl4ches 
I 

25- 30 Polyhrl lne 
but 30-40 Euhrllne 

True 
l sturrille 
(rsturrtne 
tMe8lcsl 

Stcnofl4I tne 
8rrlm 

furyhrltne 
l rine 

Rlgrrntr 

(from Cart.1 ker 19671 

(Gobfesox strumosus). The fourspine stfckleback 
s%i%ih that is abundant in estuaries but 
estuarfne because it enters freshwater occasionally. 6eccasfo et al. (1980) 
included kfllfffsh, sflversidc, anchovy and hogchoker in the category of 
truly estuarfne species. Other authors concede the existence of truly 
estuarfne species although they fail to mention them as such. Instead, 
fish are categorized as spending a major portion of their life cycle in an 
estuary, as being dependent on the estuary at some time, or as being the 
dominant species present. 

A listing of species cmnly found In North American Atlantic/Gulf coast 
estuaries and their sal fnfty tolerances/preferences as adults is contained 
in Table III-a. It should be noted, however, that salinity preferences of 
some fish may change at the time of migration. For example, adult stfckle- 
back (Gasterosteus aculeatus) prefer freshwater in March and saltwater in 
June/July (McLusky ml 
organism's stage of life: 

Sal 1 nfty tolerances al so differ depending on the 
Salinity tolerances or requirements of juveniles 

may be unlike those of the adult. 

The Gulf of Mexico estuaries support populations of fish that are also 
found along the Atlantic coast. For example, spot (Lefostomus xanthurus) 
are abundant along the Gulf and the Atlantic coasts. The Atlantic croaker 
ranges from the New England States to South America, although it is 
basically a southern species important in the Gulf of Mexico and South 
Atlantic Bight. Gulf menhaden is an estuarfne dependent species that 
primarily fnhabf ts northern Gulf of Mexico waters. Southern kingfish 
(Menticfrrhus aRlerf canus) have been collected along the coasts from Long 
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TABLE 111-8. SALINITY TOLERANCE/PREFERENCE OF CERTAIN FISHES 
FOUND IN ATLANTIC/GULF COAST ESTUARIES 

Scfentific Name 

Alosa spp. 
Brevoortia patronus 
Brevoortia tyrannus 

F 
noscfon regalfs 

ctalurus catus 
EZlXjX punctatus 
Lefostomus xanthurus 
Menldla menfdfa 
Micropogi%if%%dulatus 
Morone americana 
m saxatilfs 
Percafl avescens 
Pomatomus sal tatrix 

(from U.S. EPA, 19838) 

Common Name 

Herring, shad, alewife 
Gulf menhaden 
Atlantic menhaden 
Weakfish 
White catfish 
Channel catfish 
spot 
Atlantic silverside 
Atlantic croaker 
White perch 
Striped bass 
Ye1 low Perch 
Bluefish 

Sal fnfty (ppt) 
(Tolerance/Preference) 

0-34/- 
5-3515-10 
l-36/5-18 
-/lO-34 
<14.5/- 
<21/<1.7 
3-34/- 
0-35/- 
o-40/10-34 
O-30/4-18 
0-35/>12 
o-13/5-7 
7-34/- 

Island Sound, New York, to Port Isabel, Texas (Sikora and Si ,.ora 1982). 
They are estuarfne dependent, and larval southern kingfish move from 
offshore spawning areas to estuarine nursery areas. Salinity preferences 
of southern kfngffsh varies with sfze. Only the smaller juveniles are 
found in waters wfth salfnfties of less than 10 ppt. Larger juveniles 
(>150 mm or 5.9 inches standard length, SL) are rarely taken in water, with 
salfnities less than 20 ppt, and are usually found in deeper waters such as 
sounds, near the mouths of passes, or near barrier islands (Sikora and 
Sikora 1982). The most cOrnnon fish found in Gulf of Mexico estuaries are 
listed In Table III-g, along with the range of salinities in which they 
were captured (Perret et al. 1971). Additional information on the envi- 
ronmental requirements of Gulf coast species is presented in Appendix 0. 

Appendix 9 contains a listing of habltat requirements of major Atlantic 
coast estuarine species during their life cycles. More detailed descrfp- 
tions of habitat requirements of egg, larval and juvenile stages of ff shes 
of the Mid-Atlantic bight are contained in several publications by the 
United States Fish and Wildlife service (1978, Yolumes I-VII. Mansuetf and 
Hardy (1967) also published fnformatf on regarding fishes of the Chesapeake 
Bay regfon. These reports contain illustrations of the life stages for 
many species, along wfth pertinent information regarding preferred sub- 
strate, salinity and temperature. Although the books focus on egg, larval, 
and juvenile stages, the adult stage is also addressed. 

Annual Cycles of Fish in Estuaries 

Annual cycles and abundances of species are important in the ecology of 
estuaries. The composition of the estuarine fauna varies seasonally, 
reflecting the life histories of species. Anadromous fishes pass through 
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TABLE 111-g. FISHES COLLECTED IN SAMPLES IN LOUISIANA ESTUARIES 

Sclentlfic Name 

Anchoa hepsetus 

Anchoa mitchilll 

Arlus fells -- 
marlnus Bagre 

Brevoortla patronus 

Cltharlchthys spllopterus 

Cynosclon nebulous 

Dorosoma cepedianum 

Dorosoma pentenense 

Fundulus simllis 

Ictalurus furcatus 

Leiostomus xanthurus 

Membras martinlca 

Menidia beryllina 

Mentlclrrhus americanus 

Micropogonias undulatus 

cephalus Mugil 

Paralichthys lethostigna 

Polydactylus ocfonemus 

Prionotus trlbulus 

Sciaenops ocellatus 

Sphaeroldes nephelus 

Synodus foetens 

Trinectes maculatus 

(from Perret et al. 19711 

Cornnon Name 

Striped anchovy 

Bay anchovy 

Sea catfish 

Gafftopsail catfish 

Menhaden 

Bay whiff 

Spotted seatrout 

Gizzard shad 

Threadfin shad 

Longnose klllffish 

Blue catfish 

spot 

Rough sllverside 

Tidewater silverslde 

Southern klngfish 

Atlantic croaker 

Striped mullet 

Southern flounder 

Atlantjc threadfin 

Bighead searobin 

Red drum 

Southern puffer 

Inshore lfrardfish 

Hogchoker 

Salinity (ppt) 
range where 

greatest 
range at number of 

collection individuals 
sltes / captured 

7.0-29.9p15.0 
o-31.5/- 

o->30.0/>10.0 

o-29.9/>5.0 

o-30.0/5.0-24.9 

o->30.0/>15.0 

0.2-30.0/>15.0 

o-29.9/<10.0 
O-29.9/(5.0 

0.5-30.7/>10.0 

o-4.9/- 

0.2->30.0/>10.0 

2.0-29.9/>10.0 

o->30.0/- 
2.0->30.0/>10.0 

o->30.0/- 
o->30.0/5.0-19.9 
o->30.0/- 

1.6-29.9/- 
2.0->30.0/>15.0 

5.0-29.9/- 

1.7-30.9/>10.0 
4.0-30.9PlO.O 
1.7-30.9/>10.0 
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estuaries on the way to spawning grounds. In the Gulf of Mexfco, the 
Alabama shad and the striped bass are important anadromous species 
(Beccasio et al. 1982). Both species are sought for sport. Anadromous 
specfes on the Pacific coast include chinook salmon, chum salmon, pink 
salmon, sockeye salmon, Dolly Varden, river lamprey and cutthroat trout 
(Beccasio et al. 1981, Beauchamp et al. 19831. Studies have shown that 
temperature Is an important factor governing the timing of mfgrations and 
spawning for some specfes. Chinook salmon (Oncorh nchus tshaw tschal will 
not migrate when temperatures rise above 20 "& &ost of 
their lives at sea, but pass through estuaries to spawn in fresh water. 
Spawning of shad is dependent on temperature, and commences when the 
maximum daily water temperature reaches 16°C. It continues to about 24'C, 
peaking at 21°C (Jones and Stokes Assoc. 1980). Additional information on 
Pacific fishes fs available fn Hart (1973). Life history is presented 
along with certain environmental requirements of the species. However, 
salfnf ty tolerances and preferences are noted infrequently, 

Many of these anadromous species are major sport and commercial fish. 
Striped bass, for example, occur along the east coast of North America from 
the St. Lawrence River, Canada, to the St. Johns River, Florfda; along the 
Gulf of Mexico; and from the Columbia River, Washington to Ensenada, 
Mexico, along the Pacific Coast (gain and Bajn 1982). Temperature was 
cfted as a key factor in their distribution. Striped bass migrate to fresh 
or nearly fresh water to spawn. The optimum temperature for egg survdval 
is 17" to 20°C. A minimum water velocity of 30 cm/s (1 fpsl is necessary 
to prevent eggs from resting on the bottom. After hatching, the larvae 
remain In nearly fresh water. Striped bass larvae need a minimum of 3 mg/l 
dfssolved oxygen. Optimum survival of larvae occurs when the temperature 
is between 18°C and 21°C (12'-23OC tolerated) and salinity ranges from 3-7 
ppt (O-15 ppt tolerated). Juveniles are more tolerant of environmental 
conditions and migrate to higher sal infty portions of the estuary, feeding 
on small prey fish. Optimum temperatures for juveniles are between 14°C 
and 21"C, but a range of 10°C to 27OC can be tolerated. Some adult striped 
bass may remain in estuaries, while others may embark on coastal mfgra- 
tfons. Striped bass populations from Cape Hatteras, North Carolfna to New 
England may travel substantial distances along the coast, while populations 
fn the southern portion of the range and on the Pacific Coast tend to 
remain in the estuary or In offshore waters nearby (Bafn and Bain 19821. 
It should also be noted that preferred temperatures vary depending on 
ambient acclimatfon temperatures. Striped bass acclimated to 27OC in late 
August avofded waters of 34OC, 
acclimated to 5'C in December. 

while 13'C was avoided by striped bass 

Salmonids, numerous flatfishes and sturgeon are dependent upon Pacific 
coast estuarles at some time during their life cycles. For example, chum 
salmon spawn in rivers from northern California to the Bering Sea during 
October through December. Adults die after spawning. The young hatch in 
spring, and move to estuaries and bays where they remaf n for 3 to 4 months. 
They move to deeper waters gradually, as they grow (Beccasio et al. 1981). 
The sand sole, a sport species along the northwest Pacfffc coastlfne, 
spends up to its first year In bays and estuaries. 

Some fish species utitize estuaries primarily as nursery grounds. Young 
fishes feed in the productive estuarine system and then migrate seaward or 
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TABLE III-lo. FISHES THAT USE ESTUARIES PRIMARILY AS NURSERY AREAS 

Scientific Name Common Name 

Alosa aesti valis 
G pseudoharenga 
Brevoortf a oatronus 
Br&oortfa tyrannus 

9 z pall 
ottus asper 

asl i 

Alcropogoni as undulatus 
Korone anericana 
Morone saxatilis 
mceDhalus 

Percalavescens 

3almo salar 
T%iZtes maculatus 

Blueback herring 
Alewife 
Gulf menhaden 
Atlantic menhaden 
Atlantic herring 
Pacific herring 
Prickly culpin 
Weakfish 
spot 
At1 antlc croaker 
White perch 
Striped bass 
Mullet (striped) 
Mullet (white) 
Pink salmon 
Coho salmon 
Rainbow smelt 
Yellow perch 
Starry flounder 
Winter flounder 
Atlantfc salmon 
Hogchoker 

(from U.S. EPA 1982, Jones and Stokes Assoc. 1981, Haedrich 1983, Beccasio 
et al. 1980) 

towards freshwater. Most of the ffshes using estuaries as a nursery area 
are anadromous, the adults being principally marine. Table III-10 lists 
anadromous fishes (from both the east and west coasts of North America1 
which use estuaries primarlly as nursery grounds. Although Table III-10 is 
not a comprehensive listing, it contains those fishes mentioned most 
frequently in the literature (U.S. EPA 19832, Jones and Stokes Assoc. 1981, 
Haedrfch 1983, Beccasio et al. 19801. 

Whfte perch (Morone americana), another commercially important fish, is 
also abundant muarfes on the east coast of North America. Populations 
in the Chesapeake Bay area have been observed to inhabit the various 
tributaries, with some fish entering the Bay itself. The American eel 
(An uilla rostrata) is the only catadromous species noted in the litera- 
t&-l t spawns In the Sargasso Sea, then migrates to and lives in 
estuaries OF freshwaters for several years before returning to the sea. 

Some fish take advantage of the complex circulation pattern of estuaries, 
spawning in offshore areas to allow eggs or larvae to drift up into the 
estuary. Most notably, the young of flatfishes (winter and starry 
flounder) and some of the drums (croaker, weakfish and spot) utf lfze the 
estuarfne circulation system (U.S. Dept. of Interior 1970). The juveniles 
then feed and mature within the estuary. The gulf menhaden (Brevoorti a 
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atronus) supports the largest comnercfal fishery by weight (Christmas et 
h, It is an estuatfne-dependent marine species that is found 
primarily 'in northern Gulf of Mexico waters. Gulf menhaden spawn from 
mid-October through March In marine waters. Currents transport planktonic 
larvae to estuarine areas, where they transform fnto juveniles. As they 
grow, juveniles migrate to deeper, more saline waters. Juveniles are able 
to tolerate water temperatures from 5OC to 34°C. Adults and juvenlles may 
inhabit estuaries throughout the year. The Atlantic croaker also uses the 
estuary as a nursery area. Juveniles reside in salinities from 0.5 to 12 
ppt, moving to hfgher salinity waters as they grow. They tolerate a wide 
range of temperatures, from 6°C to 20°C. The spot (Lefostomus xanthurusl 
is also estuarine dependent. Adults spawn in nearshore marine waters, but 
juveniles spend much of their lives fn estuaries. Juvenile spot tolerate 
temperatures from 1.2'C to 35.5'C, preferring a range of 6OC to 20°C. They 
have been collected in salfnitfes from 0 to 60 ppt, but tend to concentrate 
near the saltwater-freshwater boundary (Stickney and Cuenco 1982). Other 
estuarine-dependent species in the Gulf of Mexico are the bay anchovy, sea 
catfish, gafftopsofl catfish, spotted and sand seatrout, red drum, black 
drum, southern kingfish and southern flounder. 

Some marine species enter the estuary seasonally. The spotted hake 
(Uro h cis re ins) enters the Chesapeake Bay in late fall, and exits before 
tl&%ii7w&. In Texas estuarfes, Urophycis floridanus follows a 
similar migration pattern. 

The bluefish (Pomatomus saltatrfx) is often considered an adventitious 
visitor to Atlantfc coast estuaries (McHugh 1967). Although the bluefish 
fs a seasonal visitor, it may not appear if environmental condftions are 
not suitable. Other species may occasionally enter estuaries to Feed on 
small fish, or if environmental conditions are suftable. 

Dlfffculties often arise because sufffcfent information is not available on 
the life cycles of certain species to enable their classiffcation. For 
this reason, and because of the many species of ffsh that enter estuaries 
only occasionally, a fully comprehenslvc list of species 1s not available. 
However, Haedrfch (1983) compiled a listing of characteristic familfes 
found in estuaries, based upon fauna1 lists reported in various papers. He 
divided the fauna into familfes found in three zones, that of temperate, 
tropics/subtropics, and high latitudes. The families in Table III-11 
include the few resident species, anadromous ffsn and marine species that 
utilfze the estuary as feeding and nursery areas. 

Habitat Suitability Index Models 

Habitat Suitability Index (HSI) models developed by the U.S. Fish and 
Wildlife Service consider the quality of habitats necessary for specific 
species durlng each life stage. The variables selected for study in a 
given model are known to affect species growth, survival, abundance, 
standing crop and distribution. Output from the models is used to 
determine the quantity of suitable habitat for a species. The HSI values 
produced by the models are relative, and should be used to compare two 
areas, or the same area at different times. Thus, the area with the 
greater HSI value is interpreted to have the potential to support a greater 
number of a specfes than that wfth the lower HSI. Values range from 0 to 
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TABLE 111-11. CHARACTERISTIC FAMILIES OF ESTUARINE SYSTEMS 

~%&i$i?%rnon and trout) 
Osmeridae (smelt and capelinl 
Gasterostefdae (sticklebacks) 
Ammodytfdae (sand lance) 
Cottidae (sculpinsl 

Tmeshwater eels) 
Clupeidae (herrings) 
Engraulidae (anchovies) 
Ariidae (saltwater catfishes) 
Cyprfnodontidae (killfffshes) 
Gadidae (cods) 
Gasterostefdae (sticklebacks) 
Serranidae (basses) 
Scfaeni dae (croakers) 
Sparidae (seabreams) 
Pleuronectfdae (flounders) 

(from Haedrich 1983) 

Troplcs/Subtropfcs 
Dupei dae Iherrinosl 
Engraulidae (anchovies) 
Chanldae (milkfish) 
Synodontidae (lizardfish 
Belonidae (silver gars) 
Mugilidae (mullets) 
Polynemfdae (threadfins) 
Scfaenidae (crackers) 
Gobiidae ( obfes) 
Cichlidae clcheidsl 9 
Soleidae (flounders) 
Cynoglossidae (flounders) 

I, with 1 representing the most suitable conditfons. HSI models can be 
used to provide one value for all life stages, or to calculate HSI values 
for each component (e.g. spawning, egg, larvae, juvenile, adult). There is 
some uncertainty in the use of the HSI models, both in the form of cal- 
culation and the fact that they are unverified models. They have not been 
tested to see if they work. The form of calculation leads to the possf- 
bility of their being insensftlve to environmental changes. An area may 
have undergone great degradation before the HSI model drops in value. More 
informatf on concerning HSI models can be found in Chapter IY-1 of the 
Technical Support Manual (U.S. EPA 1983b). Models are currently available 
for the following estuarine fish: sfriped bass (Bafn and Bain 1982), 
juvenile Atlantic croaker (Diaz 19821, Gulf menhaden (Christmas et al. 
1982), juvenile spot (Stickney and Cuenco 19821, Southern kingfish (Sikora 
and Sikora 1982), and alewffe and blueback herring (Pardue 1983). Models 
have been developed for several other estuarine organlsms. They are 
northern Gulf of Mexico brown shrimp and white shrimp (Turner and Brody 
19831, Gulf of Mexico American oyster (Cake 19831, and littleneck clam 
(Rodnick and Li 1983). 

SUMMARY 

The preceding sectfons touch upon procedures that mfght be used and 
specific phenomena that might be evaluated during the ffeld collection 
phase of a waterbody survey. 

Strong seasonal changes in estuarfne b4ological comnunfties compound 
difficulties involved in collection of useful data. Because of annual 
cycles, important organisms can be totally absent from the estuaries for 
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portions of the year, yet be dominant comnunfty members at other times. 
For example, brown and white shrimp spend part of the year in estuaries, 
and migrate to deeper, more saline waters as the season progresses. 
Furthermore, estuarfne biological comnunftfes may also vary from year to 
year. Although it has not been mentioned explicitly, it is understood 
that, if at all possible, a reference site will have been fdentfffed and 
will have been studied in a manner that is consistent with the study of the 
estuary of interest. In addition to whatever field data is developed on 
the estuary and its reference site, it is also important to examine 
whatever information might exist fn the hfstorfcal record. 

The fmportance of submerged aquatfc vegetation has not been fully discussed 
in this Chapter, nor have any tools been presented by which to digest all 
the assessments so far presented. This will be done in Chapter IV, 
Interpretation. 
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CHAPTER IV 

SYNTHESIS AND INTERPRETATION 

INTRODUCTION 

The basic physical and chemical processes of the estuary are introduced in 
Chapter II, with particular emphasis placed on a description of stratifi- 
cation and circulation in estuarine systems, on simplifying assumptions 
that can be made to characterize the estuary, on desktop procedures that 
might be used to define certain physical properties, and on mathematical 
models that are suitable for the investigation of various physical and 
chemical processes. 

The applicability of desktop analyses or mathematical models will depend 
upon the level of sophistication required for a particular use attainability 
study. These types of analysis are important to the study in three ways: to 
help segment the estuary into zones with homogeneous physical characteris- 
tics, to help in the selection of a suitable reference estuary, and to help 
in the analysis of pollutant transport and other phenomena in the study 
area. Several case studies are presented to illustrate the use of measured 
data and model projections in the use attainability study. The selection of 
a reference estuary(ies) is discussed later in this Chapter. 

Chapter II also offers a discussion of chemical phenomena that are partic- 
ularly important to the estuary: the several factors that influence dis- 
solved oxygen concentrations in surface and bottom layers and the impact of 
nutrient overenrichment on submerged aquatic vegetation (SAV). Other chemi- 
cal evaluations are discussed in the Technical Support Manual (EPA, 
November 1983). 

The biological characteristics of the estuary are summarized in Chapter 
III. Specific information on various species common to the estuary are 
presented to assist the investigator in determining aquatic life uses. 
Typical forms of estuarine flora and fauna are described and the overall 
importance of SAVs--as an indicator of pollution and as a source of habitat 
and nutrient for the biota--for the use attainability study is emphasized. 

In this Chapter, emphasis is placed on a synthesis of the physical, 
chemical and biological evaluations which will be performed, to permit an 
overall assessment of uses, and of use attainability in the estuary. Of 
particular importance are discussions of the selection and analysis of a 
reference site, and the statistical analysis of the data that are developed 
during the use study. 

USE CLASSIFICATIONS 

There are many use classifications-navigation, recreation, water supply, 
the protection of aquatic life-which might be assigned to a water body. 
These need not be mutually exclusive. The water body survey as discussed in 
this volume is concerned only with aquatic life uses and the protection of 
aquatic life in a water body. Although the term "aquatic life" usually 
refers only to animal forms, the importance of submerged aquatic vegetation 

IV-1 



(SAV) to the overall health of the estuary dictates that a discussion of 
uses include forms of plant life as well. 

The use attainability analysis may also be referred to as a water body 
survey. The objectives in conducting a water body survey are to identify: 

1. The aquatic life uses currently being achieved in the water body, 

2. The potential uses that can be attained, based on the physical, 
chemical and biological characteristics of the water body, and 

3. The causes are of any impairment of uses. 

The types of analyses that might be employed to address these three points 
are summarized in Table IV-l. Most of these are discussed in detail else- 
where in this volume, or in the Technical Support Manual. 

Use classification systems vary widely from State to State. Use classes 
may be based on geography, salinity, recreation, navigation, water supply 
(municipal, agricultural, or industrial), or aquatic life. Clearly, little 
information is required to place a water body into such broad categories. 
Far more information may be gathered in a water body survey than is needed 
to assign a classification, based on existing State classifications, but 
the additional data may be necessary to evaluate management alternatives 
and refine use classification systems for the protection of aquatic life in 
the water body. 

Since there may not be a spectrum of aquatic protection use categories 
available against which to compare the findings of the biological survey; 
and since the objective of the survey is to compare existing uses with 
designated uses, and existing uses with potential uses, as seen in the 
three points listed above, the investigators may need to develop their own 
system of ranking the biological health of a water body (whether qualita- 
tive or quantitative) in order to satisfy the intent of the water body 
survey. Implicit in the water body survey is the development of management 
strategies or alternatives which might result in enhancement of the bio- 
logical health of the water body. To do this it would be necessary to 
distinguish the predicted results of one strategy from another, in cases 
where the strategies are defined in terms of aquatic life protection. 

The existing state use classifications may not be helpful at this stage, 
for one may very well be seeking to define use levels within an existing 
use category, rather than describing a shift from one use classification to 
another. Therefore, it may be helpful to develop an internal use classi- 
fication system to serve as a yardstick during the course of the water body 
survey, which may later be referenced to the legally constituted use categ- 
ories of the state. 

A scale of biological health classes is presented in Table IV-2. This is a 
modified version of Table V-2 presented in the Technical Support Manual, 
and it offers general categories against which to assess the biology of an 
estuary. The classification scheme presented in Table IV-3, which was 
developed in conjunction with extensive studies of the Chesapeake Bay, 
associates biological diversity with various water quality parameters. The 
Toxicity Index (TI) in the table was discussed in Chapter III. 
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Table IV-l. SUWARY OF TYPICAL ESTUARINE EVALUATIONS 
(adapted from EPA 1982, Water Quality Standards Handbook) 

PHYSICAL EVALUATIONS CHEMICAL EVALUATIONS 

l Dissolved oxygen 
O Size (mean wfdth/depth) 

O Flow/velocity O Toxlcs 

O Total volume 

O Reaeration rates ' Nutrients 

- nitrogen 

O Temperature - phosphorus 

O Suspended solids o Chlorophyll-a 

' Sedimentation o Sediment oxygen demand 

O Bottom stabflfty ' Salinity 

O Substrate composf- 
tfon and character- 
fstlcs 

O Channel debris 

' Sludge/sediment 

' Riparlan character- 
fstfcs 

O Hardness 

' Alkallnlty 

' PH 

O Dissolved solids 

BIOLOGICAL EVALUATIONS 

l Biological inventory 
(existing use analysis) 

' Fish 

- macroinvertebrates 

- microinvertebrates 

O Plants 

- phytoplankton 

- macrophytes 

O Biological condition/ 
health analysis 

- diversity indices 

- tissue analyses 

- Recovery Index 

' Bfologlcal potential 
analysis 

- reference reach 
comparfson 
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TABLE IV-2. BIOLOGICAL HEALTH CLASSES WHICH COULD BE USED 
IN WATER BODY ASSESSMENT (Modified from Karr, 1981) 

Class 

Excellent 

Attributes 

Comparable to the best situations unaltered by man; all 
regionally expected species for the habitat fncludfng the 
most intolerant forms, are present with full array of age 
and sex classes; balanced trophfc structure. 

Good 

Fair 

Poor 

Fish invertebrate and macroinvertebrate species richness 
somewhat less than the best expected situation; some 
specfes with less than optimal abundances or size dfs- 
trfbutfon; trophfc structure shows some signs of stress. 

Fewer intolerant forms of plants, fish and invertebrates 
are present. 

Growth rates and condition factors commonly depressed; 
dfseased fish may be present. Tolerant macroinvertebrates 
are often abundant. 

Very Poor Few fish present, dfsease, parasites, fin damage, and other 
anomalies regular. Only tolerant forms of macroinverte- 
brates are present. 

Extremely Poor No fish, very tolerant macroinvertebrates, or no aquatfc 
life. 
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TABLE IV-3. 

Class 

A 

B 

C* 

D 

Quality 

Healthy 

Fair 

Fair 
to 

Poor 

Poor 

A FRAMEWORK FOR THE CHESAPEAKE BAY ENVIRONMENTAL QUALITY 
CLASSIFICATION SCHEME 

Objectives 

supports maximum 
diversity of benthfc 
resources, SAV, and 
ffsherfes 

moderate resource 
diversity, reduction 
of SAV, chlorophyll 
occasionally high 

a significant reduc- 
tion in resource 
diversity, loss of 
SAV, chlorophyll 
often high, occa- 
sional red tide or 
blue-green algal 
blooms 

limited pollutfon- 
tolerant resources, 
massive red tfdes or 
blue-green algal 
blooms 

Quality 5 

Very low 1 
enrichment 

moderate l-10 
enrichment 

high 11-20 
enrichment 

significant >20 
enrfchrnent 

Note: TI indicates Toxicity Index 
TN fndfcates Total Nftrogen in mg 1 -1 

Tp indicates Total Phosphorus in mg 1 
-1 

co.6 

0.6-1.0 

1.1-1.8 

~1.8 

Ip 

co.08 

0.08-0.14 

0.15-0.20 

>0.20 

l Class C represents a transitional state on a continuum between classes 
B and D. 
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ESTUARINE AQUATIC LIFE PROTECTION USES 

Even though the estuary characteristically supports a lesser number of 
species than the adjacent freshwater or marine systems, it may be consider- 
ably more productive. Accordingly, uses might be defined so as to recog- 
nize specific fisheries (and the different conditions necessary for their 
maintenance), and to recognize the importance of the estuary as a nursery 
ground and a passageway for anadromous and catadromous species. Currently 
the water body use classification systems of the coastal states distinguish 
between marine and freshwater conditions, occasionally between tidal and 
freshwater conditions, but seldom make reference to the estuary. Uses and 
standards written for marine waters presumably are intended to apply to 
estuarine waters as well. 

It is cOrnnon in these States to include as a use of marfne or tidal waters 
the harvesting and propagation of shellfish, frequently with reference to 
the sanitary and bacteriological standards included in National Shellfish 
Sanitation Program Manual of Operations: Part 1, Sanjtatfon of Shellffs 
&;:;;;s;reasl, published by the Public Health Service .( 19651. The te$ 

app ies to both molluscs and crustaceans. Other marine protec- 
tion uses which may be applicable to the estuary ,are worded in terms such 
as the growth and propagation of fish and other aquatic life, preservation 
of marine habitat, harvesting for consumption of raw molluscs or other 
aquatic life, or preservation and propagatfon of desirable species. 

In establishing a set of uses and associated criteria to be used in the 
water body survey, the investigator might wlsh to consider examples like 
the State of Florida's criteria for Class II (Shellfish Propagation or 
Harvesting) and Class III (Propagation and Maintenance of a Healthy, Well- 
Balanced Population of Fish and Ufldlffel Waters published in the Water 
Quality Standards of the Florida Department of Environmental Regulation. 
The published criteria are extensive and include the following categories 
which are of importance to the estuarfne water body survey: 

Biological Integrity - the Shannon-Weaver diversity index of benthfc 
macroinvertebrates shall not be reduced to less than 75 percent of 
established background levels as measured using organisms retained by a 
U.S. Standard No. 30 sieve and collected and composfted from a minimum 
of three natural substrate samples, taken with Ponar type samplers with 
minimum sampling areas of 225 square centimeters. 

Dissolved Oxygen - the concentration fn all waters shall not average 
less than 5 milligrams per liter in a 24.hour period and shall never be 
less than 4 mfllfgrams per liter. Normal daily and seasonal 
fluctuations above these levels shall be maintained. 

Nutrients - In no case shall nutrient concentrations of a body of water 
be altered so as to cause an imbalance in natural populations of 
aquatic flora or fauna. 

IV-6 



SELECTION OF REFERENCE SITES 

General Approach. There is a detailed discussion of the selection of 
reference or control sites in Chapter IV-6 of the Technical Support Manual. 
Although this discussion was prepared in the context of stream and lake 
studies, much of the material is pertinent to the study of estuaries as 
well. RI verfne water body surveys may range in scale from a specific well- 
defined reach to perhaps an entire stream. One might expect to find a 
similar range of scale in estuary studies. The lateral bounds of the 
rfverfne study area generally are delineated by but not necessarily limited 
to the stream banks. The specification of a reference reach is prescribed 
by the scale of the study. If a short reach is under study, the reference 
reach might be designated upstream of the study area. If an entire river 
is under review, another river will have to be fdentfffed that will serve 
as an appropriate control. 

An estuarlne study may focus on a specific area, but the bounds of the 
study area are not easily defined because a physical counterpart to the 
river bank may not exist. Other factors compound the difficulties in 
designing an estuary study compared to the desfgn of a river study. A 
major difference is that estuary segments cannot be so easily categorized 
because of seasonal changes in the salfnlty profile. Partltfoning the 
estuary Into segments with relatively uniform physical characteristics Is 
an important first step of a water body survey. 

It may be possible to study a sm311 estuary as a sfngle segment, but it 
will be necessary to go elsewhere for a reference site. This may be easily 
accomplished among the many bar built estuarfes of the southeastern coast. 
For the large estuary, one may need only to examfne a well-defined segment 
which has been affected by a pofnt source discharge. If the segment is an 
embayment tributary to the main stem of the estuary, it may not be dfffi- 
cult to ff nd a suitable control embayment within the same estuary. As the 
scale of the study increases, however, the dffficultles associated with the 
establishment of a reference site also increases. It may not make sense to 
treat the entire estuary as a single unit for the use attafnabllfty survey, 
especially if use categories are associated with salinity ranges, different 
depths, etc. In such a case one would segment the estuary based upon 
physical characterlstfcs such as salinity levels and circulation patterns, 
and then define the reference site in similar fashion. As a practical 
matter, it may not make sense to examine an entire estuary as a single 
unit, especially a large one. For example, the Chesapeake Bay has been 
subjected to a form of use attainability studies for a number of years at a 
cost of many mfllfons of dollars. However, Chesapeake Bay is so complex 
that, despite the intensity of study, clear explanations are not aldays 
possible for the many undesirable changes that have taken place. The 
Chesapeake Bay itself is unique and no suitable reference estuary exists. 
From the use attafnabflfty standpoint, an estuary such as the Chesapeake or 
the Delaware or the Hudson is best broken down into segments that are 
homogeneous in characteristics and manageable in size. 

Statistical Comparisons of Impact Sites WI th Control Sites. Reference site 
comparisons typically rely upon either parametric or nonparametric statis- 
tical tests of the null hypothesis to determine whether water quality or 
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any other use attainment indicator at the impact site is significantly 
dlfferent from conditions at the control site(s). 

Parametric statistics, which are suitable for datasets that exhibit a nor- 
mal distribution, include the F (folded)-statistic on the difference be- 
tween the variances at the impact site and control site and the t-statistic 
on the difference between the means. In order to conclude that there is no 
sfgnfffcant difference between the water quality conditions (or another 
indicator) at the impact site and the control site, both the F-statistic 
and the t-statlstlc should exhibit probabilities exceeding the 0.05 prob- 
ability cutoff for the 95 percent confidence interval. In cases where the 
impact site is befng compared with multfple control sites, parametric pro- 
cedures such as the Student-Newman-Keuls (SNK) test, the least sfgnfffcant 
difference (LSD) test, and the Duncan's Multiple Range test can be used to 
test for differences among the grouped means. 

Since water quality datasets are often characterized by small sample sizes 
and non-normal distributions, it is likely that nonparametric statistical 
tests may be more appropriate for the monitoring database. Nonparametric 
statistics assume no shape for the population distribution, are valid for 
both normal and non-normal distributions, and have a much higher power than 
parametric statlstfcal techniques for analyses of datasets whfch are char- 
acterized by small sample sizes and skewed distributions. The one-sided 
Kolmogorov-Smfrnov (K-S) test can be used to quantify whether each dataset 
is normally (or lognormally) distributed, thereby governing the selection 
of either parametric or nonparametric procedures. 
cedures are selected, 

If nonparametric pro- 
significant differences in dlstributions can be 

evaluated with the two-sided K-S test, while slgnlficant differences in the 
central value can be tested with the Uilcoxon Ranksum test. Both nonpara- 
metric tests should exhibit probability values exceeding the cutoff for the 
95 percent confidence Interval in order to conclude that there is no sfgnf- 
ficant difference in water quality conditions at the impact site and a con- 
trol slte. For comparisons with multiple control sites, nonparametric pro- 
cedures such as the Kruskal-Uallfs test and the Frfechfan Ranksum test can 
be used to test for significant differences among medians (if it can be 
assumed that the distributions of each dataset are not signlffcantly 
different. 

The same types of statfstlcal tests can be used to evaluate sediment and 
biological monitoring data to determine whether suitable condltfons for use 
attainability exist at the impact site. Either parametric or nonparametric 
statlstical procedures can be used to compare conditions at the impact site 
and control site(s) which are unaffected by effluent discharge or other 
pollution sources. In cases where there are no statistically significant 
differences in distributions and/or control values, it may be assumed that 
sediment and/or biological monitoring results at the impact site and con- 
trol site(s) are similar. 

CURRENT AQUATIC LIFE PROTECTION USES 

The actual aquatic protection uses of a water body are defined by the resf- 
dent flora and fauna. The prevailing chemical and physlcal attributes will 
determine what biota may be present, but little need be known of these at- 
tributes to describe current uses. The raw findings of a biological survey 
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may be subjected to varfous measurements and assessments, as discussed in 
Section IV (Biological Evaluations) of the Manual. After perfonnfng an 
inventory of the flora and fauna and considering a diversity index or other 
indices of biological health, one should be able adequately to describe the 
condition of the aquatic life in the water body. 

CAUSES OF IMPAIRMENT OF AQUATIC LIFE PROTECTION USES 

If the bfologfcal evaluatfons fndfcate that the biological health of the 
system is impaired relative to a "healthy" reference aquatic ecosystem 
(e.g., as determined by reference site comparisons), then the physfcal and 
chemical evaluations can be used to pinpoint the causes of that impairment. 
Ffgure IV-l shows some of the physical and chemical parameters that may be 
affected by various causes of change in a water body. The analysis of such 
parameters will help clarify the magnitude of impairments to attaining 
other uses, and will also be important to the third step in which potential 
uses are examined. 

ATTAINABLE AQUATIC LIFE PROTECTION USES 

A third element to be considered is the assessment of potential uses of the 
water body. This assessment would be based on the findings of the physf- 
cal, chemical and biological information which has been gathered, but addi- 
tfonal study may also be necessary. A reference site comparison will be 
particularly important. In addition to establishing a comparative baseline 
communfty, deffnfng a reference site can also provide insight fnto the 
aquatic life that could potentially exist if the sources of fmpafnent were 
mftfgated. 

The analysis of all information that has been assembled may lead to the 
deffnftfon of alternative strategies for the management of the estuary at 
hand. Each such strategy corresponds to a unique level of protect1 on of 
aquatic life, or aquatic life protection use. If it is determined that an 
array of uses is attainable, further analysis which is beyond the scope of 
the water body survey would be required to select a management program for 
the estuary. 

One must be able to separate the effects of human intervention from natural 
varfabflfty. Dissolved oxygen, for example, may vary seasonally over a 
wide range in some areas even without anthropogenfc effects, but it may be 
difficult to separate the two in order to predict whether removal of the 
anthropogenfc cause will have a real effect. The impact of extreme storms 
on the estuary, such as Hurricane Agnes on the Chesapeake Bay in 1972, may 
completely confound our ability to dfstfngufsh the relative impact of 
anthropogenfc and natural influences on fmnedfate effects and longterm 
trends. In many cases the investigator can only provide an informed guess. 
Furthermore, if a stream does not support an anadromous fishery because of 
dams and diversions which have been built for water supply and recreatfonal 
purposes, it is unlikely that a concensus could be reached to restore the 
fishery by removing the physical barriers -- the dams -- which impede the 
mfgratfon of fish. However, it may be practical to install fish ladders to 
allow upstream and downstream migration. Another example might be a sftu- 
atfon in whfch dredgfng to remove toxic sediments may pose a much greater 
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threat to aquatic life than to do nothing. Under the do nothing alterna- 
tive, the toxfcs may remain in the sediment in a biologically-unavailable 
form, whereas dredging might resuspend the toxic fraction, making it 
bfologfcally avaflable and also facilitating wider distribution in the 
water body. 

The points touched upon above are presented to suggest some of the phenom- 
ena which may be of importance in a water body survey, and to suggest the 
need to recognize whether or not they may realfstfcally be manipulated. 
Those whfch cannot be manipulated essentially define the limits of the 
highest potential use that might be realized in the water body. Those that 
can be manipulated define the levels of improvement that are attainable, 
ranging from the current aquatic life uses to those that are possible wfth- 
in the lfmftatfons imposed by factors that cannot be manipulated. 

RESTORATION OF USES 

Uses that have been fmpafred or lost in an estuary can only be restored if 
the condftfons responsible for the impairment are corrected. Impairment 
can be attributed to pollution from toxfcs or overenrichment with nutri- 
ents. Uses may also be lost through such activities as the disposal of 
dredge and fill materfals which smother plant and animal comnunftfes, 
through overfishing which may deplete natural populations, the destruction 
of freshwater spawnfng habftat which will cause the demise of anadromous 
species, and natural events in the sea, such as the shifting of ocean 
currents, that may alter the mfgratfon routes of species which vfsft the 
estuary at some time durfng the life cycle. One might expect losses due to 
natural phenomena to be temporary although man-made alterations of the 
estuarfne environment may prevent restoration through natural processes. 

Assuming that the factors responsfble for the loss of species have been 
identified and corrected, efforts may be dfrected towards the restoration 
of habftat followed by natural repopulation, stocking of species if habitat 
has not been harmed, or both. Many techniques for the improvement of sub- 
strate composftfon in streams have been developed which might find applfca- 
tfon in estuaries as well. Further dfscussfon on the importance of sub- 
strate composition will be found in the Technfcal Support Manual (EPA, 
November 1983). 

Stockfng with ffsh in freshwater environments, and with young lobster in 
northeastern marine environments, 
models for restocking in estuaries. 

is commonly practiced and might provide 
In addftfon, aquaculture practfces are 

contfnually being refined and the literature on this subject (Bardach et 
al., 1972 1 should prove helpful in developfng plans for the restoration of 
estuaries or parts of estuaries. 

Submerged aquatic vegetation (SAV) is consfdered to be an excellent fndfca- 
tor of the overall health of an estuary because it is sensitive to envlron- 
mental degradatfon caused by physical smothering, nutrient enrichment and 
toxics. Because SAV is so important as habitat and as a source of nutrient 
for a wide range of the estuarfne bfota, its demfse signals the demise of 
its dependent populations. If uses in an estuary have been impaired or 
lost, it is likely that SAV will also have been affected. 
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Unfortunately, the cause of SAV degradation is not always clear. In the 
Chesapeake Bay for instance, controversy persists as to the cause of loss 
of SAV and the loss of bfota which depend to whatever extent on SAV. 
Trends noted over time in the demise of these populations may conceivably 
be related to trends fn toxic, sediment and nutrient loadings on the Bay, 
and to trends in the release of chlorinated wastewaters from POTWs, chlor- 
inated effluents from industry and chlorinated cooling water from power- 
plants. Areas in which SAV has been adversely impacted are areas where 
there are toxfcs in the sediment and/or where algal blooms prevent light 
from reaching SAV comnunftfes. 

The ability to restore areas of SAV will depend upon the fnftfal causes of 
loss, and the ability to remove the causes. Toxfcs in sediment may be a 
particularly difficult problem because of the fmpractfcalfty of dredging 
large areas to remove contaminated bottom substrate. An fnabflty to remove 
toxic sediments which may have caused a decline in SAV and other benthic 
communities severely limits the likelihood that these populations may be 
restored to past levels. 

The control of nutrients may be a much more tractable problem. If nutrient 
fnputs to the estuary can be controlled, SAV popul'atfons may begfn to ex- 
pand on their own. In the Potomac River estuary, phosphorus removal at the 
Blue Plafns wastewater treatment plant, which serves the greater Uashfng- 
ton, D.C. area, has resulted in sharp reductfons in algal blooms which are 
considered a major factor in the demise of SAV within the Chesapeake Bay 
system. 

Apart from natural processes which result in the enlargement of areas of 
SAV, SAV may be restored through reseeding and transplanting, depending 
upon the species. Generally speaking, reseeding may not be a practical 
approach because of the cost of collecting seeds and because one would not 
expect all seeds to survive, although Vallfsnerfa (wild celery) shows some 
promise in using seeds to reestablish populatlons. Some areas may reseed 
naturally, but fn many cases SAV populations may be too distant for the 
natural transport of seeds to be lfkely. In these cases, plants may be 
transplanted in order to restore SAV. Reestablishment is accomplfshed by 
transplanting shoots and rhizomes. 

Although transplanting may be a more practical alternatfve, the outcome is 
not assured. In an effort to reestablish SAV, plugs of Zostera (eelgrass) 
and Potamogeton (sage pondweed, redhead grass) were plantedthe Potomac 
River estuary. These beds showed some measure of success, depending mafnly 
upon the substrate present. The transplanting of SAV is a labor 1 ntensfve 
operation and as such would requfre a considerable cost in time and re- 
sources to restore even a small area. 

In Tampa Bay, Florida, stress on the ecosystem, including the disposal of 
dredge spoils which have smothered SAV comnunitfes, has caused a sfgnfff- 
cant loss (25.220 ha. or 81 oercentl of submeraent wetland veaetatfon. Ef- 
forts to reestabl fsh-Spartine (cord grass) and"Thalassfa (turtlegrass) have 
resulted in the restoration of about 11 ha of vegetatfon (the growth and 
spreading of rhizomateous material fs increasing this figure) (Hoffman et 
al., 1982 1. The transplantatfon of Thalassf a and Halodule (shoalgrass) 
near the discharge side of a powerplant was less successful, in that 
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Thalassia failed to survive for 30 days where the mean water temperature 
was 31°C or greater, and only small patches of shoalgrass survived near the 
outer edges of the thermal plume. These differences could not be attri- 
buted to differences in sediment composition (Blake et al., 19761. Never- 
theless, other transplantation efforts emphasize the importance of 
substrate to plant survival. For example, Thalassia prefers a reduced 
environment while Halodule prefers an oxidized substrate. 

Transplanting oyster spat from "seed" areas which are protected from har- 
vesting to areas less favorable for reproduction is a relatively cotmnon 
practice. Seed areas ideally exhibit optimum salinity and temperature for 
oyster reproduction and spat set. Clean shell is deposited as substrate in 
seed areas and spat often become very densely populated. Spat are then 
moved to areas where an oyster population is desired. Steps may also be 
taken to prepare the bottom (often by depositing oyster shells) where an 
oyster reef exists, or where attempts will be made to establish an oyster 
reef. 

Although there has been some progress in the aquacultural sciences towards 
rearing species that may be found in the estuary (clam, quahog, oyster, 
scallop, shrimp, crab, lobster, flatfish), techniques are not well-advanced 
and there is little likelihood that they could be successfully applied on 
any scale towards the repopulation of the estuary. As with SAV, the exper- 
iments and the successes with the reestablishment of species are limited, 
and the more important factor in the restoration of habftat is the control 
and reversal of the various forms of pollution which cause the demise of 
estuarfne populations. 
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APPENDIX A 

DEFINITION OF THE CONTAMINATION INDEX (CI) AND 

THE TOXICITY INDEX (TI) 

To assess the contribution of anthropogenic sources of metal contamination 
over time, sediment cores may be analyzed. The Wedepohl ratio compares the 
amount of metal in the sediment sample with the concentration in an average 
shale (or sandstone). In the Chesapeake Bay program, scientists have 
measured silicon and aluminum, then correlated metals with Si/Al ratios. A 
contamination factor (Cf) may be computed as follows: 

Cf = (Co-Cp)/Cp 

where: Co = surface sediment concentration 
Cp = predicted concentration, derived from the statistical 

relation between the Si/Al ratio and the log metal content of 
old, pre-pollution sediments from the estuary. 

Thus, Cf < 0 when the observed metal concentration is less than the pre- 
dicted value; Cf = 0 when observed and predicted are the same; Cf > 0 when 
the observed is greater than the predicted value. 

The Contamination Index (CI) is found by summing contamination factors for 
metals in a given sediment. 

Then, 

The Toxicity Index (TI) is related to the Contamination Index and is 
expressed by the following equation: 

where: Mi = the "acute" anytime EPA criterion for any of the metals, 
but M1 is always the criterion value for the most toxic of the metals. 

The "acute" anytime EPA criterion is defined as the concentration of a 
material that may not be exceeded in a given environment at any time. When 
evaluating Toxicity Indices, sampling stations should be characterized by 
their minimum salinities. This is because the toxicity of metals is often 
greater in freshwater than in saltwater. 

A more detailed discussion of the development of the Contamination Index 
may be found in the U.S. EPA publication, Chesapeake Bay: A Profile of 
Environmental Change (1983a) and A Framework for Action (1983c). 
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APPENDIX B 

LIFE CYCLES OF MAJOR SPECIES OF ATLANTIC COAST ESTUARIES 

Contents 

1. General Fishery Information 

a. 
b. 
c. 
d. 
e. 
f. 
g. 
h. 
i. 
j. 
k. 
l. 
m. 
n. 
o. 
p. 
q. 
r. 
s. 

Alosa aestivalis (Blueback Herring) 
Alosa pseudoharengus (Alewife) 
Alosa sapidissima (American Shad) 
Brevoortia tyrannus (Atlantic Menhaden) 
Callinectes sapidus (Blue Crab) 
Crassostrea virginica (American Oyster) 
Cynoscion regalis (Weakfish) 
C. nebulosus (Spotted Seatrout) 
Ictalurus catus (White Catfish) 
Ictalurus nebulosus (Brown Bullhead) 
Ictalurus punctatus (Channel Catfish) 
Leiostomus xanthurus (Spot) 
Mercenaria mercenaria (Hard Clam) 
Micropogonias undulatus (Atlantic Croaker) 
Morone americana (White Perch) 
Morone saxatilis (Striped Bass) 
Mya arenaria (Soft Shell Clam) 
Perca flavescens (Yellow Perch) 
Pomatomus saltatrix (Bluefish) 

(from U.S. EPA 1983a) 



TABLE le. cwVllDmEwTAL TOLEUltccS 01 ALDSA AESTIVALIS (BLUEBACK )(tlRIltc) CAltADIAll MAaITlma TO IT. Jomt’S RIVEI, IL 

HADITAT WOD AWD CECDIIK; c- b DfiVEL- ?REOATDRS AID 
LIFE STAGE rtQurREMEm FACTORS OIltENT FACTDRS DCHAVIDR COltPETlTO9S 

Tidel-frerh end lw- ttot l ppliceble No intoration kc l ppliceble Mo informet ion 
brechirh veter. 
tgar are found ia 
l tremm end rivorr 
uitb l vift currentr 
and 8mdy or rocky 
l ubetrete. 

SELECTED 
RCFERPXCES 

krrbidgo 1974 

Nudroo l d lterdy 1974 

loner et al. 1978 

Lipproa et l l. 1919 

Tidel-frerh end - coDePodr 
breckirh ueter. 
Lervu are found io 
tributary l treae l md 
upper portions of 
river*. 
Opt imum l elinity 
o-5 ppt. 

_ . Growth occura 
durrng verm tem- 
peraturcr. 

Interrpecific 
competition with 
Rey l chovy in 
breckirb ueter 
cause. lervee to 
aelect food iteme 
other then the 
preferred type. 

Compete uith Bey 
.nchovy. 
Prey of predetory 
fish frtriped beor. 
vhite porch) 

Lervee 

Tidel-frerh end 
breckirb veter. 

Juvenile Juveniler l re found 
priurily in l urfece 
veterr. 
Tolerete relinity 
o-Ie ppt. 
Optimum l elinity 
o-5 ppt. 

Selective feeder Grout h occur@ Youuu juvenr lee 
remain in wrury 

Prey of predetory 
duriq deyliaht. during verm ter- firh (#tripod beer. 
- copepodr peraturcs; rate of l ree until rh uhite perch, 
- copepoditeo grwth ie more fell, then under- blwf irb) 
- Doemine rpp. rapid then for teke l l eewrd 
- ucrosooplenkton l leviver. l iaretion. Y-CY 

may remeio io the 
lowr Bey durily 
firrt or second 
uimier. 

O-34 ppc ralinhty. - rooplenkton Bluebeck herrin& Schoolily berrily Prey of predetory 

Adult 
Adult;.enter the Bey - cruntaceme mature in 3-4 yrr.. occur ia l l errou f ieh frtripvd 
to rpam in frerh- - crustacean l 8ge l d reach l meli- bend of coeotel beer, bluef irh. 
uater; return to the - inrectr mum lecyth of la.0 water; mow to the wekfirh) in frerh. 
ocean after rpemiq. - f irh l 8ar end cm. botta during winter. brackirh, b relt 

lervee Herring are ana- water. Teraec of 
dr-•. l iaretirg l cowrcibl A 
into the Bay to retreat ion81 
rpm io rprina. f krhery. 

Dowmutb end Reed 
1980 

Rmey and Marrunn 
1953 
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TABLE lb. t!~IR~~~ mLtUftcLS Of e yS~UDOllA~EW;~~ (ALEWIFE) NtYfOUNDUWD TO SODTN CMOLINA 

HABITAT POOD AND ftLDl*C CROWN A DLVEL- 
LIFE STAGE RtQuxrwNTs 

rRf.DAToas rJ0 
fACTOIS 

SELECTED 
OPISNT fACTORS BcnAvIOu aMLTlToRS RCfERCNCCS 

O-O.5 ppt l elinity. Not l ppliceble Hatching period 6 Not l ppliceble lo ~aforutioa 
Es&o are rcleered in 

Jonee l t l l. 197a 
daym. Nem u&or 

UW l lw, l belloU teDp. 6001. 
portion0 of creoke 

Shea l t al. 1980 

end riwrr owr 
detritue or l emdy 

Lippeoa et l l. 1979 

l ubrtrete. Nildebrend and 

O-3 ppt l elinity. 
Schroeder 1928 

- rotrferr No informet ion form l choolr 
Lervec rerbin in 

Prey of predatory 
- copepod neuplii 

vicinity of l peunily 
within l-2 deya 

Larwe 
firh fubito perch 

aftor hatcbiq. end l crird beeo) 
area at deptbr lerr 
than k. 

Tolerete l elinity - copepode Crow very repidly, Young juveni lee 
o-34 ppt. 

Prey of predatory 
- myeid l brimp porrtbly due to l ilrete touerd the 

Optimum l elinity 
f irh fbluef irh, 

enteriry l elc wetor. oceen in tbe fell, l criped bere. ubice 
0.5-5 ppt. were~e 105 -. l ae ownwinter in 

Juvenile Youq juveniler l re 
percb) 

deep l reee of cbe 
found in nureery Bay. 
area0 from ohor0 to 
rhoro; l e tbo fieh 
8-u. th8re ie l l lov 
downot re- mowment . 

Adult 

O-34 ppt relinity. Mid-ueter feeder Alewife mature in Scbooliry l leuife Prey of predetory 
Multm enter the - copcpodr 3-L yrr.. weeuriq l bou rqulm fieh lrtriped 
Bey to l peun in - young firh an l verege 25.0-30.0 l nedraoue Aloeid baer, bluefirh, 
froehueter; return - rooplenktoa cm in lelytb. coeetr1 movmnte. wekfirh). In 
CO ocean by mid- - myoidr Alewife l re ene- frerb, breckirb, 
a-r. dr-•, l iaretily end l elc ueter. 

into tb ky co Ter#et of c-r- 
rpwm in l prily. ciel end reeree- 

tionel firhary. 
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TABLE lc. tNYlROl@ENTAL TOLLRAKCS Of ALOSA SAPIDISSIHA fAMIlCAI( SHAD) CULf Ot ST. IAUUIIC~ TO PLORIDA 

HABITAT fDOD AND FEEDING CRWN 6 DEVEL- mJ!DAToRs AND 
LIFE STAGE u!QllrREmlfTs FACTORS OPl9ZwT FACTORS UIUVIOR CXNUTITOU 

O-O.5 ppt relinity. Nor l ppliceble Terpereturer l bovo NOL .,plic.b1o IA0 i~foluriom 

SELECRD 
UVUCNCCS 

Yilkbromd l nd 
Strew0 and riwrr 
uitb euift currotate 
l nd randy or rocky 
l ubecrmtm. 

2loC l nd low D.O. 
levelr decremu 
bmtcbiq l ucceme. 

Optilra rmlimity lb iaforutioa At 0.0. lcwlr of lb imforutiom preyed upon by top 
D-5 ppr. 5 ppm. mma l treaa predatory l pecieo 

Larvae Lawn are foam4 at end rortmlity occur.; fmtriped berm, 
deptbm 8remror them at D.O. Iewlr of bluefirb. uhite 
h. 4 pp~. high rortmlity perch, ocbmr berrily 

may occur. #PP.) 

Tolerete l mlinity feed et or Youry grow repidly Juveniler r-in Capetition with 
0.5-12 ppt. beneeth l urfece duriry thm firmt in netel l tremo rpecier l ueb mm 
Opt iu rmliaicy - depbnid clmdo- a-r. and riwrr until the l lcvifo or 
5-12 ppc. cerana tbm fell, thn bluebeck berriry 

Juwnile Young juveni lee - bouinid cledo- undertmke l waved influence locet ion 
aredumlly move into ceranr =ilrecion. Sam of feeding firh & 
more l mlinm umtmre. - other clmdocormn reuio io thm lowr relection of prey. 

l PP. Bey durily tbm hey of top proda- 
- copepodr fird riotmr. tory l peciee. 

Tolerate l mlinity feed in eurfmce Growth rete de- Sbmd l re l nedraoua, hay of Cop pre- 
D-34 ppt. lmyer ereaaee l fcer 3 riarmtily into rbm detory fieh fblue- 
Adultr enter the Bey - copepodr year* of l Se. Bey CO l pmun io firh, rcriped beee). 

Adult to l pmun in frceh- - r-e11 fish Ileech mesue l priq. katr are TerSet of l c-r- 
wafer or on flotr in - plenkt ivorour uturity io 4-5 built, but no ciel end recrem- 
t idel ueterr; rmcurn cruateceaam yoarr. pmreotol cmrm ir tionml firbmry. 
to occen l fter - inrectr live0 to l 8Se. 
rpeunicy. 

khroodmr 1928 

Ihm. me 01. 1980 

MmtL l md Rod 
198D 

Lippwa et ml. 1979 

Lllir et ml. 1947 
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TASLE Id. XNVllOlMXNTAL TOLXMHCX‘ 01 BRtVOO1TIA TTXANNUS (ATLANTIC MNHADfN) IIOVA SCOTIA TO UlLf Of #XICQ 

MAXITAT POOD Am TXXDINC CXOUTH & DCVCL- PREDATORS AND 
LIFE STACX rtcyJ1rucNTs fACTO@S OPHENT FACTOIIS ~tNAVIOn COMPLTlrOIS 

XXX* are relaa.ad in kc applicable k informer bon Hoc applicable k ioforution 

SLLXCTLD 
aLfLltNcc‘ 

Prietaa and Uilli. 
clu ocean, probably 
not far (be far be 
64 tr) from the 
nx#Cb of the may. 

Larva. 

Early larvae Colarat. SiSbt-•loctive It0 inf 0rm.t ion Larvae enter the No rnfotut LOO 
IS-34 ppt salinity. feeder. Say in rprinS when 
Optimum salinity - copopodr they are about IO-IO 
25-34 ppt. Later l ixa of fish I lone; uy reach 
they concentrate in influeluea ri.8 nursery l r.ati ia 
tidal frerh CO low of copepod. larval or Juvenile 
brackirh watera takeo. #t.~e. 
(O-3 ppt ralinicy). 

Tolerate ral~n~ty fr Icer feeder No knforut ton YounS-of-the-year Prey of top preda- 
o-34 ppr. - phytoplankton juvcnil.. remain tory firh includiry 

Juvenile Optimum salinity in ch. Bay durinS b1wfi.h and #triPed 
O-15 ppt. Y0unS.r 6-r; may leave bear. 
fish concentrate in in fall or over- 
tidal-fresh CO lw- winter in Bay. 
brackish watera. 

Adult 

Tolerat. salinity Filter feeder Some fish uy reach Schooling urine Prey of Cop prc- 
l-36 ppt concentrac. - rooplankton macurrcy I” one ye*,; fish vhich cntcr d.tory fish in- 
in ar.aB of S-18 ppl - larger phyto- all fish l r. m.cure the ky in rprinS eluding bluefish 
ralinity where food plankton by 8Se 3. R.xiu to feed; moat and rcrrped barr. 
patch8s 0CCur. One - longer chain* length around 47.0 iiSrate seaward in TarSet of a com- 
and two year old of charn- c.. the fall, ChouSh wrcial firhery. 
adultr ucilire the forminS dratomr. wme uy overwinter 
6.r; older fieh fecdrng behavior in the lover Say. 
remain off the is linked to food 
COA~C. denrity and par- 

ticle rire. 

1973 

‘he. l c al. 1980 

JUM brad Carlaon 1971 

Durbi. and Durbio 1975 

Lipproo et al. 1979 
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TABLE 1.. ENVll-ICTAL TOUBAINX‘ Of CALLINCCTCS SAPIDUS (BLUE CRAB) NEW JEBSLY T’O fLO8ZDA 

lIMITAT FOOD MD ftCDlNC CROWH b DCVEL- 
Llft STAGE MQlJIU!JUDTS fACTOBS OPI(cNT PACTORS BCnAVIOR 

Hatch at raliniciar Bloc applicable Salinrty l ffccte Itot applicable 

CBS. 
of 10.3-32.6 ppt; 
optimum l alinitiea 
for batch are 23-30 
ppt. t.~ler carry 
the egg0 uotil batch 
occura. 

hatching l ucceoe. 

mcwoas AWD ‘LUCTTtD 
C~H~LT~TOBS u!fcRCNccs 

k inforutioo VA0 Log.1 et al. 1973 

sb.. AL al. 19eo 

lulkio 1975 

VA0 gng.1 1958 

Sadoa and 8ogarr 1944 

Lipproo 197 1 

Lipp.00 at .l. 1979 

foeam 

Tolerate l alinitiea - rottferr toru Dolt at l..rt toebe l bw an k informat ioo 
of 15.8-32.3 ppt; - Nauplii larvu three timer. with attraction to 
optimum ralinitier - .ea urchin the final mold pro- ligbr. 
arm 21-28 ppc. larvae ducing a megelope. 
Loeam are found in - Po1ycba.c. Molting ir affected 
the upper l urfrce larvae by salinity. temper- 
water. ature, l.rv.1 con- 

centration., and 
light intcnrity. 

Optiu l alinitiee anivorou. 
of 20-35 ppc. neg.- - planer 

M.g.lop. lopr uy b. found in - finb and rhall- 
rurfaca water. or 00 fish piecer 
the botta. - detritus 

Availabriity of 
prey l ffecte diet. 

Juveniler concentrate 
in brackirh water 

Juveni lee with ralinitia. leer 
and than 20 ppt. Adult 

Adult. male. concentrate 
in ralioitiar of 
3-15 ppc. faule. 
concent rate in 
.alinitira of LO-2g* 
PPC * 

- benchic organ- 
iu. 

- e-all firh 
- planer 
- rhellfirh 
- ~.ll cruat- 

l ceana 
- detritur 
Availability of 
pray l ffectr diet. 

Salinity and cemper- H.galope and juven- Ilo inforutlon 
acure affect the ilee love into the 
duretion of the Bey through th. 
rS.lopr rt.ge. l ntrarmnc in bottm 
HeSalopr wtuorphora water., beginning io 
into . rail juvcaile fall. In winter 
crab. youly crabs cease 

l iSrationr and burrow 
into chennel boottar. 

Crab. reach l exual 
uturity in 12-20 
wnthr dependins on 
timing of hatch. 
Crouch occurs by 
l haddicy the rhell. 
and ir reSulate6 by 
uacer temperature. 

In uarm watber. 
juvenile. move in- 
rhore. Yhen terp.r- 
l cureo drop, juven- 
ilee move to channel 
arm88 to overwinter 
in .ami-bikrnation. 
Adulta have r&milar 
wwmenc parceroe. 

- predatory firh 
ruch be l criped 
beer and bluefirb 

- bird. much be 
heronr and herring 

* guile 
- a cwrcial and 

ret rest ion8 I 
f iehery. 
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TAtILL 11. ENVlBONHBNTAL TOLERANCE‘ 01 CRASSOSTREA VIBCINICA tAMEBlCAN OYSTER) NW ENGLAND TO CULf COAST 

HABITAT FOOD AND FEEDING CBOUTH 4 DEVEL- PICDATOBS AND 

L 1fC STACE nrqu I RWNTS CACTORS OPMENT FACTORS BEHAVIOI C0HPETlrOBS 

Optimum ral~nity of Not l pplicabl. Turbrdrty lcvcl, of Not l pplrcable No rnf0rr.t ion 

SELECTED 

BEftBLNCLS 

C.ltrof f 1964 

EBB’ 

L.rvac 

22.5 ppc; below IO t?s .‘ L-l Or mO,C 

PPC * l urvrval ir poor. reduce drvrlopunt 

PelbgiC egg# rclcarcd end survival of 

in opea water. CC“. 

Optimal growth occure filter feeder TurbidICy lcvelr of Oyatcr lervac Prey of planktonic- 

at l alinrt~er of - phytop1rnhcon 100 .‘ L-l CaUSC move within the fecdtng firh end 

12.5-25.0 ppt. - bactcrir htgh l.rv.1 morc.lity. crtu.ry by entrain- invartcbrater. 

The rite of food S.lrnicy. trrpcr.- wnt in bottom 

parcicler t.ke” ir cure. rnd avat lablc weterm. Larvae werch 

a function of the food irlf lucncc for witable substrate 

mouth l ice. larv.1 dew lopment . on which to .ttach 

in .bouc two weeke. 

AC Wtttn‘, \@rVac 

wcarorphore tp epat. 

filter feeder Spat crhlbtc r.pid Oyaterr lnitirlly Compcc~torr 

- phytoplrnkton grouch durrng rho develop l . l .ler. - boring rpongel 

- b.ctcria frrrt ye.r. Crouch yet by the recond and clams 

Juvcn~ lcr S.llnicy 5-35 ppt. - decritua retes .re .lfrcccd breeding eeleon - rllpper ah.11 

fapJt) Oymterr .re found by l v.ilabrltty of m.ny chang. into - •~. squirt 

in l hallov u.c.r Ierr food. r.linrty, .“d 1cm.l.r. - barn.c Ice 

than IO YCCK~ deep. water temperature. - rparoch.ctcr 

0pt1wm survival of - pertOl.tbtl‘ 

oy9term occur* on filter feed on Crouch ie .ffcct.d Eprbcnthic vrch AI‘M 

Adultr 

h;rd rubrtrate ruch l-12 m,cron pr.y 

.I rockr, pilrngr. - phycoplankton 

and oymccr l helle in - b.ctcrr. 

the intertidal and - dctrltus 

rub-tidal zon.e. Turbtdity .nd low 

tmper.curcs *n- 

f lucncc feedrng 

and dige#CiOn. 

by rubecr.te type, 

r.linity. tcrpcra- 

Cure, Kid.1 flow, 

and CrOUdin‘. Oy*Ccrs 

rcech re~ual maturity 

during the second 

ycer of growth. IA 

few reach uturrty 

l c one year (Haven)l 

frequent l lcernat~on 

of I.“. form elm- 
wntticr or “hers.” 

Oysccr dtrtrrbution 

in high.r relinlty 

l r..s ir rertrlcc.d 

by predatora and 

parericer. 

Prcdatorr 

- oyrcer drill* 

- blue crabr 

- l terfcah 

- brrdr 

- c-rci.1 firhery 

Dlre.W?* 

- Perkinsus wrinus 

Tfkrvw~ 

Haven and Morale.- 

Alamo 1970 

Borringa I952 

D.vir and Calebrare 

l9& 

Ukaler I971 

Andrew 1967, 1968 

H.vcn, p.rs0n.l 

c-ntcac ion 

- Menchinra neleoni 

(NSX) 
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TABLE I‘. fNV1BOmm*L TTXJlBANCBS of CYNOSCION RCCALlS tWEAKfISH) MASSACNUSCmS TO fLORIDA 

HABITAT POOD AND FLCDINC CROUTH b DEVEL- PREDATORS AND SELECTED 
Llff STAGE ucQu1rcncNls FACTORS OPMENT FACTORS BEHAVIOR COnPETlTOl.9 BBfEBcNCcS 

Tolerate ralinitrer Not .ppl&c.bl. Eggs .r. suscrpt tble Not l pplicabl. No information 
of 5-34 ppt. 

Lipp.on et al. 1979 
Co low D.O. lcvclr 

BBC. Buoyant eggr are ra- and ruddcn ch.nges Daiber l c al. 1976 
learned in the n.ar- in either m.llnicy 

rhore and l ecuarine or tcmperrturc. Yilk 1978 
C0n.I l lon# the c0a.t. 

Larvae 

Tolerate ral~nitiee No ioforut ion 
IkYuCh 1978 

Larvec cennot vith- No inforutioo lb inforut ion 

12-31 ppc. l t.“d rudden Chan‘ca 

Larvae rarain in the in either ralinlcy or 

gcnral vicinity of tcrpcracurc; . 5OC 

rpauainB. ch.ngc in terpcr.cure 

in either direction can 

be f.t.1. 

About O-34 ppt - rhrimp Ycakfirh grow most Young juvaniler move Preyed upon by 

rallnrcy. Young-of- - other crust- r.pidly during their into low l alinicy bluefirh, rtripcd 

Juvenile the-year fish move acean l pp. firrt year, re.ching area* for th. ruwr; bare, and lerge 

into low rallnicy - b.y anchovy an average length of l igrat. to the tobet weakf irh. 

area* over soft, - youry menhaden I9 c.. in fall, and move 

ruddy bottom.. - other emall fLah offrhor. and l outh In 

the v1nt.r. kgin 

rchoolrng be pre- 
l dulce. 

Adult 

Tolcr.tc ralinrticr Prir.rlly pirci- Ye.kf trh .re rcxu.lly AdulCa l chool, arriv. Preyed upon by 

of IO-3c ppt. voroun mature in 2-3 ye.,,. in B.y in spring, blucfirh end 

Adultr remain Ln the - menh.den .nd rc.ch an .vcr.gc I..“. by late fall atr1p.d b.rr. 

lower portion of the - hcrrl”‘ spp. length of about 50.0 end head qouch .nd The Cer‘ct of A 

Bay. - b.y wchovy c.. offrhorc for the corerciel end 

- ri lvcraidea winter; return north recre.t ion.1 

- CrusKaccanr to inrhor. area, frrhery. 

- annelidr in l pring. 
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TMLC lh. CNVIROWNTAL TOLXMNCXS OF CYNOSCION NEBULOSUS (SPOTTED SEATWOUT) DELAUAM TO RXXICO 

HAIlTAT FOOD AND FEEDING CROUTN b DFVEL- 

LIFE STACX REQUIIEHENTS FACTORS Of’HtNT FACTOWS BEHAV IOU 
PREDATORS AND SCLXCTXD 

COnPET ITOXS UFCRENCCS 

MO informat ion 

SpwninX occura at Egg. .re l uacept lblc 

ralinitica of 30-15 to low D.O. and l uddcn 

PP’* Hatched in 40 Mot applicable chanXcs tn r@linity Mot l ppl icable 

hrr at 25%. or temperature. 

LXX. reported a. 

both deuraal and 

pelagic. rclearcd 

in deeper channcla 

and holea adjacent 

to graaay baya and 

flata. 

Larvae 

Crouch of lervac 

ir rapid, about 

4.5 - in I5 daya 

after hatchiq. 

YounX f,sh l pcnd 

their juvenile 

life in vcXctatcd 

flata, moving co 

deeper water in 

winter. 

Very au11 in- HiXhly l cnritivc to fend to remain 

vertebratea. chanXc# ,n tempera- clorc to rite 

including copc- cure. Ykntcr-t iw of rpwning No inforut ion 

poda, myrrd cold ahock and hiXh tn graaay 

shrimp, and poar- temperature chanXca f lata. 

larval penacid cwaea killa. 

ahrimp. 

Fish 1arXcr than Aa the trout ‘ro”. Femalea Xrw f*atcr start to Reported aa 

2 inchca rhow a dlcr changea to than males but ulca school aa hiXhly can- 

Juvcni Ic tendency to con- include IarXcr por- attain sexual maturity young fiah nibaliet ic 

gregate in l choolr. portronr of cari- at a rrallcr size. but remain in in the port- 

Remain in Xrarry, dean shrimp and Growth ia rapid in Xcnral area larval atage. 

ahallow water flaca then to pcnacid flrrt year with of nuracry 

until colder weather ahrirp. length* of 13 c. ~roundr until 

cause, the- co move attained by the firat cold weather 

to deeper water. winter and 25 cm camea the= to 

their rccond winter. mow* to deepar 

water. 

Tabb 1961 

Arnold et al. I978 

Idyll and Fahy 1975 

Lorio and ?crrct 

1980 

(cent itwed) 
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TAgLC lh. (COMIWCD) 

HABITAT FOOD AND FEEDIW CllOUTN b DCVEL- PgCDArOlS AND SELECTED 
LIPC STAGE ‘EQUI‘CNINTS FACTO‘S Of’HENT FACTOIS 8CMAV 108 CClWCTITOgS 8cFc‘ENcLS 

Adult 

While tagging l tudiea 
ahow that ame au- 
trout trawl aa ucb 
aa 315 milea, momt 
studier rhow ttwt 
few firb leaw their 
natal errwry. 
C. nebulorua occu- 
Fta l mom l outhara. 
warnr water habitat 
than doer C. regalia. 

Liattd ea the top 
carnivore in moat 
l rtuarilu c---ni- 
tier. Aa an adult, 
vi11 oat all other 
firb of l wllw 
rite a8 wll l . 
rhrimp and ~11 
craba. 

Longevity indicated 
to be S to 9 yeara of 
l ge. Centrally mature 
at one to three yttra 
with 50X l czuelly 
mature by end of 
l tcond year (25 CI 
in length). All fiah 
l ppeered to hove 
l ponwd by age three. 
A 1978 report citta 
the largeat l tatrout 
caught woa 16 pounda. 

Hov-t pat- 
ttraa hare 
been traced to 
the premcnce 
or l bacace of 
ptwe id 
l hrirp. 
Seaaonol movewnte 
corr*apond to water 
temperature l d 

l pawicy l eaeon. 

A top predator 
which would be 
in cmtitioa 
with other pre- 
datora such aa 
blutf iah and 
atripod boaa. 
both c--rcial 
l d rocro4t ioarl 
fiaberita. 
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TABLE Ii. EWlROWEWTAL TOLLMMCES OF ICTALUYUS CATUS (WITE CATFISH) WEY YORK TO FlAXIDA 

ItAl ITAT MOD MID FEEDllK CROUTH 4 DEVEL- ?lEDATOKS AIID SELECTED 
LIFC STACE REQU1RCWXl-S FACTORS OPltEwI FACTONS BCtlAVIOI CXUWEtlTORS lEFLUNCES 

Ireehuetcr kc applicable 
La81 deposited in abeeta 
built neer rend or 
grevel be&r in #till 
or running ueter. 

tagr need to be 
l oreted. 

got l ppliceble lo informecion 

Larvae 

In frerhueter, uy 
move into tide1 
water. 

lb informat ioo Yolk JJC IJrvJc 
byperr \erval 
rtqe, develop 
directly to 
juvenile rtqe. 

No informet ion k inforutioa 

No inforretioa 
Juveai le 

k inforut ion Remain in l choolo k inforution Growth cant inucr 
et II ppt l elinicy until end of 
or Iem. firrt e-r; 

initielly Suerded 
by perent l . 

Harirur salinity of anivorou8, solr- Fish mature in one 
14.5 ppt Tory. bottom feeder to two yeerr. 
Yidcrpreed in Bay. -plant ratcrral 
Prefer heevily rilted -emelI firh Mesiw length 
bottom. -clemr end rneilr 61.0 cm. 
Inhebic river channelr -worm* 
end l trema with rlou -insect* 
current. pondr. and -deed materiel 
Idea. 

Adult 

Stay in wetero k iaforutioa 
greater than 3 l , 
overwinter in 
deeper weter (1) l ), 
move upetrem to 
apewo in frerh- 
water. 

Jooer et l l. 1979 

Lippsoa et l l. 1979 

Deiber et l l. 19% 

Keodell end Scbuortr 
1960 
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TAILC I j. EMVlBOlO4ENtAL TDLEIAMCES Of ICTALURUS WEBULOSUS (Bh IW IULLWEAD) SOUTNERII CANADA TD SOUTHEBII FKIBIDA 

HABITAT FOOD AWD FEEDING CBOUTH 4 DEVEL- PREDATORS AND SCLECftD 
LIfL STACL REQufRErtt~ IACTOU On&MT IACTORS BcnAvIou cmfrtflroaS Utcuncts 

Fredwater 
Eggs deporited ia 
nesta in rend or 
gravel at depth. of 
reveral iaches to 
*everal feet. 

Mot applicable Eg)D csporcd to 
direct l relight 
produce poor 
hetchea. 
cum need to be 
l Biteted. 

Mot l ppIiceble No ieforutioe Joner et 01. L918 

Lipproa et l l. 1979 

Frertweter k Loforut ion Grouped in I 
trght “I. at 

No inforuthoa 
Deiber at et. 1976 

Larvae Found at botta rtqe, develop botta. 
directly to juvenile 
stage. 

Juveai le 
Found -ng veptation lb iaforutioa ,b &ofONt iDe Young juvent le s IkI imfDNtim 

or other cover over herded in rchoolr 
muddy bottae. by parent@; uy 

remaan in l hoolr 
throuBhout f irrt 
8-r. 

Adult 

Advltr era uideapread cbnrvDrour, Mature at 1 year@. A rchooltnB bottom lo IIICONCLOI 

throughout molt of the rolitery botta Meaiu IenBth rpecirr which i# 
Bay area. 0ccurrinB in feeder l round 5O.B cm. active primarily at 
chamls end rheLlw. - plent uteriel niBht. Firh may 
muddy weter l round - rull frrh burrow in raft nedi- 

equetic w8etation. - cl-r ad rcuilr mentr. Adult* l ttond 
Hexiu reliaity 10 - worms l “r wld orally 
PPt. - inrectr qitate. 

- dead uteriel 
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TABLL lk. tNViRO(nllAL TOLUAMXS 01 ICTALURUS WKTATUS (CWMEL CATFISH) YUDSM MY B.ICIM TO MDBTHEBl MEXICO 

NAIlTAT FOOO AND FEEDlMC CBWTH 6 DEVEL- PUDA~DIS AND SELECTLD 
LIFE STAGE ncqurrc4Qm FACTOIS OPMEMT FACTMS 8cnAvI08 COMpLT 1TOBS UFLu*CLs 

U8 

Larvae 

t&&m 1 CD 2 deya old lot l ppliceb\o lo Informerion lot l ppliceblo Lb kefDNtiDe JDM~ et l l. 1978 
tolerate l eliaity to 
IO ppt; 3 dayr and Lippa l t l l. 1979 
older 16 ppt. 

Daikr l c al. 1976 
tolerece reliaitier b hfDNtiO#l Abnorul dove lop- Larvae guarded by k iOfONt iDe 
up to 8 ppc. wnt DCCUT. 4t male f&rat few dayr 

temperacurer above l fter hetcbily. 
3Pc. Yolk-rat 
lervre byperr Iervel 
rtage. develop to 
juveai le ateBe. 

TDlOr4te NlinitieB Feed at l urfece Growth continuer l c Bcrein in rcho~lr No infoNt ion 
up to 11-12 ppt. 11 ppt rellnlty or up to *everal weha. 

Juvenile lea*. Show #tronB rchoolily 
and hidin tendencier 
tn firrt yeer. 

Adult 

Hexiu l elinity of bnawrour, moli- Mature in 2 to 9 Haler construct neata *o inforutioe 
21.0 ppr. prefer lere trry. bottom years. Me~imm end Buerd 8~0. 
than 1.1 ppt. feeder lctqth around 
Restricted dirtributioe - plant materiel 120.2 cm. 
in Bay. - emeLI firh 
- deeper chennela of - clrr and rneile 
1erBc river. with - worm 
rlugBirh or ruift - LnIeCt* 
curr*nt . - deed uteriel 
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TABLE 1 1. ENVIB~nTAL TOLEBAIMX‘ OF LKIOSTDWS KAMTHUBUS (SPOT) RASSACHUSETTS TO FLOBlDA 

HABITAT fO0D AND fEEDIW CsOvcH 4 OCVEL- PREDATORS AND 
LIFE STACK 

SCLKCTED 
rcQuxrrHENTs FACTOBS OFPlENT FACTCIRS BEHAVIOB COMPETlT0BS UFEUWCES 

kg‘s are reteaaea over not 4ppklcmre No hntormat aon No1 l PPl8cable Jc I- ruch . . Yudma l d Yerdy 1974 

ED‘ 
the coatineotel &elf. 

. , ~ ~-- 
the .ea wlwt 
IMneriopvir Ieidyi), 
predetory urine 
f&ah. 

shw et l l. 19Bo 

Lippaon et al. 1979 

thoum 1971 
Lerv4e 

Tolerete l ellnity O-33 Sight-selective No inforut ton No infometion Prey of predatory 
ppt. Optiu raliaity feeder firh end birdr 
O-5 ppt in the l rtuery. - plenktonic cope- 

poda 

Tolerete relinity btta feeder Crwth durinB ?ort -larvae l re Su *a dove 
o-34.2 ppt. rort- - benthic herp- first w-r LI carrred into the Bay 

Juveni 18 Larvae and young l ct icoid cope- repid. juvenl lcr in April throqh 
fish concentrete at rod* ..y -a.“,@ 11 c. l ntretmenc in bottom 
rrlinitier of 0.5-5.0 - l nmlidr by lete fell. YaterD. School elonB 
ppc; durirq yeara of - plent meterie ahore durinB a-r. 
hiBh population density Young move dDW@betrem 
Young uy move into l * they Brw. 

freshueter. Prefer 
muddy rubrtrete. 

Adult 

8-M ppt 4elinity. Bottom feeder Reach rewel utu- Adultr enter the 8ey hey 01 IerBe Brw- 
Occur et depthr Breeter - burrwing poly- rity by the third in Aprkl end Hay, fish (arriped brsr), 
then 1 m over roft cheetcr year; u4mum Ieavo for rpewnioB rherka, and the 
muddy bottom; larger - l nnelidr Iecyth around 33-15 Broundr offrhore from target of recrertionel 
fish prefer chennl - ore11 cruets- C.. Au‘. ChrouBh kv. and c-rc rel firh- 
waterm. ceana eriea. 

- wllurcr 
- racroaooplanhton 

Chao end Nulick 1977 

Peterr end Kjeleon 
1975 
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TABLE le. ENVl~OMEllTIL TOLLMIUXS OF MERCENMIA t4E#lCLWARlA (HARD Cl&l) NOVA SCOTIA TD YDCATAM 

LIFE STAGE 
HABITAT FOOD AND CEEDIIK; 

IlEQUlREMEcElrrS FACTORS 
CUUTH 6 DEVEL- 
OPitEIlT FACTORS 6EnAVlOI 

PREDATORS AND 
COWETITOU 

SELECTED 
UFCUMCES 

Tolcr4tc 20-35 ppt llot 4pplic4ble Smllnity Jffectr Et&a are cerrted on Ilo ioforution Lie44oa 1973 
EssJ 44linity, prefe; 26.5- 

27.5 ppt. 

S4linirier greater th4a lb tnformation 

. - 
egg development. currentr in th4 D4y. 

D4iber et 41. 1976 

L4rv41 dew lopunt L4rv44 4re init i4lly Clw l*rv*e are prey Shea et 41. 1980 

Larvae 
17.5 ppt. Lervee 
pel4gic. found in 
rurfece wetere. 

4te 
the 

ia 4ffccced by pel4gic, but CDu4rd of other filter 
44linity, tcrpvr4- the end of rhtr feeding org4aiu4. Certe~ee end Chenley 
cure. turbrdlty, acage, they 4ltern4te I973 
and circulation betwen J pl4nktonic 
p4tterns. 4nd benthic l 4i4tence. 

Optiw 44linitr 26-28 Filter feeder Crouch ratem vary ‘fount clvr h4ve bi- Prcd4torr include 
PbC# survive 44linitier - algae 4pecier with the type of se&t BDn4d4, - oy4t.r drill4 

Juvenile JJ low 44 12.5 ppt. - detritu4 rub41 r4te wed; uau4lly dorrn4ted by - blue crmbr 

tarter growth rrle ch4r4ctcrirticr. - moon 4n4il4 
occur* in comr44r After the firmt - conchs 
redkent.. 4p4wning 4e44on. - horaerhoe cr4br 

about 50X of the juve- - mea atera 
nilcr becou feulr. - wffers 

- v4terfowl 
S4linitiea cre4ter th4n Filter feeder Large clua me4sur4 Adult4 4p4vn durrng - coy no4ed r4y4 

Adult 
15 ppt. H.;d c lur - 41g44 rpeci44 12-13 cm in IenBth. ae4p cider; rp4uniry - drum fish 
occur in mubridal ..y be both the~lly - un 
or intert id.1 vatera 4nd cheric4lly 
with rolid subatrete rtiuleted. 
(shell or rock). 
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TABLE In. tnwnOmf~1~~ m~.~utms OF ~fCf10#)(;0fft~S uwwuflls (ATLANTK croruer) are COD. no TO FLOBIDA 

HABITAT FOOD AND fEEDlK CYWtl & DEVCL- PREDATORS AND SELCC’TED 
LIFE STACE REQUI~MNTS FACTORS OPNEWT FACTORS IEIIAVIOR COHpETlTOlS REFCUIUCLS 

Eggo are rJfJJJJd ia Wet JpplicJbie No inf0rr.t ion Not Jpplicmble No info-t ion Sh.4 Jt 41. 198O 
the ocean near the 
mouth of the Bay fra Hi~debrmad and 
Au8u.t throuah Schroeder 1928 
DJcmmber. 

LippJDll et 41. 1979 
LJ~VJO vhich enter the LID iof0rm.t ion No informat ion Larvae b4lin enterinn Ho inforution 

Larvae 
BJY in fall reuin i. 
Channel VJtJrO Jt 
depth8 greater than 
k; carried Co the 
r4lt vmter interface. 

the BJY ii fJt1 - Stickwy et ml. 1975 
throqh Jntrminment 
in bottom vatera. Chmo Bad Murick 1977 

tt4V.n 1957 

Young juvenile. are Juvenile. ~OJJ No grouch occur. Ycmrling croaker Striped bars predm- Joreph 1972 
found in chJnne1 vmterm than IO cm during the winter leave in the fall. tion on overvintering 

Juvcni le of O-21 Jet JJlinity. - hmrpmct icoid armron; young f1.h juvenile. IJY depr.88 YJ~~JCJ IPCO 
Older fi;i tend 
doun-river from 
younger firh. 

to 6e cop&d. hJve been killed the population; 
the Older juveni lea during intcnrive juvenile. also preyed 

- POlyChJeteJ cold perrod* on on by bluefirh. 
- CIUItJCCJ~S the nur.cry groundr. 
- firh 
- other inverte- 

brate. 

TOterJte JJtinitV - J~JLI CrUJCJ- Croaker reach a Croaker JnIJr ChJ prey of top predm- 

Adult 
O-40 ppt. Opt ir;r ceJ”. maximum length of BJY in rpriry, tory l peciem (rtriped 
**tiniCy LO-34 ppt. - l nnclid. around 50 cm. remaining in the bJ.4 Jnd blucflrh). 
Hard bottom Jt depth8 - mollu*cJ lover l rtumry until The CJrgeC Of 4 
greater than k. - Jr~ll firh fall. then they c-rciml and recre- 

l i‘r‘te back CO JJJ. 4tion4l fi*hery. 
Umtcr tcmpermture 
inf tuencer croaker 
ri~rJtioaJ. 
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TABLE lo. C)(Vt~~*fAL TOLC.IAWCEs OF )(olONE AMIICANA (YHITC PERCll) l&WA SalTlA to SOUTH CAROLINA 

WMlTAT FOOD AND FEEDIm; CRlm-rH b DLVEL- PICDAM~S AI(O SELECTED 
LIFE ST&CC RrQullrnENls f ACTORS OPMENT FACTORS BmAvIoI C4mPtTltOaS UfLIcncCS 

tolerate seltnity O-6 Not l ppltceble Suspended scd tmenc Not l ppliceble No rnforutioa Shee et al. 1980 
PPC * Ells a18 rolcased 
in cidel-freeh to lw- 
breckirh uetere ia 
l hallouo l loq ck 
shore. 

levels about 1500 
ppI lncreeee incu- 
betion pried. 

Lippaoo et al. 1979 

Yi ldebrend and 

Schroeder 1928 

Yud~oa aad Uerdy 19?4 

Loo* 1975 

Menweri 1961 

Larvae 

Tolerate l elinity O-8 Sight-aelective Terpcreturc end Dcuin in 8peuniw Compete with striped 
ppc, prefer O-l.5 ppt. feederr l varlab~liry of l rea. rettle to bear larvae in 
nraiu depth 12 ft. - rotifrrw rotifcrs effect* bottom. Ccnerel nur.cry .*C“. 
L#lUae sre twnd irr - cladoccraa~ development of dovwtrer wwwat ?rcycd upon by 
shellou ueter over - COpepodD yolk-rat lerree. *a lerree develop. fish (strivd beer) 
rend or 8revel bare or end birdr. 
mud bottom. 

Tolerate selinity O-13 - copepod Crouch positively Juventloe remain in Compete vith l criped 
ppt, prefer O-3 ppt. - cledocerrns corrclercd with wroery area at least besr jovcniks. 

Juvenile found in #hallow - ineecr Iervee tcmp*raturc and until 20 - lona, mey Preyed upon by frrh 
rlu6greh water over solar rrdtat ion. reuia until 1 ycer (striped here. blue- 
l ilt , mud. or vcSe- Crouch trlf lucnccd Old. Juveai lee l ey firh) end bird.. 
trtton; wve to randy by populatron form tar88 l choole. 
rhoelr end beechcr at denrAcy. 
night, 

Adult 

folcratc selinity O-30 8octa oriented, Crouch races Schoolily l dultr Preyed oo by IerSer 
ppt, prcler 4-18 ppt. prsc Lvoroua decrease with age are resident co the firh (striped bars, 
In a-r. Conccntr~tc - l rlt end hrSh popularion Bay. Yhite perch bluefish). Also the 
near whorls. occasion- - yellow Perch dcnsrty. NbleS are semi-•nedrooour. crr~ct of l comerci4l 
l lly in channel areas. - young l elr wturc in 2 yeers. makicy speminl and recrcat~onal 
In winter, found in - youn‘ l tr iped femelcr in 3. l iSrat ione up4t rem f iahcry. 
deeper v~tcr; wve co besr io sprig. 
channel6 during coldcot - insects 
periods. - crostacemm 

B-16 



TABU lp. tNVIiOllClTAL TOfl%AMXS Of )(oIoI(L SAXATItlS (STRIPED BASS) ST. LAUIERCC RIVER. CANADA TO ST. JOHN’S RIVER, fi 

HABITAT fOOD AND ftEDl)(C CUWl’H 4 DEVEL- PREDATORS AND SELECTED 
LIFE STAGE BEQU IIIENENTS fACTOllS OWBIIT FACTORS SLUAVIOR U)~PETIT~RS UPLuLNcCS 

Toler.te r.lln&ty O-10 Not .pplrc.ble Sllrnlty .“d tcrp- Mot .pplic.ble Prey of vhite perch. Set.ler l c .I. 1980 
PPt. 1.5-3 ppt optiul. 
1.0-2.0 I .ec-1 
optimum flow r.te. Semi- 
buoy.nt e&se relearod 
ia frerb to brackirb 

l reture inf lucnce 
developwnt. hynton et .l. 1981 

k4vw bad Wilbursky 
194D 

tilli. 1952 
mater. 
Tolerrte ..linity O-15 Sight .eIective Tcrpereture .nd PoritiveAy phoco- Compete with white 

L.1v.e 
PPt * S-10 ppt optiuf. feeder 
Cl. 3-l .o . ..c-’ 

bdequ.te food t rophic ; nculy- Perch 1.rv.e in 
- copepod inf lwnce growth. h.tched 1erv.e rink nursery l ree. 

optim.1 flw l.c.. - rotifer. between 4uimin& 
- open water4 - c 1.docer.n. efforts; .c 2-3 
- at 13 1. wve Wigb prey concen- d.y. of .&e l.rvec 

inshore for filet tr.tioa. aeceaaery c*n rwir continuouely. 
@--I for .ucc..rful 

firrt feeding. 

Juvenile. 50-100 m. Won-•electivt Tcrpcreturc .nd Domst reem movement 
Toler.te s.linity O-35 feeder pop;l.tion density 

Compete with white 
Of YOUW-Of-fk-YCJl pcr;h in nurrcry 

Juveni Le PPt. Optir.1 LO-20 - insect 1.rv.e inf Lutnc. growth. fish. 
O-l l *cc-l 

Year LinSs Prey of predatory 
PPC. - polych.ctcs school io riverr or fish. bird.. -Is, 
optiul f Lou rete. - l.rv.1 firh wve into lover and “I. 
- prefer s.ndy .ub- - .mphipod. estuary in s-r. 

l trete but found - mysidr 
over erwel bottoms 
.s well in l hellou 
YatOl#. 

Tolcrete O-35 DDC. Piscivorour Tempereture. .ge. Androu~~s, riAr.te Cap.tr wrth bluc- 

Adult 

. . - 
usu.lly in ..linitie. - .Lcuifc 
greater then 12 ppt. - blucbech herri* 
Suwr h.bit.t tncludeo - white Perch 
hiah l nr~y .hor.linee - rpot 
with . current. Over- - unheden 
winter in chennels in - bay l achovy 
estuary or offrhore - cro.ker 
at depths below 6 I. 

popul.tion denrity, to freehueter-to fish, weekfish, end 
mad orygcn level* sp.uo, return to white perch. Ca- 
ioflwace trouth. louel ..tu.ry 01 &rciel end recre- 

ocean 4fter .pwnin8. .tio”el firh.ry for 
Young fem.1.. (2-3 .triped b.rs. 
yr) l igrete l loq 
COIN in e-r uith 
older fish. 

Do10sher 1970 

Shee et al. 1980 

W. D.pt. Net. Res. 
1901 
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TABLE lq. LIIYIUWIUTAL TOLERANCES 01 MTA MLNARIA tSOPT SNLLL CLAM) lAIllA0OR TO DItll C4ROLIIIl -- 

UMlTAT fOOD AND ftEOIK; cuwtn 4 DEVBL- PREDATDDIS AN0 SEUCTLD 
LlfP. STAGE UqululmtTS fACTORS ONNT PACTORS WllAVlOI MnPETlTOAS URILIOCLS 

Es81 are ratoared by Not l pPlicable Uo lnforut ran lot l pplicaLIe lo i.forut ioa she. at AL. 1980 
redentary odultr io 
Iv0 l paraily p..kr, 
rpring aA fell. 

Hrairr raliaitr for Filter feeder Temoeraturc inf lu- After tha l la.ktoaic lb0 informat iolr 

LblVU 

Iarval rur*i**i~ia 

’ PW. 
- naked flaaek- tnces lerv.1 devcl- 1.rv.e d&lop ruf- 

latee opwnt; at IOOC, ftciantly. they 
- ocher micro- larval development rtmrphore to 

l copic planktoo ir rfw. dult form 4.d 
‘PP. r8ttl. to the botrm. 

Juveoiler occur over Surpearioa fuder Juvcnlle clvs l r. Juvenilte can move Predators inckde: lt.ttbiee.en 1960 
a broad.1 depth raqe - p&yropla~ton l enrrtivc to salia- about by uriq the - blue crab 

Juvenile the. .&lee. - ricro.ooplr~too icy fluctu.tlon.. waculrr foot or by - oyster drills 
- Cecteria CUIl~ncn. T’-Y - horeeehoe crab@ 

- datritua rrtablirh a permment - cow-nom6 r.y. 
burrow Mua one iwh - herrin 6~11. 
long. - u.terfou1 

- botca feedily 
Tolerate ral&nity 3-3’5 Surpemton feeder Clra reach sewal Adultr occur ir deep, fish 

Adult 
PPt * Optimum 16-,12 ppt. - phytoplankton uturity in one permanent burrwr io - c-rci.1 l md 
Cleu occur on rhaliw - l ~croaooplanktoo ye.,. Growth is ~h.1 la uac8r. rerr8atioaal 
rubtidal beds in atable - bacteria influcncrd by water f ishrier. 
sub.tr.tea at depthe - detritur current.. food 
1e.s th.n b-10 m. @UPPlY * temperature, 

and l ediunt type. 

lacy 1911 

Jterrill l d Tubiuh 
1910 

Yallua et al. I965 

C.rta8or l .d Chanley 
1911 
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HABITAT F00D AND PEEDIWC CA0UTH & DEVEL- PAEDATO~S *no SEUXTED 
LIFE STAGE rEQuInENEm FACTORS OPNEWT FACTORS ~CHAVIOR COnPET ITMS UFERENCES 

us 

tarwe 

- . D > ppt ra11nrty. Wet l ppliceble Lou terperaturrr Not l ppl tceble lb iX&tion ktrler et al. 1980 
Non-tide1 end t idel- during rpaunrng 
fresh uater. .e..on C.“.C l n Lipproa at l 1. 1979 

ertcnded LncubJr ion 
period (2-l Y&S); Au,uld end Schubel 1974 
larvae more dcvel- 
oprd Jt hetch thJn Deiber et al. 1976 
other l nedrowur 
l peciee. nuacy 1962 

Tolerate ralinity O-2 - plenktoa Selinitier crerter Larvae move down- Freyed upon by white 
PPt * optimum o-o.5 ppt. thJn 2 ppt intcr- acre- Jfter f--h, rtriped bare, 
Shellw, frerhuJter; fere vrth larval hrtchins; concentrete chain pickerel. 
aurvivel reduced ubeo development. ru*r l urfecr, form 
rediwnt concent rat ioae l choole. 
erceed 500 q 1-I. 

0.5-10 ppt, concent rat* - em11 cruete- Crmr quickly Initielly concentrate ?reyed upon by firh 
at rellniticr of 5-7 ceanm during ftrrt yeJr; at eurfJce, becow such .e white perch 

Juvenile ppt in suur. Found - inrectr $rowth rate demereel Jt Jbout 25 Jnd rtriped bJrr, 
in veseteted l reee neer - wo”. decreeerr wtth Jsc. -. blrdr, urule. 
rhore. - mollurcr Femeter hrvc greeter Compete with white 

growth rate than perch Jnd rtriped 
malea. bear. 

Adult 

TolcrJte O-13 ppt - bay Jnchoviee Nales mJtu1.J et I Sprlry l israt ion Capeter with rraller 
sJlinity. prefer 5-7 - rilvcrridcr year of .gc, uprtreu to *pawn; fish and invcrtcbretes 
ppt in au-r. Prefer - rinnorr femalea mature l C return dounrtrer for food. ?reyed 
higher rJlinicy. tide1 - iropodr .gc I or 3; grov l fter rpewnina. upon by birdr 
weterm with muddy - mphipodr to 51 C.. Large (rrganserr). ftrh 
subrtrate. - rn~rlr popular iona cause (garr and piker), and 

- cruatacema rtuntrns of adulcr. l n. 
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TASLX lo. LIFE WlSrolY OI ?C+UTWUS SALTATXIX IM.UCrISH) WOVA SCOTIA T0 ADCCWTllU 

HAllTAT FOOD AND PEXDlNC CX0UTN b DLVEL- PXXDATOXS AND SLLECTLD 
LIFE STAGE uqu1rEla!nTs FACTWS OPNEMT FACTORS un4v1DR CUWCTI TOU UFERCNCES 

Eaam releered off-rhore Met rppliceble No bnforut ~0th kt l ppliceble lo rnformetioe Limeoe et l l. 1979 
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APPENDIX C 

SUBMERGED AQUATIC VEGETATION 

Compiled from Stevenson and Confer 1978. 



APPENDIX C 

SUBMERGED AQUATIC VEGETATION 

Ceratophyllum demersum (Coontail) 

Characea: Chara, Nitella, Toypellas 

Elodea canadensis (Common elodea) 

Myriophyllum spicatum (Eurasian watermilfoil) 

Najas guadalupensis (Bushy pondweed) 

Potamogeton pectinatus (Sago pondweed) 

Potamogeton perfoliatus (Redhead grass) 

Ruppia maritima (Widgeongrass) 

Vallisneria americana (Wild celery) 

Zannichellia palustrls (Horned pondweed) 

Zostera marina (Eelgrass) 
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Ceratophyllum demersum (Coontail) 

References 

Oistributfon 

Frequents quiet, freshwater pools and 

slow streams. Also in the Maryland 

portion of the Chesapeake Bay. 

Temperature 

Critical minimum temperature for 

vegetatfve growth of 20°C. with 

optimum growth at 3O*C. 

Salinfty 

Essentially freshwater, but grows 

normally in salinities under 6.5*/,,. 

Substrate 

Often grows independently of substrate 

material. 

Light, Depth and Turbidity 

Shade tolerant, requfrfng a minimum of 

2 percent full sunlight for optimum 

growth. Not considered to be depth 

limited due to its rootless nature. 

Turbidity is not as detrimental for 

coontail as for rooted vegetation 

because of shade tolerance and water 

surface habitat. 
c-2 

Mason 1969 

Wilkinson 1963 

Bourn 1932 

Sculthorpe 1967 

Chapman et al. 1974 



Ceratophyllum demersum (Coontail) 

Continued 

References 

Consumer Utflfzatfon 

Foliage and seeds rated as having great 

importance to ducks, coots, geese, grebes, 

swans, waders, shore and game bfrds. 

Moderate importance as ffsh food, shade, 

shelter and spawning medium. 

Sculthorpe 1967 
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(coplcd fnxn Hotchkiss 1967) 

Flgun 1. CoontalI (Ceratophyll urn dwwsum) 
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Characea: Chard, Nftella, Tolypellas 

References 

Dfstrfbutfon 

Prfrarfly found in freshwater envfronnents. 

Some species inhabit brackfsh waters but 

are not found In truly marine environments. 

Found in temperate and tropfcal regions of 

all the contfnents. 

Temperature 

Germination of Characea occurs after mafn- 

tenance at 40°C for one to three months. 

Salinity 

Certaf n species ranged in salinfties up to 

15*/,, with growth cessation and limited 

survival at 20°/oo. 

Substrate 

Most species of Characea grow in silt or 

mud substrate though a small number of 

species tend to grow in shallow water on 

sandy bottoms. 

Light, Depth and Turbfdfty 

The Characea are capable of surviving In 

low light intensities. Have been found 

fnhabftfng fresh water at depths up to 

65.5 m (Lake Tahoe), with incident 

c-5 

Hutchinson 1975 

Cook et al. 1974 

Hutchinson 1975 

Dawson 1966 

Hutchinson 1975 

Hutchinson 1975 



Characea: Chara, Nftella, Tolypellas 

Contfnued 

References 

radfatfon of slightly more than 2 percent 

of that reachfng the lake surface. 

Consumer Utflizatfon 

Consumed by many kinds of ducks, especially 

diving ducks. Also provides habf tat for 

aquatic fauna. 

Martin and Uhler 1939 
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(coofed from Hotchkiss 1967) 

Figure 2. Muskgrass (Chara sp.) 
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Elodca canadensfs (Conon clodca) 

References 

Dfstrlbutfon 

Encknic to North kwrica and naturalfzcd 

to many Industrfalfred natfons of Europe 

and the southern hemisphere. 

Tapcrature 

Uater wratures of15 to18T are 

necessary for successful growth. 

Sallnlty 

klfnity range of fresh water to brackish 

water of 10°/..= 

Substrati 

Prefers a sofl to sand nrbstrate. Grows 

bettcr~enruotmlthanY)IMsuspm&d. 

Light, Depth and lurbldlty 

Maxlufrequencyofelo&aisbetueen 

3.0 l and 7.5 l depth. Capable of 

quickly gmulng up through covtrlng 

layers of sllt. 

Ye0 l%Sb 

U.S. Amy Corps of 

Engineers 1974 

Ye0 1%5b 

Hutihlnson 1975 

Hutchinson 1975 
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El&a canadensis Komon elodea) 

Continued 

References 

Cammer Utllizatlon 

Hat ltttle value to water foul. 6enerally Martin and Uhler 1939 

unpalatable to aquatic insects. Epiphytes Hutchinson 1975 

grow rbundrntly bebeen the teeth on the 

leaf wrgjns and on the upper leaf surfaces. 
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(copied from Hotchkiss 1967) 

Figure 3. Common elodea (Elodea canadensis) --- 
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Myrfophyllum spfcatum [Eurasfan watermflfofl) 

Ueferences 

Dfstrfbutfon 

Native to Europe and Asia, is widespread 

in Europe, Asia and parts of Afrfca. 

Found fn Chesapeake Bay area, also fnfested 

many lakes in New York, New Jersey and 

Tennessee. 

Anonymous 1976 

Springer 1959 

Sprfnger et al. 1961 

Stotts 1961 

Temperature 

Found growfng fn temperatures rangfng from Anderson 1964 

O.1° to 30°C. Anderson et al. 1965 

Salinity 

Found in sallnitfes ranging from 0 to 

2o"/oo. Grows best In salfnftfes of 

0 to 5 O/co. Inhfbftion starts at 10°/,, 
and becomes severe from 15 to 20°/oo. 

Substrate 

Rawls 1964 

8oyer 1960 

Grows best in soft muck or sandy muck 

bottoms. Maxfmum density cofncfdes with 

ffne organfc ooze while mfnfmum densfty 

is found In sand. 

Patten 1956 

Anderson 1972 

Steenfs et al. 1967 

Phflfpp and Brown 1965 

Springer 1959 

Light, Depth and Turbidity 

Sensftfve to turbfdfty and grows In water 

more than 2 m deep, If clear. Lfmfted to 

1.5 m fn extremely turbfd waters. 

C-11 
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)brlo&yllu tplcatm (Eurrslan uatcrrilfoil) 

Continued 

Conturr Utilltrtlon 

Low grade duck food. Found In digestive 

tracts of 27 Cmrda these, 6 species of 

brbbliq ducks, 4 species of divers and 

31 coots In the vicinity of Back By and 

Currltuck Sound. Offers support for 
rufhchs which later beam food for hightr 

life forms. Crowds out more desirable 

foods. 

Fl orschutz 1973 

llrrtln et il. 1951 

Springer 1959 

Springer et al. 1961 
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(copied from Hotchklss 1967) 

Figure 4. Eurasian watermllfoil (tlyriophyllum tplcatum) 
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Najas guadalupenses (Bushy pondweed) 

References 

Distribution 

Essentially freshwater or brackish water 

species, ranging frflm fl*egon to Quebec, 

and California to Florida. 

Hotchkiss 1967 

Martin and Uhler 1939 

Temperature 

No information 

Sal ffl!ty -. - 

Prefers 3"/,, salinity. Found in Pctomac 

River at salinities of 6 to 9"/,,. 

Steenfs 1970 

Substrate 

Prefers soils containing a predomfnance of USDI 1944 

sand, but tolerates substrate of pure muck. Martin and Uhler 1939 

Light, Depth and Turbfdlty 

Usually found in depths ranging from 0.3 to Martin and Uhler 1939 

1.2 m, but has been recorded at depths over 

6 m. 

Consumer Utflization 

Excellent In food value for waterfowl. Birds Martin and Uhler 1939 

eat both the seeds and the leafy plant parts. 
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(redrawn after Hotchkiss 1967) 

Figure 5. Naiad (Najas sp.) 
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Potamogeton pectinatus (Sago pondweed) 

References 

Distribution 

Range includes freshwater streams and Martfn and Uhlet 1939 

ponds, also brackish coastal waters of Hodgeson and Otto 1963 

the United States and portions of Canada. Oevlin 1973 

Most abundant in the northwestern states 

and the Chesapeake Bay in the United States. 

Reported to be a pest species of irrigation 

systems in the west, and fn cranberry bogs 

of Massachusetts. 

Temperature 

Germination shown to OCCUF when water 

temperature reaches 15 to 18OC. 

Yeo 1965b 

Salinity 

Maximum seed production, seed germination Teeter 1965 

and vegetative growth occurs in freshwater. 

Salinftles of 8 to 9°/oo generally decreased 

growth and getmlnatfon rates by 50 percent. 

Substrate 

Grows on both mud and sand bottoms. Prefers Sculthorpe 1967 

silty bottoms. Rickett 1923 

Light, Qepth and Turbidity 

Requires at least 3.5 percent total sunlight Bourn 1932 

for growth. Shading produces yellowed, 

sparse foliage, elongated nodes and rigid 

unbranched stems. C-16 



Potamogeton pectfnatus ISago pondweed) 

Continued 

References 

Consumer Utillzatlon 

One of the more important waterfowl plant 

foods. Nutlets and tubers reported to be 

excellent food source for ducks; rootstocks 

and stems are consumed to a lesser degree. 

Also provides protectfve habitat for fish, 

oysters, and benthfc creatures. 

Martin and Uhler 1939 

Fassett 1960 
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I 
I 

(copied from Hotchkiss 1967) 

Figure 6. Sago pondweed (Potamoqeton pectinatus) 
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Potamogeton perfoliatus (Redhead grass) 

References 

Distribution 

Fresh and moderately brackish waters. 

It has been found fn Labrador, Quebec, 

New Brunswick and extends to Eurasfa, 

northern Africa and Australia. Its 

presence has been recorded In the 

Chesapeake Bay through 1976. 

Temperature 

Experiments showed that respiration and 

O2 consumptfon fncteased as temperatures 

increased from 25 to 4O*C, with death 

occurring at 45OC. 

Salfnftv 

1.5 to 19”/00, tolerant to 2S0/oo. 

Substrate 

Grows best on a mixture of organfc materfal 

and silt with a minimum carbon to nitrogen 

ratio, a high capacity to recycle ammonia 

and a low redox potential. Moderately 

organic nuds fairly rfch in nftrogen and 

exchangeable calcium are more suftable 

than highly organic muds. 

Ogden 1943 

USFWS Mfgratory Bird and 

Habftat Research 

Laboratory 1976 

Anderson 1969 

Anderson 1969 

Mfsra 1938 
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Potamogeton perfoliatus (Redhead grass) 

Continued 

References 

Light, Depth and Turbidity 

Usually found in still or standing water 

ranging from 0.6 to 1.5 m depth. Maximum 

rate of photosynthesis attained where 

lfght intensity was about 1.1 g cal/cm2. 

Consumer Utilizatfon 

Seeds, rootstocks and portions of the stem 

are consumed by Black Ducks, Canvasbacks, 

Redheads, Rfngnecks and other duck specfes. 

Also eaten by geese, swans, beaver, deer, 

muskrat. Provides protective cover for 

various aquatic organisms. 

Felfoldy 1960 

Martin and Uhler 1939 

Martin and Uhler 1939 

Fassett 1960 
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(copied from Hotchkiss 1967) 

Figure 7. Redhead grass (Potamoqeton perfoliatus) 
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Ruppia marftfma (Widgeongrass) 

References 

Distrlbutfon 

Inhabits a wide range of shallow, brackish 

pools, rivers and estuaries along the 

Atlantic, Gulf and Paclffc Coasts. Also 

occurs in fresh portlons of estuaries, 

alkaline lakes, ponds and streams and in 

shallow, saline ponds and river deltas of 

the Great Salt Lake region. 

Temperature 

5. marftfma appeared to have two growlng 

seasons within the temperature range of 

18" to 30°C. Growth ceased outside this 

range although some frufting and flowerlng 

occurred at temperatures higher than 3O*C. 

Sal Ini tv 

Tolerant of a broad salinfty range, from 

5.0 to 40.0"/00. Tenslon zone of over 

30"/00. Flowering and seed set occurs 

in range of tapwater to 28°/oo. 

Substrate 

Prefers soft bottom rrrrds or sand. Has been 

found growing on shallow sand she1 1 gravel 

soils in Russfan rivers and streams. 

Martln et al. 1951 

Radford et al. 1964 

Ungar 1974 

Chrysler et al. 1910 

Joanen and Glasgow 1965 

Steenis 1970 

Anderson 1972 

McMfllan 1974 

Anderson 1972 

Zenkevitch 1963 
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Ruppfa maritfma (Hdgeongrass) 

Continued 

References 

Light, Depth and Turbidity 

Optimum production In laboratory studies 

occurred at depth of 60 cm. Is found at 

depths of a few 1 nches to several feet. 

Turbidity tolerance less than 25-35 ppm in 

small ponds; turbidfty is especially harm- 

ful to young plants prior to the stems 

reaching the surface. 

Consumer Utflftation 

Serves as food for numerous species of 

ducks, coots, geese, grebes, swans, marsh 

and shore birds of the Atlantic, Pacific 

and Gul f Coasts. Also used as nursery 

grounds and as a fish spawning medium and 

cover for marfne organisms. 

Joanen and Glasgow 1965 

Sculthorpe 1967 

Martin and Uhlet 1939 

Kerwin 1975b - 
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(copied from Hotchkiss 1976) 

Figure 8. Widgeongrass (Ruppia maritima) 
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Vallfsnerfa amerfcana (Wildcelery) 

References 

Distrfbutfon 

Freshwater macrophyte occurring in the 

tfdal streams of the Atlantic Coastal 

Plain. 

Temperature 

Martfn and Uhler 1939 

Grows best in temperature range of 33 to 

36°C. Arrested growth occurs below 19°C. 

Wilkinson 1963 

Salinity 

Laboratory tests showed that Vallisnerfa 

could not be maintained in salinities 

greater than 4.2"/,,. 

Substrate 

Grows equally well In sandy sofl and mud. 

Hutchinson (1975) found that V. americana 

thrived best in a soil of 6.5 percent 

organfcs, 8.78 percent gravel, 21.46 

percent sand, 47.90 percent sflt, 14.26 

percent clay. 

Light, Depth and Turbidity 

Able to tolerate muddy, rofled water. 

Usually found in shallow water (0.5 to 

1.0 m). 

Bourn 1934 

Schuette and Alder 1927 

Hutchinson 1975 

Steenis 1970 
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Vallisnerfa americana (Wfldcelery) 

Continued 

References 

Consumer Utilization 

All parts of the plant structure are 

consumed by fish, ducks, coots, geese, 

grebes, swans, waders, shore and game 

bfrds. Also serves as a shade, shelter 

and spawning medium for fish. 

Sculthorpe 1967 
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(copled from Hotchkiss 1967) 

FI9um g. Wfldcelcry (Vallfsneria americana) 
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Zannfchellfa palustrfs (Horned pondweed) 

References 

Distribution 

This species has been documented fn every Deane 1910 

state in continental Unfted States; however, Fassett 1960 

It is not a commonly occurring submerged 

aquatfc. Reported occasionally in brackish 

marshes along the Mew England coast, rarely 

found inland. Recorded In Chesapeake Bay 

and south to Currftuck and Pamlfco Sound 

area, North Carolina. 

Temperature 

In the Chesapeake Bay, the Zannfchellfa 

populations declfne rapidly when tempera- 

tures reach 30°C. Reported to exist in 

temperatures as low as 10.5 to 14.8”C. 

Tutin 1940 

Salinity 

Tolerates freshwater, but prefers brackish 

waters to 20°/oo. 

Radford et al. 1964 

Substrate 

Tends to grow In clay to sandy sediments. 

Lfght, Depth and Turbidity 

Prefers shallower water than other submerged Correll et al. 1977 
aquatics. May need higher light intensities 

than others; good growth obtafned at 4 to 7 

percent of the maximum noon sumer sunlight. 
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Zannichellfa palustris (Horned pondweed) 

Contfnued 

References 

Consumer Utlllratfon 

Frufts and sometimes folfage are good for 

waterfowl fn brackfsh pools. 

Fassett 1960 
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(copied from Hotchkiss 1967) 

Figure 10. Homed pondweed (Zannichellia palustris) 
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Zostera marina (Eelgrass) 

References 

Dfstrfbutfon 

On the Pacffic Coast of North America, 

eelgrass extends from Grantly Harbor, 

Alaska, to Agiahampo Lagoon in the Gulf 

of Calffornfa. On the Atlantfc Coast of 

North America, eelgrass extends from 

Hudson Bay, Canada, the southern tfp of 

Greenland, and one locality fn Iceland, 

to Bogue Sound, North Carolina. 

Temperature 

Tolerate temperatures from -6*C to 35*C. 

Photosynthesis decreased sharply above 

35°C. Death occurred after exposure to 

-9°C. 

Salinity 

Can tolerate salinities ranging from 

8”/00 to full strength seawater (35°/oo). 

Substrate 

Found growing on a wfde variety of sub- 

strates, from pure firm sand to pure fin 

mud. 

McRoy 1968 

Stefnbeck and Picketts 

1941 

Cottam 1934b 

Ostenfeld 1918 

Phflllps 19745 

Biebel and McRoy 1971 

Phillips 1974a 

Arasakf 195Ofi, 1950b 

Martin and Uhler 1939 

Phillips 1974a 
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Zostera marina (Eelgrass) 

Continued 

References 

Light, Depth and Turbidity 

Has been found grwlng from about 2 m above 

MLW (mfnimum low water) to depths down to 

30 m. Low light Intenslty conditions 

inhfblt flowering and turfon (young branch) 

denslty is decreased in shaded plots. 

Cottam and Munro 1954 

Phlllips 1974~ 

Backman and Barilotti 1976 

Consumer Utilization 

The only groups of animals that consume 

eelgrass directly are waterfowl and sea 

turtles. Eelgrass beds provfde important 

habitats and nursery areas for many forms 

of invertebrates and vertebrates, which 

then serve as food sources of species at 

higher levels. 

Cottam 1934b 

Addy and Aylwatd 1944 

Gutsell 1930 
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(copfed from Hotchkfss 1967) 

Figure 11. Eelgrass (Zostera marina) 
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APPENDIX D 

Environmental Requirements of certain fish in Gulf of Mexico estuaries 

Contents 

Anchoa hepsetus (striped anchovy) 
Anchoa mitchilli (bay anchovy) 
Arius felis (sea catfish) 
Paralichthys lethosigma (southern flounder) 
Mugil cephalus (striped mullet) 
Pomatomus saltatrix (bluefish) 
Pogonias cromis (black drum) 
Sciaenops ocellatus (red drum) 

from Benson 1982 
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Anchoa hepsetus (striped anchovy) 

The distribution of all life stages of striped anchovy appears to be 
limited primarily by salinity. Christmas and Waller (1973) reported this 
species in salinities ranging from 5.0 ppt to 3.5 ppt. Perry and Boyes 
(1978) collected 95.6% of their specimens in salinities between 20 and 30 
ppt, largely in waters south of the Gulf Intracoastal Waterway. This fish 
is most abundant at temperatures ranging from 20° to 30°C (68° to 86°F) 
(Perry and Boyes 1978). 

Anchoa mitchilli (bay anchovy) 

Although the distribution of the bay anchovy in Mississippi Sound waters is 
not greatly affected by differences in salinities, low winter temperatures 
appear to cause some movement to deeper, warmer offshore waters (Springer 
and Woodburn 1960; Christmas and Waller 1973). Swingle (1971) found them 
to be nearly equally distributed in salinities between 5 and 19 ppt in 
Alabama coastal waters. Highest catches were in salinities ranging from 
20.0 to 29.9 ppt. In Mississippi Sound, Christmas and Waller (1973) 
established no relationships between the distribution of anchovies and 
salinities above 2 ppt. Perry and Christmas (1973) found larvae in 
Mississippi waters in salinities ranging from 16.6 to 27.8 ppt. Bay 
anchovies were taken at temperatures from 5.0° to 34.9°C (41.0° to 94.8°F), 
but the largest numbers were in water temperatures between 10.0° and 14.9°C 
(50.0° and 58.8°F) (Christmas and Waller 1973). 

Arius felis (sea catfish) 

Sea catfish in estuaries in the summer are most abundant in water 
temperatures from 19° to 25°C (66° to 77°F). Year round, they have been 
taken in the range of 5.0° to 34.9°C (41.0° to 94.8°F) (Perret et al. 1971; 
Adkins and Bowman 1976; Drummond and Pellegrin 1977; Johnson 1978). This 
euryhaline species is common in salinities from 0 to 45 ppt, but some 
tolerate 60 ppt. A preference of higher salinities has been suggested 
(Gunter 1947; Johnson 1978; Lee et al. 1980). Breeding occurs in waters 
having a salinity range of 13 to 30 ppt. 

The developmental stage of larvae incubating in the oral cavity may 
determine the location of the parent male (Harvey 1971). Younger larvae 
tolerate salinities up to 12.8 ppt, but more developed larvae tolerate 
salinities of 16.7 to 28.3 ppt (Harvey 1971). Juveniles are most numerous 
in low salinities (Johnson 1978). 

Although minimum dissolved oxygen requirements of sea catfish are not 
known, this fish sometimes lives in dredged semiclosed and closed canals 
that are characterized by low oxygen concentrations (Adkins and Bowman 
1976). They are found in moderately turbid water (Gunter 1947; Lee et al. 
1980). 

Sea catfish principally live at depths from 4 to 7 m (13 to 23 ft), but may 
occupy waters as deep as 36 m (118 ft) (Lee 1937; Johnson 1978). Major 
substrates are muddy or sandy bottoms rich in nutrients (Etchevers 1978; 
Shipp 1981). 
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Parallchthys lethostfgma (southern flounder) 

The southern flounder is euryhalfne, occurring in waters with salinfties 
from 0 to 60 ppt. The normal range is from about 10 to 31 ppt. They live 
at water temperatures from 9.9' to 30.5*C (49.8' to 86.9"F), but are most 
common between 14.5" and 21.6*C (58.1" and 70.9*F) (Stokes 1973). The 
temperatures and salinities where southern flounder were collected in 
Mfssfssfppi Sound by Christmas and Wailer (1973) ranged from 5.0" to 34.9*C 
(41.0* to 94.8OF) and 0.0 to 29.9 ppt. The juveniles may live in fresh- 
water for short periods. 

Juvenfles are usually most abundant in shallow areas with aquatic 
vegetation (shoal grass and other sea grasses) on a muddy bottom. Adults 
also tend to favor aquatic vegetation such as Spartina alterniflora. Some 
flounders overwfnter fn the deeper holes and channels of estuarfes, but 
most (adults and second-year juveniles) migrate to Gulf waters in the fall 
(Gunter 1945). 

Mugfl cephalus (striped mullet) 

Striped mullet live fn freshwater and in salfnitfes up to 75 ppt. In Texas 
estuaries the mullet were about equally distributed in water of all salfn- 
fties (Gunter 1945). They have been taken in Mississippi in salinities 
ranging from 0.0 to 35.5 ppt (Christmas and Walter 1973). 

Fish less than 3.6 cm (1.4 inches) long are most abundant in salinitfes 
from 0.0 to 14.9 ppt. Juveniles (up to 7.9 cm or 3.1 inches long) prefer 
lower salinftfes and warmer waters than larger ffsh. Juveniles are mostly 
taken in salinities from 0 to 10 ppt when temperatures range from 25' to 
30°C (77O to 86°F). Fish up to 11 cm (4 inches) long are abundant at 
salinities from 0 to 20 ppt at temperatures of 7' to 30°C (45' to 86*Fl 
(Ettold and Chrfstmas 1979). Highest catches In samples from Mississippi 
Sound were in the range of 7' to 20°C (45" to 68*F). Mullet are often 
killed in water temperatures less than 5*C (4l*F) (J.C. Parker 19711, and 
they tend to aggregate in sheltered areas before the arrival of cold 
weather. 

Pomatomus saltatrfx (blueffsh) 

Temperature and salfnfty are the only factors cited by Wilk (1977) as 
determfnants of the dfstributfon of bluefish on the Atlantfc coast. 
Extensfve data from egg and larval collectfons on the outer continental 
shelf of Virginia showed that maximum spawning occurred at 25.6*C (78.1OF) 
with none below 18°C (64°F) (Norcross et al. 1974). Minimum spawning 
temperature is about 14*C (57*F) (Hardy 1978). Blueffsh seem to prefer 
salfnitfes from 26.6 to 34.9 ppt. Limited larvae collections in the Gulf 
of Mexfco were found In a temperature range of 23.2' to 26.4*C (73.8' to 
79.6*F) and a surface salfnfty range of 35.7 to 36.6 ppt (Barger et al. 
1978). In estuarfes they rarely live In salinftfes below 10 ppt. Hardy 
(1978) suggested 7 ppt as the minfmum salfnfty. Lacking are data on the 
effects of substrate, turbidity, tides, or dissolved oxygen on bluefish 
distribution. Bluefish activity patterns are highly oriented to vfsion 
(Olla and Studholme 19791, however, and bluefish are not likely to frequent 
turbid areas. 
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Pogoni as cromfs (black drum) 

Black drum are euryhalfne during all life stages, i.e., they occur in 
salinities from 0 to 35 ppt. The species is most common at salini ttes 
ranging from 9 to 26 ppt (Gunter 1956; Etzold and Christmas 19791, but some 
inhabit water with salinities as high as 80 ppt. The black drum fs usually 
taken at water temperatures from 12" to 30°C (54' to 86*F). This fish 
inhabits areas with sand or soft bottoms as well as brackish marshes and 
oyster reefs (Etzold and Christmas 1979). The preferred habitat of 
juveniles during the first 3 months are muddy, nutrient-rich, marsh 
habitats such as tidal creeks. 

Scfaenops ocellatus (red drum) 

The general salinity range for red drum is 0 to 30 ppt, but some tolerate 
salinities up to 50 ppt (Thefling and Loyacano 1976). Larvae and juvenfles 
were taken at salinities between 5.0 and 35.5 ppt in one study (Christmas 
and Waller 19731, but most occur at salinities from 9 to 26 ppt. The 
larger fish seem to prefer higher salinfties. Red drum are most abundant 
in salinities from 20 to 25 ppt (Etzold and Christmas 19791, and from 25 to 
30 ppt (Kilby 1955). Overall, red drum prefer moderate to high salinities. 

Red drum have been observed in water temperatures ranging from 2' to 29°C 
(36" to 84'F). Some young flsh were found in a temperature range of 20.5" 
to 31°C (68.9' to 87.8OF). The highest catches were at temperatures 
between 20" and 25°C (68" and 77°F) (Etzold and Christmas 1979). Large 
numbers of red drum have been reported killed in severe cold spells (Adkins 
et al. 1979). 

Red drum thrive in waters over sand, mud, or sandy mud bottoms and 
occasionally in and among aquatic vegetation. 
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FOREWORD 

The Technical Support Manual: Water Body Surveys and Assessments for 
Conducting Use Attainability Analyses, Volume III: take Systems contains 

guidance prepared by EPA to assist States in implementing the revised Water 
Quality Standards Regulation (48 FR 51400, November 8, 1983). This docu- 

ment addresses the unique characteristics of lake systems and supplements 
the two previous Manuals for conducting use attainability analyses (U.S. 
EPA, 1983b, 1984). The purpose of these documents is to provide guidance 
to assist States in answering three central questions: 

(1) What are the aquatic protection uses currently being achieved in 
the water body? 

(2) What are the potential uses that can be attained based on the 
physical, chemical and biological characteristics of the water 
body? 

(3) What are the causes of any impairment of the uses? 

Consideration of the suitability of a water body for attaining a given use 
is an integral part of the water quality standards review and revision 
process. EPA will continue to provide guidance and technical assistance to 
the States in order to improve the scientific and technical bases of water 
quality decisions. States are encouraged to consult with EPA at the 
beginning of any standards revision project to agree on appropriate methods 
before the analyses are initiated, and to consult frequently as they are 
conducted. 

Any questions on this guidance may be directed to the water quality 
standards coordinators located in each of the EPA Regional offices or to: 

Elliot Lomnitz 
Criteria and Standards Division (WH-585) 
401 M Street, S.W. 
Washington, D.C. 20460 

Edwin L. Johnson, Director 
Water Regulations and Standards 
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CHAPTER I 

INTRODUCTION 

EPA's Office of Water Regulations and Standards has prepared guidance to 
accompany changes to the Water Quality Standards Regulation (48 FR 51400). 
This guidance has been compiled and published in the Water Quality Stand- 
ards Handbook (U.S. EPA, December 1983a). Sections in the Handbook present 
discussion of the water quality review and revision process; general 
guidance on mixing tones, and economic considerations pertinent to a change 
in the use designation of a water body; the development of site specific 
criteria; and the elements of a use attainability analysis. 

One of the major pieces of guidance in the Handbook is "Water Body Surveys 
and Assessments for Conducting Use Attainability Analyses." This guidance 
presents a general framework for designing and conducting a water body sur- 
vey whose objective is to answer the following questions: 

1. What are the aquatic life uses currently being achieved in the 
water body? 

2. What are the potential uses that can be obtained, based on the 
physical, chemical and biological characteristics of the water 
body? 

3. What are the causes of impairment of the uses? 

In response to requests from several states for additional information, 
technical guidance on conducting water body surveys and assessments has 
been provided in two documents: 

1. Technical Support Manual: Water Body Surveys and Assessments for 
Conducting Use Attainability Analyses (U.S. EPA, November 1983b); 

2. Technical Support Manual : Water Body Surveys and Assessments for 
Conducting Use Attainability Analyses, Volume II: Estuarine 
Systems (U.S. EPA, June 1984). 

The first volume is oriented towards rivers and streams and presents 
methods for freshwater evaluations. The second volume stresses those con- 
siderations which are unique to the estuary. The current Manual, Volume 
III, focuses on the physical, chemical and biological phenomena of lakes 
and is presented so as not to repeat information that is common to other 
freshwater systems that already appears in one of the earlier volumes. 
Apart from the rare impoundment that is fed only by surface runoff or 
underground springs, rivers and lakes are linked physically and exhibit a 
transition from riverine habitat and conditions to lacustrine habitat and 
conditions. Because of this physical link, the biota of the lake will be 
essentially the same as the biota of the stream, although there are few 
species that are primarily lake species. Given the ties that exist between 
lake and stream under natural conditions, it is important that those who 
will be conducting lake use attainability studies refer to Volume I on 
rivers and streams for additional perspective. 
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Each of the Technical Support Manuals provides extensive information on the 
plants and animals characteristic Of a given type of water body, and 
provides a number of assessment techniques that will be helpful in per- 
forming a water body survey. The methods offered in the guidance documents 
are optional, however, and states my apply them selectively, or may use 
their own techniques for designing and conducting use attainability 
studies. 

Consideration of the suitability of a water body for attaining a given use 
is an integral part of the water quality standards review and revision 
process. The data and other information assembled during the water body 
survey provide a basis for evaluating whether or not the water body is 
suitable for a particular use. Since the complexity of an aquatic eco- 
system does not lend itself to simple evaluations, there is no single 
formula or model that will serve to define attainable uses. Rather, many 
evaluations must be performed, and the professional judgment of the 
evaluator is crucial to the interpretation of data #at Is reviewed. 

This Technical Support Manual on lakes will not tell the biologist or 
engineer how to conduct a use attainability study, per se, rather, it will 
lay out those chemical, physical and biological phenomena that are char- 
acteristic of lakes, and point out factors that the investigator might take 
into consideration while designing a use study, and while preparing an 
assessment of uses from the Information that has been assembled. The 
chapters in this Manual focus on the following aspects of lakes: 

Chapter II. Physical and Chemical Characteristics 

o Circulation, stratification, seasonal turnover 
o Nutrient cycling 
o Eutrophication processes 
o Computer and desktop procedures for lake evaluations 

Chapter III. Biological Characteristics 

o Benthos 
o Zooplankton 
o Phytoplankton 
o Macrophytes 
o Fish 

Chapter IV. Synthesis and Interpretation 

o Aquatic life use classifications 
o Impairment of uses 
o Reference site comparisons 
o Preventive and remedial techniques 

Chapter V. References 
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CHAPTER II 

PHYSICAL AND CHEMICAL CHARACTERISTICS 

INTRODUCTION 

The aquatic life uses of a lake are defined in reference to the plant and 
animal life in the lake. The types and abundance of the biota are largely 
determined by the physical and chemical characteristics of the lake. Other 
contributing factors include location, climatological conditions, and 
historical events affecting the lake. 

Each lake characteristic such as depth, length, inflow rate and temperature 
contributes to the physical processes of the water body. For example, 
circulation may be the dominant physical process in a lake that is large 
and shallow while for a deep medium size lake the dominant process say be 
the annual cycle of thermal stratification. 

The chemical characteristics of a lake are affected by inflow water quality 
and by various physical, chemical and biological processes which provide 
the biota with its sustaining nutrients and required dissolved oxygen. 
Overenrichment with nutrients may accelerate the natural processes of the 
lake, however, and lead to major upsets in plant growth patterns, dissolved 
oxygen profiles, and plant and animal communities. The physical and 
chemical attributes of lakes as well as the influence of physical processes 

on chemical characteristics are discussed in this chapter. 

In addition to a discussion of physical parameters and processes, and the 
chemical characteristics of lakes, several techniques for use attainability 
evaluations are presented in this chapter. These Include empirical 
input/output models, computer simulation models, and data evaluation 
techniques. For each of these general categories specific methods and 
models are presented with references. 
also presented. 

Illustrations of same techniques are 

The objective in discussing the physical and chemical properties of lakes' 
is to assist the states to characterize a lake and select assessment 
methodologies that will enable the definition of attainable uses. 

PHYSICAL CHARACTERISTICS 

Physical Parameters 

The physical parameters which describe the site, shape and flow regime of a 
lake represent the basic characteristics which affect physical, chemical 
and biological processes.' As part of a use attainability analysis, the 
physical parameters must be examined in order to understand non-water 
quality factors which affect the lake's aquatic life. 

Lakes can be grouped according to formation process. Ten major formation 
processes presented by Wetzel (1975) include: 
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o 

o 

o 

o 

o 

o 

o 

o 

o 

Tectonic (depression due to earth movement) 

Volcanos 

Landslides 

Glaciers 

Solution (depressions from soluble rock) 

River activity 

Wind-formed basins 

Shoreline activity 

Dams (man-made or natural). 

The origins of a lake determine its morphologic characteristics and 
strongly influence the physical, chemical and biological conditions that 
will prevail. 

Physical (morphological) characteristics whose measurement may be of 
Importance to a water body survey include the following: 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

Surface area, A (measured in units of length squared, L2) 

Volume, V (measured In units of length cubed, L3) 

Inflow and outflow, Qin and Qout (measured in units of length 
cubed per time, L3/T) 

Mean depth, d 

Maximum depth 

Length 

Length of shoreline 

Depth-area relationships 

Depth-volume relationships 

Bathymetry (submerged contours). 

Some of these parameters may be used to calculate other characteristics of 
the lake. For example: 
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0 The mass flow rate of a chemical, say phosphorus, may be calcu- 
lated as ??e product of concentration CP,,] and inflow, Q,,, pr+ 
vfded the units are compatible. 

~8s flow rate = [Pin, n/L31 x (Q,,, L3/T) - M/T 

where H denotes units of mass 

0 The surface loading rate is calculated as the quotient of inflow 
and surface area, or the quotient of mass flow rate and area, 
e.g., 

liquid surface loading rate * (Q,,, L3/T)/(A 9 L2) = L3/L2-T 

nass surface lozdfn3 rate = [Cfn, M/L31 x (Q,,, L3/T)/(A, L*) = M/t20T 

0 The detentlon time is given by the quotlcnt of volume and flow 
rate, e.g., 

detention time = (V, L3)/(o 1"' L3/T) = T 

The reciprocal of the detention time is the flushing rate, 1-l 

0 Mean depth Is the quotient of volume and surface area, e.g., 

a l (V, L3)/(A, L*) l L 

The first seven parameters of the above list describe the genepal site and 
shape of the lake. 
tivity (Wetzel, 

Mean depth has been used as an indicator of produc- 
1975; Cole, 1979) since shallower lakes tend to be more 

productive. In contrast, deep and steep sided lakes tend to be less 
productive. 

Total lake volume and inflow and outflou rates are physical characteristics 
which indirectly affect the lake aquatic community. Large inflows and 
outflows for lakes with small volumes produce low detention times or high 
flow through rates. Aquatic life under these conditions may be different 
than when relatively small inflows and outflows occur for a large lake 
volme. In the latter case the detention time fs much greater. 

Hand (1975) has recomnended a shape factor--the lake length divided by the 
lake width--for lake studies. This shape factor was applied by Hand and 
McClelland (1979) as a variable In a regression equation used to predict 
chlorophyll-a in Florida lakes. 
equation are posphorus, 

Other parameters in that regression 
nf trogen, and the mean depth. 

For the requirements of a more detafled lake analysis, information describ- 
ing the depth-area and depth-volume relationshlps and information 
describing the bathymetry may be required. An example of a bathylnetric map 
is shown in Figure 11-l for Lake Harney, Florida (Brezonik and Fox, 1976). 
The roundness of this particular lake is typical of many lakes in Florida 
whose morphometry has been affected by limestone solution processes (Baker, 
et al., 1981). A typical re,*esentation of the depth-area and depth-volume 
relationships for a lake is shown in the graph of Figure II-2 for the Fort 
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Figure II-2. Fort Loudoun Reservoir Areas and Volumes (from Water 
Resources Engineers, 1975) 



Loudoun Reservoir, Tennessee (Hall, et al., 1976). Depth-area relatfon- 
ships can be important to the biological activity in a lake. If the 
relationship is such that with a slight increase in depth the surface arta 
is greatly increased, this then produces greater bottom and sediment con- 
tact with the water volmt which In turn could support increased blol ogical 
activity. 

In addition to the physical parameters listed above, it is also important 
to obtain and analyze information conctrnfng the lake's contributing water- 
shed. Two major parmeters of conctm are the drainage arta of tht con- 
tributing watershed, and the land use(s) of that watershed. Drainage arta 
will aid in the analysis of inflow volumes to the lake due to surface run- 
off. The land use classi ffcatfon of the area around the lake can be used 
to predict flout and al so nonpofnt sollrct pollutant loadings to the lakt. 

The physical parameters presented above may be used to understand and 
analyze the various physical processes that occur in lakes. Thty can also 
be used directly in sfmplfstfc rtlatfonshfps which predict productivity to 
aid in aquatic use attafnabflity analyses. 

Physical Processes 

There are many complex and interrelated physical processes which occur in 
lakes. These processes are highly dtpendtnt on the lake's physical param- 
eters, gtographfcal location and characteristics of the contributing water- 
shed. Indivfdual physical procastes are usually high1 
Five major processes--lake currents, heat budget, 

interdependent. 
lfght penetration, 

stratfffcatf on and sedfrcntatfon-art dfscussed below. Each process can 
affect the ecological system of a lake, especially tht bf ota and the dfs- 
trfbutfon of chemical species. 

Lake Currents 

Uater movement in a lake affects productivity and the blota because it 
I nfl utnces the distribution of nutrients, microorganIsms and plankton 
(Wettet, 1975). Lake currtnts are propagated by wind, inflow/outflow and 
Cot-lolls force (a deflecting force which is a function of the earth's 
rotation). The types of currents developed in lakes are dependent upon the 
lake sfre and its density structurt. 

For small, shallow lakes (especially those that are long and narrow), 
inflow/outflow characteristics art nest Important and the predominant cur- 
rent is a steady-state flow through the lake. For very 1 arge lakes, wf nd 
is the primary generator of currents and, except for local effects, inflow 
and outflow have a relatively minor affect on lakt circulation. The 
Corfolis force is another Important determinant of circulation in larger 
lakes such as the Great Lakts (Lick, 19762). 

Wind. Wind induced turbulence on the lake surface results in a variety of 
current patterns that are characteristic of the lake's physical properties. 
For shallow lakes, the wind induces vertical mixing throughout the water 
column. Steady-state currents formed in deep lakes that have a constant 
density are characterized by top and bottom t,oundary layers where vertical 
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nixing 1s important, and by horizontal boundary layers near the short where 
horizontal mixing is important (Lick, 1976:). 

Under severe or prolonged wind conditions, the stress on the water surface 
can cause circulation in the upper tpflfmnion region of a stratified lake 
because of the inclination of the water surface. This then can cause a 
counter flow in the lower hypol fmfon region of the rtservofr. This 
condition is demonstrated by Fischer (I9791 in Figure II-J. The flow 
patterns are turbulent enough to disrupt the thtmclfne by tilting it 
toward the leeward side of the lake. After the wind stops, internal water 
movement causes the tilted upper and lower water regions, which are 
separated by the themocline, to oscillate back and forth mtfl the pre- 
wind stress steady-state condition returns (Uetzel, 1975). This type of 
water movement caused by wind stress and subsequent osclllatfons is known 
as a sefche. 

Simply stated, an external sefche is a frte oscillation of water, in the 
form of long standing surface wave, reestablishing quilfbrfm after having 
been displaced. The external sefche attains its maximum amplitude at the 
surface while the internal sefche, which is associated with the density 
gradient in stratfffed lakes, attains it maximum amplitude at or near the 
thermoclfne (Figure H-4). In stratified waterbodies, the layers of 
differing density oscillate relative to each other, and the anrplftude of 
the internal standing wave or internal sefche of the metalf~fon is much 
greater than that of the external or surface sefche. Because of the 
extensive water movement associated with internal sefches, the resulting 
currents lead to vertical and horizontal transport of heat and dissolved 
substances (including nutrients) and significantly affect the distribution 
and productivity of plankton (Wetret, 1975). 

Inflow and Outflow. Lake currents and the resultant mixing and horizontal 
transport of the water mass nay also be a function of inflow and outflow 
patterns and volumes. Infl uent velocity generally decreases as the flow 
enters the lake. Inflowing water of a given temperature and density tends 
to seek a level of similar density in the lake. Three types of currents 
nay be generated by river fnfluents, as shown in Figure 11-5. Overfl ow 
occurs when inflow water density is less than lake water density. 
Underflow occurs when inflow density is greater than lake water density. 
Interflow occurs when there is a density gradient in the lake, as during 
periods of stratfficatfon, where inflow is greater in density than the 
epflfmfon but is less dense than the hypolinnf on. 

For a completely afxed lake where no density gradient exists, the outflow 
draws on the totally mixed volume with 11 ttle consequence to the net flow 
within the lake. In stratified fmpoundments, where outflows could be fron 
different levels (e.g., reservoir release or withdrawal operations), the 
discharge comes from only a limited zone (or layer) within the lake or 
reservoir. The thickness of the withdrawal layer is a function of the 
density gradient in the regfon'of the outlet. 

Corfolfs Effect. For very large lakes, like the Great Lakes, the Corfolis 
effect can influence the currents within the lake. This effect is caused 
by the inertial force created by the earth's rotation. It deflects a 
moving body (water in this case) to the right (of the line of wtfon of the 
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Figure 11-3. Formation of baroclinfc motions in a lake exposed to wind 
stresses at the surface: (a) fnftiatfon of motion 

poshfon of maximum shear across the thermoclf~e 
steady-state baroclinfc circulation (from Fischer, 1979) 
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Figure X1-4. Movement caused by (1) wind stress and (ii) a subsequent 
internal seiche in a hypothetical two-layered lake, 
neglecting friction. Direction and velocity of flow are 
approximately indicated by arrows. o - nodal section. 
(from Mortimer, 1952) 
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FIGURE 11-5. Types of inflow into lakes and reservoirs 
(from Wunderlich, 1971) 
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earth's rotation) In the Northern Hcnlsphere and to the left in the 
Southern Healsphere. The Corfolfs effect causes the surface water to IUOW 
to the right of the prevailing dfrectlon of the wind. Under these con- 
dltfont In a stratified lake, less dense water tends to tom on the rfght 
side of the predolllnant current while denser water collects on the left 
side of the current (Wctzel, 19751. 

Heat Budget 

The mcrature and merature di rtri butlon within lakes and reservoirs 
affect not only the water qualfty within the lake but also the themal 
rigilla and quality of a river systcr downstrem of the lake. The themal 
regf# of a lake Is a functfon of the heat balance around the body of 
water. Heat transfer aodes fnto and out of the lake include: heat trans- 
fer through the air-water Interface, conduction #rough the mud-water 
interface, and inflow and outflow heat advectlon. 

Heat transfer across the Irud-water Interface 1s generally insignificant 
while the heat transfer through the air-water interface fs prlaarily 
rerponsfble for typlcal annual taperature cycles In lakes. 

Heat fs transferred across the air-water interface by three dfffercnt 
processes: radfation exchange, evaporation, and conductlon. The Indivld- 
ual heat terms associated with these processes are shown In Figure II-6 and 
are defined In Table II-1 along with typical ranges of thefr llagnltudo in 
northern latitudes. 

R;xetp,r;ssion that results fron the ruamaatlon of these various energy 
: 

HN = H,, + Han - (Hb + He +Hc) (1) 

where 

HN - E,f?3!#!# 
flux through the air-water interface, 

H sn = net short-wave solar radfatfon flux passing throu h the 
interface after losses due to absorption and scat erfng P 
In the a-sphere and by reflectfon at the fnterface, 
Btu/f&day 

H an = net long-wave aWspheric radiation flix passing through 
the Interface after reflection, Btu/ft -day 

Hb - outgofng long-wave back radiation flux, Btu/ft'-day 

Hc * convective energy flux passing back and orth between 
the interface and the atmosphere, i Btu/ft -day 

He s energy loss by evaporation, Btu/ft2-day 
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Figure 11-6. Heat Transfer Terms Associated with Interfactal Heat Transfer 
(from Roesner, 1981) 
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TABLE 11-l 

DEFINITION OF HEAT TRANSFER TERMS 
ILLUSTRATED IN FIGURE II-6 

Heat Tern 

Magnitude 

Unfts (BTU fto2 day-') 

HS 9 total incoming solar or 
short-wave radfatfon 

H Sr = reflected short-wave radfatfon 

Ha = total fncomfng atmspherfc 
radfatfon 

H ar - reflected atmospheric radiation 

*b = back radiation from the water 
surface 

% = heat loss by evaporation 

HC - heat loss by conductfon to 
atmosphere 

where 

H = units of heat energy (e.g., BTU) 

L - units of length 

T - units of time 

HL"T-' 400-2800 

HLo2T-' 40-200 

HLo2T01 2400-3200 

HL'21'1 70-120 

HLo2T01 2400-3600 

HL"T" 150-3000 

HLm2T01 -320 to +400 

SOURCE: Roesner, et al., 1981. 
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These mechanisms by which heat is exchanged between the water surface and 
the atmosphere art fairly well understood and are documented in the 1 Itera- 
turc (Edfnger and Geyer, 19651. The functlonal representation of these 
terns has been defined by Water Resources Engineers, Inc. (1967). 

The heat flux of the aft-water Interface is a function of location (latl- 
tude, longitude and clevatfonl, season of the year, tire of day and 
lrtteorologfcal conditions In the vicinity of the lake. Meteoro1ogfcal 
conditions which affect the heat exchange are cloud cover, dew-point 
tenperature, barometric pressure and wind. 

Light Penetratlon 

The heat budget discussed above is also descrfptlve of the light flux at 
the al r-water Interface. The tranmfssfon of light through the water 
column influences primary productivity, growth of aquatic plants, 
distribution of organlus and behavior of fish. 

The reduction of lfght through the water column of a lake is a function of 
scattering and absorption where absorption is defined as 11 ght energy 
transformed to heat. Light transmission is affected by the water surface 
film, floatable and suspended partfculates, turbidity, dense populations of 
algae and bacteria, and color. 

The fntenslty at a given depth is a function of light intensity at the 
surface and the paraneters mentioned above which attenuate the light. 
Attenuation is usually represented by the use of a light extinction co- 
tfflcftnt. 

An important physical parameter based on the transmfssf on of light is the 
depth to which photosynthetic actfvlty Is possible. The nfnlmm light 
Intensity required for photosynthesis has been established to be about 1.0 
percent of the Incident surface light (Cole, 19791. Fror the depth at 
which this intensity occurs to the surface is called the euphotfc zone. 
Percent light levels can be measured by a subsurface photometer which can 
be used to establish the depth of 1.0 percent fllu~fnatfon. A simple 
measuremnt of light penetration depth is made with the Secchf disc which 
is lowered into the water to record the depth at uhf ch it df sapptars to the 
observer. The depth of the 1.0 percent surface light Intensity may be 
estimated as 2.7 to 3.0 times the Secchf disk transparency (Colt, 1979). 

The percent of the surface incident light which reaches different depths Is 
hlghly variable for fndfvfdual lakes. Colt (1979) presents examples of the 
percent Incident light by depth for various bodles of water, as shown in 
Figure II-7. 

Lake Stratfficatlon 

Lakes in temperate and northern latitudes typically exhibit vertical 
density stratification during certain times of the year. Stratfffcatfon In 
lakes Is pr1aarfly due to temperature differences (i.e., thermal stratf- 
ffcatfon), although salinity and suspended solids concentration nay also 
affect density. 
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FIGURE 11-7. Vertical penetration of light in various bodies of 
water showing percentage of incident light remaining 
at different depths (from Cole, 1978) 
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Lake stratification Is best explained by a discussion of a generalfztd 
annual krparatum cycle. For a period in spring, lakes coll#nly circulate 
fra surface to bottom, msultfng in a unffom knperaturt profile. This 
vernal mixing has been called the spring Overturn. As surface teaptraturts 
warn further, the surface water layer becows Tess dense than the colder 
underlying water, and the lake begin* to stratify. This stratffftd 
condition, called dfmct stratfffcatfon, exists throughout the s-r, and 
the fncmasing t 

"p 
eratum dlffemntlal between the upper and lower layers 

fncmasts the stab lfty (msfstance to nixing) of the lake. 

The upper Mxed layer of warn, low-density water is temed .the tpflfa#rfon, 
whf lt the lower, stagnant layer of cold, high-density water Is temed the 
hypolimrlon. The transf tfon zone between the epilfnnlon and hypolf~nfon 
has been called, mng other names, the lwtalfnnlon. This udrf(ry 
transit1 on zone Is characterized by rapidly decllnf ng terrperaturt wfth 
depth, and It contains the themoclfnt which is the plane of awfwr rate 
of decrease In taperatum. The region In which the tcrptraturt gradlent 
txcttds l*C per wttr rray be used as a working deffnltfon of the them 
clfne. A diagram of the three zones and the themoclfne it presented In 
Figure 1X-8, and Figure II-9 is a diagram of an annual ttlrpcraturt cycle in 
which dfmct stratfffcatfon occurs. 

As surface water krperatures cool In the fall, the density difference 
betueen fsothemal strata decmases and lake stability 1s weakened. 
Eventually, wind-generated currants art sufffcfently strong to break down 
stratfffcatfon and the lake circulates froa surface to bottom (fall 
overturn). In warnr -rate mgfons, a lake say rctaf n this coaplttely 
mIxed condition throughout the winter, but in colder regions, particularly 
folloufng the fomatfon of ice, 
msultfng In winter stagnation. 

inverse stratfflcatfon often develogs 
In this condition, the llort dense, 4 C 

water constitutes the hypolf~nfon which is overlfed by less dense, colder 
water between O*C and 4%. The difference In density between O’C and 472 
Is very sill, thus Inverse stratfffcatfon results In only a minor dens1 ty 
gradient Just below the surface. Hence, the stabfllty of inverse 
stratification is low and, unless the lake Is covered with Ice, is easily 
disrupted by wind ~fxfng. 

During stratfflcatfon, the presence of the thermclfne suppresses laany of 
the MIS transport phenomena that art otherwise responsible for the ver- 
tical transport of water quality constf tutnts with1 n a lake. The aquatic 
colrunfty is highly dependent on the thermal structure of such strati fled 
lakes. 

Retardation of nass transport between the hypolianfon and the epflfnnfon 
results in sharply differentiated water quality and biology between the 
lake strata. For example, If the magnitude of the dissolved oxygen 
transport rate across the themotlfnt is low relative to the dissolved 
oxygen denand exerted in the hypolflmf on, vertical stratfffcatfon of the 
lake will occur with respect to the df ssolvtd oxygen concentration. 
Consequently, as ambient dissolved oxygen concentrations In the hypolfWon 
decrease, the lift functions of aany organfstns am flrpafred and the biology 
and bfologfcally ntdf attd reactions fundamental to water quality are 
altered. Major changes occur If the dissolved oxygen concentration goes to 
zero and anaerobic conditions result. Large diurnal fluctuations of 
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FIGURE 11-8. Vertical temperature profile showing direct 
stratiftration and the lake regions defined 
by it (fronl Cole, 1979). 
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dissolved oxygen concentrations In the epilirnfon can also occur due to 
daytime photosynthetIc oxygen production superimposed over the continuous 
oxygen demand from biotic respfration. 

Vertical stratification of a lake wfth respect to nutrients can also occur. 
In the euphotic zone, dissolved nutrients are converted to particulate 
organic material through the photosynthetic process. Because the euphotlc 
zone of dn ecologically advanced lake does not extend below the themo- 
cllne, this assimilation of the dissolved nutrients lowers the ambfent 
nutrlent conccntratfons in the epilianlon. Subsequent sedimentation of the 
partlculdte algae and other organic matter then serves to transport the 
organlcally bound nutrients to the hypolimnlon where they are released by 
decomposition. In addftlon, the vertical transport of the rtledsed 
nutrients upward through the ther%ocline Is suppressed by the same 
wchanlsns that fnhlblt the downward transport of dissolved oxygen. Thus, 
several recesses combine to reduce nutrient concentrations jn the eplliw 
nion whf P c simultaneously enrlchfng the hypolinnlon. 

In addition to the effect of the temperature structure on the movement of 
water quality COnStituents, the temperature dt any point has d more direct 
Impact on the bfology and therefore the water quality structure of an 
inpoundntnt. All life processes are temperature dependent. In aquatic 
environments, growth, respiration, nproductfon, algratlon, mortality dnd 
decay are strongly influtnced by the a&lent temperature. According to the 
van't Hoff rule, within a certain tolerance range, biologfcal nactlon 
rates dpproxfadtely double with d 1O’C Increase in twerature. 

Annual Circulation Pattern and Lake Cldssificdtlon 

Lakes can be classffled on the bdsl s of their pattern of annual q fxing as 
descrfbed below. 

MiXIS Aaictlc lakes never circulate. They are permanently covered 
with fee, and are mostly restricted to the Antarctic and very 
high rrountains. 

Holorafxls In holomictlc lakes, wind-driven clrculatlon mixes the entlre 
lake frtm surface to bottoa. 
hdVe been described. 

Several types of holomlctlc 1dkeS 

Ollgafctic lakes are characterlred by cfrculatlon that Is 
unusual, Irregular, and In short duration. These dre generally 
tropical lakes of small to moderate area or 1dkeS of very great 
depth. They may circulate only at Irregular Intervals during 
perfods of dbnonndlly cold weather. 

Monamictfc lakes undergo one regular perfod of circulation per 
year. Cold monomictic lakes are frozen In the winter (and 
therefore stagnant and fnversely strdtiffed) and nix throughout 
the Sumner. Cold mononrlctlc laker are fdeally defined as lakes 
whose water temperature never exceeds 4.C. They are generally 
found in the Arctic or at hiqh altitudes. Wara mnomlctfc 
lakes ClrCulate In the winter 02 or above 4"c d stratffy 
directly during the summer. WdIlll L~fXiS IS C&n t0 Wdm 
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regions of -rate tones, particularly coastal areas, and to 
mountainous areas of subtropical latitudes. Yam taonaictfc 
lakes are prevalent in coastal rsgions of North herlca and 
northern Europe. 

Df~fctfc lakes circulate freely twice a year in spring and 
fall and are directly stratified in sumer and inversely 
straiiffed in winter. Diaixis Is the most co-on type of 
annual mixing observed in cool tcrperate regions of the world. 
Most lakes of central and eastern North Merlca are diaictfc. 

Polynictlc lakes circulate frequently or continuously. Cold 
ctfc lakes circulate continually at tcllperatuns 

G&bove 4%. 
near 

Warn poi#ctlc lakes circulate frequently 
at tenperatures WeTl above 4-c. These lakes are found In 
equatoilal regions where dir tcllperdtures change very little 
throughout the year. 

Merollfxls Merorlctic lakes do not circulate throughout the entlre water 
collmn. The lower water stratu is perennially stagnant and Is 
called the Iron1llolinnion. The overlying straw, the nixo- 
li~nfon, circulates periodlcally, and the two strata an 
separated by a severe sdllnity gradient called the chemoclfne. 

Internal Flow and Lake Classiflcatfon 

Experience with prototype ldkts (Roesnet, 1969) has revealed that with 
respect to internal flow structure there are basically three dfstlnct 
classes of lakes. These classes are: 

0 The strongly-stratified, deep ldk8 which is characterized by 
horf tontdl isOthC~S. 

0 The weakly stratified lake characterized by isothems which are 
tllted along the 1Ongitudfndl dxfs of the reservoir. 

0 The nonstratified, conpletely mixed lake whose isotherms are 
essentially vertical. 

The single most fnportant parameter determining which of the above classes 
a lake will fall is the densipwtric Froude nu!aber, F, which cdn be urftten 
for the lake as: 

F = (LQ/DV) ( PdgB lln 

where 

L 9 lake length, II 
Q = volulratrfc discharge through the lake, d/s 
0 * #an lake dept , II 
V l lake volu~, 3 

P l reference density, taken as 1 000 k;/m3 
'81 average density gradient in the hake, kg/la4 
g = gravitational constant, 9.81 I/s 
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This number 1s the ratio of the inertial forcp of the hotfrontal flow to 
the gravltational forces wlthln the stratified flrpoun&ent; consequently, 
It is a measure of the success with which the horltontal flow can alter the 
fnternal density (thermal) structure of the lake from that of its gravl- 
tational rtatfc equflfbriur state. 

In deep lakes, the fact that the fsothems are horlzonta? tndlcates that 
the Inertfa of the longltudfnal flow lo lnsufflcfent to disturb the overall 
gravftatfonal st4tfc equflfbrfum state of the lake except possibly for 
local disturbances In the viclnfty of the lake or reservoir outlets and at 
points of tributary Inflow. Thus, lt Is expected that F bould to be small 
for such lakes. In completely nlxed lakes, on the other hand, the inertia 
of the flow and its attendant turbulence Is sufflcfent to completely upset 
the gravftatfonal structure and destratlfy the rem>oir. For lakes of 
this class, F will be large. Between these two extremes lfes the weakly 
strati fled lake in which the longltudlnal flow possesses enough inertia to 
dfsrupt the reservoir Isotherms frown their gravltatlonal static equfllbrlum 
state conflguration, but not enough to completely mix the lake. 

For the purpose of classlfylng lakes by 
au;;on (2) may be approximated as 10 

expns;lon 
Substltutlng these values and g fnto equation (2) leids to an 

for F as: 

F 1 (320) (LQ/DV) (3) 

where L and D have units .of neters, Q is in d/s, and V has unlts of m3. 
It is observed fr# this eqoatfon that the principal lake parameters that 
datemine a lake's classlficatfon are its length, depth, and discharge to 
volme rat10 (Q/VI. 

In developing some fanlliarlty with the magnitude of F for each of the 
three lake classes, It fs helpful to note that theoretical and experimental 
work in stratffied flow lndfcates that flow separation occurs In a stratf- 
fled fluid when the Froude number Is less than I/r, I.e., for F < l/r, part 
of the fluid will be In motion longftudfnally while the remafnder is 
essentially at rest. Furthermore, as F becomes smaller and smaller, the 
flowing layer becomes more and more concentrated in the vertical dfrectlon. 
Thus, In the deep lake it Is expected that the longltudfnal flow Is hlghly 
concentrated at values of F (< l/f while In the completely nixed case F 
must be at least greater than l/r sfnce the entfre lake is in mtfon and It 
may be expected in general that F >> l/r. Values of F for the weakly 
stratified case would fall between these two litalts and night be expected 
to be on the order of l/z. As an fllustratlon, ffve lakes are listed fn 
Table II-2 with thefr Froude numbers. It 1s known that Hungry Horse 
Reservoir and Detroit Reservoir are of the deep reservoir class and can be 
effectively described with a one-dimensional model along the vertjcal ax1s 
of the lake. Lake Roosevelt, which has been observed to fall fnto the 
weakly stratifled class fs seen to have a Froude number on the order of 
l/r, which is considerably larger than F for either Hungry !?orse or Detroft 
Reservoirs. Finally, Priest Raptds and Wells Dams, which are essentially 
completely mfxed along thefr vertical axes, show Froude mqbtts much larger 
than l/r, as expected. 
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TABLE II-2 

IHPOUNMENT FROUDE HUMBERS 

AVERA6E DISCHAR6E TO 
RESERVOIR LENGTH DEPTH VOLUME RATIO F CLASS 

(meters) (peters) (se8 I 

Hungry Horse 4.7x104 70 1.2x10-* 0.0026 

Detroit 1.5x104 56 3.5x10-* 0.0030 

Lake Roosevelt 2.0x105 70 5.0x10-’ 0.46 

Priest Rapids* 2.9x10) 18 4.6~10.~ 2.4 

Yells.* 4.6~10' 26 6.7~10’~ 3.8 

Deep 

hP 

Weakly 
Stratified 

Ccmplctely 
Mixed 

Coapletely 
Nixed 

*River run dams on the Colmbfa River below Grand Coulee Dam. 

SOURCE: Roesner, 1969. 
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SedlAcntatlon in Lakes 

One physlcal process that Is partfcutarty illportant to the aquatic 
cormrnlty is the deposltlon of sedl#nt which is carrled from the 
contrlbutfng watershed into the body of the lake. Because of the low 
velocftles through a lake, reservoir or Ilapoun&nt, sedilltnts transported 
by InflowIng waters tend to settle to the botton before they can be cartfed 
through the lake outlets. 

Sedllllcnt accurnrlation rates are strongly dependent both on the unique 
physlographic characteristics of a specific watershed and upon vario;ls 
characterlstfcs of the lake. Although sediment accua#rlatlon rates can be 
transposed from one lake to another, this should be done with a careful 
conslderatlon of watershed characterlstlcs (Deparmnt of Agriculture, 
1975, 1979 I. Apart fror the use of predlctlve computer models, redIPlent 
accwlatlon rates may be deterrrlned In one of two basic ways: (1; by 
perlodlc sediment surveys on a lake; or (2) by estimates of watershed 
eroslon and bed load. Watershed eroslon and bed load MY be translated 
into sedlmnt accuraulation rate through use of the trap efflclency, defined 
as the proportlon of the fnfluent pollutant (in this case sedfnentl load 
that Is retained In the basln. The second method usually employs the 
developwnt of sedlaent discharge rate as a function of water discharge. 
Such a sedlncnt-ratlng curve ts fllustrated in Figure 11-10. From such 
nlationshlps, annual sediment transport to the l&e Is developed and 
applfed to the lake or reservoir trap efflclency functions to develop the 
sediment accumulation rates. Trap tfflclencfes have been developed as a 
functfon of the lake capacity-inflow ratio, as shown In Figure II-11. 
Other methods for predlctlng trap efflclency are described by Novotny and 
Chesters (1981) and Whfpple et al. (1983). 

Accumulated sediment In lakes can, over many years, reduce the life of the 
water body by reducing the water storage capacity. Sedfment flow Into 
lakes also reduces lfght penetration, ellmlnates bottoa habltat for many 
plants and animals, and carries with ft adsorbed chemicals and organic 
matter which settle to the bottoll and can be harmful to the ecology of the 
lake. Where sedlncnt accumulation Is a major problem, proper watershed 
management lncludlng eroslon and sediment control must be put Into effect. 

CHEMICAL CHARACTERISTICS 

Ovewlew of Physico-CheWcal Phenoncna In Lakes 

Water chemistry phenomena that are characttrfstlc of freshwater have been 
discussed In Section III, TechnIcal Support Manual: Water Body Surveys and 
Assessments for Conductfng Use Attainablllty Analyses (U S WA 1983bl 
The material In Sectlon XII Is applicable to lakes as weil'as rivers xnd 
streams. The reader should refer-to this Manual for a discussion of hard- 
ness, alkalinity, pH and salinity, and for a dlscussion of a nunber of 
indices of water quality, It would also be helpful to refer to Vo?ume II 
of this series, Technical Support Manual: Water Body Surveys and Assess- 
ments for Conducting Use Attainabllity Analyses, Volume II: Estuarfne 
bstems, for a discussion of eutrophication and the Importance of aquatic 
vegetatlon. Even though the flora and fauna of estuaries have adapted to 
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Figure I I-10. Sediment-rating curve for the Powder River at Arvada, 
Wyoming (from Fleming, 1969) 
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Figure 11-11. Reservolr trap efficfenty as a function of the capacity- 
inflow ratio (from Brune, 1953) 
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higher salfnftfes than will be found In the lake, Mny of the fnterrela- 
tfonshfps of biology and nutrient cycling in the estuary have thefr 
counterparts In the take. 

The discussion to follow wilt be llnlted to chemical phenomena that are of 
particular fnportance to lakes. This will focus on nutrient cycling and 
eutrophlcatlon, but wftl of necessity also be concerned wfth the effects of 
variable pH, dissolved oxygen, and redox potential on lake processes. 

Uater chcrfstry In a lake and stages In the annual lake turnover cycle are 
closely related. Turnover was discussed In greater detail earlier in this 
chapter in the section on physical processes. For the current dlscussfon 
on lake water chemistry, we shall refer prfllarfly to the stratlfled lake 
that undergoes the classic lake turnover cycle. Since the patterns of lake 
stratlffcatlon and turnover vary widely, depending upon such factors as 
depth, and prevalllng clfllate as characterfred by altitude and latitude, 
~;elfscussfon to follow on water cherfstry llay not be applicable to all 

. 

Once a the~lfne has tonned, the dissolved oxygen (DO) concentration of 
the hyp6tfmnfon tends to decline. This occurs because the hypolfanlon is 
Isolated frocl surface waters by the thermocllne, and there Is no nechanlsa 
for the aeration of the hypollmnlon. In addftlon, the decay of organic 
matter In the hypolfnnlon as well as the oxygen requfrcllents of fish dnd 
other organlms In the hypollanfon serve to deplete DO. 

With the depletion of DO, reducing conditions prevail and lrany compounds 
that have accmulated In the sediment by precfpltatfon are released to the 
surrounding water. Compounds that are solubfllzed under such condftlons 
Include coopounds of nitrogen, phosphorus, iron, manganese and calcfuR. 
Phosphorus and nitrogen are of partfcular concern because of their role In 
eutrophication processes In lakes. 

Nutrients released fron bottorr sedlnents under stratffled condftlons are 
not available to phytoplankton In the eplllonlon. However, during overturn 
perfods, Irfxlng of the hypolfanfon and the epllllmlon dlstrfbutes nutrients 
throughout the water CO~UIII, llakfng then available to prfiaary producers 
near the surface. This condltfon of hlgh nutrlent avaflablllty Is short- 
lived because the soluble reduced fonas are rapidly oxldfzed to Insoluble 
foms which reprecfpftate. Phosphorus and nitrogen are also deposited 
through sorptfon to particles that settle to the bottar, and are trans- 
ported from the epf)llrnlon to the hypolfnnion In dead plant material that 
Is added to sedlwnts. 

A special case occurs for Ice covered takes, esepcfally when a layer of 
snow effectfvely stops light penetration Into the water. Under these 
conditions winter algal photosynthesis Is curtailed and dissolved oxygen 
(DO) concentrations may decline as a result. A declfnlng DO say affect 
both the chemistry and the blotogy of the systen. The curtailment of 
winter photosynthesis may not pose a problem for a large body of water. 
For a small lake, however, resplratfon and decomposftlon processes may 
deplete avallable DO enough to result In fish kills. 
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The chef cal processes that occur durl ng the course of, an annual 1 ake cycle 
are rather ccmplex. They are driven by pH, oxfdatf on-reduction potent1 al , 
ccncentratf on of df ssol ved oxygen, and by such phenomena as the carbonate 
buffer1 ng system which sewes to regulate pH whf le provf df ng a source of 
I notganf c carbon whf ch may contrf butt to the rrany precf pi tat1 on reactions 
of the 1 ake. The water char1 stry of the lake may be better appreciated 
through a detaf led review of such references as Butler (1964 1, and Stum 
and Morgan (1981). 

Of the many raw mater1 al s requl red by aquatf c plants (phytoplankton and 
mcrophytes) for growth, carbon, nf trogen and phosphorus are of part1 cular 
fmpottance. The relative and absolute abundance of nitrogen and phosphorus 
are important to the extent of growth of aquatic plants that may be seen In 
a lake. If these nutrf ents are avaf 1 able In adequate supply, massive algal 
and racrophyte blooms may occur with severe consequences for the lake. 

The concept of the exf stence of a 1 fmf tf ng nutrient is the crux of Lf l bf g' s 
"law of the nf nfmum" which basf cat ly states that growth is 1 flrf ted by the 
essential nutrient that is available In the lowest supply relative to 
requl rements. This applies to the growth of prlnary producers and to the 
process of tutrophfcatfon In lakes where ,efther phosphorus or nitrogen is 
usually the 1 I rrf tf ng nutrf ent. 

Algae rqufrt carbon, nitrogen and phosphorus in the approximate atomic 
ratio of 100:15:1 (Uttorurk, 19791, which corresponds to a 39:7:1 ratio on 
a mass basis. The source of carbon is carbon dioxide which txf sts 1 n 
essentially unl iii ted supply in the water and in the atmosphere. MI trogen 
al so is abundant In the l nvf ronent and is not real lstf cal ly subject to 
controt. Ml trate is introduced to the water body in ralnfal I , havf ng been 
produced electrochemf tally by 1 I ghtenf ng; in runoff to the water body; and 
my be produced in the water body I tstl f through the nf trl flcatlon of 
avronf a by sediment bacterf a (Hergenrader, 1980 1. In contrast, many 
sources of phosphorus to a lake are anthropogcnfc. 

There are some lakes that are nltrogen lfnfted, for which nitrogen controls 
offer a means of control 1 I ng eutrophf cat1 on. Thf s is unusual , however, 
and phosphorus I fat tf ng situations are much more prevalent than nf trdgen 
1 In1 tf ng condf tf ons. As stated above, a M:P mass ratio of 7:1 Is commly 
assumed to be requf red for al gal growth; a Ii: P ratlo less than 7: 1 
Indicates that nitrogen is lf~ftfng, whfIe a N:P ratio greater than 7:1 
Indicates a phosphorus lfaltfng situation. 

The growth of aquatic plants is 1 fat ted when low phosphorus concentratf ons 
prevaf 1 in a water body. Adequate control of phosphorus results In 
nutrient lfrftlng.condftfons that will hotd the growth of aquatic plants in 
check. Most inputs of phosphorus to a lake are anthropogenfc, thus control 
of this nuttlent offers the best means of regulatlng the trophfc condition 
of the lake. The focus of the df scussf on to fol tow wf 11 be an overview of 
the chemistry of phosphorus and Its fnterractlons with pH, dissolved 
oxygen, carbonates and iron In the water body. 

A df scussfon of phosphorus chemf stry may be approached through our under- 
stmdfng of the control of phosphorus in wastewater treatment plants by 
prtcf pi tat1 on react1 ons. As wf 11 be seen in Chapter IV, the prf ncf ples of 
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phosphorus control in wastewater processes may have appllcatfon to lakes as 
Well. The chemistry of phosphorus fs very cmIex and will not be dfs- 
cussed in great detail In this Manual. The reader who would like further 
fnslght Into the fine points ofmorus chemistry should refer to texts 
such as 8utler (I964), and Stum and Morgan (19813. 

Phosphorus Removal by Preclpftatfon 

Phosphorus removal is discussed In deW1 in Process Deslqn Manual for 
Phosphorus Removal (U.S. EPA, 1976). Chapter 3 of that Manual 'Th 
PhOSDhOrUS Removal by Chemical Precipitation." forrs thcifs o??f~- 
cussfon for this section. 

Ionic forms of aIumlnum, Iron and calcium have proven most useful for the 
removal of phosphorus. Calcium in the form of lime is conronty used to 
preclpftate phosphorus. Hydroxyl Ions produced when lime fs added to water 
also play a role in phosphorus removal. Because the chemistry of phos- 
phorus reactlons with metal Ions Is complex, it will be assumed for the 
sakf-of sfmpllcfty that phosphorus reacts in the forr of orthophosphate, 

w4 l 

Alunlnum 

Aluminum and phosphate Ions combine to form aluminum phosphate. The 
principal source of alulnum Is alu, or hydrated almlnur sulfate, which 
reacts wlth phosphate as follows: 

AI2(SO4)3 l 14U20 + 2POq3- - 2AlP04 + 3SOq2- + 14H20 (4) 

The solublllty of aIuRfnu phosphate varies wlth pH and reaches a mlnfnum at 
pH 6. Greater than stolchlometrfc amounts of alu generally are required 
for phosphorus removal because of competfn 
aluminum hydroxlde and reduces pH as wel 9 

reactions, one of which produces 
. Alu addltlon has often been 

used as a means of controlling phosphorus problems In lakes. This is 
dlscussed In greater detall In Chapter IV In the section on lake restoration 
techniques. 

Lime 

Calcium or magnesium and phosphate ions react In the presence of hydroxyl 
ion to form h droxyapatlk, Ca (OH)(PO ) . The reactlon is pH dependent, 
but the solu fifty of the &ecIplt~& Is so low that even at pH 9 il 
apprecf able amounts of phosphorus are removed. Lime addftlon has 
occasionally been used to treat phosphorus problems in Iakes, but the high 
pH required to fon and maintain hydroxyapatfte generally precludes thls as 
a practical method of control. 

Iron 

Iron, which is a mlcronutrfent required by algae, has been shown to be 
llmltlng In some lakes (Uetzel, 
the eutrophication of lakes. 

1975) and could be an Important factor In 
When a lake is well oxygenated, most iron In 

the system Is tied up In organic, suspended and particulate raatter, and very 
little exists In soluble form (Hergenrader, 1980). Under anoxlc condftlons 
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In the hypolfmton, iron tends to be released fror bottoa sediments along 
wfth phosphorus that has been ttcd up In the tom of iron and manganese 
procfpttates. 

Both ferrous (Fe*+) and ferric (Fa3+) tons nay be used to precipitate 
phosphorus. Ferric iron salts are cffectfvc for phosphorus removal at pH 
4.5 to 5.0 although stgntftcant removal of phosphorus nay be attat ntd.at 
htgher pH levels. Good phosphorus teaoval with the ferrous ion Is 
acconplished at ptf 7 to 8. 

Larott W83) exanfned phosphorus and iron sedimentation rates durtng acrd 
following overturn to evaluate the removal of phosphorus through adsorption 
and coprecfpttatton WI th iron compounds. At overturn, ferrous tron which 
has been released along wtth phosphorus tram the sediment, precipitates as 
ferric hydroxfdes. Iron precfpltatton at overturn has been observed as the 
tomatton of reddtsh brown floe particles. Phosphorus Is removed from the 
water colmn by these floe partlcles, etther through adsorptton or through 
coprtcl pltrtl on and settling. Thus, large anounts of phosphorus may be 
removed from the water column and, therefore, become unavailable for 
phytoplankton growth. 

The removal of phosphorus by thls mechanism may be aided by phytoplankton 
and other sources of turbidity in the water. To the extent that these liatt 
light penetration into the water, photosynthesis and phosphorus uptake are 
Inhibited, thus pemittlng eftectfve removal by ferrfc lron (Laroft, 1983). 

0tss01ved OXYE 

Lake turnover, and mechanfcal aeration of bottom waters, leads to re- 
oxygtnatton of the hypolfmlon. If the 
oxygenatlon will cause a reduction In PO v 

~polfnfon was previously anoxic, 
levels through the formation ot 

Iron and manganese complexes and preclpfeates (Pastorok et al ., 1981). The 
lfmtted abilfty of iron, manganese and also calctum to tit up phosphorus in 
a lake Is regulated by 00 levels and by oxidation-reduction (redox) 
potential. As the 00 of the hypolimnton falls, the redox potential 
decreases and phosphorus is released during the reduction of metal pre- 
cipftates that formed when the redox potential was higher. This may not be 
a problem while the lake rematns stratified, but once stratification ends 
and the lake becomes nixed, the soluble phosphorus becomes available to 
aquattc plants lfvtng near the surface. Lime does not reliably remove 
phosphorus tram the aquatic system because effectfve removal occurs at pH 
levels greater than those found in natural waters. 

Aluinum complexes are much less susceptfble to redox changes and, there- 
tore, are effective in pemmently removtng particulate and soluble phos- 
phorus from the water column. 
pruipitatlon, 

Removal of phosphorus by aluminum occurs by 
by sorption of phosphates to the surface of almtnum 

hydroxide floe and by the entrapment and sedimentation of phosphorus co+ 
tatntng particulates by aluutnum hydroxide floe. Once deposfted, the floe 
of aluminum hydroxide appears to consol fdate and phosphorus is apparently 
sorbed troll fnterstltlal water as it flows through the floe [Cooke, 1981). 

Oxygen depletdon leads to low redox potentfals In the sediment and a net 
release of phosphorus 1 nto the water column. With aeratfon, the tedox 
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potenttal increases causing phosphorus to be precipitated and to be sorbed 
by the sediment. Lou pH values in the hypolimnfon nay be attributed to high 
carbon dioxide associated with decay processes In the sediment. With 
oxygenation, CO2 levels decrease and pH increases (Fast, 1971). 

Eutrophf cation and Nutrient Cycling 

Eutrophication 

There are two general ways In which the tern "eutrophfcatton" is used. In 
the ffrrt, eutrophication is defined as the process of nutrient enrichncnt 
fn a water body. In the second, l eutrophfcattona Is used to descrfbe the 
effuts of nutrient enrfcbnt, that is, the uncontrolled growth of plants, 
particularly phytoplankton, in a lake or reservoir. The second use also 
enco;apasses changes in the colrposftfon of animal conrrunfties In the water 
body. Both of these uses of the tern eutrophication are corrmonly found in 
the lfterature, and the dfstfnctfon, if important, must be discerned frog 
the context of use in a particular article. 

Eutrophication is the natural progressfon, or agtng process, undergone by 
all lentfc water bodies. 'However, eutrophtcatf on is often greatly 
accelerated by anthropogenfc nutrient enrf chment, which has been terned 
"cultural eutrophfcatlon.Y 

In lakes nutrient enrichment often leads to the increased growth of algae 
and/or rooted aquatic plants. For mny reasons, however, excessfve algal 
growth will not necessarily occur under conditions of nutrient enrfchent; 
thus, the presence of high nutrient levels may not necessarily portend the 
problems associated wf,th the second use of the tern eutrophication. For 
example, the water body may be nftrogen limited or phosphorus limited, 
toxic8 may be present that fnhfbft the growth of algae, or high turbidity 
may inhibit algal photosynthests despite an abundance of nutrients. 

The three basic trophic states that may exfst In a lake (or a river or 
estuary) may be descrfbed in very general tenas as follows: 

o Olfgotrophfc - 
well oxygenated 

the water body is low in plant nutrients, and may be 

o Eutrophic - the water body is rich in plant nutrients, and the 
hypolfmnfon may be deficient in 00 

o Hesotrophfc - the water body is in a state between olfgotrophfc and 
eutrophic. 

What specific range ot phosphorus or nttrogen concentration to ascribe to 
each of these trophfc levels is a matter of controversy since the degree of 
response of a water body to enrichment may be controlled by factors other 
than nutrient concentrations, in effect making the response stte specific. 
As will be seen in Chapter III, in a discuss1 on of various measures of the 
trophfc stale of a lake, eutrophication is a complex process and whether or 
not a water body is eutrophfc is not always clear, although the consequences 
are. 
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Nutrients are transported to lakes fra external sources, but once in the 
lake rray be ruycled internally. A consideration of attaf nable uses In a 
lake nust include an understanding of the sources of nitrogen and phos- 
phorus, the sign1 ft cance of Internal cycling, espectally of phosphorus, and 
the changes that might be anttcipated if eutrophication could be controlled. 

Nutrient Cycltng in Lakes 

There are nany sources of nitrogen in the lake ecosystcr. Sfgnfffcant 
awunts of thts nitrogen stclr fra natural sources and cannot be controlled. 
Many anthropogenfc sources, such as agrtculturat runoff, also are not 
nadtly controlled. this is true in large part because the policy issues 
surroundin 
Practices a 

nitrogen (and phosphorus) control through Best Managenent 
BMPs) have not been resolved even though tuhntcal tnglc#ntatioa 

of 8UPs could appreciably reduce nutrient loadings to a water body. Once In 
the aquatic systcl nitrogen llray undergo several bacterially wdtated trans- 
townations such as nttrtticatfon to nitrite and nitrate or denftrtffcatfon 
of nttrate to nttrogen. Protetns undergo anonfficatfon to mnfa which in 
turn is oxidized to nftrate. Also, soll~ Cyanophyta (blue-green algae) are 
capable of ustng atnospherfc nf trogen. Unlike phosphorus, nttrogen is not 
nadtly removed from a system by conplexatfon and prufpftatfon r&actions. 

Whereas nitrogen inputs to a water body are predoatnantly non-point sources, 
phosphorus inputs are predolfnantly point sources that art IIC~ readtly 
fdentftted and controlled. There are sw parts of the country, as in 
Flortda, where extensive phosphorus deposits are tound which could be the 
source of sfgnftfcant natural inputs to a lake and its feeder strea. Such 
lakes llay be nitrogen lfafted. With the exception of runoff, the anthro- 
pogenfc sources (particularly the 
controtled to a large extent. Contro P 

ofnt sources) of phosphorus can be 
of the external inputs of phosphorus 

to a lake ray not necessart\y end problas of eutrophtcation, however, 
annual fluctuations in DO, pH and other parameters nay result in the 
ruyclfng ot sign1 ffcant amounts of phosphorus within the system. 

Uttornark (1979 1 has noted that nest lakes are nutrient traps, on an annual 
basis, and that the trophfc status of a lake can be dependent on the degree 
of internal nutrient cycling that occurs. There is typically a seasonal 
release fraa and depositton of nutrients to the sedirscnt, and the effect ot 
this internal nutrient cyclf ng is dependent upon physical characteristics 
such as mrphol ogy, nixing processes and strattffcatlon. 

As dlscussed earlier, phosphorus that has been released fran sedfwnts to 
anoxtc bottorrr waters under stratitied condtttons aay becow tenporarfly 
available to primary producers during overturn periods. Thts often causes 
phytoplankton blooos In spring and f-all. During winter and sumer, 
stratttfcatfon lintts vertical cycltng of nutrf ents and nutrient 
avaflabflity aay Iflrft phytoplankton growth. 

Macrophytes derive phosphorus directly frow lake sedfncnt or frola the water 
colun. The release of sow of thts phosphorus to the surrounding water has 
been reported for some macrophytes (Landers, 1982). In addition, sfgnfff- 
cant wunts of phosphorus and nitrogen are released to the surrounding 
water by macrophytes as they dte and-decompose. Landers has estfraated that 
about one-fourth of the phosphorus and one-half of the nitrogen wf thtn a 
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decay1 ng plant will remafn as a refractory portion, while the rest Is 
released to the surrounding water. 

In response to soluble phosphorus released by decomposing mcrophytes, the 
algal bfoaass (as measured by chlorophyll-a concentration) may show a 
sfgnfffcant increase. When these algae Iafar die, phosphorus wtll be 
returned to the system in soluble form, as prufpftates that form wtth iron, 
calctu and manganese, or will be tied up in dead cells that settle to the 
botta to become part ot the stdlmnt. 

Sfgnfttcance of Chemical ?henomena to Use Attafnabtlfty 

The most crftfcal water quality fndfcatois for aquatic use attainment in a 
lake are dissolved "xygen (DO), nutrients, chlorophyll-a and toxicants. 
Otssolved oxygen is an important water qualtty indicator fir all ffsherfes 
uses and, as we have seen above, is an important factor in the internal 
cycltng of nutrtents in a lake. In evaluating use attainability, the 
relattve importance of three forms of oxygen demand should be considered: 
respiratory demand of phytoplankton and macrophytes during non- 
photosynthetlc periods, water column demaud, and benthfc demand. It use 
fmpafment is occurring, assessments of the signfffcance ot each oxygen sink 
can be useful in evaluatf ng the feasfbflfty of achfevfng sufffct ent pol- 
lutlon control, or in fnplementfng the best internal nutrtent aanagment 
practfces to attafn a designated use. 

Chlorophyll-a ts .a good indicator of algal concentrations and of nutrtent 
overenrf ctmGt. Excesstve phytoplankton concentratjons, as indicated by 
high chlorophyll-i levels, can cause adverse DO fmpacts such as: (a) wide 
diurnal varf atton in surface 00 due to daytime photosynthetic oxygen pro- 
duction and nighttime oxygen depletion by resptratfon and (b) depletion of 
botta 00 through the decmposftfon ot dead algae and other organic matter. 
Excessive algal growth may also result in shadfng which reduces light 
penetration needed by submerged plants. 

The nutrients of concern tn a lake are nitrogen and phosphorus. Their 
sources typically are discharges from industry and fraa sewage treatment 
plants, and runoff fra urban and agricultural areas. Increased nutrient 
levels ray lead to phytoplankton blooms and a subsequent reduction in 00 
levels, as dtscussed above, 

Sewage treafment plants are typtcally the major point source of nutrients. 
Agricultural land uses and urban land uses are sfgnfffcant non-point sources 
of nutrients. Wastewater treatmnt tactlftfes often are the major source of 
phosphorus loadings while non-point sources tend to be the major con- 
tributors of nitrogen. It is important to base control strategies on an 
understanding ot the sources of each type of nutrient, both in the lake and 
fn its feeder stream. 

Cl early the levels of both nitrogen and phosphorus can be important deter- 
ntnants of the uses that can be attained in a lake. Because point sources 
of nutrients are typically wre amenable to control than non-point sources, 
and because phosphorus removal for fnunfcfpal wastewater discharges is 
typically less- expensive than nitrogen removal, the control of phosphorus 

II-31 



dfschargcs 4s often the wthod of cholct for the prevention or reversal of 
use fmpafrwnt In the lake. 

Ofscussfon of the Impact of to%fCantS such as pesticides, herbfcldts and 
heavy mttals Is btyond the scopt of this volut~. Nevtrthel tss, the presence 
of toxfcs in stdfwnts or fn the water COlmn may prevent the attafnment of 
uses (partfcularly those relattd to fish propagatfon and mafnttnanct in 
water bodfes) which would othemfst be rupporttd by water qua11 ty criteria 
for 00 and other paramtttrs. 

TECHNIQUES FOR USE ATTAINABILITY EVALUATIONS 

Introduction 

In the use attafnabflfty analysfs, It must Initially be dtttnfntd If the 
present aquatfc lift use of a lake corresponds to the dtsfgnattd use. The 
aquatic use of a lake Is evaluated fn ttms of biological mtasurts and 
I ndf cts. If the dtsfgnattd use fs not btfng achf tved, then physical, chew 
fcal and bfologfcal fnvtstfgatfons art carrltd out to dtttrufne the causes 
of Impafrment. Physfcal and chcnfcal factors are txaafntd to explafn the 
lack of attafnmtnt, and they art used as a guide In dtterminlng the highest 
use level the systtm can achf eve. 

Physical parameters and processes must be ch:ractcrfztd so that the study 
lake can be corrpartd with a rtftrtnct lake. Physfcal parameters to be 
consfdtrtd art average depth, surface area, volmt and rttentfon tfme. The 
physical processes of concern include degrtt of stratfffcatfon and 
faportanct of cfrculatfon patterns. Once a reference lake has been 
stltcttd, comparfsons can be made wfth the lake of Interest In ttnas of 
water quallty dffTertncts and differences In biological conwnftfts. 

Empirical (desktop) and sfmulatfon (caRputer-based mathematical) models can 
be used to improve our undtrstandfng of how physfcal and chtmfcal char- 
acttrfstfcs affect bfologfcal comnunltfts. Desktop analysts may be used to 
obtafn an overall pfcturt of lake water qua1 fty. These methods are usually 
based on average annual condftfons. For example, they art used to prtdfct 
trophfc state based on annual loading rates of nutrients. They art sfmple, 
fntxptnsfve procedures that provfde a useful persptctlvt on lake water 
quallty and In many cases will provide sufffcfent Information for the use 
study. For a more detailed analysis of lake conditions, computer models can 
be unplayed to analyze varfous aspects of a lake. These models can simulate 
the dfstrfbutfon of water qualfty constftuents spatially (at varfous 
locatfons within the lake1 and temporally (at varfous times of the year). 

Desktop calculations and larger sfmulatfon models may both be used to 
enhance our undtrstandfng of exfstfng lake conditions. More Importantly, 
they can be used to evaluate the lake's response to dffferent condltfons 
wf thout actually fmposfng those conditions on the lake. This Is of great 
bentflt In dettnufnfng the cause of fmpafrment where, for example, the model 
can predf ct the lake rcesponst to the removal of point and nonpoint loads to 
the lake systtm. 
latfng the lake's 

Models can also be used to assess potentfal uses by sfmu- 

actfvftfes. 
response to varfous dtsfgn conditions or restoratfon 

A 
U.S. EPA (1983c s 

ood dfscussfon of model selection and use Is provl&d by the 
. 
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Empfrfcal Models 

:n contrast to the complex computer models available for the study of lake 
processes, there are a number of simple ~pfrfcal, Input/output models that 
have proven to be widely applicable to lake studfts. Most of these models 
consfdtr phosphorus loadfngs or chlorophyll-a concentratfons in order to 
estimate the trophic status of a lake. 

Vollenwefder Model 

Vollenwefder (1975) proposed an empirical fit to a simplified phosphorus 
mass balance model, using the factor: 

whtrt 

Q = specfffc sedimentation rate, years-l 
Z = mean lake depth, m 

Stdlmentatfon Is used by Volltnwefder to describe all mt Internal losses of 
phosphorus (Uttormark, 1978) and is extremely dffffcult to deternine 
experimentally. Vollenwef der derived his value for u through an analysis 
of sptcf fit sedfannt~tfon ratt versus man depth for ackral lake data. 
Under steady state conditions, the phosphorus conctntratfon may be expressed 
In tens of 

where 

phosphorus loadings as:. 

CPI = L/(10 + ZP 1 (5) 

in-lake total phosphorus concentratioc2 !A-3 
specific area? phosphorus loading, ML T 
mean lake depth, L 
flushing rate, Q/V, T-l 
annual water 

f3 ow rate, L3T01 
lake volume, L 
units of mass 
unfts of length 
units of time 

Vollenwefdtr examined the relatfonship of area1 loading rate to mean depth 
t mes 
J 

flushing rate and defined In-lake phosphorus concentratfons of 10 mg/ 
to dlstfnguish 011 

distinguish 4 
otrophfc from mesotro hfc conditions, and 20 mg/m3 to 

mesotroph c from eutrophic tf con itions. 
L and substituting the predeff ned values of 10 q/a ? 

olving Equafion 5 for 
or 20 

s 
/m for LPI, 

Volltnweider developed the type of plot shown in figure 11-l a (Zfson, et 
al., 1977 1 which provides a sfmplt, straightforward means by i?hich to use 
phosphorus loading to a lake to assess trophfc level. Vollenweidtr's 
model, and other models that use phosphorus loading to evaluate 
eutrophication-related water quality, generally are only applicable to 
water bodies In which algal growth is 1 imi ted by phosphorus. 
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Figure II-12a. The Vollenweider Model (from Zison, et al., 1977). 
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An txarple application of this type of approach Is given by Zfson, et al. 
(1977), where the characteristics of a restwofr art given as: 

Bfggt:. Reservoir 

Available Data (all values art means): 

Length 20 ml * 32.2 kr 
Width 10 ml - 16.1 km 
Depth (El 200 ft l 61 II 
Inflow (0) 500 cfs 
Total phosphorus conctntr&?fon In Inflow 0.8 ppm 
Total nitrogen concentration In Inflow 10.6 ppa 

Ffrst dettmfnt whether phOSpkWS Is lfktly to be growth lfaftfng. Since 
data art available only for rnflutnt water, and since no additional data 
are available on frpoun&nt watar quality, N:P for fnfluent water will be 
used. 

N:P * 10.6/0.8 = 13.25 

Thus, recalling that a N:P mass ratio of 7:l Is requf red for algal growth, 
8fggtr Reservoir Is probably phosphorus lfrfttd. 

Compute the apl;?oxfaMe surface area, volume and tht hydraulic rtsfdence 
tiw. 

Volume (VI = (20 ml) (10 nil (200 ft) (5280 ft/mf)2 - 

1 12 x 1o12rt3 . - 3 16 x 10”m3 . 

Hydraulic rtsfdtnct time (I~) = V/Q n 

1 12 x 1012ft3/50Q ft3seco1 = 2.24 x 1O’stc * 71 yr . 

Surface area (A) = (20 ml) (10 ml) (5280 ft/mf12 = 

5 57 x 10gft2 - 5.18 x loam2 . 

Next, compute hydraulic loading, q, 

qs - 61 m/71 yr - 0.86 II yr -1 

Cmpute annual fnflow, Qy 

Qy = (Q) (3 ;25 x 107stc yrml 1 

Qy - 1.58 x lOloft yr -1 

Phosphorus concentration in the fnflou Is 0.8 ppm, or 0.8 lag/l. Loading 
(L ) in grams per square meter per year Is canputed from the phosphorus 
coRcentratfon (C,), the annual fnflo% (Q,), and the surface area (?I: - 
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LP = 

LP m 

LP - 

(1.58 X IO1' ft3/yr)(0.8 mg P/1)(28 32 ,,ft31(r x IO.3 arg,gl 

(5.18 x 1O8 m2, 
. 

0.70 g/f&r 

Referring to the plot in Figure 11-122, we would expect that Bigger Reser- 
voir, with L 

glooms. 
1 0.7 and qs = 0.86, Is eutrophic, possibly with severe 

srr algal 

The Vollenmfder type of approach has many useful and varied appl!c&tions. 
For ax-la, a phosphorus loading model was used to evaluate three pro- 
spective reservoir sites for eutrophication potential (Camp Qrssstr & 
McKee, 1983 1. Since this evaluation was part of a study to select a future 
dam site, and an iapountint did not exist, there was very little fnfor- 
mation available with which to work. While such an evaluation was not a 
use attainabflfty study per se, the application is instructive because in 
many cases there may be virtually no data available for use in evaluating 
an l xfstlng lake or fapoundmit for attainable uses. For these cases where 
few historical data are available, use of a computer model would require 
siulatlon predictions wfthout the beneflt of a caifbrated model, unless 
considerable resources are available to conduct a sampling program to 
characterize the water body fr# season to season in order to generate the 
data required by such a model. There are few options in this case other 
than use of an enpfrfcal model which, nevertheless, may provlde very 
instructive results. 

In the reservoir site study, phosphorus loading was estimated frun water 
quality data for the streams that would feed each of the prospective 
reservoirs, and fr# an evaluation of land use practices in the watersheds. 
Streamflow data and an analysis of rainfall-runoff relationships provided 
an estimate of flow (0) to each of the three reservoirs, and topographic 
maps were used to determine reservoir volume, average depth ('I), and 
surface area (A). 

In the analyses, the quantity i/r, my be calculated as: 

i/r, = L P = (V/A)(W) - Q/A 

where P, the flushing rate, is equal to the reciprocal of 7, the hydraulic 
residence time. 

The quantity Q/A is the hydraulic loading rate--the amount of water added 
annually per unit area of lake surface. This may be 'interpreted to imply 
that lakes with the same hydraulic and phosphorus loadings should have the 
same in-lake phosphorus concentration regardless of dffferences in flushing 
rates (Uttomark and Hutchins, 1978). 

The flushing rate is a very important characteristic of a lake, and +e an 
important determinant of trophic state. If the flushing rate is hfgh, c;s 
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afght be the cast in a run-of-river impoundment, algal growth problems may 
be uch WI for a given phosphorus loading than for the same phosphorus 
loading to a lake with a low flushing rate. Although hydraulic loading 
sewts as a' surrogate for flushing rate in the Vollenwefder model, the 
modal still represents an important advancement beyond static loadin 
estiutfons, such as wart presented in Vollenweider in 1968 (Table II-3 s 
where estimates for trophic state art based solely on sass loading. 

Volltnwefdtr-OECD Model 

The Organization for Economic Cooperatf on and Dtvtlopmtnt (DECO) 
Eutrophication Stuqj was conducted in the early 1970's to quantify the 
relationship between the nutrient (phosphorus) load to a water body (lake, 
rtstrvoi r, or estuary) and the eutrophication-related water qua11 ty 
response of trle Mater body to that load. Rast and Let (1978) applied the 
Vollenwefder (I9751 aodtl to the OECD water bodfes in the United States. 
The results art plotted in Figure II-12b. It is apparent that the 
eutrophic water bodies are clustered in &e area of the plot and the 
oligotrophic water bodies in another. Between those two tones, the authors 
delineated rough boundaries of perrmlssfble and excess1 ve phosphorus 1 oadi ng 
with respect to eutrophication-ret attd water quality. This model can be 
used in the same way as the Vollenwttder model discussed prevfously. 

Dillon and Rfgler Model 

In 1974, Dillon and Rfgler (as reported by Uttomrk and Hutchins) pub- 
lished an empirical model, sfmflar to that of Vollenwefder, in which a 
phosphorus retention coefffcient (R) was proposed to account for phosphorus 
retention in the lake. 

R l (Pin - Poutl/Pln (6) 

Incorporation of R into the phosphorus mass balance equation leads to 
Equation 7 for the Dfllon-Rigltr model which is analogous to Equation 5 for 
the Volt ewe1 der model. 

[PI - L(l-R)/('tp) (7) 

Dlllon and Rfgltr used values of 10 and 20 ,-P/a to define acceptable and 
excessive loading values to derive Figure 11-13. 
to estimate trophic state by plotting the quantity: 

Figure II-13 may be used 

L(l-RI/p vs. I 

where 

L - annual phosphorus loading, g/d-yr 
R s retentlon coefficient, (fin - PoutI/Pin 
P = flushin rate = Q/V, yr' 
z = mean depth, I 
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TABLE II-3 

SPECIFIC WU’RIENT LOADING LEVELS FOR LAKES 
(EXPRESSED AS TOTAL NITRgGEN AND 
TOTAL PHOSPHORUS IN g/m -yr)* 

Mean Depth 
up To: 

Permissible Dangerous 
Loading Loading in 

up To: Excess of: 

N P N P 

511 1.0 0.07 2.0 0.13 

10 A 1.5 0.10 3.0 0.20 

50 a 4.0 0.25 8.0 0.50 

loo 111 6.0 0.40 12.0 0.80 

150 a 7.5 0.50 15.0 1.00 
200 a 9.0 0.60 18.0 1.20 

*from Vollemcider (1968) 

SOURCE: Uttormark and Hutchins, 1978. 
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The lfncs of Flgurc II-13 npresent equal predictive phosphorus concentra- 
tlons, indicating that the predfctlon of the trophfc state of a lake Is 
based on a measure of the predictive phosphorus concentration In &he lake 
rather than on the phosphorus loading (Tapp, 19781. 

Larsen and Mercfer Model 

Larsen and Mercfer (as reported in Tapp, 1978) used the phosphorus mass 
balance model to describe the relationship between the steady state lake 
and 

r 
an Input phosphorus concentrations. Again using values of 10 and 20 

w/ tug/l), Larsen and Mercfer developed the curves of Figure II-14 to 
dfstlngulsh olfgotrophfc, mesotrophic and eutrophfc conditions. To use 
Figure 11-14, one need3 to estfmate the mean influent lake phosphorus 
concentration, P, in g/m 
the lake. The Larsen ~nc?Hde%& 

the fraction of phosphorus retained in 
formula plots mean trfbutary total 

phosphorus concentration against a phosphorus retentfon coefficient, 
thereby addresslng the crftfcfsm of other models that no dfstfnctfon is 
made betueen phosphorus Increases due to fnfluent flows or concentrations 
or both (Hem, et al., 1981). In effect, the. Larsen and Mercier model 
predicts the mean tributary phosphorus concentration whfch would cause 
eutrophic or mesotrophfc condftfons. 

In a comparative test of these three phosphorus loading models, usfng data 
collected under the Matfonal Eutrophication Survey on 23 water bodies (most 
in the northeastern and north central United States), it was found that the 
Dfllon-Rfgler and Larsen-Mercfer models fft the data much better than the 
Vollemrelder model (Tapp, 1978). This fs probably because the Vollenwefder 
model considers only total phosphorus loading without regard to In-lake 
processes that reduce the effectfve phosphorus concentration. In a similar 
colbparfson on data from southeastern water bodies, however, alt three of 
the models generally fit the data. 

Of the erapfrfcal models, the Vollenweider fs the most conservative because 
ft does not account for phosphorus fn the outflow fran a lake. This rwdel 
shoutd be used In a first ttvel of analysis, in the absence of tufffcient 
data to establish a phosphorus retentfon coefffclent. If the retentlon 
coefffcfent can be dcrfved, the Dfllon-Rfgler or Larsen-Mercier models 
would be preferable (Tapp, 1978). 

Reckhow (1979) cautions that the application of empirical phosphorus lake 
models may not be approprfate for certain condftions or types of lakes. 
These include conditions of heavy aquatic weed growth, violation of model 
assmptlons (for example, no outlet from a lake), or because the lake type 
(such as extremely shallow lakes) was not included in the data sets used to 
develop each of the models. 

Sedfmentatfon rates are apt to djffer in' a closed lake from sedfmentatfon 
In a lake with an outlet. Based on a consideration of the phosphorus mass 
balance equatlon with the outflow term removed, and upon settling rates 
discussed by Dfllon and Kirchner (1975) and Chapra (1977), Reckhow (1979) 
proposed the followfng expressfon for predicted phosphorus concentration: 
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Figure 11-14. The Larsen-Hercler Model (from Tapp, 1978). 
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t/(16 + ZP 1 < Ptrue < Lfl3.2 (8) 

Shallow lakes present a problcn because the potentfal for mfxfng of the 
sedfmnts results in phosphorus concentratfons that may be more varfable 
than in deeper lakes. On the other hand, these saae condltfons may prevent 
the developrwnt of anaerobic condltfons and serve to reduce concentratfon 
vatfabflfty. Modelfng of lakes wfth heavy weed growth fs problemtic 
because thick growths may restrfct nixing, whfle fnteractfng dfrectly with 
the sedfwnt. 

Modfffed Larsen and Mercfer Model 

Hem, et al. (1981) note the assunptlon Inherent to each of the phosphorus 
amcls dfscussed above 'that the relationship of phytoplankton biomass to 
phosphorus Is the same for all lakes, yet pofnt out that the utflfzatfon 
and fncorporatfon of phosphorus fnto phytoplankton bfomass varies sfg- 
niffcantly from lake to lake, depending on availability of lfght, supply of 
other nutrients, bfoavaflabflfty of the various species of phosphorus, and 
a nuber of other factors. They go on to evaluate the factors affectfng 
the nlatfonshfp of phytoplankton biomass to phosphorus levels and show how 
the phosphorus models may be modified to base trophic state assessments on 
chlorophyll-z rather than phosphorus. 

In theft analysfs of samplfng data from a number of lakes, Hem et al. 
detemfned that the response ratfo of chlorophyll-a (CHU) to hfgh rumer 
phosphorus concentrations decreases as total ph5sphorus Increases 
contrast to the ffndfngi of other authors (Vollemvefder, Dfllon, etc.) 
whose work is based on data collected in lakes that were free of ma.jor 
Interferences. Hem, et al., f ndfcate a be1 f tf that the reason most lakes 
do not reach naxlmun productfon of chlorophyll-a Is because of interference 
factors. Factors whfch may prevent phytopfinkton chlorophyll-a from 
achi tvf ng naxfnm theoretical concentratfons based on ambient-total 
phosphorus (TP) levels in a lake Include: 

1. 

2, 

3. 

4. 

5. 

6. 

7. 

8. 

Avallabflfty of lfght ffor example, lfaftatlons due to turbidity 
or plankton se1 f shadfng); 

Limftatfon of growth by nutrients other than total phosphorus, 
we. nftrogen, carbon, sfllca, etc.; 

Biological avaflabflfty of the TP components; 

Domfnation of the aquatic flora by vascular plants rather than 
phytOD1 ankton; 

Grazing by zooplankton; 

Temperature; 

Short hydraulic retention tfme; and 

Presence of toxic substances. 
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The response ratio (RA) fs defined as the amount of chlorophyll-a formed 
per unft of total phosphorus. A strong relatfonshfp betwetnTHLA fa 
measure of phytoplankton blast) and KP In lakes has been established by a 
nubar of authors, as dfscussed by Hem et al. (1981). A log-log trans- 
formatfon of the response ratio and total phosphorus concentration yltlds a 
strafght line (Figure II-151 which provides a basfs of cmparfson between 
the theoretical RA and the acturl RA at a given phosphorus level. This 
relatfonshfp was used to mdffy the Larsen-Mercfer aodel to accompfsh the 
followfng objectives: 

1. Change the trophfc classfffcatfon based on an ambient TP level to 
one based on the biological nanifestatlon of nutrftnts as measured 
by chlorophyll-i; 

2. Determine the 'critfcal" levels of TP whfch wfll result fn an un- 
acceptable level of CHLA conccntratlon so that the level of TP can 
be nanfpulakd to achfeve the desfred use of a given water body; 
and 

3. Account for the unique characteristics of a lake or reservoir 
which affect the RA. 

fht Larsen and Mercfer (1976) model predfcts the wan tributary TP concen- 
tration which would cause tutrophfc or mesotrophfc conditions as follows: 

or 0) 

W” * Ml-P 
TT 

(10) 

where 

WE - the mfnimm wan tributary Tp concentratfon In ug/l which will 
cause a lake to be eutrophfc at equllfbrfu, 

mM - the mfnimm mean trfbutary TP concentration fn ug/l whfch wfll 
cause a lake to be wsotrophfc at tquflfbrlua, 

ETP - a constant equal to 20, whfch 1s the theoretical mfnlmun 
allblent ug/l of TP In a lake resultfng In eutrophic condftfons 
and Is the level which ff not equaled or exceeded will result 
In meso- or olfgotrophfc conditions, 
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Figure 11-15. The relationship between summer log RA and log TP based 
on Jones and Bachmann's (1976) regression equation (frm 
Hern, et al., 1981). 
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MV = a constant equal t0 10, which is the theoretical minimum 
adlent ug/l of TP in a lake resulting fn wsotrophlc condl- 
tfons and is the level which If not equaled or exceeded will 
result In olfgotrophic condftlons, and 

R - fractfon of phosphorus retafned fn the lake. 

The Larsen and Mercfer equatfons (i.e., Equatfons 9 and 10) can be 
corrected to account for the RA of a specific lake as follows: 

FE = ETP(ERA/AERA) 
1-R 

(11) 

(121 

TE = the rlnfnum wan trfbutary Tp concentrations In ug/l which will 
cause a lake to be eutrophic at l qrrii fbrlum corrected to 
account for the lake's RA, 

w An = the mlnfam mean trfbutary TP concentratfons fn ug/l which will 
cause a lake to be wsotrophlc at equlllbrlm corrected to 
account for the lake's RA, 

ERA = a constant equal to 0.32 which Is the RA predicted from 20 ug/l 
of arbftnt TP utflftlng Jones and Baclmann's (I9761 regression 
equation, 

MRA l a constant equal to 0.23 which Is the RA predicted froa 10 ug/l 
of adftnt TP utllfrfng Jones and Bachmann's (1976) regression 
equation, 

MRA l the mean sumer RA for the lake corrected to what It would be 
at the 20 ug/l level of TP, i.e., the ambient eutrophic level, 
and 

AJ4RA = the mean sumer RA for the lake corrected to what It would be 
at the 10 ug/l level of TP, i.e., the ambient nesotrophfc 
level. 

The ERA constant of 0.32 was dettnafned from utllfzlng the ETP constant of 
20 ug/l of ambient TP in the Jones and Bachmann (19761 regression equation: 

tog ug/l CHLA = -1.09 + 1.46 log ug/l TP (13) 
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Substftutfng 20 ug/l for TP, log CHLA 1s equal to 0.81 and CHLA fs equal to 
6.4. Therefore, the ERA fc equal to 6.4/20 or 0.32. Sfmflarly, the MRA 
constant of 0.23 was detennfned utflfzf ng the MTP constant of 10 ug/l of 
ambfent TP. 

The AERA fs dctermfncd frm the followfng equatfon: 

log AERA = [,wg] [log ETP - 8 ] + A (141 

where 

ORA = the observed sunncr ambient RA In the lake, 

OTP = the observed sumer ambfent TP In the lake, 

A. -4.77 whfch Is the log of the RA detemfned from Equatfon 13 
utflfzfng a TP concentratfon at approxfmately 0 (sfnce log 0 is 
undeffned, an extremely low TP concentratfon, f.e., O.oooOOOO1 
ug/l, was used to approxfmate 0 on the log scale), and 

B- -8 whfch fs the log of the TP (f.e., 0.00000001 ug/l, whfch fs 
used to approxfmate 0 In Equatfon 13). 

Substftutfng Into Equatfon 14: 

log AERA * [ sq$(‘.g+][ 9.30) 4.77 

The AMRA Is determfned frtn the followfng equatfon: 

log AMRA - [+$$$+][log MTP - B]+ A 

Substitutfng f nto Equatfon 16: 

log AMRA - [,qfg+q (9) - 4.77 

(15) 

(16) 

(17) 

The constants used fn Equatfons 14 and 16 are used to establish the slo e 
of a lfne (Ffgun II-151 whfch begfns at -4.77 (log RA) and -8 (log TP ! . 
Usfng the ORA and the OTP, the RA fs.adjusted using the relatfonshfp shown 
fn Ffgun 11-15, whfch was detenafned from the Jones and Bachmann (1976) 
regressfon equatfon (Equatfon 13) to one whfch would cause eutrophfc (AERA) 
or mesotrophfc condftfons In the lake (AMA). 

A comparfson of trophfc state predictfons usfng the Larsen and Mercfer 
equatfons (Equations 9 and 10) wfth the modified equatfons to account for a 
lake';g8$ (Equatfons 11 and 12) war made usfng lake ffeld data (Hern, et 
al., . Those data showed that tht lake had: 
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OTP - 36.3 ug/l, 

gbserved mean s-r CHLA (OCHLA) = 6.3 ug/l, 

1-R - 0.71, 

ORA = 0.17, and 

observed mean trlbutay TP (OTTP) = 57.3 ug/l . 

Substftutfng fnto Equation 9 (the Larsen-Mercfer equatfon that yields the 
Irf nfmm wan tributary TP that wfll cause a lake to be eutrophfc), we find: 

VE = 20 = 28.2 ug/l (9) 
UT 

Since 28.2 ug/l of TP represents the theoretfcal nfnflwa mean trfbutary 
concantratlon whfch wfll cause the lake to be eutrophfc under stead state 
condf tlons and the OTTP Is 57.3 ug/l, the use of Equatf on 9 would c T asslfy 
the lake as eutrophfc. Substftutfng fnto Equatfon 11 which glves the mean 
trlbutary TP that wlll cause a lake to be eutrophfc, when thfs TP Is 
corrected for the lake's response ratlo, RA: 

*iE - 20(0.32/0.13) = 69.3 ug/l (11) 

Sfnct 69.3 ug/l Is greater than 57.3 ug/l, we find If we use the modified 
quatlon whCch accounts for the lake's RA, the 1 ake could be classf fled as 
wsotrophfc and could possfbly be olfgotrophfc. To detenafne whether ft Is 
mesotrophfc or olfgotrophfc, we substitute into Equation 12 to determlne 
the mean trfbutary TP, corrected for the lake's RA, that wfll support 
nsotrophfc condltfons. 

Since 32.4 ug/l Is less than 57.3 ug/l, 
mesotrophfc. 

Computer Models 

= 32.4 ug/l (12) 

we would classify the lake as 

For many lakes, desktop evaluations and the analysfs of field data may not 
be sufficfent for an analysis of attalnable uses. When a more sophfstl- 
cated analysfs Is Indfcated, computer-based mathematical models can be used 
to simulate physfcal and water qualfty parameters, as well as various llfe 
forms and thefr fnterrelatfonshfps. The model predfctlons can be used to 
detemfne whether physical and water quality condf"ons are adequate for 
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use attaltment. For example, using the fnfonaatfon on bfologfcal requt. 
aents presented later In thfs manual In conjunctfon with predicted wate 
qua? f ty condf tfons, judgntnts can be made regardfng rhat type of aquatic 
lffe corunlty a lake Is lfke'ly to be capable of supportfng. Computer 
models have the great advantage that they can predict the lake's ecologfcal 
system rapfdly under various design condftfons and In addftfon, many 
computer models can simulate dynanfc processes In the water body. In 
contrast, the phosphorus loadfng empfrfca'l models are sufted only to steady 
state assunptfons about the lake. 

Yhfch computer model to select will depend on the :tivel of sophfstfcatfon 
requfnd f n the analysfs to be conducted. The selectf on wfll also depend 
hfghly on the sfze of the take and its partfcular physfcal characterfstfcs. 
For exqle, a long, narrow lake whfch fs fully mfxed horfzontatly and 
vertfcally can be modeled by a one-dfmenslonal model.' Two-dfmensfonal 
models may be requfred where take currents in a very large, shallow lake 
are the dominant factor affectfng lake processes. In deep lakes where the 
vartfcal varfatfons in lake condftions are most important, one-dfmensfonal 
models In the vertfcal dfrectfon are appropriate. 

In many cases 'lake water qualfty and ecologfcal models have been developed 
to hfgh degrees of sophfstfcatfon, but these models do not provfde the same 
degree of sophfstfcatfon for the mechanfsms that descrfbe transport 
phen-na fn the lake. On the other hand, models developed to sfmulate the 
hydrodynmfcs of a lake dfd not fnclude the sfmulatfon of an exte!nsfve 
array of cheaical and bfologfcat conditfons. One of the major weaknesses 
In current water quality models as percefved by Shanahan and Harleman 
(1982) Is the lfnkage of hydrodynamfc and bfochemfcal models. 

Hydrodynamic Modelfng 

Shanahan and Harleman (1982) have described varfous types of models for 
lake clrcu'latlon studles. They fncluded two maJor groups: simplified 
models and true cfrculatfon models. 

The sfmplfffed models fncluded zero-dfmensfonal models fn whfch a lake is 
represented by a fully-mixed tank or contfnuous-flow stfrred tank reactor. 
For a larger lake, representation with the zer+dlmensfonal model Is accoa- 
plfshed by treatfng dffferent areas of the lake as separate fully afxed 
tanks. Sfnplfffed models also fnclude longitudinal and vertfcal one- 
dfmensfonal lrodets. These models consider a serfes of vertfcal layers or 
horizontal segments. 

True cfrculatfon models are those whfch employ two- and three-dfnensfonal 
analysis. Twedfmensfonal models have been developed wfth a single or with 
multfple layers where It Is assumed that the lake is vertfcally homogeneous 
wlthfn a layer. Whfle lake clrculatfon fs modeled fn each layer, the 
fnteractfons between layers must be consfdered separately. The fully 
thre+dfmensfonat model, whfch also handles vertfcal transport between 
layers, is the most complex, and most expensive to set up and run. 
Although there are sane examples of this type of model iri use, Shanahan and 
Harleman believe that these models have not reached a point of practfcal 
applfcatfon. 
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ce cfrculation mdels have been fnvestfgated in detail by 
of the Case tiestern Reserve University. In a report for the 

rental Protectfon Agency, Lick (1976b) describes his work on 
onal models. The thrce-df#nsional-r'rodels developed by Lick 

a steady-state, constant-density Mel; (2) a time-dependent, 
ity model; and (3) a time-dependent, varfable4ensity model. 
veraged models are also presented which average the three- 

dfmnsional quations over the depth, thus reducf ng the model to a two- 
dfacnsfonal model. 

lake Yater Quality Modeling 

Many one-, two- or three-dfwnsfanal lake water qualfty models have been 
deve\oped for varfous applfcatfm. As part of an EPA technfcal gufdance 
manual for performfng wasteload allocatfons (U.S. EPA, 1983~1, avaflable 
water quality models were revfewed. Infomatfon concernfng model 
capabflfty, model developers, and technfcal support were presented. 
Oescrfptfons of lake models from Book IV - Lakes and Inpoun&ents, Chapter 
2 - Eutrophfcatfon (U.S. EPA, 1983c) are provided In Tables II-4 through 
II-8 to present an overview of some-of the models that have been developed 
for 'lake studies. 

Lake water qualfty models such as those descrfbed fn Tables II-4 through 
II-8 generally a-e stand-atone models, however, saw lake qualfty nodels 
have been linked to sophfstfcated hydrodynanfc aodels. For example. fn one 
specfal study 
dfmnsfonal 

for Lake Ontario, Chen a~~e~fth (1979) developed a th;hz 
ecologfcal-hydrodynamfc The hydrodynaafc 

calculated currents and the temperature regf'& throughout the lake usfng a 
horizontal grid with eight layers of thfckness. The water qualfty mode1 
fncluded a coarser horfzontal grfd wfth seven layers. The hydrodynmfc 
informatfon was transferred through an Interface program to the water 
quality model. 

Much of the focus In water qualfty models developed for deep lakes and 
reservoirs has centered around the predictfon of the thermal energy 
distrfbution, and has led to the development of one-dfmnsional xo\ogfcal 
models such as LAKECO and MQRRS as described in Tables II-7 and II-8, 
respectively. This type of model is described in more detail in the 
following section. 

One-Dimensional lake Modelfng 

Development of LAKECO, WQRRS and other variations of these ecological 
models such as EPAECO (Gaum and Duke, 1975) began in the late sixties with 
studies on the prediction of themal energy distribution (Water Resources 
Engineers, 1968, 1969). From same of their earlier work, Chcn and Orlob 
(1972) developed a model of Ecologfcal Simulations for Aquatic Environments 
whfch was used as the basfs for many of the subsequent lake and reservoir 
models. 

One-dimensfonal lake models assume that mass and energy transfers only 
occur along the vertical axfs of a lake. To facflitate applfcatfon of the 
necessary fnass and energy balance eq:la*,fons, the lake 1s represented as a 
one-dlnensfonal system of horizontal elements with uniform thfckness, as 
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i’ABLE I I-4 

DESCRIPTION OF WATER ANALYSIS SIMULATION PROGRAM 

Wane of Model : 

Respondent: 

Developers: 

Year Developed: 

Capabflftfes: 

Avaflabflfty: 

Applfcabflfty: 

Support: 

Water Analysfs Sfmulatfon Program (WASP)* - 
LAKElA, ERIEOl, and LAKE3 

Yfllfam L. Rfchardson 
U.S. Environwntal Protectfon Agency 
Lar e 
931 4 

Lakes Research Statfon (LLRS 1 
Groh Road 

Grosse Isle, Mfchfgan 48138 
(313 1 226-7811 

Robert V. Thomann, Dorfnfc DfToro, Manhattan College, N.Y. 

1975 (LAKE 1) 
1979 (LAKE3 1 

Model f s one (LAKE11 or three (LAKE31 dfmnsfonal and 
computes concentratfon of state variable fti each corn-- 
pletely al xed segment gf ven f nput data for nutrient 
loadfngs, sunlfght, temperature, boundary concentration, 
and transport coefff cl ents. Rx kfnetfc structure fn- 
eludes 1 fnear and non-l 1 near f nteractfons between the 
following ef ght varf ables: phytoplankton chlorophyll, 
herbfvorous zooplankton, carnfverous zooplankton, non- 
lfvfng organfc nftrogen (partfculate plus dfssolved), 
nnf a nf trogen, nf trate nf trogen, non-l f vf ng organf c 
phosphorus (particulate plus df ssolved), and avaf lable 

E 
hosphorus (usually orthophosphate). Also, a refined 
focheafcal kf netfc structure whfch f ncorporates two 

groups of phytoplankton, silica and rcvfsed recycle 
processes 1 s avaf lable. 

Models are In the publfc domafn and are avaflable from 
Large Lakes Research Statfon. 

The node1 1s general, however, coefffcfents are sfte 
specfffc reflectfng past studfes. 

User’s Manual 
A user’s manual titled “Water Analysf s St mulatl on Program’ 
(WASP) f s avaflable frown Large Lakes Research Station. 

Technical Assfstance 
Technfcal assf stance would be provfded f f requested fn 
wrfting through an EPA Program Offfce or Regional Offfce. 

*The Advanced Ecosystem Model Program (AESOP) descrfbed next fs a modftfed 
versfon of WASP. 

SOURCE: U.S. EPA, 19835. 
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TABLE II-5 

DESCRIPTION DF UATER ANALYSIS SIUULATION PROGRAM 
AND ADVANCED ECOSYSTEM m)DELIN6 PRO6RAM 

Name of Model: 

Respondent: 

Developers: 

Capabflftias: 

Verfffcatfon: 

Avaflabflfty: 

Applfcabflfty: 

Uater Analysis Sfulatfon Prograa (WASP) 
Advanced Ecosystem Modeling Program (AESOP) 

John P. St. John 
MydroQual, Inc. 
1 Lethbridge Plaza 
Wiiah, N.J. 07430 
(201) 529-5151 

UASP 
Hnfc M. !fToro, Jams J. Fftzpatrfck, John L. Mancfnf,. 
;m;;t J. O'Conner, Robert V. Thoaann (Hydroscfence, Inc.1 

%fc DfToro James J Fftzpatrfck, Robert V. Thonann 
Mydroscfence,'Inc.) (ljr751 

Th* Water Qualf ty Analysis Sfulation Program, WASP, may be 
applftd to one-, two-, and three-df wnsf onal water bodies, 
and models may be structund to include lfnear and non- 
lfnear kinetfcs. Depending upon the modeling framework the 
user formulates, the user fry choose, via fnput options, to 
input constant or time variable transport and kinetfc 
processes, as well as pofnt and non-pofnt waste dfscharges. 
The Model Verfficatfon Program, MVP, my be used as an 
indicator of *goodness of fit' or adequacy of the model as 
a representatfon of the real world. 

AESOP, a modfffed versfon of WASP, fncludes a steady state 
optfon and an farproved transport component. 

To date WASP has been applied to over twenty water resource 
management problems. These appllcatfons have Included 
one-, two-, and three-dincnsfonal water bodfes and a number 
of dffferent physical, chemical and biologfcal modeling 
frameworks, such as BOO-DO, eutrophfcatfon, and toxfc sub- 
stances. Applfcatfons include several of the Great Lakes, 
Potomac Estuary, Uestern Delta-Suisun Bay Area of San 
Francfsco Bay, Upper Mississippf, and New York Harbor. 

WASP is in public domafn and code fs available from USEPA 
(Gross? Isle Laboratory and Athens Research Laboratory). 
AESOP 1s proprfetary. 

Models are general and may be applied to dffferent types of 
water bodies and to a varfety of water qualfty problems. 
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TABLE II-5 

DESCRIPTION OF WATER ANALYSIS SIMULATION PROGRAM 
AND ADVANCED ECOSYSTEM MODELING PROGRAM (Concluded) 

Support: User's Manual 
d l4wdocuRcntation Is available fm USEPA (Grosse 

LoratoryL AESOP documentation fs avaflable from 
HydroQual. 

Technfcal Assfstance 
'technical assslstancc of general nature from advisory to 
Implementation (model 
vertitication, 

set-up, running, calibratfon/ 
and analysis) avaf lable on contractural 

bash. 

SOURCE: U.S. EPA, 1983c_. 
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TABLE II-6 

DESCRIPTION OF CLEAN PROGRAMS 

Name of Model: 

Respondent: 

Oeveloocrs: 

Supportlng Agency: 

Year Developed: 

Capabllfties: 

CLEAN, CLEANER, MS. CLEANER, MINI. CLEANER 

Richard A. Park 
Center for Ecological Modeling 
Rensselaer Polytechnic Instf tute 
MRC-202, Troy, N.Y. 12181 
(518) 270-6494 

Park, O'Nelll, Blooafield, Shugart, et al. 
Eastern Declduour Forest Bfome 
Internatlonal Blological Pro ram 
(RPI, ORNL, and University o 1 Wfsconsinl 

Thomas 0. Barnwall, Jr. 
Technology Development and Applfcation Branch 
Environmental Research Laboratory 
EnvIronmental Protection Agency 
Athens, Georgia 30605 

1973 (CLEAN) 
1977 (CLEANER) 
1980 (MS. CLEARER) 
1981 - ettlmated completion date for MINI. CLEVER 

The MINI. CLEANER package represents a complete re- 
structuring of the Multl-Seglcnt Conprehensive Lake 
Ecosystem Analyzer for Envfronncntal Resources (MS. 
CLEANER) In order for it to run in a memory space of 
22K bytes. The package includes a series of slmula- 
tlons to represent a variety of dlstfnct envltonments, 
such as well nlxed hypereutrophic lakes, stratifled 
reservoirs, fish ponds and alpine lakes. MINI. CLEANER 
has been deslgned for optimal user application--a turn- 
key syster that can be used by the most inexperienced 
envlronmental technicfan, yet can provide the full 
range of lnteractfve edltlng and output manipulatfon 
derlred by the experienced professional. Up to 32 
state variables can be represented In as many as 12 
ecosystm segments simultaneously. State variables 
include 4 phytoplankton groups, with or without surplus 

.intracellular nttrogen and phosphorus; 5 zooplankton 
groups; and 2 oxygen, and dissolved carbon dloxlde. 
The model has a full set of readily understood commands 
and a machine-independent, free-format editor for 
efficient usage. Perturbatlon and sensitfvity analysis 
can be performed easily. The model has been calibrated 
and Is being validated. Typlcal output is provided for 
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TABLE II-6 

DESCRIPTION OF CLEAN PROW (Concluded) 

a set of test data. File and overlay structures are 
described for Implementation on virtually any computer 
wfth at least 22K bytes of available memory. 

Verfffcation: The MINI. CLEANER model Is being verfffed wfth data 
from C&Gray Lake, Arkansas; Coralville Reservoir, Iowa; 
Slapy Reservoir, Czechoslovakia; Ovre Hefmdalsvatn, 
Morway; Vorderer Flnskrtak See, Austria; Lake Balaton, 
Hungary; and Lago Mergorro, Italy. The phytoplankton/ 
zooplankton submodels were validated for Vorderer 
Ffnstertaler See. 

Avaflabillty: Models are fn public domain and code IS available from 
Richard A. Park (RPI) and Thomas 0. Barnwell (EPA/ 
Athens). 

Applicabllfty: Fkdel Is general. 

Support: User's Manual 
3 user's manual for MS. CLEANER is avaflable from 
Thomas 0. Barnwell, Jr. A user's manual for MINI. 
CLEANER is In preparatfon. 

Technfcal Assistance 
'Irssfstance nay be available from the Athens Laboratory; 
code and fnfifal support Is available for a nominbi 
servfce charge froa RPI; addftfonal assistance Is 
negotfable. 

SOURCE: U.S. EPA, 1983s. 
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TABLE I I-7 

OESCRIPTIOW OF LAKECO AND ONTARIO HOOELS 

Name of Model: 

Respondent: 

Bevel opers: 

User Developed: 

Capabflltfes: 

Verification: 

Availabflity: 

Applicabllfty: 

Support: 

LAKECO*, ONTARIO 

Carl Y. Chen 

Carl W. Chen 
Tetra Tech Inc. 
3746 Mount Diablo Blvd., Suite 300 
Lafayette, Call fornla 94596 
(415) 283-3771 

(Orfgfnal version developed when Dr. Chtn was with Water 
Resources Engineers) 

1970 (original version) 

LAKECO 
nodCr Is one-dimensional (assums lake fs horizontally 
homogeneous) and calculates tenperature, dissolved oxygen, 
and nutrient profiles wfth dally tiae step for several 
years. Four algal species, four zooplankton species, and 
three ffsh types bra represented. The model evaluates the 
consequences of wasteload reductfon, sedfmant removal, and 
reaeratlon as remedial measures. 

ONTARIO 
Sane above but In three-dincnsf ons for application to 
Great Lakes. 

The rode18 have been appl fed to more than 15 lakes by Dr. 
Chen and to numerous other lakes by other Investigators. 

The model Is In the publfc domain and the code Is avafl- 
able from the Corps of Engineers (Hydrologic Englncerfng 
Center), EPA and NOM. 

General 

User's Manual 
User's manuals are available from Tetra Tech, Corps of 
Engineers, EPA and NOM. 

Technical Assistance 
Technical assistance is available and would be negotlated 
on a case-by-case basfs: 

*A version of LAKECQ, contained In a model referred to as Water Quality for 
Rfver Reservoir Systems (WQRSS) and supported by the Corps of Engineers 
(Hydrologic Engineering Center), is described separately. 

SOURCE: U.S. EPA, 1983c. -_ 
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TABLE II-8 

OESCRIPTIOI OF WATER QUALITY FOR 
RIVER RESERVOIR SYSTEMS 

Wan of Model: 

Respondent: 

Develooers: 

Hfstow: 

Capabflftles: 

Veriffcatlon: 

Avaflabllfty: 

Applfcabfllty: 

Support: 

Water Quality for River Reservoir Systems (WQRRSI 

Mr. R.G. Uflley 
Corps of Engineers 
609 Second Street 
Davis, California 95616 
(916 1 440-3292 

Carl U. Chen, G.T. Orlob, U. Norton, 0. Smith 
Water Resources Engineers, Inc. 

1970 (orfgfnal version of lake eutrophf catfon model) 
1978 (In1 tl al versl on of UQRRS package) 
1980 (updated version of UQRRS) 

See description of LAKECO in Table II-7 (mdel also can 
consider river flow and water quality). 

Chattahoochee River (Chattahoochee River Water Quality 
Analysis, April 1978, Hydrologic Engineering Center Project 
Report) 

Model Is In public domain and code Is available from Corps. 

Model Is general. 

User's Manual 
A user's manual Is available from Corps. 

Technical Assistance 
Advisory assistance Is available to all users. Actual exe- 
cution assistance Is avallable to federal agencfes through 
an inter-agency funding agreement. 

SOURCE: U.S. EPA, 19832. 
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shown In Flgum U-16. Each hydraulic elcacnt is treated as a contlnuous- 
flow stirred tank reactor (CFSTB) with colllpletely unifom properties. 

The I~lfclt assurptlon of this .gtoretric structuring of the problftr is 
that mss concentration and themal gradients In the horizontal plane are 
fnsfgniflcant In datemining the ecological responses and thenaal behavior 
of the Ilrpounbant along the vertical axis. Themfore, sf#rl ated results 
are lnterpmted as being average conditions across the lake at a particular 
elevation. 

These lllodels solve a set of equations representing the water quality of a 
lake and the interactions of the lake blot8 with water qualfty. In 
malfty, an aquatic ecosysm exhibits a delicate balance of a'#rMpl fcl ty 

of dfffemnt aquatic organisms and water quality constituents. 'Ct'f neces- 
sity, lake ecological mdels account only for the note slgnlffcant inter- 
actions in this balance. 

An aquatic ecosysten is caprfsed of water, its chcrrfcal impurities, and 
various life foms: bacteria;algae, zooplankton, benthos and fish, among 
others. The bfota msponds to nutrients and to other envfronrrtntal con- 
ditions that affect growth, mspfratfon, racrult#nt, decay, wrtalfty and 
predation. Abfotic substances derived fror air, soil, tributary waters and 
the activftles of man, are inputs to the systcn that exert an influence on 
the biotic structure of the lake. Figure II-17 provides a conceptual 
mpresentatfon of an aquatic ecosyrtea. 

The fundmntal building blocks (nutrients) for all living organi-s are 
the same: carbon, nl trogen and phosphorous. With solar radiation as the 
energy source, these inorganic nutrients are transfomed into colrplex 
organic Iraterlals by photosynthetic organfms. The organic products of 
photosynthesis serve as food sources tar aquatic animals. It Is evident 
that a natural succession up the food chaf n occurs whereby inorganic 
nutrients are transfomed to blorass. 

Blologlcal actlvltles generate wastes which Include dead cell material and 
excmta which inltfally am suspended but iaay settle to the bottom to 
becow part of the sedfllent. The organic fraction of the bottosll sediment 
decays with an attendant mlease of the original abfotfc substances. These 
transfomatfons are integral parts of the carbon, nitrogen and,phosphorous 
cycles and result in a natural "recycling" of nutrients within an aquatic 
uosystm. 

The water quality and biological productivity of a lake vary In both tlrw 
and space, Tcnporal variations are associated with a wide variety of 
external influences on a lake. Examples of these Influences are atmos- 
pherlc energy exchanges, tributary contrfbutfons and lake outflows. 

Spatial variations occur both 1 n the horizontal plane and with depth. 
Variations In the horizontal plane are nonaally due to local conditions, 
such as distance frolr shoreline, depth of water and circulation patterns. 
Many tfncs these variations do not affect the overall ecological balance of 
a lake and are not modeled by the one-dimensional lake Rodel. 
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slice 

Figure 1146. GeomcVfc Representation of a Stratified Lake 
(from Gawe and Duke, 1975). 
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'gure 11-17. Conceptual Model of an Aquatic Ecosystem 
(from Chen and Orlob, 1972). 
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Variations of water qua1 fty along the vertical axis of a lake have a more 
general effect. The hyclrudy~;&c behavior of a well-stratified lake is 
density-dependent and, therefore, 15 related closely to the vertical tern-- 
perature structure of the ImpounWnt. The vertical taperature structure, 
In turn, is governed by the same external environmental factors as the 
temporal varf at1 ens, i.e.., atmospheric energy exchanges, tributary con- 
tributions and lake outflows. 

EPA Center for Uatcr Quality Modeling 

The Center for Water Quality Mcdellng, located at the Envfronnental 
Research Laboratory in Athens, Georgia, has long been Involved In the 
development and application of mathematical models that predict the 
transport and fate of water :aptmfnants. The Center provides a central 
file and dfstrlbutfon point tor computer programs and docuentatlon for 
selected water quality and pollutant loading models. In addition, the 
Center sponsors workshops and senlnars that provide both generalfred trafn- 
fng In the use of models and specific Instruction in the application of 
fndlvfdual simulation techniques. 

The water quality model supported by U.S. EPA for well-mixed lakes Is the 
Stream Water Quality Model QUAL-II (Roesnet, et al., 1981). The model 
assumes that the major transport nechanfsmr--8dvectfon and dispersion--are 
significant only r,long the main direction of flow (longitudinal axis of the 
lake). It allows for ultlple wastc discharges, withdrawals, tributary 
flows, and Incremental Inflow. lfydraulfcally, QUAL-II Is lflrlted to the 
slaulatlon of 'time periods during which the flows through the lake are 
essentfally constant. Input waste loads must also be held constant over 
tine. QUAL-I I can be operated as a steady-state model or a dynamic model, 
Dynamic operation makes It possible to study water quality (primarily 
dfssol ved oxygen and temperature) as it Is affected by diurnal variations 
In wteorologfcal data. 

The Amy Corps of Engineers have developed a numerical one-dimensional 
model (CE-QUAL-RI), 
Engineers, 1982). 

of ruservofr water quality (U.S. Amy Corps of 
The reservoir node1 Is a direct descendant of the 

reservoir portion of a model cat led "Water Quality for River-Reservoir 
Systems" (UQRRS) which was assembled for the Hydrologic Engineering Center 
of the Corps of Engineers by Water Resources Engineers, Inc. (Camp Dresser 

The deflnftlve origin of WQRRS was the work of Chen and Orlob 

The aquatic ecosystefm and geometric representation of this model are slat- 
Ilar to those discussed in the previous section on one-dimensional lake 
modeling. A suamary of the model capabflftles of CE-QUAL-Rl Is given In 
Table II-9. 

Example Application of Mathematical Modeling 

Mathematical modeling of natural phenomena allows planners, engineers, 
biologists, and the general public to sac the effects on the lake system of 
changes In the envfroment which are planned or predicted to occur In the 
future. This insight allows a staLt to assess the environmental responses 
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TABLE II-9 

CE-QUAL-Rl HaIEL CAPABILITIES 

Factors considered by CE-QUAL-Rl Include the following: 

8. Physical Factors 

(1) Shortwave and longwave solar radfatlon at the water surface. 

(2) Met heat transfer across the air-water Interface. 

(31 Convective and radlatfve heat transfer wlthln the water body. 

(4) Convective l lxlng due to density instabllftles. 

(51 Placement of InflowIng waters at depths wfth comparable 
density. 

(61 Yithdrawal of outflowing waters from depths Influenced by the 
outlet structure and density stratfffcatlon. 

(7) Conservative substance routing. 

(8) Suspended solids routing and scttllng. 

b. Chemical and Biological Factors 

11) Accmulatlon, dfspersion, and depletion of dlssolvtd oxygen 
through aeration, photosynthesls, respiration, and organic 
demand. 

(2) Uptake-excrttion kinetics and rcgcntratlon of nitrogen and 
phosphorus and nftriffcatlon processts under aerobic condf- 
tlons. 

(3) :;$x;, cycling and dynamics and alkalfnity-p&CO2 Intcr- 
. 

(4) Phytoplankton dynamics and trophlc relatlonshlps. 

(5) frantftrs through hightr trophlc levels of the food chain. 

(6) Accmulatlon, dlsptrslon, and dtconposftfon of detritus and 
stdlment. 

(7) Collfora bacteria die-off. 

(8) Accumulation, dfsptrtion, and rtoxidatlon of mangantsc, iron, 
and sulfide when anatroblc condltlons prevafl. 

SOURCE: U.S. Arqy Corps of Engineers, 1982. 
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of the lake and he1 p it to analyze altematlve plans for protectlng the 
present ust or dettrnfnlng what uses cfib@ld be attalned. 

External factors, such as Increased nutrients which accel crate the growth 
of algat, say destroy tht dtllcate balance of naturt, and cause conslder- 
able ham to the lake and Its bfology. Therefore, ft 1s flrportant to be 
able to predict what the lakt response will be to external factors wfthout 
actually Impostng those conditions on It. Tht rathmatfcal portrayal of 
the lake ecosyst# by the computer node1 helps us toward that end. 

As an example, the lake ecological llodel EPAECO (Gaurc and Oukt, 1975) pro- 
vfdtd a tool to nathamatically represent the aquatic ecological systuu in 
the Fort Loudoun Lake, Tennessee. This study was conducted as part of the 
208 plan for the Knoxville/Knox County Metropolitan Plannfng Coanissfon 
(Hall, et al., 1976). The 208 study area map is shown In Flgure 11-18. In 
general, the mdel EPAECO 1s designtd to simulate the vertfcal distrfbutfon 
of the followlng constituents over an annual cyclt: 

1. 
2. 
3. 
4. 
5. 

F* 
.8: 
9. 

Twrature 
Total Dfssolvtd Solfds 
Alkallnfty 
Collfonns 
Carbonaceous Bfoche#lcal 

Oxygen Oclland (CBOO) 
mnla Nitrogen 
Nltrltt Nitrogen 
Nftrate Nltrogtn. 
Phosphorus 

Total Inorganic Carbon 
Carbon Dloxldt 
Hydrogen Ion (ptl) 
Ofssolvtd Oxygtn 
Algae (two classes) 
Zooplankton 
Fish khrtt classes) 
Itnthic Anirals 
Organic Sedlncnt, and 
Suspended Dttri tus. 

Tht general approach to ust of the nathcRatica1 mdcl EPAECO Is to obtain 
data which describe the geolmtric properties of tht lake and its past 
hfstory of water quality and hydrodynaWcs. Data on water quantl and 
quallty of trfbutary inputs to tht lake (strtms and/or waste loads and ts 
meteorological data art also necessary. Initially, the lake Irust be 
descrfbed as a mathematical sytkn of depths, artas, volu~s, tributary 
inputs and releases. A site-sptciflc node1 lrust be developed which 
properly describes the enviromntal comunlty and fts Inttractlons for 
Fort Loudoun Lake. This fs dont by a procedure called calibration. A 
calibrated model gfves the ustr greater confldcnct that the slwlatlon 
Mdel will react as would the lake ftstlf to changes In external factors 
such as increased trfbutary nutrient concentratfons. 

Exaraples of calfbratlon rtsults art shown in Figures II-19 through 11-21. 
Flgurt II-19 presents tht observed and rlnulated testrvofr elevatlons for 
the year 1971; Ffgurt II-20 shows the vertical tenperatute profiles, 
observed and sllaulated, for the Ronthr of April, May and July, 1971; and 
Ffgurt II-21 gives the obstrvtd and rlnulattd proffltr for several water 
quallty constftuents for a single day In September 1971. 

One of the aajn consldetatlons in the study of Fort Loudoun Lake was an 
evaluation of present and future trophic states. Lakes which beconn en- 
riched with excesolve nutrients day be defined as eutrophfc. Eutrophica- 
tlon produces large algal comnrnitits which affc-t the taste and odor of 
the lake's waters. Bacttrla which degrade the ;arge amounts of dead 
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Figure 11-18. 208 Study Al from Hall et al, 1976) 
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organic matter in the lake deplete the oxygen supply, which in turn results 
in a loss of sm types of fish. ExCeSSive aquatic weed growth Is also 
detrimental to sulmlng, boating and fishing. 

The modei EPAECO was used to assess algal growth as a result of various 
nutrfent loads (hfgh, medium and low) to the lake during the petlod of May 
through Septa&mr. This type of model application not only quantlficd the 
degree of expected algal growth as a function of the availabllfty of 
nutrients but also predicted the algal population and total lake ecology 
for future nutrient loads to the lake. 

Since ptmphows was the limiting nutrient for algal growth in thfs lake 
study, the total avallable phosphorus was compared to the maxImum seasonal 
algal concentrations simulated for the sensitlvlty study. 
shm this comparison. 

Figure IX-22 
The curve is derived from the maximum algal con- 

centrations resulting fra the followtng sensitfvfty conditions: 
medium P, and lw P. 

high P, 
This curve represents the maxfmm algal concentra- 

tions reached by a constant inflow concentration of phosphorus during the 
algal growing season. 

A lfmfted amount of phosphorus is requfted frr the inflows to the stratified 
portion of the reservoir to support a desirable algal comunity without 
producing excess growth and thus undesirable conditions. As shown on the 
graph in Flgun 11-22, Fort Loudoun Lake phosphorus conccntratlons In the 
range of 0.013-0.037 mg/l produced algal concentrations which were suitable 
for a wall-balanced ecosystem with good water quality as observed in 1971 
by the Tennessee Valley Authority. 
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CHAPTER III 

BIOLOGICAL CHARACTERISTICS 

INTRODUCTION. 

This chapter contains Information about the characteristic plants and 
animals found in lakes and provides an overview of the water quality and 
the types of habitat that they require. The chapter is divided Into major 
sections: Plankton, Aquatic Macrophytes, Benthos, and Fish. 

Particular emphasis is placed on changes In species composition as lakes 
progress from oligotrophy to eutrophy. The biota of lakes is often studied 
to assess the trophic state or biological health of the water body. Thus, 
Indicator organisms are also discussed In this chapter, along with 
qualitative and quantitative methods of assessing the biological health of 
a lake. The reader is referred to the Technical Support-Manual: Water 
Body Surveys and Use Attainability Analyses (U.S. EPA, 1983b) where an 
extensive discussion on species diversity and other measures of community 
health will be found. 

PLANKTON 

Planktonic plants and animals are important members of the lacustrine food 
web. Phytoplankton, which comprise pigmented flagellates, green and blue- 
green algae, and diatoms, are lowest on the food chain and serve as a 
primary food source for higher organisms. Zooplankton may be grazers 
(consuming phytoplankton) or predators (feeding on species smaller than 
themselves). The zooplankton, In turn, serve as the primary food source 
for the young of many fish species. The findings of various authors who 
have studied the effects of organic pollution and nutrient enrichment on 
the lacustrine plankton are summarized below. 

Phytoplankton 

The growth of phytoplankton is normally limited by the amount of nitrogen 
and/or phosphorus available. When increased quantities of nutrients enter 
the lake in runoff or effluents, eutrophication with its attendant 
uncontrolled algal growth and Its consequences may begin. For example, the 
production of toxic substances by some algae may cause human gastrointes- 
tinal, skin and respiratory disorders, while blooms of Microcystis and 
Nostoc rivulare may poison wild and domestic animals, causing unconscious- 
ness, convulsions and sometimes death (Mackenthun, 1969). 

Algal blooms affect the dissolved oxygen (DO) content of the water. 
Diurnal fluctuations of DO and pH become more pronounced with large algal 
populations. In addition, the dissolved oxygen In the hypolimnion is 
depleted through algal death and decay, leading to anoxic conditions. Fish 
may die because of anaerobic conditions or the production of toxic 
substances. Water quality problems caused by algae, such as taste and 
odor, are especially troublesome If the water body is used as a source of 
drinking water. Finally, scums and mats of the algae destroy the aesthetic 
value of the lake. 
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Since some species are able to compete better than others, increased 
nutrients cause changes in phytoplankton community composition. Thus, 
specific algal associations may be indicative of eutrophic conditions. 
Indices of trophic state based on phytoplankton taxon are also related to 
the degree of eutrophy. The use of phytoplankton as indicators of 
eutrophication is discussed below. 

Qualitative Response to Environmental Change 

The identification of phytoplankton that are commonly found in eutrophic 
and oligotrophic lake waters has resulted in lists of pollution tolerant/ 
intolerant genera and species. Palmer (1969) developed several lists of 
pollution tolerant algal genera and species by compiling Information in 269 
reports by 165 authors. The eight most tolerant genera were Eugiena 
Oscillatoria, Chlamydomonas, Scenedesmus, Chlorella, Nitzchia, Navicula, 

of the various authors: A score of 1 or 2 points was given for each algae 
and Stigeoclonium. The five most tolerant species were Eugenia viridis 

Oscillatoria tenuis. palmer 
of the various authors: A score of 1 or 2 points was given for each algae 
reported by an author as tolerating organic enrichment, the larger figure 
being reserved for the algae that an author emphasized as being typical of 
waters with high organic pollution. The compilation by Palmer is presented 
in Appendix A, pollution-tolerant genera and pollution-tolerant species. 

Palmer's listings have been criticized because the information used to 
compile them came from a broad range of sources and geographical areas. In 
addition, the compilation is restricted to algae tolerating high organic 
pollution. Thus, the listing may not be valid for other types of pollu- 
tants. Nevertheless, it does provide an Indication of relative tolerance 
to organic pollution. 

Taylor, et al. (1979) studied the environmental conditions associated with 
phytoplankton genera. The occurrence of 57 genera was related to total 
phosphorus levels, total Kjeldahl nitrogen levels, chlorophyll-a levels, 
and N/P ratio values. Most genera were found to occur over extremely wide 
ranges or conditions. The seven genera associated with levels of phos- 
phorus greater than 200 ug/1 were found to also represent seven of the 
eight highest chlorophyll-a values. Taylor designated this group con- 
taining Actinastrum, Anabaenopsis, Schroederia, Raphidiopsis Chlorognium 
Golenkinia, and Lagerheimia nutrient rich genera". All seven 
genera were summer and forms, falls while Actinastrum and Lagerheimia also 
occur in spring. 

The "nutrient-poor" group, containing five genera, were associated with 
total phosphorus levels less than 70 ug/1. Asterionella, Dinobryon 
Tabellaria, Peridinim, and Ceratium make up this group. Asterionella is 
the only genus occurring solely in spring. The other genera occur in 
summer and fall; Dinobryon and Tabellaria also occur equally in spring, 
summer and fall. 

Taylor, et al. (1979) also noted which genera achieved numerical dominance 
most frequently in the lakes studied. Melosira was the most dominant 
genus, followed by Oscillatoria and Lyngbya. 
spring dominant, 

Asterionella was considered 
while Stephanodiscus, Synedra and Tabellaria were 
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categorized as spring and surrmcr doWwe. Fraqflarfa occurred equally 
throughout the seasons as a dominant, and the rglrafnfng genera were Sumner 
and fall dominant. Additional information about the envfrorunental 
conditions associated with the presence of the 20 phytoplankton enera most 
frequently recorded as donfnants is available in Taylor, et al. 9 1979). 

The study by Taylor, et *al.. (1979) concluded the following: (1) Phyto- 
plankton genera survive over such a broad range of envf rotnaental conditions 
that they cannot be used as indicator organisms; (2) No phytoplankton 
genera emerged as dependable indicators of any one or combination of the 
envfromntal parameters measured; (3) Prel ininary analyses suggest that 
phytoplankton coamnunfty coclposftfon shows promise for use in water quality 
assessment; (4) Some taxa, e.g., Pedfastrum and Eu lena were very frequent 

-+li corQonents of phytoplankton co=unftles, but rare y ac feved high relative 
nulllerical importance within those conmunftfes; (5) Flagellates and diatoms 
were the most comon springtime plankton genera, while the blue- reen 

9 
and 

coccofd green genera were most cOrrrmOn in the sumr and fall; and 6) Blue- 
green algal forms, Includl ng several not known to fix cl emental nitrogen, 
contributed 9 of the 10 genera which attalned numerlcal dominance in water 
with a mean inorganic nitrogen/total phosphorus ratio (N/P) of less than 10 
(generally suggest1 ve of nf trogen-1 fnftatfon). 

Sfnflarly, 8ush and Welch (1972) concluded that phosphorus avaflabflfty was 
most crftfcal to the bfonass foruatfon of bluc-green algae. They found 
that A hanftomenon and Mfcroc stfs formed mats on the water surface during 
warn- + and were yp ca of shallow, hypereutrophfc lakes such as 
Cleir Lake (Calffornfa), Klanath Lake (Oregon) and Moses Lake (Washington). 
Their study showed that the biomass of bluegreen algae was related to fn- 
organic phosphate even when nitrate was low and invariable. 

Harris and Yollenwelder (1982) noted some dlatans that are characteristic 
of olfgotrophfc lakes. Species of Tabellarfa, Fragilarfa, and Asterfonella 
indicated olfgotrophfc conditions. In sediment cores of Lake Erfe, species 
of Melosfra showed the transition from olfgotrophfc to eutrophic condi- 
tions. The succession of species was as follows: Melosfra dfstans and M. 
ftalfca were present prior to 1850 and are consIderma= olfgz- 
M after 1850, M. dfstans and M. ltalica populations dwindled, and M. 
fslandica (moderate Grfcha#nt) and&mta (eutrophication fndicatoa 
appeared in the core; in the next phase, 
peared and was replaced by E. bfnderana. 

around 1960, y. dfstans dfsap- 

Quantftatlve Response to Environmental Change 

Because phytoplankton exhibit such a broad range of tolerance to environ- 
mental condf tlons, the presence or absence of a single species is not 
necessarily fndfcatfve of trophfc state. .In contrast, Indices based on 
dominant genera, comnunfty composftfon, cell count, or chlorophyll-a 
provide a useful assessment of lake trophfc levels and are better suited to 
the classfffcatfon of lakes than single species evaluations. 

m. Chlorophyll-a Is a widely accepted index of algal bfomass. 
reservoirs wit5 retention times greater than 14 days, it is 

highly correlated with phosphorus. The correlation does not hold for 
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systeas with less than 140day retention times (U.S. EPA, 1979a). Estfaates 
of chlorophyll-z values indfcatlve of trophfc state are s&m in Table 
111-l. 

Carlson's Trophfc State Indkes. Carlson (Ig77) developed three Indices of 
t hi 
TcPth"rd 

tate b ed upon Seccfif depth, total phosphorus and chlorophyll-i. 
1nd;ce~'ar-e defined below: 

Carlson's Such1 Depth Index, TSI(SD) (1) 

Carlson's Chlorophyll-l Index, TSI(CHL) = IO(6 - 2.04-O.; In CHL) (2j 
12 

Carlson's ‘Total Phosphorus Index, TSI(TP) l 1016 - VP (3) 

where 

SD = Secchf disc depth, II 

CHL = Concentration of chlorophyll-s, ug/l 

TP - Concentration of total phosphorus, ug/l. 

The scale of values for Carbon’s Sccchi Depth Index ranges from zero to 
greater than 100. A kcchf depth transparency of 64 II, which is greater 
than the highest val UC reported for any lake In the world, yields a value 
of zero. A Secchf depth of 32 II corresponds to an Index value of 10. An 
Index value of 100 represents a transparency of 0.062 II. Using empirically 
determined relationshlps between total phosphorus and transparency, and 
chlorophyll-a and transparency, Carl son developed equations (11, (2) and 
(3). These zquatlons arrive at the same trophic state index value, regard- 
less of whether Secchi depth, total phosphorus, or chlorophyll-a fs the 
parameter used. However, It Is desirable to evaluate all thr< indices 
because of non-nutrient related factors (temperature, inorganic turbidity, 
toxic%) which may affect productivity and cause disagreement among the 
I ndfces. 

Based on observations of several lakes, most oligotrophlc lakes had TSI 
below 40, mesotrophic lakes had TSI between 35 and 45, and most eutrophic 
lakes had TSI greater than 45. Hypereutrophfc lakes may have values above 
60 (Novotny and Chesterr, 1981; Uttomark and Hutchins, 19781. 

gaard's Trophfc State Indices. Nygaard (cited by Sullivan and Carpenter, 
821 developed five phytoplankton indices (qyxophycean, chlorophycean, 

diatom, euglenophyte, and compound) based on the assumption that certain 
algal groups are indicative of various levels of nutrient enrichment. He 
assumed that Cyanophyta, Euglenophyta, centric diatom, and members of 
Chlorococcales are typical of eutrophic waters, while desmids and mny 
pennate diatoms are generally found in olfgotrophic waters. Nygaard's 
indices are listed in Table III-2. In applying these indices, the number 
of taxa in eacl. major group 
sample (U.S. EPA ls79&). 

is detenafned from the species list for each 
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TABLE 111-l 

TROPHIC STATE VS. CHLOROPHYLL-2 

Chlorophyll-i (ug/l) 

Trophic Sakamto, 
Conditfon 1966 

National Acadeay 
of Sciences, 

1972 

~~-~~ 

Dobson, et al., U.S. WA, 
1974 1974 

Olfgotrophic 0.3-2.5 o-4 o-4.3 (7 

Mesotrophic l-15 4-10 4.3-8.8 7-E 

Eutrophic 5-140 >lO >8.8 >12 

SOURCE: U.S. EPA, 19792. 
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TABLE III-2 

NYGAARD'S TRDFIHIC STATE INDICES 

Index Calculation Oligotrophfc Eutrophic 

Uyxophycean 

Chlorophycean 

Diatom 

Chlorococcales 
besmideae 

Centric Dlatms 
r#ziEzcm 

0.0-0.4 

0.0-0.7 

0.0-0.3 

Euglenophyte Euglenophyta 0.0-0.2 
IHyxophyceae + Chlorococcales) 

0.1-3.0 

0.2-9.0 

0.0-1.75 

0.0-1.0 

Compound (Myxophyceae + Chlorococcales + 0.0-1.0 1.2-25 
Centric Diatoms + Euglenophyta) 

Deuldeae 

SOURCE: U.S. EPA, 19792. 
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Nygaard's ranges show considerable overlap between trophic states. 
Sullivan and Carpenter (1982) saqled 27 lakes and reservoirs and found 
that Mygaard's Indices did not differentiate between trophic states. In 
addition, an index value fs undefined whenever the denominator is zero. 

Palmer's Drganfc Pollution Indices. Palmer (1969) developed two algal 
pollution indices (genus and species) for ratfn water Sample% with high 
organic pollution. After reviewing reports of 16 3 authors, Palmer prepared 
two lists of organic pollutlot+tolerant forms, one containing 20 genera 
(Table III-31, and the other, 20 species (Table 1114). 

In analyrfng a water sample, any of the 20 genera or species present in 
concentrations of SO/n1 or more are recorded. The pollution index numbers 
of the algae present are then totaled, gfvfng a genus score (Palmer's Genus 
index) and a species score (Palmer's Species Index). A score of 20 or more 
Is taken as evidence of high organfc pollution, while a score of I5 to 19 
is taken as probable evidence of high organic pollution. Lower figures 
indicate that the organic pollution of the sample is not high, or that some 
substance or factor interfering with algal persf stence is present or active 
(Palmer, 1969). 

Use of Palmer's indices in a study of Indiana lakes and reservoirs showed 
that the Genus Index was more sensitive to differences among samples than 
the Species Index. The Genus Index was correlated with the degree of 
eutrophication, reflecting the abundance of eutrophic indicator genera. 
Another advantage of the Genus Index is #at genera are easier to identify 
than species. However, a study of 250 lakes in the eastern and south- 
eastern states showed that Palmer's indices were poorly correlated wfth 
sumer mean phosphorus and chlorophyll-a levels, although the Genus Index 
ranked higher (Spearman's rank correlation coefficient) than the Species 
Index (U.S. EPA, 1979:). 

U.S. EPA Proposed Phytoplankton Indices of Trophfc State. Using a test set 
of 44 lakes fn the eastern and southeastern states. EPA COWared the 
abilities of several indices to measure trophfc state*(U.S. EPA, 1979a). 
The same report introduced 10 additional indices that used a combination-of 
data including total phosphorus, Kjeldahl nitrogen, phyto- 
plankton genera counts and cell 

chloro hyll-a, 
counts/m P . 

Each genus was assigned "trophfc values" based on mean parameter values 
associated with the dmfnant occurrence of that genus. The data used to 
assign trophfc values was taken from studies of 250 lakes that were sampled 
durfng spring, smmer and fall of 1973. Trophfc values used in the general 
formulas of the new indices (Table III-51 are presented in Appendix 8, 
along with sample problems using the indices. 

When the newly developed indices were compared to Nygaard's and Palmer's 
indices, they showed a consistently stronger correlation with Sumner mean 
phosphorus levels and chlorophyll-a levels. When applied to the dun1 nant 
phytoplankton community componen6, the Indfces generally had higher 
correlations than the analogous indices applied to all phytoplankton 
comunfty components, although the differences were small (U.S. EPA 1979a). 
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TABLE I I I-3 TABLE III-4 

VALUES USED IN ALGAL VALUES USED IN ALGAL 
GENUS POLLUTION INDEX SPECIES POLLUTION INDEX 

GtfNAS 

Pollution 
I ndtx SptCl CS 

PO\ 1 ution 
I ndtx 

Anacyttl s 
Anklrtrodesmus 
Chlanydomnas 
Chlonlla 
Closterlum 
Cyclottlla 
Euglena 
6amphonama 
Ltpoclnclls 
Meloslra 
Mlcractlnlm 
Navlcula 
Nlttschla 
Oscltlatotla 
Pandorlna 
Phacut 
Phormldlua 
Sctnedtsmus 
Stlgeoclonlum 
Syntdra 

: 

Anklstrodtsms falcatus 
Arthrosplra jtnncrl 
Chlortlla vulgatls 
Cyclottlla ncneghlnlana 
Eugltna gracllls 
Eugltna vlrldls 
Gamphonaaa parvulum 
Meloslra varlans 
Navlcula cryptoccphala 
Nltzschla aclcularls 
Nltzschla palea 
Osclllatorla chlorlna 
Osclll atorla llmosa 
Osclllatdrla prlnctps 
Oscl~latorla putrlda 
Osclllatorla tenuls 
Pandorlna morum 
Sctntdtsmus quadrlcauda 
Stlgeoclonl urn tenut 
Syntdra ulna 

SOURCE: Palmer, 1969. SOURCE: Palmer, 1969. 
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TABLE III-5 

EPA PROPOSED PHYTOPLANKTON INDICES TO TROPHIC STATE 

Phytoplankton Trophlc State Index (TSI 1 Calculations Wlthout Cell Counts: 

TSI - : 
I=1 

VI/n 

n - nuabtr of dolalnant genera In the sample (Conctntratlon z 10 percent of 
the total sample conctntratlon). 

VI* = the tro hit value for each donlnant genus In the sample; TOTALP (PO), 
CHLA (Pi), KJEL (PD), MV (PD); W - Log TOTALP + Log CHLA + Log KJEL - 
Log SECCHI 

Phy:oplankton Trophlc State Index (TSI) Calculations wfth Cell Counts: 

TSI- 2” 
111 vlC1 

Total Conmunfty: 

n - the number of genera In the sample (entire phytoplankton comnrnity) 

C= the conctntratlon of the genus fn the sample (unfts/ml) 

V = the trophfc value for each genus; 
TOTMP/CONC(P), CHLA/CONC(P), KJEL/CONC(P) 

Oollnant Community: 

n = the total number of dunfnant genera In the sample 

C = the concentration of the genus In the sample (units/ml) 

V = the trophlc value for each enus; 
TOTALP/CONC (PI, CHLA/CONC 4 PD), KJEL/CONC (PD) 

CThc parameters TOTALP, CHLA, etc. are dtflntd fn Appendix B. 

SOURCE: U.S. EPA, 19/Y;. 
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Zooplankton 

As lakes become tnrlchtd, phytoplankton and (to a large degree) htrblvorous 
tooplankton populations I ncrtase. Changes In speclts caposltlon also 
occur, although It is dlfflcult to Classify the trophlc state of a water 
body on the basis of a list of rooplankton species llvfng in It. 
Generally, larger speclts of zooplankton dollnate in ollgotrophlc waters. 
fhls Is probably largely due to predation pressure. In tutrophlc waters, 
when the flsh stock Is heavy, the larger zooplankton art eaten first. 
Thus, the number of tooplankters that attaln a large slrt is lfrittd. 

Spcclts of Bosalna have been ctmonly accepted as Indicators of enrichment. 
Hutchinson 'mobserved that Dosmlna 
characterfstlc of larger and Its-c 
slralltt and lore productlvt lakes. 
Pond, Conntctlcut (Dttvy, 1940 1, lndlcated that the dlsapptaranct of 8. 

&a* tnrlchtd. 
car on1 lon Is Ina was concurrent WI th the appearance of 8. lo Irostrys 

from the tpillnnlon, 
However, the collectlon of 1. w 

and g. cortgonl from the hypollnnlon of ano tr a e 
shows the unccrtal nty of using Dosmlna spp. as Indicators. 

Studlts of rooplankton In the Great Lakes showed the following: 

1. 

2. 

3. 

4. 

A decreased signiflcanct of calanolds and an increased prtdml- 
nanct of cyclopolds and cladoctrans wtrt seen as a general trend. 
from oligotrophlc Lake Suptrlor to eutrophic Lake Erlt (Patalas, 
1972; Yatson, 19741. 

Larger tooplankton wtrt observed in Lakes Suptrlor and Huron, 
although Lake Erie had an Increased bloaass of rooplankton 
(Patalas, 1972; Watson, 1974). 

In Lake Mlchlgan, 8osmi na cortgonl has been rep1 aced by 0. ton I- 

* &$%k%%$!i$ka!td (Betton, 1969). 
-% as btcomt an Important coptpo 

Olaptomus slclloldts, usually found in eutrophic waters has become 
a dominant tooplankton In Lake Erie (8eeton, 1969). 

Somt rotlftrs have been consldtrtd indicators of tutrophitd waters. How- 
ever, these organisms (In particular, Brachlonus and Ktratella quadrata) 
have al so been colltcttd from ollgotrophfc lakes. Other rooplankton art 
dlfflcult to Identify and thus art not practical W use as lndlcators of 
water quallty. For example, C clo s scutlftr Is prlnclpally an ollgotro- 
phic fonn whllt C clo s scut tr w 
lakes Mavera, 19 

Hgrensls lives In mesO- and eutrophic BOY, p 
. 

Sprults (1977) developed a ttchnlqut for prtdictlng the limologlcal 
characttrlstics of a lake which is based on its midsumtr lfmetlc crus- 
tacean zooplankton community. the results Indicated that northwestern 
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Thus, the dlrtct tfftcts of nutrltnt tnrlchwnt on the tooplankton art 
unclear. Although a fw qualftatlvt changes have been mcntlontd, the only 

8 
uantltatlvt lnfonatfon refers cblfqutly to dlvtrsfty Indlcts. The 
Ivtrslty of the tooplankton c-unity generally decreases with increasing 

entlchwnt. as do the other organfsn conwnftfts. Dlvtrsl ty Indices art 
dfscusstd in the Technlcal Support Manual: Water Body Surveys and Asstss- 
lwnts for Conducting Use Atiafnabjrity Analysts (1 -1. 

AQUATIC MACROPHYTES 

Aquatlc plants play several roles In the lake ecosystem. They product 
oxygen through photosynthesis, shade and cool stdflmnts, dlalnlsh water 
currents and QrOVjdt habltat for benthlc organisms and fish (Boyd, 1971). 
Carlgnan and Kalff (1982) found that water nllfoll ( rlo h llur s fcatun 

+GkiiX L.) was Important as physlcal support for q lcroblal cmun t es. 
lacrophytts serve as food and nest sites for aquatlc insects and ffsh, and 
provldt protection troll prtdatfon. The plants al so play a role in nutrient 
cyclfng, esptclall In the tillftatlon of phosphorus froa sedfwnts. 
Darko and 'Smart ( 980) K investigated the uptake of phosphorus from five 

vtrtlclllata, and tlO- 
orus aoblllratfon df %-7 ert 

that the plants were 
able-to- obtain thtlr phosphorus nutrition exclusively from the sediments. 
Release of phosphorus from the macrophytes occurred prlmarlly through death 
and decay rather than through excrttlon. Landers (1982) showed that dtcan- 
posing Myrlophyll urn spfcatta suppl led slgnlffcant amounts of nitrogen and 
phosphorus to surrounding waters. Nltrogtn inputs accounted for less than 
2.2 percent of annual allochthonous inputs, but phosphorus recycling from 
decaylng plants 'equaled up to 18 percent of the total annual phosphorus 
loadlng for the reservoir studltd.. 

Response of Mactophytts to Envfronmtntal Change 

Major tnvlro~ntal changes in lakes generally occur In response to nuttf- 
tnt increases (which accelerate eutrophication), suspended sediment, and 
stdlnent dtposftlon. Suspended stdfwnt attenuates llght penetration, 
resulting in reduced photosynthesls by subrgtd aquatic aacrophytes, and a 
posslblt decrease In the coverage by plants. Reed, et al. (1983 1 noted 
that the growth of Chara in a test pond was restricted durlng years when 
the turbfdfty was hmut luxurious stands developed when the water was 
clearer. Stdlwnt deposltlon smothers S~IW plants. For example, Isottes 
tacustrls is not present in areas wlth rapid siltfng, but Nlttl‘la 
Juncus often occur instead (Farnworth, 1979). Potamo tton erfo7latus may 
alsotplact Isottts where silt1 ng occurs. T+f+sub- 
stratt Is fmpomn the growth ot' ,racrophytts. 
Elodta canadensfs, and Myrlophyllum splcatum 
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In natural sedlrcnt than In sand. Lobelia doraanna grew only in sand 
contalnlng organic lratter (Far-worth, m 

Although aquatic llacrophytes art Vital to the ecosystcr, tutrophlcatlon and 
the subsqutnt overgrowth of plants ray be detrlnantal to the water body. 
Dlumal DO fluctuations drlvtn by photosynthtsls and rasp1 ratlon raay be so 
txtrtme that oxygen dtflclts occur. Oxygen depletion in the hypolfanfon 
w also be caused by dtcaylng nacfophytts. Cow DO nay cause fish kills 
and tllnfnatt stnsltlvt spufts (Boyd, 1971). 

Although tutrophlcatlon Is often considered the cause of changes In macro- 
phyte carposItIon, aranagcwnt techniques uy also bt rtsponslblt. Nicholson 
(1981) argued that technlquts such as htrbfcldal polsonlng and nechanlrtd 
cutting were prfllary reasons for the rtplaccrtnt of natlvt 
spufts In Chautagua Lake, New York, by Potarraqtton 
phyllm splcatun. 

Preferred Condltlons 

Ctrtaln aquatlc plants art able to l out-coapek" others and In large popu- 
latlons beconc established under tutrophlc condltlons. Such txctsslvt 
growth is usually undtslrablt, and the plants art considered aquatic weeds. 

Seddon (1972) Investigated the tnvfroncntal tolerances of certaf n aquatlc 
macrophytts found In lakes. He grouped the spults Into the followlng: 

1. Tolerant species that occur over a wldt range of solute conctntra- 
tfons - Potamgtton natanst Nuphar lutea, Nylrphaea alba, Glycerla 
flultans, Llttortlla unfflora; 

2. 

3. 

4. 

Hlghly eutrophic spul es - Potanogtton ptctlnatus, Myrlophyllum 
spfcatu; 

Moderately eutrophic spults - PotalIogtton crispus, Lwna trfsulca; 

Swclts tolerant of InesotroDhfc as watt as WttODhfC condltlons - 

5. 

Rhnunculus clrclnatus ' 
tophyllua da&iiPotdnogeton o tusl o us; 

Ltnna mror) +P;flygonm 'a~phfbfu~, Ctra- 

Species of ollgotrophlc tolerance - 
Aplun Inundator, -mdm 

Plants occurrlng only In eutrophic condltfons were consldertd rtstrlcttd to 
such areas by ph slologlcal 

T 
demands. It should be noted that the last 

group, al though c asslfltd as of ollgotrophlc tolerance, lnay also be found 
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In tutrophlc waters. Ollgotrophlc speclts, whlle shown to have a wldt 
tolerance, art thought to be exclude 2 by campttltf on rather than by 
physlologlcal 1 fmf tatlon from $1 tes wlth higher trophfc status. The last 
group in effect Includes those speclts that can adapt to the relatively 
nutrltnt free condftlons of ollgotrophfc water. 

BENTHOS 

Btnthlc mcrolnvtrtebrates are often used as Indicators of water quallty. 
Because they art present year-round, art abundant, and are not very mottle, 
they art well-suited to reflect average condltlons at the saapllng point. 
Many species art stnsltfvt to pollution and dlt If at any tlw during their 
llft cycle they art exposed to tnvlronmental condf tlons outside tht4r 
tolerance lfnfts. 

There art also df sadvantages to basing the evaluation of the blotlc fnttg- 
rlty of a water body solely on macrofnvtrtebratts. Idtntlffcatlon to the 
species level Is tine-consmlng and requlrts taxononlc expertise. Furthtr- 
more, the results may be dlfffcult to Interpret buaust life history fn- 
formation Is 1 acklng for many sptcf es and groups, and because a hlstory of 
pollution episodes in the nctlvlng water may not be available to provide 
ptrsptctfvt for the Interpretation of results. 

Certain organ1 sms and assocfatfo~s of organisms polnt to varlous stages of 
eutrophy. Decay of organic material often decreases the DO (dlssolvtd 
oxygen) content of the hypollmfon below the tolerance of the fnvtrte- 
bratts. Atttmpts to -translate the results of studlts Into meaningful 
values have yielded lists (presented later in this sutfon) of tolerant and 
Intolerant groups of macro1 nvtrtebratts. In addftlon, mathematical for- 
mulas have been developed whfch asslgn nmerlcal values to varlous trophlc 
states dtptndlng u on 
organic pollution P 

the btnthos present. However, fat tots other than 
e.g., substrate, temperature, depth) may also influence 

the sptcles composltlon of btnthlc populatlons. Parameters such as these 
$i;;, govern sptclts dfstrfbutlon art discussed in Mtrrltt and Cuarlns 

. 

Composltlon of Btnthfc Communities 

The composition of the benthos In littoral and profundal areas of a lake Is 
mostly dependent upon substrate, but is also Influenced by depth, tcnper- 
aturt, llght penetration and turbldlty. The llttoral rtglons of lakes 
usually support larger and more df verse populations of btnthic I nvtrtt- 
bratts than profundal areas (Moore, 1981). Btnthlc cmunl tf es In the 
littoral regions consist of a rich fauna with high oxygen demands. 

The vtgttatlon and substrate heterogeneity of the littoral tone provlde an 
abundance of nlcrohabftats occupied by a varltd fauna. 
profundal zone is more homogeneous, 

By contrast,. the 

tutrophlc (Wttztl, 1975). 
becoming more so as lakes become more 

One of the best Illustrations of the dlfftrencts 
of llttoral and profundal btnthos Is seen in studies of Lake Esrom, a 
dfmfctlc lake in Denmark (Jonasson, 1970). The bottom fauna found on sub- 
surface weeds (depth about 21s) coaprfsts thlrty-three groups and species, 
totaling 10,810 fndlvfduals per square meter. Tn contrast, only flve 
speclts art found in the profundal zone of Lake Esrom, although the dtnslty 
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Is high (20,441 per square wtcr). The animals In this rtglon burrow into 
the bottoll Instead of llvlng on or near the surface. 

The factors rcntlontd above should be consldtrtd In the dtslgn of a study 
of lake btnthos. Btcaust substrates of dttp waters generally have finer 
stdllwnt partlcl es than substrates of shallow waters, depthshould be 
consldertd in quantltatlvt calculations to http compensate for substrate 
dlffertncts. Adjustrrcnts for dtpth ~111 be dfscusstd in greater detail In 
the stctlon on quantf tatfvt measures of the effects of pollutlon on 
btnthos. 

Gtneral Responst to Envlronmtntal Change 

The btnthos of freshwater is c-posed largely of 1 arvm and nymphs of 
aquatf c insects (Arthropoda: Intacta). tht btnthos also ccmprlsts frtsh- 
water (Porlftr8: Sponglllldat) flatworms (Platy!~lmfnthts: 
Trlcladl~~n,gtlstechts (Anntllda: Hfrudlnta): aquatic earthworms (Anntlida: 
01 I gochattd, snails (Mollusca: Gastropoda), clams and mussels (Mollusca: 
Bfvalvla). Partfcular groups of Insects are most abundant In specfflc 
kinds of freshwater habltat. Darstlfll es and dragonfll es (Odonata) art 
generally found In shallow lakes, but scme spuits occur in running water. 
Stontfllts (Pl uopttra) and mayflles (Ephtmtropttra) art prtdorlnantly 
running water foms, 
ponds. 

although certain Ephmropttra dwell in lakes and 
Caddlsflfts (Trfcopttra) abound In Mts and streams where the 

water is wtll-aerated. 
1 akts (Ebondson, 1959). 

The other groups also occur in both streams and 

Aquatic Insects can bt ldtntffftd by using varlous keys (Ptnnak, 1978; 
EtWndson, 1959; Nttdhta and Nttdhtm, 1962; Mtrrltt and C-Ins, 1978). 
Mtrrftt and Cunlns (1978) also provldt llsts of the sptclts and habltats 
(ltntlc or lotlc) whtrt they art aost often found. 

The sptclts composftlon and number of lndfvldudls of the btnthfc conrunlty 
change In response to fncrtastd organic and fnorganlc loadlng. 
pollutlon generally causes a decrease 

Organic 
in the number of sptclts of 

organisms, but an Increase In the number of lndlvfduals. Inorganic pol- 
lutlon, such as sediment, causes a decrease In the number of indfvlduals, 
as well as a decrease In species. The followlng sections focus on 
qualltatlve and quantitative changes In freshwater btnthlc populations that 
art fndlcatfvt of types of pollution and of trophlc state In lakes and 
rtstrvolrs. 

Qualltatf vt Response to Envlrommtal Change 

The most stnsltfvt macrofnverttbratt species art usually ellafnated by 
organic pollutlon. Because decay of organlcs often dtpl ttts oxygen, the 
survlvfng species art those that are more tolerant of low dlssolved oxygen 
content. The predominant bottom condftlons can be Inferred by obstrvlng 
which sptcfts art present at a sptcfflc site. 

Suspended stdfmtnt and sllt dtposltlon may influence macrofnvtrtebrates by 
causing: 

(a) Avoidance of adverse condltfons by migratlon and drift; 
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(b) Increased mortality due to physlologlcal effects, burial, and 
physlcal destruction; 

(c) Reduced rtproductlon rates because of physlologlcal effects, sub- 
strate changes, loss of early lift stages; 

(d) Modlfftd growth rates because of habitat modfffcatlon and changes 
in food type and avaflabflfty (Famworth, et al., 1979). 

Indf cator Organlsas 

The mcrolnvtrttbratt classes that art most often used as lndlcator organ- 
fares art the Insect8 and Anntllda. These organism art illustrated in 
Flgurt 111-l. Stontfly nymphs, mayfly naiads, and htllgramnites art 
gtntrally consldtrtd to be rtlativtly sensltivt to tnvlronmtntal changes. 
The Inttmtdlattly tolerant macrolnverttbratts include scuds, sowbugs, 
blackfl larvae, dragonfly nymphs, damselfly nymphs, and Ittchts. Blood- 
worn* iy midge larvae) and sludgtwons aakt up the group of very tolerant 
organlus. 

AnaerobIc tnvfrormtnts art tolerated by sewage fly larvae and rat-talltd 
naggots. Table III-6 lists those aquatic Insects that have been found at 
dissolved oxygen concentrations of less than 4 ppa. The greatest number of 
tolerant sptclts art Awdtrs of the order Of pterq. 

Sponges art affected by pot lutlon ,although they are not usually consldtred 

1974). Of the Mollusca, Unlonld clams (3lvalvfa1 art considered sensitive 
to tnvlromtntal changes. Snails.(Gastropoda) commonly occur In moderately 

Wtbtr (1973) cottplltd a list of tolerances of freshwater macroinvertebrate 
taxa to organic pollution (Appendix C). Organlus that occur fn streams 
and lakes are included. The to1 trances of the organisms listed In the 
appendix art based upon classfflcatlon by various authors. 

Trends in nacrolnvtrttbratt populations have been shown In studlts of 
tutrophlc lakes, A colltctfon of studies report the followlng responses of 
macrofauna to fncrtaslng tutrophfcatf on: 

0 Olfgochaetts, chfronmfds, gastropods and sphatrlds Increase and 
Htxagenla (myfly nymph) decreases (Cart and Hlltuntn, 1965); 

0 Nulabers of olfgochattts rtlatlve to chfronomfds Increase as organic 
enrichment increases (Ptttrka, 1972); 

III-15 



A. Stonefly nymph (Pltcopttra) 
8. Mayfly naiad (Ephtmtropttra) 
C. Htllgramnftt or Dobsonfly 

larvae (Corydalfdqt]- . 
0. Caddlsfly larvae (Trlchopttral 
E. Blackfly larvae (Simulifdat) 
F, Scud (Amphlpoda) 
6. Aquatlc sow bug (Isopoda) 
H. Snall (Gastropoda) 

J. Ffngtrnail clam (Sphatrlidat) 
K. Damsel fly nymph (Zygoptera) 

ii: 
Dragonfly nymph (Anfsopttra) 
~loodworm or Fidge fly larvae 
(Ttndiptdldat) 

N. Leech (Hirundinea) 
0. Sludgeworm (Tubfficfdae) 

Sewage fly larvae Psychoda) 
F: Rat-tailed maggot t Tubiftra- 

Erfstalls) 

Flgurt III-l. Representative bottom fauna (from Ktup, et al., 1966). 
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TABLE III-6 

SPECIES FOUND AT DISSOLVED OXYGEN LESS lHAN 4 PPM 

Odonata - dragonflles and dmselflles 

Ep~~~~~;$~~~ (Bum) 

Paraleptophlebla sp. Parapoynx sp. 
Eaenis sp. Trlchoptera - caddlsflfes 

Hmwa - true bugs Pol centro us remotus (Banks) 
Notonecta irrorata Uhl. lifzhaks~ss 
Flea strColTFGK Oiptera - true flies 

Procladius bellus (Loew) 

w %sa Uhl. 
Mega op ra --rflies, dobsontlles, 

Chlronanus attenuatus (Walk.) 
Chironanus rioarius rMeio.) 
CrvotochlroSii =nr. fulius (Job 

-and- ffshflfes 
Chaullodes sp. 

Coleoptera - beetles 
Oicrotend~pes nervosus Waoscr) 
Rarnlschfa nr . (Mali.) 

TTXleGeer 
in*mk.) 
Xjguus (Job.) 

c Roback CaXsectra nr. guerlc 

*:;:!!:I 

SOURCE: Roback, 1974. 
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0 The smallest insect larvae are characteristic of oligotrophfc 
waters, and CX to a shift in species composition, larval size 
Increases with Increasing eutrophication (Jonasson, 1969); 

0 fanytarsf nl art replaced by Chironomfnf in positions of d-1 nance 
with Increasing eutrophication (Paterson and Fernando, 1970). 

The study of four resewofrs (Salt Valley Rcsewolrs) In eastern Nebraska 
revealed several trends in macrobenthlc comunfties as eutrophication pro- 
gressed. Contrary to the obsewatlon frequently reported that oligochaete 
populations increase as eutrophication progresses, Hergtnrader and Lessig 
(198Ob) observed a decrease in Tubffex. They noted, however, that the deep 
hypoljmnetfc waters of the Saltmy reservoirs do not become anaerobic, 
as is the case in lakes where olfgochaetes have increased. The Tanytarsini 
(family Chironomidae) p?esc;:t&he less eutrophic reservoirs disappeared 
In the most eutrophic. Sphaerfun (order Mollusca) increased 
during the early stages of cutrodhlcation but declined as eutrophy pro- 
gressed. 

Chfronoaid Comunfties as Indicators 

Instead of using a single organism to indicate water quality, Satther 
(1979, 1980) suggests studying chfronmfd comunfties. 
profundal, 

By looking at 
littoral and subllttoral chlronomfd comunitfes, Saether was 

able to delineate 15 characteristic comunitfts found in envlroments 
ranging from oligotrophfc to eutrophic. The comunftfts, 6 in each of the 
oligotrophfc and eutrophic and 3 in the wsotrophfc range, art lettered 
from alpha to oafkron. The Greek letters emphasize that the 15 sub- 
divisions are not trophfc level divisions, but are rtco nirable chfronoafd 
comunitlts. The species found in a lake or part of a 3 ake can be used to 
dttemf nt the associations and hence the extent of eutrophy. The key to 
chlronoaid associations and the species list noted by Saethtr art presented 
in Appendix 0. By using this system, Satthtr found slgnlffcant 
correlations between chi ronomfd assocfatlons and the ratios of 
chlorophyll-a to mean depth (Figure III-21 and total phosphorus to mean 
depth (Ffgurz 111-3). 

Sediment Effects 

The dlstrlbutfon of macrofnvetttbratts will be much less affected by 
currents and drift in a lake than in a river. However, at those points 
where rivers enter a lake, or where a river forms at the outlet from a 
lake, one right expect to find macroinvertebrate populations that art 
sfrilar to the population of the connecting river. The dlstrfbutlon of 
macrolnverttbrates found in the llttoral zone will be less affected by 
drift (since rooted plants in the littoral tend to slow currents and 
thereby inhibit drift) and more by the physical effects of suspended solids 
and sedlmentatfon. As concentrations of suspended and settleable solids 
increase, invertebrates tend to release hold of the substrate to be 
transported by currents or to migrate elsewhere. Mlgratlon fron those 
areas affected by sediment changes the structure of the btnthic comunity. 
The effects of suspended solids on benthfc macrolnverteb#ates are -.-- -,--A 1- e-c.- . . . . 



Chlorophyll o/f pg 11 1 m 

Figure III-E. Chlorophyll-a/ Mean Lake Depth In relation to 15 lake 
types based Tin Chironomid Comnunitits (From Saether, 1979). 
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0 1 2 3 4 S 6 7 8 9 10 II 12 

Tot: P 12 pg / 1 / m 

Figure 111-3. Total Phosphorus/Mean Lake Depth in relation to 15 lake 
types based on Chlronomld communities (From Saether, 1979). 
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SumARY OF SUSPENDED SOLIDS EFFECTS ON AQUATIC HACROINVERTEBRATES 

SOURCE: Sorenson, et al., 1977. 
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Ocpositfon of scdiwnt in the protundal zone llay provide a stable sub- 
strate. In contrast deltas where streams enter the lake or reservoir fray 
be subject to continuing deposition and erosion. Such areas will support 
fewer species and fewer nubcrs of organfms than the M)re stable profundal 
tone. 

Sedfncnt deposition Ilodfffes macroinvertebrate habitat and alters the type, 
di strfbutfon and avaflabflity of food. Substrate preference of macro- 
invertebrates is related to a variety of factors. In addition to particle 
site, the colonitatlon of an area is dependent on the anount and type of 
d&-i tus, the presence of vegetatf on, the degree of colrpaction and the 
a#unt of perlphyton (Famworth et al., 1979). Sediment preferences may 
change with an organfu's life history stage, thus compounding the problem 
tit categorizing associated substrate. Nonetheless, certain groups such as 
Chfronomldae and Trlcorythodes, are recognized as preferring fine sediment. 

Quantl tatfve Response to Envfronocntal Chanqe 

Quantitative techniques that are used to assess the biological integrity of 
lakes Include a nwber of nathcllatical indices, or focus on the abundance 
of certain benthic organisms. These methods are sumarized in the fol- 
lowing sections. Other measures of comunf ty health, such as diversity 
indices, are discussed in the 
and Assessments for Conduc 
mkl 8 and 1 n a review by Washington (19841 . 

Oligochaete Populations 

Oligochaetes, particularly tiers of the farfly Tubiflcidae, are present 
In large numbers in polluted areas. Aston (1973) found that Limnodrllus 
hoffmeisteri and Tubifex tubifex predollinate in areas receiving h 
sewage pollution. Inercvm the relationship between tubIficidse% 
water quality, Aston (1973) noted several fnvest1gatfons that have used the 
population density of tubiffcfds as an Index of pollution. Surber (cited 
by Aston, 19731, studled a nuder of lakes In Michigan and concluded that 
areas with an oligochaete density of wry #an 1,100 per square enter were 
truly polluted. Cart and Hiltunen (19651 used the following nunbets of 
olfgochaetes per square laeter to indicate pollution in western Lake Erie: 
light pollution, 100 to 999; moderate pollutfon, 1,000 to 5,060; and heavy 
pollution, more than 5,000. This means of classification fails to consider 
seasonal variation in population density and the organic content and 
particle sire of the bottora substrate. Since the population denslty 1s 
likely to vary, this method has limited utility (Aston, 1973). 

Wiederhol~ (1980) noted that a simple depth adjustient could sake oligo- 
chaete abundance more appl I cab1 e . By dividing the nulaber of olfgochaetes 
'per square iwter by the saarpl lng depth, he found that the carrel ation with 
chlorophyll was Increased. This adjustment my account for factors that 
are affected by depth such as food supply, predation pressure (which 
declines as depth increases), and possible oxygen deficits. 

Th? relative abundance of oligochaetes may be a better indication of 
orga,rfc pollution than the population densfty. In a stream study, Good- 
night and Yhitley (19611 suggested that a populatlon of 80 percent or wwe 
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of ollgcch?etes in the total macroinvertebrate population indicates a high 
degree of organic enrichrant. They hypothesized that percentages from 60 
to 80 indicate doubtful conditions and below 60 percent, the area is in 
good condition. Hodller and Beeton (1971) used this index in a study of 
Green 3y, Lake Michigan, and concluded that in 1967 the lower bay-was in a 
highly polluted state, and the middle bay had "doubtful conditions.' 

Brinkhurst (1967) suggested that the relative abundance of the tubfffcfd 
Lfmodrilur hoff!neIrterf (as a percentage of all olfgochaetes) my be a 
useful measure of organic pollution. Increased percentages of L. hoff- 
lllafsterf art often indicative of organic pollution. Lower Green Bay773T 

fsterf) was Identified as being more polluted than middle Green 
d 42% I. hoffmefrterf) by reference to the relative abundance of 

this o1fg~haci.c Tkornfller and Scott, 1977). 

Oligochaete/Chfronafd Ratio 

Another proposed indicator uses the ratio of oligochaetes to chfronomidr. 
Ganerally, the ratio Increaser as the lake becomes mom eutrophic. 
Wfederholm (1980) advocates including a depth adjustment (ratio divided by 
sampling depth) when using the oligochaete/chfronomfd ratio since oligo- 
chaetes tend to increase in dominance at greater depths. Studier of 
Swedish lakes showed a high correlation between depth-adjusted olfgochaete/ 
chironoafd ratios and trophic state, but very little correlation of the 
non-adjusted ratio with trophic state. Table III-8 shows that the de th- 
adjusted olfgochaete/chfrononfd ratio had low values (from O-1.5 In P 
olfgotrophic lakes, and progressively higher values for msotrophfc 
(1.5-3.01, eutrophic (3.0-7.4) and hypereutrophic (>18) lakes. Yfederhol~ 
suggests that the olfgochaete/chfronafd ratio may be used directly when 
comparing data froa a single rite over time or different lakes over time, 
but a general application needs tom adjustznent for depth. 

Mathematical Indices 

A survey of the literature reveals at least four mathematical indices in 
addition to diversity Indices that may be applicable in freshwater lake 
studies. These indices are described in Table 111-9. 

Based on their studier of rivers and streams rtctfvfng sewage, Kolkwftz and 
Marston (1908, 1909) proposed their sapropfc systcn of zones of organic 
enrichment. They suggested that a river receiving a load of organic matter 
would purify itself and that It could be divided into saprobfc zones 
downstream from the outfall, each tone having characteristic bfota. 
Kolkwftr and Marsson published long lists of the species of plants and 
animals that one could expect to be associated with each zone. The zones 
were defined as follows: 

o ;olysa;r;bic: gross pollution with organic matter of high moltcu- 
ar we g t, very little or no dissolved oxygen and the fonnatfon of 

sulphfdts. Bacteria are abundant, and few sptclts of organisms are 
present. 
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TABLE III-8 

BEmiIC CrnUHITY MEASURE 
WITH Allo YITHOUT ADJUSTMENT FOR DEPTH 

Lake 

Approximate Olfgochaetel 

g!g,, 

Chlorophyil-2 
(ug/l) Chfronoafd Ratio 

(%I 
wfthwt with 

depth adj. depth adj.c 

Vattem, 2004Om 
Vattem, 90-110~ 
Vanem, 40-80 m 
Sk&ran, lo-261 
Innaren, 14-1911 
5-n. 16049m 
Malaren, area C, 3Oa 
Malaren, area C, 45-50~ 
Malaren, area 8, 15m 
Hjalrraren, area C, 6-181 
S. 8trgundasjon, 3-511 
VaxJosjon, 395r 
HJalw-en, area 8, 2-31 

0 

i 

:: 

I: 

: 

ii 

1.1 

:*: 
212.5 
2.5-3 
3-4 
5.5 

ii55 
9.i 
25-75 

&‘O” 

38.9 
90.1 
86.0 
25.9 
19.8 
44.3 
85.5 
96.4 
69.0 
71.9 
69.0 
87.4 
66.8 

ki 
i*: 
1:2 

::i 

::: 

1t: 
21:6 
34.4 

a. 0 - olfgotrophic, H m wrotrophfc, E = eutrophic, HE n hypereutrophfc 

b. May-October, lm 

c. Olfgochatte/Chfronofd ratio divided by sanplfng depth 

SOURCE: Wftderholr, 1980. 
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TABLE III-9 

MATHEMATUL INDICES 

Index Nme and Description Reference 

Saprobfc Index Saether, 1979 

s l l-4, Olfgo - to polyraprobfc 
h l occurrence value; 1, wcasfonal; 

3, comm; 5, mast occurrence. 

Benthfc Quality Index Yfederholm, 1976 
Yfederholr, 1980 

kf 1 based on Indicator species of 
chfrona?ds, see text 

n 
i 

l number of indfvfduals of the various groups 
l the total nuaber of indicator s.pecfes 

5 nf(kf - 1 +c+ 
aQ* l , f: o b- 

Satther, 1979 

Cl l the constancy of the respective groups 
within a sample 

Trophfc Condition Index 

TCI = “Ml + 22N2 

ZN, +ZN, +ZN2 

Homiller and Scott, 1977 
Satthtr, 1979 

ZN, = total nmber of olfgochaett worm 
intolerant of eutrophic conditions 
(see Table C) 

zNf = total number of organisms characteristics 
of wsotrophfc areas 

zN2 = total number belonging to species 
tolerant of extreme eutrophy 
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sflrpler organic aKl\ecults and increased 00 content. 
' @%!%lphcwsosaprobfc~ has man; bacteria and often fungi 

with 1~)rt typas of anfrrals and loutr algae. Lomr ron; 
(beta-~osaprobfcl has conditions suitable for Dany algae, 
tolerant anful I and SOW rooted plants. 

oxygtn content is back to normal and a wide range 
O %+%%i%nf~ls occur. 

As stated, the saprobfc system was designed for rivers and streams. 
Nevertheless, the concept could be applied to rfvtrint fmpoun&tnts that 
have a prtdonfnant longitudinal flow. More Importantly, houtver, is the 
fwtus generated by the saprobic 'systclr for the dtvelop#nt of tubsqutnt 
biological Indicts. 

Pantlt and Buck (1955, cited by S&ether, 1979) applied the ideas of Kolk- 
wftt and Marsson In the Saprobfc Index (Table III-9 1, which was proposed 
for use in strta studier. Further txknrfons of the saprobic systcr utrt 
-de by Sladectk (1965 1 and these ~diffcatf ons art srrmarlted in Natrow 
(1974). 

Wfederholn proposed the Btnthfc Quality Index (BQI 1 in 1976 for studies of 
Sued1 sh Lakes (cl ted b 
represents the tapfrfca T 

Saethtr, 1979). The value of k 
position of each species in the a 

(Table III-g) 
r ngt from olfgo- 

The indicator species used by Wfa4erholm 

plysushL l 0 absence of chest lndfcator tptcles. The BQI i$hFiEFf 
tota p o&&/mean lake depth as shown in Ffgurt 111-4. 
the index approaches 0 as the lakes btcorw more tutrophlc, and is nearly 5 
In oligotrophfc lakes. With the fndlcator sptcfts used here, the BQI 
applies to Palearctic lakes (e.g., Europe, Asia north of the Hfnalayas, 
Northtm Arabia, Afrfca north of tht Sahara). However, the species ustd as 
indicators may be redefined for Nearctfc lake studies (e.g., lakes In 
Greenland, arctic America, northern and lrountafnous parts of North America) 
by using the species lists glvtn in Appendix 0. 

The Trophlc Condition Index (TCI) is the only commonly used Index that was 
developed in North Merfca sptcfffcally for lake studies. This Index 
(Table III-91 was dtsfgntd by Brinkhurst (1967) for use on Great Lakes 
waters. It is based on olfgochaetts which are classlfftd according to the 
degree of tnrfchmtnt of the tnvfroments where they art typically found 
(Table W-10). The TCI ranges fror 0 to 2, with the hfghtr values associ- 
ated with art eutrophic conditions. 

In a study of Green Bay, Hotmiller and Scott (1977 1 compared the TCI with 
four other Indices. Only the Trophfc Condition Index showed a significant 
dfffertnct between the three areas of Green Bay shown in Figure W-5. The 
other indicts used wert Species Diversity, Olfgochaett worms per squart 
ntttr, Olfgochaett uoms (I) and L. hoffmsfterf (f). As shown in Table 
111-11, these indicts show no statxtfcal dlfftrtnce between Areas II and 
III, and somatims no slgnfffcant difference fron values for Area I. 
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Figure 111-4. Total phosphorus/mean lake depth In 
rtlatlon to a btnthfc qua1 ity index (BQI) based 
on indicator species of chlronomids (From Wiederholm, 1980). 
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TABLE II I-10 

A CLASSIFIC4TION of OLIGOCMETE SPECIES 
ACCORDING TO THE DE6REE OF ENRICHMEtK OF THE ENVIRON#NTS 

IN WHICH THEY ARE CHARACTERISTICALLY FOUND 

0 6roup 

Species largely rtstrfcttd to olfgotrophfc situations: 

Stylodrflus herfngfanus 
Peloscoltx varfegatus 
P. superfortnslr 
Lfmodrflus profundfcola 
Tubfftx kessltrf 
Rhyacodrflus coccintus 
R. mntana 

Group 1 

f;~:;;haracterlstfc of areas which are mstrophlc or only slightly 
: 

Peloscoltx ftrox 
P. freyf 
Ilyodrflus templetoni 
Potuothrfx tildavfensfs 
P. vejdovskyf 
Aulodrflut 'spp. 
Arcteonafs lomondl 
Dero dfgftata 
Malt l lfngufs 
Slavfna apptndfculata 
Uncfnafs unclnata 

Group2 

Sptcf es tolerating extrtut enrfcbbent or organic poll utfon: 

Lfunodrflus angufstfpenls 
L. cervix 
L. clapartdtlanus 
L. hoffmtf rterl 
L. maumetnsfs 
L. udekmfanus 
Peloscoltx multfsttosus 
Tubfftx tubffex 

SOURCE: Howflltr and Scott, 1977. 
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Figure 1X1-5. Map of Lowtr and Middle Green Bay showing 
location of btnthos sampling stations and 
areas designated I, II, and III (from Homiller 
and Scott, 1977). 
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TABLE II I-11 

AVERAGE VALUES OF FIVE INDlCLS OF POLLUTION 
COMPARED FOR THREE AREAS OF GREEN 3AY 

Area 

I II III 

Sptcftr Dlvtrsfty 1.00 1.62 1.66 
Olfgochaett worms/~ 1085 1672 1152 

Olfgochaete uoms, Z 63 53 53 

L. hoffmtfsterf, % 73 w 42 

Trophfc index 1.92 I.84 1.53 

MITE: Values underscortd uf th a comnon lint art not 
sfgnlffcantly different from each other. 

SOURCE: Homflltr and Scott, 1977. 
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FISH 

Although ffsh species in many inrtancss show no preference for efther 
lacustrlne or tlverlnt habltat, certain environmental components (e.g., 
velocfty, substrate, dfssolved oxygen and temperature) render one habitat 
more suitable than another. The following paragraphs highlight the habitat 
requirements of certain fish species that are predomfnantly lacustrine. 

Trophlc State Effects 

Oligotrophic and eutrophic lakes have characterfstlc fish populations 
because of their contrasting habitats. Briefly, oligotrophic lakes are 
generally deep and often large in size, and are located in regions where 
the substratu is rocky. These lakes usually stratify In sumer, but the 
cool profundal zone Contains sufficient oxygen year-round for fish SIJT-. 
vfval. Oligotrophfc lakes support less than 20 pounds of fish per surface 
acre, and characteristic fish are salmons, trouts, chars, ciscoes, and 
graylings (Bennett, 1971). 

Eutrophic lakes support fish populations of largeaouth bass, white bass, 
white and black crappies, 
catfish, bullheads, carp, 

bluegill and other sunfish, buffalo, channel 
and suckers (Bennett, 1971). Such lakes have 

shallow to intermediate de ths, may have large or small surface areas, and 
are located In regions Y th more fertile soil than olfgotrophfc lakes. P 
Hypolinnetic waters of eutrophic lakes frequently l xhlblt reduced oxygen 
levels during sunmcr stratification. 

Nutrfent enrichment which causes increased production in lakes accelerates 
the natural prognssfon of trophic state from oligotrophy to euttiphy. 
Initially, eutrophication and the subsequent abundance of food organisms 
may cause increased growth of fish. However, undesirable conditions of 
temperature and dissolved oxygen in later stages force some fish to leave 
the affected area or perish. Fish camonly respond to changes associated 
wfth eutrophication by shifting their horizontal and vertical distribution. 
In Lake Erie, whitefish and cfscoes became restricted to the eastern basin 
as the environment became more unsuitable (Beeton, 1969). Perch and 
whitefish may move troll the littoral zone into the pelagic zone, where they 
are not usually found (Larkin and Northcote, 1969). The restriction of 
coldwater fishes to a thin layer between the oxygen deficient hypolianion 
and the wann epflfmion may lead to mortalities. This may have contributed 
to the disappearance of ciscoes from Lake Mendota, Wisconsin. 

As eutrophication proceeds, there is a general pattern of change fn fish 
populatfons from cortgonints to coarse fish. One of the best txmplts of 
population changes is in the Great Lakes. Although factors other than 
eutrophication say have contributed to the loss of some species, tnrictmtnt 
is recognized as being an important cause. Coaaercial fisheries provide 
fnfonnation on the sptcfts cmpositfon of catches. In Lake Eric, the major 
species in the 1899 catch were lake herring (cfsco), blue pike, carp, 
yellow perch, saugtr, whitefish and walleye. By 1940, the lake herring and 
sauger fisheries had collapsed, and the catch was dominated by blue pike, 
whitefish, yellow perch, walleye, shttpshtad, carp, and suckers. Blue pike 
and whfttfish populations have since declined, and the catch has become 
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more concentrated on the warmwater specfes such as freshwater drum, carp, 
yellow perch and smelt (644, 1969; Larkfn and Northcote, 1969). 

Temperature Effects 

Tmrature as well as trophfc state plays a role frr detcmfnlng the fish 
species inhabiting a lake. Trout are generally considered representative 
of coldwater species. Rafnbow trout and brook trout thrive in water with a 
maxfnr srr temperature of about 70.F. Rainbow trout art more tolerant 
of higher temperatures than brook trout. Prolonged exposure to tempera- 
tures of 77.5.F is lethal to brook f.'out (Bennett, 1971). 

Fish typical of warmer waters include largemuth bass, bluegfll, black and 
white crappie, and black and yellow bullhead. These species art fairly 
tolerant of hfgh, naturally occurring, water temperatures, and generally 
suffer mortality only when additional adverse factors (e.g., anoxfc 
conditions, toxfcs, the-1 plmes) prevail. Species such as smallmouth 
bass, rock bass, wall eye, northern pike, and muskellunge are more sensftfvt 
to increased temperatures than the more typical warmater fish, but art not 
as stnsftfvt as trout. 

Yarmater fish and coldwater fish my live in the same lake. For example, 
a -tier fishery may exist In a stratffftd lake, wherein warrrwattt fish 
llvt in the tpflfn~fon and the wtalfmfon, while coldwater fish survlvt in 
the cooler waters of the hypolfmion. 

Specfflc Habitat Requirements 

Specific habitat requirements for some lake species are published in a 
series of docuaents (Habitit Suftabilfty Index Uodels) prepared by the Fish 
and Wfldlffe Service and available through the National Technical 
Information Service. These publfcatfons sumarfze habitat suftabflfty 
Information for many lake species including: rainbow trout, longnose 
sucker, smallmouth buffalo, bfQrouth buffalo, black bullhead, targmuth 
bass, yellow perch, green sunfish, and common carp. The following 
information on the habitat requirements of these species is contained 
within the Fish and Wfldlffe Service reports. 

Rainbow Trout 

Rafnbow trout prefer cold, deep lakes that are usually olfgotrophfc. The 
size and chemical quality of the lakes may vary. Rainbow trout require 
stream with gravel substrate in rfffla areas for reproduction. Spawn1 ng 
takes place in an inlet or outlet stream, and those lakes with no tributary 
stream generally do not support reproducing populatfons of rainbow trout. 
The optlml. water velocity for rainbow trout rtdds is between 30 and 70 
cdsec. Juvenile lake rainbow trout migrate from natal streams to a 
freshwater lake rearing area. 

Adult lake rainbow trout prefer temperatures less than 18'C, and generally 
remain at depths below the 18.C isothcm. They require 
levels greater than 3 mg/l (Raleigh, et al., 1984). 

dlssolvtd oxygen 
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Longnose Sucker 

This species is most abundant in cold, olfgotrophic lakes that art 34-40 I 
deep. These lakes generally have very Iftttle littoral area. They are also 
capable of Inhabiting swift-flowing stream, but longnost suckers In lake 
envfromtnts enter strems and rivers only to spawn or to ovtrwfnttr. The 
longnost sucker spawns in riffle areas (velocity 0.3-1.0 m/set), where the 
adhesive eggs art broadcast over clean gravel and rocks (Edwards, 1983:). 

Smallmouth 8uffalo 

Although maNmouth buffalo typically inhabit large rivers, preferring 
deep, clear, warm waters with a current, they can do well in large restr- 
vo'frs or lakes. Lake or reservoir populations spawn In embayments or along 
recently flooded shortlines. 
all bottom types, 

Although smallmouth buffalo will spawn over 

juts. 
they prefer to spawn over vegetation and submtrgtd ob- 

Juvtnf Its frequent warn, shallow, vegetated areas with velocities 
less than 20 an/stc. Adults art found in areas with vtlocftfts up to 100 
ca/stc (Edwards and Twomty, 19822). 

Bfglouth Buffalo 

Bigmouth buffalo prefer low velocity areas (O-70 ca/stc), and inhabit large 
rivers, lowland lakes and oxbows, and reservoirs. Populations In rtstr- 
volrs rtsfde in want, shallow, protected tabaymtnts during the sumtr, and 
move into deeper water in the fall and winter. Fluctuations of reservoir 
water levels reduce buffalo populations due to siltation, erosion and loss 
of vegetation (Edwards, 1983k). 

Black Bullhead 

Bullheads lfvt In both rfvtrfnt and lacustrfne environments. Optimal 
lacustrfne habitat has an extensive littoral arta (more than 25 percent of 
the surface area), with modtratt to abundant (mrt than 20 percent) cover 
within this area. 
0.5-l .5 II‘. 

Bullhead nests are located in weedy areas at depths of 
Black bullheads art most comaon in areas of low vtloci ty (less 

than 4 dstc). They prefer Inttmtdfatt 1 tvtls of turbidity (25-100 ppm), 
and can withstand low dissolved oxygen levels (as low as 0.2-0.3 rig/l In 
winter, 3.0 lag/l In sumerl &tuber, 1982). 

Largtmouth Bass 

Largtmouth bass prefer lacustrlnt environments. Optimal habitats art lakes 
with extensive shallow areas (more than 25 percent of the surface area less 
than 6 A depth) for growth of subntrgent vtgt~tfon, but deep enough (3-15 
11 to successfully overwinter bass. Current velocities below 6 cm/set are 
optima), and vtlocftf es above 20 un/sec art unsuitable. Temperatures from 
24030.C art optimal for growth of adult bass. Largemouth bass will nest tin 
a variety of substrates, Including vegetation, roots, sand, mud, and cob- 
ble, but they prefer to spawn on a gravel substrate. Adult bass art con- 
sidered Intolerant of suspended solids; growth and survival of bass is 
greatest in low turbidity waters (less than 25 ppm suspended solids). Bass 
show signs of stress at oxygen levels of 5 mg/l, and DO concentratfons less 
than 1.0 mg art 1 tthal (Stubtr, et al., 198251. 
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Yellow Perch 

Yellow perch pmfer flreas with sluggish curmnts or slack water. They 
fmquent littoral amas fn lakes and reservoirs, wham them are moderate 
mnts of vegetation pmsent. River1 nt habitat rescrblts lacustrfnt 
areas, with pools and slack-water. Perch spawn In depths of 1.0 II to 3.7 
l , and in waters of low (less than 5 a/set) curmnt velocity. Littoral 
ants of takes and mstrvofrs provide both spawning habitat and cover 
(Krleger, et al., 1983). 

6men Sunfish 

Green sunfish thrive in both rfverfne and lacustrfne envlronwnts. Optfna? 
lrcustrine l nvfronuents am fertile lakes, ponds, and mservofrs with 
axtenslve lfttural areas (more than 25 percent of the surface area). 
Preferred environwntal para#ters are: vclocftfet less than 10 cu/sec, 
wderate turbfdftfes (25-100 JTU) and DO levels of mm than 5 q/l (lethal 
levels of 1.5 rig/l 1 (Stuber, et al., 19B2&). 

C-n Carp 

This species prefers areas of slow current. In both rfverlne and 1 acus- 
trim envfromnts, carp prefer enriched, mlatively shallow, warn, rlug- 
glob and well-vegetated waters with a ud or silty substrate. Adults art 
generally found In l ssociatfon with abundant vegetation. The cmn carp 
is extremely tolerant of turbfdfty and its own feeding and spawning 
actfvftfct over sflty botton hcrease turbfdfty. hdults are atto tolerant 
of low dissolved oxy 

8 
en 

oxygen is less than 
1 tvtl s, and can gulp surface air when the dissolved 

.5 rig/l (Edwards and Twowy, 198211. 

Stocking 

The nest coIIK)n fish ranagcncnt technique used is stocking. The purport of 
stocking is to irrprove the ffsh population, and certain fish am used mre 
often than others. 
Bennett (197% 

The foIlowfng dtscrfptfon is based on Infomatfon in 

Bass and bluegflls have often been stocked in the sa@e pond or lake. The 
theory behind stocking these species in co@bfnatfon Is that both larg#outh 
bass and bluegills would be available for sport-ffshlng. The role of the 
bluegills Is to convert invertebrates into blueglll flesh. The bass then 
feed on uall bluegills and thereby control the population. Proble!ms may 
be caused froa an overpopulation of one species, especially since the 
bluegf 11s overpopulate wre often than the bass. Stockln 
of bass : nubers of bluegf 11s) as dfscusstd by Bennett 9 

ratios (numbers 
19711, influence 

the outco# of such stocking endeavors. 

Because largcmouth, WallIrouth, and spotted bass art omnivorous, any of 
these three species stocked alone may be fal rly successful. They feed on 
crayffsh, large aquatlc insects and their own young. These sptctes do well 
In wan#attr ponds if they do not have to coinpete with prolific speclts 
such as blutgllls, green sunfish, and black bullheads. largcnouth bass 
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have been stocked in wamtattr ponds in coabfnatfon with minnows, chub- 
suckers, red-tar sunfish or warmouths. These combinations have proved to 
be successful. 

Utlltye stocking reportedly has variable success except in waters devoid of 
other fishes. In waters such as new reservoirs and renovated lakes, satfs- 
factory survi.val ratts for walleye occur. Bennett (1971) nottd that, 
gtntrally, walleye stockfng was unsuccessful in acid or softwattr lakes. 
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CHAPTER IV 

SYNTHESIS AND INTERPRETATION 

INTRODUCTION 

The basic physical and chemical processes of the lake were introduced in 
Chapter II. Chapter II also includes a discussion of desktop procedures 
that night be used to characterize various lake properties, and a dis- 
cussion of mathematical models that are suitable for the investigation of 
various physical and chemical processes. 

The applicability of desktop analyses or mathematical models will depend 
upon the level of sophistication desired for a use attainability study. 
Case studies were presented to illustrate the use of measured data and 
model projections in the use attainability study. The selection of a 
reference site is discussed later in Chapter IV. 

Chapter II also provides a discussion of chemical phenomena that are of 
importance in lake system. Most important of these are the processes that 
control internal phosphorus cycling, and the processes that control dis- 
solved oxygen levels in the epilimnion and the hypolimnion of a stratified 
lake. Chemical evaluations are also discussed in the earlier Technical 
Support Manuals (U.S. EPA, 1983b, 1984). 

The biological characteristics of the lake are summarized in Chapter III. 
Specific information on plant, fish and macroinvertebrate lake species is 
presented to assist the investigator in determining aquatic life uses. 

The emphasis in Chapter IV is placed on a synthesis of the physical, chemi- 
cal and biological evaluations which will be performed to permit an overall 
assessment of aquatic life protection uses in the lake. A large portion of 
this discussion is devoted to lake restoration considerations. 

Like the two previous Technical Support Manuals (U.S. EPA, 1983b, 1984). 
the purpose of this Manual is not to specifically describe how to conduct a 
use attainability analysis. Rather, It is the desire of EPA to allow the 
states some latitude in such assessments. This Manual provides technical 
support by describing a number of physical, chemical, and biological 
evaluations, as well as background information, from which a state may 
select assessment tools to be used in a particular use attainability 
analysis. 

USE CLASSIFICATIONS 

There are many use classifications--navigation, recreation, water supply, 
the protection of aquatic life-which night be assigned to a water body. 
These need not be mutually exclusive. The water body survey as discussed 
in this volume is concerned only with aquatic lift uses and the protection 
of aquatic lift In a lake. 
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The objectives in conducting a use attainability survey art to Identify: 

1. The aquatic lift use currently being achieved in the water body; 

2. The potential uses that can be attained, based on the physical, 
chemical and biological characteristics of the water body; and 

3. The causes of any impairment of uses. 

The types of analysts that might be employed to address these three points 
are listed In Table IV-1. Most of these are discussed in detail In this 
volume, and in the two preceding volumes on estuaries and on rivers and 
streams. 

Use classification system vary widely from state to state. Use classes 
may be based on salinity, recreation, navigation, water supply (municipal, 
agricultural, or industrial), or aquatic lift. 
serves as the basis for use classifications. 

In some casts geography 
Aquatic life use classi- 

fications found in state standards generally are rather broad (e.g., 
coldwater fishery, warmwater fishery, fish maintenance, protection of 
aquatic lift, etc.) and offer little specificity. Clearly, little 
Information is required to place a water body into such broad categories. 

Far more information may be gathered in a water body survey than is needed 
simply to assign a classification that is drawn from available state clas- 
sifications. The additional data that is gathered is required, neverthe- 
less, In order to evaluate management alternatives for the lake and, if 
appropriate, to refine state use classification systems for the protection 
of aquatic life. 

In general, state water quality standards do not address lakes specif- 
ically, so one must assume that standards written to cover surface waters 
In some states, or rivers and streams in others, are intended to stand for 
lakes as well. From the standpoint of aquatic life protection uses this 
may be satisfactory since the types of fish found In lakes art also found 
in the streams that discharge into lakes. However, the fact that some 
lakes stratify and others do not suggests that seasonal aquatic lift uses 
in a lake could be more complex than in adjacent streams. In highly 
stratified lakes, for example, the fish population of the epilimnion might 
be substantially different from that of the hypolimnion. That a shallow 
lake may become anoxic during summer stratification may have important 
implications for the uses of the hypolimnion. That the epilimnion may 
become anoxic because of diurnal DO fluctuations due to massive algal 
blooms and decay also has implications for the definition of present and 
future uses. 

Since there may not be an adequate spectrum of aquatic protection use cate- 
gories available against which to compare the findings of the biological 
survey; and since the objective of the survey is to compare existing uses 
with designated uses, and existing uses with potential uses, as seen in the 
three points listed above; the investigators my need to develop their own 
system of ranking the biological health of a water body (whether quali- 
tative or quantitative) In order to satisfy the intent of the water body 
survey. Implicit to the use attainability survey is the development of 
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TABLE IV-l 

SWUARY OF TYPICAL WATER BOOY EVALUATIONS 

PHYSICAL EVALUATIONS CHEMICAL EVALUATIONS BIOLOGICAL EVALUATIONS 

o Sfre (mean wfdth/depth) o Ofssolvcd oxygen o Bf ologf cd? f nvtntory 
(cxfstfng use analysis) 

0 Flow/velocity 

0 Total vollme 

0 Reaerdtfon rates 

0 Temperature 

o Suspended solids 

o Sedimentation 

o Bottom stabflfty 

o Substrate composf- 
tf on and ChdrdCkr- 
fstfcs 

o Sludge/sediment 

o Rfparfdn character- 
istics 

0 Downstream 
Chdrdcterf Stfcs 

o Nutrfcntr 

- nitrogen 

- phosphorus 

o Chlorophyll-d 

o Sediment oxygen demand 

0 Salinity 

o Hardness 

o Alkalfnfty 

0 PH 

o Dissolved tolfds 

o Toxfcs 

o Ffsh 

0 Macrofnvertebrdtes 

o Mfcrofnvertebrates 

0 Plants 

- phytopl dnkton 

- Racrophytes 

o Bfologfcal condition/ 
health analysfs 

- dfversfty fndfces 

- prfmary productfvfty 

- tf ssue analyses 

- Recovery Index 

o Biological potential 
analysis 

0 Reference teach 
comparison 

SOURCE: Adapted from EPA lg82i, Water Qualfty Standards Handbook 
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unagar#crt stratigfes or dltematives whfch might result In enhanccwnt of 
the bfologfcal health of the wake body. A clear deffnftfon of uses fs 
necessary to wefgh the predicted results of one strategy agaf nst another In 
cases where the strategies an deffned fn ttm of protection of aquatfc 
llfe. 

Slncc one uy very well be seeking to deffne use levels wfthfn an cxfstfng 
use category, rather than descrfbe a shift fr- one use cldssfffcatfon to 
another, the exfstf ng state use cldssf flcatfons nay not be helpful. There- 
fore, it w be necessary to develop an internal use classlflcatfon syskr 
to serve as a yardrtf ck durf ng the course of the water body survey, which 
uy later be referenced to the legally constftuted use categories of the 
state. 

A scale of biological health classes fs presented In Table IV-2 that offers 
general categories agafntt whfch to assess the bfology of a lake. A 
descriptive scale is found fn Table IV-3 that oay be used to assess a water 
body. This scale was developed by EPA In conjunction with the Wational 
Fisheries Survey. 

REFERENCE SITES 

SelectIan 

Chapter IV-6 of the Technical Support Uanual (U.S. EPA, 1993k) presents a 
detailed discussion on the concept of ecological regions and the selection 
of regional reference sites. This process is particularly applicable to 
-11 dnd wdfua size lakes. Use attainability studies for very large 
lakes are #re lfkely to be concerned with specific tegwnts of the lake 
than with the lake in its entlrety. Resource rquiraents are an lrportant 
consfderatlon as well for very large lakes. For exmple, Mew York State 
lray be prepared to invtstigate uses in Ldke Ontario near 8uffalo. but may 
not be prepared to study the entfre 1 dke. A study of this ragnftude could 
not be dont without federal participation, or In the case of Lake Ontario 
or Lake Erie, intematfonal participation.. For the scale of study that a 
state nay cnbark upon, reference sites could well be stgnents of the same 
or other large lakes. 

The concept of developing ecological regions that art relatively hm 
gtneous can be applied to 1dkeS. This concept is based on the assuaption 
that sfnilar ecosystems occur In definable geographic patterns. Although 
the bfota of particular lakes in close proxfnfty lray vary, It is more 
likely to be sfaildr f n a given region than fn geographfcally dfssflrildr 
regions. 

Within each region various lakes are investf gdted to detemfni which sites 
have a well bdl dnCed ecosystcr and to nota watershed land use and land 
cover charactcristfcs and the effects of ran’s dctfvitits. A aajor 
characteristfc to look for in the selection of a reference lake is the 
level of disturbance In the watershed that feeds the lake. Good reference 
sfk candidates are lakes located away fr# heavily populated areas, such 
as in protected pdrk land. 
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TABLE IV-2 

BIOLO6ICM HEMTH CLASSES UHICH COULO BE USE0 
IN WATER BODY ASSESSMENT 

Class Attributes 

Excellent 

Good 

Fair 

Poor 

Very Poor 

Extremely Poor 

C-arable to the best situations unaltered by man; all 
regionally expected specf es for the habitat fncludf ng the 
most intolerant fonts, are present with full array of age 
and sex classes; bdldnced trophfc structure. 

Ffsh invertebrate and macroinvertebrate species richness 
somewhat less than the best expected sftuatfon; some 
species wfth less than optimal abundances or size dfs- 
trfbution; trophfc structure shows some signs of stress. 

Fewer intolerant form of plants, ffrh and invertebrates 
are present. 

Growth rates and condftfon factors cononly depressed; 
diseased fish say be present. Tolerant macroinvertebrates 
are often abundant. 

Few flrh present, disease, parasites, fin dmage, and other 
dnoralfer regular. Only tolerant foms of macrofnverte- 
brater an present. 

No fish, very tolerant nacroinvcrtebrater, or no aquatic 
life. 

SOURCE: Modified from Karr, 1981 
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TABLE IV-3 

AQUATIC LIFE SURVEY RATING SYSTEM 

A water body that is rated a five has: 

- A fish comunfty that Is well balanced among the different levels of the food 
chain. 

- An age structure for most species that is stable, neither progressfve (leading to 
an fncrease in population) or regressive (leading to a decrease in population). 

- A sensitive sport fish species or species of special concern always present. 
- Habitat which wlll support all fish species at every stage of their lffe cycle. 
- Indlvlduals that are reaching their potential for growth. 
- Fewer ind?viduals of each species. 
- All available niches filled. 

A water body that is rated a four has: 

- Many of the above characteristics but some of them are not exhibited to the full 
potential. For example, the water body has a well balanced ffsh comunity; the a e 

s structure fs good; senritfve species are present; but the ffsh are not up to the r 
full growth potential and be present in higher numbers; an aspect of the 
habitat Is less than perfect Y i.e., occasional high wratures that do not have 
an acute effect on the fish); dnd not all food organisms are available or they art 
available in fewer numbers. 

A water body that is a three has: 

- A commity Is not well balanced, one or two trophfc levels dominate. 
- The age structure for many species is not stable, exhfbfting regressive or 

progressive characterlstlcs. 
- total nuaber of fish is high, but individuals are saall. 
- A senritfve species may be present, but is not flourishing. 
- Other less sensitive species sake up the naJority of the biomass. 
- Anadromous sport fish fnfrequently use these waters as a migration route. 

A water body that is rated a two has: 

- Few sensitive sport fish are present, nonsport fish species are more common than 
sport fish species. 

- Species art nore comon than abundant. 
- Age structures say be very unstable for any species. 
- The comporitfon of the fish population and dominant species is very changeable. 
- Anadrowus fish rarely use these waters as a mlgratfon route. 
- A saatl percent of the ndCh provides sport fish habitat. 

A water body #at is a one has: 

- The abflity to support only nonsport fish. An occasional sport ffrh may be found 
as a transient. 

A water body that is rated a zero hd8: 

- No ability to support a ffsh of any sort, an occasional ffsh my be found as, 
tranofent. 

IV-6 



For the selection of a reference take, It f 8 f mportdnt to seek compara- 
bflfty fn physical parameters such ds surface area, volulw, dnd medn depth, 
dnd in physical processes such as degree of stratfff cation dnd $edfWItd- 
tf on character1 sties. It will be Important rlso to seek coaparabflfty fn 
detention tine, whfch plays a role in deternfnfng the ChemfCdl dnd 
bfological characterfrtics of the ldkt. Oettntfon tfn fs detemfned by 
ldke volme and rate of flow into the lake from both point and nonpofnt 
sources. 

The selection of d candidate reference lake could be based on an analysis 
of exfrtfng data. Data for many ldket throughout the country are available 
from the NdtfOnd? Eutrophication Survey conducted by the U.S. EPA in 
cooperation wfth state and local agencies. National computerfted data 
bases such as YATSTORE and STORET can provfde flow and water qualfty data. 
Many states and countfes have the1 r own water qua1 f ty and biological 
monitoring programs which should be used to Obtdfn the most up-to-date 
fnfomatfon on the lake. 

In addftfon to the historical data that may be available through HATSTORE 
or the NatfOnd Eutrophication Survey, it is very fmportant to obtain 
current Information on d lake in order to evaluate Its present chdracter- 
fstfcs. One must be careful to note trends that may have occurred over 
time so as to fully understand the extent to whfch the reference ldke 
represents natural condf tfons. 

Comparison 

The reference site will hdve been selected on the basis of physical sfnf- 
larity wfth the study area, and upon the detennfnatlon that ft reflects 
natural condftfons or conditions as close to natural ds can be found. 
Subsequent comparisons for the purpose of describing attainable uses will 
be bdsed on comparisons of the chemical and biological properties of the 
two water bodfes. Sfmflarltfes and differences f n chemfcal and bfologfcal 
characteristics can be examined to identify causes of use fmpdfrmnt, and 
potential uses can be determined Cm an analysis of the lake's response to 
the dbdte!fMt of the fdentfffed causes of fmpafrment. 

Comparisons of indfvfdual chcrfcal and biological parameters cm be made by 
using sfnple statistics such as mean values and ranges for the entire data 
base or that part of the data base which is considered approprfate to rt- 
fleet present condftfons. Seasonal dnd monthly statistics can also be used 
for ldke8 which demonstrate major Change8 throughout the year. 

In dddf tfon to fndfvfdual pdrameters, water qua1 fty and biological indices 
are useful for comparfsonr. Yater qualf ty indices sumarize a number of 
water quality chardcterfstics into a single numerical value which can be 
collpared to standard values that dre indfcatfve of a range of conditions. 
The Natfonal Sdnftatfon founddtfon index, the Dfnlus water quality Index, 
and the Harkfns!Kendall water quality index, each of which may provide 
f nsf ght f nto the study $1 te, are df scussed f n Chapter III of the Technf cd? 
Support Manual 'U.S. EPA, 1983k). 

Biological fndfces to be considered include: dfversfty indices which 
l vdluate rf chness and composftfon of species; cornunity comparf son fndfces 
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which measure sfmflarftfes or dfssfmfldrftfes between entire comunitfes; 
recovery Indices which indicate tht abf lit of an ecosystm to recover from 
pollutant stress; T and the Fish and Wlld ffe Service Habitat Suftabflfty 
Index which examfnes rpecfes habitat requirements. These indices art dis- 
w;;;; In detail in Chapter IV of the Technfcal Support Manual (U.S. EPA, 

Another useful tool which is aercrfbed in that Manual is cluster 
analj%is, which it a technique for grouping siailar smr smplfng 
stations on the bd8fS of the resemblance of their dttrfbutes (e.g., number 
of taxa and number of fndfviduals). 

Statistical tests can be used to determine whether water quality or any 
Other use attainment ffIdfCdtOr dt the Study Site fs Sf gnfficantly dffferent 
from condltionr at the reference site or sftes. Several of these tests are 
descrfbed in Volumes I and II of the Technical Support Manual (U.S. EPA, 
1983&, 1984). 

CURRENT AQUATIC LIFE PROTECTION USES 

The actual aquatic lffe protection uses of a water body are dtffntd by the 
resident flora and fauna. The prevailing chemical dnd physfcal attributes 
will determine what bfota may be present, but little need be known of these 
attributes to descrf be current uses. The raw ffndfngs of a biological sur- 
vey may be subjected to various measurements dnd assessments, as discussed 
In Section IV (8iological Evaluations) of the Technical .Support Manual 
(U.S. EPA, 1983b). After performing an inv,entory of th fl df 
(preferably an-hi rtorical inventory to reflect seasotal %aa~~es)a~~~ 
considering diversity fndfces or other measures of biological health, one 
should be able to adequately descrfbe the condition of the aquatic lffe in 
the lake. 

CAUSES OF IUPAIRMENT OF AQUATIC LIFE PROTECTION USES 

If the biological evaluations indicate that the biological health of the 
system is fmpafrtd relative to a 'heal thy" reference aquatic ecosystem (as 
night be determined by reference site comparisons), then the physical and 
chemfcdl eval utions cm be used to pinpoint the causes of that flapaiment. 
Figure IV-l shows some of the physfcal and chemical parameters that may be 
affected by various causes of change in a water body. The analysis of such 
paraneters will help clarify the magnitude of impairments to attaining 
othet uses, and will also be important to the thfrd step in whfch potential 
uses are exdmf ned. 

ATTAINABLE AQUATIC LIFE PROTECTION USES 

A third element to be considered is the assessment of potential uses of the 
water body. 
Cdl, 

This assessment would be based on the findings of the physi-' 
Ch#fCdl dftd biological infomatfon which has been gathered, but 

additional study may also be necessary. A reference sfte comparison wfll 
be particularly important. 
bdseli ne comunfty, 

In add1 tfon to tstabl ishing a comparative 
the reference site provf des insight fnto the aquatic 

lffe that could potentially exist if the sources of fmpafr~tnt were 
mitigated or removed. 
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The analysis of all infomation that has been arsedled w lead to the 
deffnftion of alternative strategfes for the cranageaent of the lake at 
hand. Each such strategy corresponds to a uniqut level of protection of 
aquatic life, or aquatic lffe protectfon use. If f t is detemf ned that an 
array of uses is attainable, further analysis which is beyond the scope of 
thi yIk:r body survey would be required to select a laanagmnt program for 

. 

One lnrst be able to separate the effuts of h-n fnterventfon from natural 
variabflity. Dissolved oxygen, for exqlt, may vary seasonally over a 
wide range in some areas even without dnthropogenfc effutr, but it may be 
difff cul t to separate the two in order to predict whether rclloval of the 
anthropogenfc cause will have a real effect. The ilnpact of extra stems 
on a water body, such as the effut of Hurricane Agnes on Pennsylvania 
lakes and strean in 1972, nay completely confound our abilf ty to 
dfstingufsh the relative fngact of anthropogenfc and natural Influences on 
imdidtt effuts dnd long tern trends. In mny cases the investigator can 
only provide rn informed guess. 

If a lake and stream systen does not support an anadronous fishery because 
of dams and diversions which hdve been built for water supply and recrt- 
ational purposes, it is unlikely that a concensus could be reached to 
restore the fishery by mvfng the physical barrfers--the d-s--whfch 
fllptde the migration of fish. However, it ~ay be practical to Install fish 
ladders to allow upstream dnd downstream migration. Another exaaple night 
be a sftuation in which dredging to rwve toxic sedimnts my pose a #rch 
greater threat to aquatic lffe thdn to do nothfng. Under the do nothing 
alternatfve, the toxfcs rray r-in fn the sedimnt in a bfologically- 
unavaf ldblt form, whereas dredging might resuspend the toxic fraction, 
aakfng it biologically available whfle facflftatfng wider dfstrfbution in 
the water body. 

The points touched upon dbove dre presented to suggest solw of the phenow 
ena which may be of Importance In a water body survey, and to suggest the 
need. to recognf ze whether or not they may realfsticdlly be Mnipuldted. 
Those whfch cannot be rranipulated essentially define the limits of the 
highest potential use that might be realized fn the water body. Those that 
can be mani puldttd define the levels of improvement that are attainable, 
rangfng from the current aquatic lift uses to those thdt are possfble 
withf n the lfmitatfons fmposed by factors thdt cannot be manipul dted. 

PREVENTIVE MD REMEDIAL TECHNIQUES 

Uses that have-been fmpafrtd or lost can only be restored if the conditions 
rtsponsfble for the impairment are corrected. In llort cases, fa!pafment in 
d lake can be attributed to toxic pollutfon or nutrfent overenrichment. 
Uses may also be lost through such dctfvitfes ds the dfsposal of dredge and 
ffll materials whfch smother plant and animal coumunitfes, through 
overffshfng which may deplete natural populatfons, dnd the destruction of 
freshwater spawnfng habftat which will cause the defnfse of various ffsh 
species. One ml ght expect losses due to natural phenomena to be temporary 
although man-made dlterdtfons of the environment may preclude restoration 
by natural processes. 
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Assuming that the factors responsible for the loss of species have been 
identified and corrected, efforts may be directed toward the restoration of 
habitat to1 lowed by natural repopulation, stocking of species if habitat 
has not been hamed, or both. Many techniques for the improvement of 
substrate coaposition in streams have been developed which might find 
amlication in lakes as well. Further discussion on the importance of 
sbbstrate composition will be found in the Technical Support Manual (U.S. 
EPA, Novcder 1983k). 

The U.S. EPA National Eutrophication Study an;i companion National Eutro- 
phication Research Program resulted in the development and testing of a 
number of lake restoration techniques. In the material to follow, an 
overview is provided of a nmber of Proj%ts sponsored by the U.S. EPA fn 
which these techniques were applied. This is an overview that is not 
intended to be exhaustive in detail. For further information, the reader 
is referred to a manual on lake restoration techniques that Is currently In 
preparation by U.S. EPA and the North Amcrfcan Lake Management Society. 

Dredging 

Introduction 

Dredging to remove sediments from lakes has several objectives: to deepen 
the lake, to remove nutrients associated with sediment, to rtmve toxfcs 
trapped fn bottoa sediment, and to remove rooted aquatic plants. Dredged 
lakes generally show Improved aesthetics, and often enjoy fmproved fish 
habitat as shown by increased growth of fish (Peterson, 1981). The 
following sections sumarite the objectives of lake dredging programs, the 
environmental concerns associated with sediment removal, and the methods 
used in implementing dredging projects. 

Lake Conditions Most Suitable for Sediment Removal. Dredging to improve 
lake conditions 1s better sufted for some lakes than others. Obviously. a 
lake with a sediment-filled basin is a prime candidate for dredging. Other 
considerations are lake size, the presence of toxics in the sediment, 
dredging cost, and sedimentation rate. Toxfcs are of concern because they 
may be released to the water column during the dredging operation. Because 
of dredging costs, the dredging of large areas is not feasible. Lakes that 
have been dredged in whole or in part range In size from 2 hectares (ha) to 
1,050 ha (Peterson, 1981). 

The practicality of sediment removal as a lake restoration technique also 
depends on the depth of sediment to be removed. Lakes with surface sedi- 
ment that is highly enriched relative to underlying sediment are best 
suited for dredging projects. 
with high sediaentation rates. 

Dredging will not be cost effective.in lakes 
The effect of sediment removal lasts longer 

in water bodies with smiler ratios of watershed area to lake surface area 
(Peterson, 1981). One other consideration in dredging projects is the dis- 
posal of the dredged materfal. 
offset the cost of dredging. 

"Clean" sediment nay be sold as landfill to 
However, the disposal of contaminated 

sediment may add considerably to the over-11 cost of the restoration 
program. 

IV-11 



Removal of Nutrients. The primary nutrient of concern in dredging opera- 
tfons is phosphorus. Raoval of enriched sedient reduces the interval 
phosphorus load, as internal phosphorus c cling can amount to a mjor 
portion of the total load1 ng. Peterson cy 1981) cited these examples of 
lakes in which a large percentage of the total phosphorus was attributed to 
internal sources: 

Purpose 

Lakes in colder sections of the United States rqufre a mean depth of about 
4.5 II or greater to avoid winter fish kills; thus, lake deepening projects 
llay help assure fish survival (Peterson, 1981). Rmval of sediment con- 
taining .hfgh concentrations of nutrientt helps to control algal growth. 
the resultant decreased algal growth f s a\ so beneffcfal for ff sh popul a- 
tfons. These purposes are expl afned 1 n greater detail in the following 
sections. Examples of lakes that have been dredged for the aforementioned 
purposes are sumarfzed in a separate section, Case Histories. 

(1) Lfnsley Pond, Connecticut--internal phos horus was about 45 per- 
cent of the total phosphorus loading P Livingston and Boykin, 
1962); 

(2) Long Lake, Washington-phosphorus loading from sediment was 25-50 
percent of the external 1 oadf ng (Welch, et al . , 1979 I ; and 

(3) White Lake, Michigan-about 48 percent of the total phosphorus 
loading was contributed by sediment phosphorus regeneration (Jones 
and Bowser, 1978 I. 

Because such large munts of phosphorus are found within the sediments, 
dredging may be a feasible means by which to greatly reduce internal 
1 oadf ng . 

%$%%!&easf ng depth. 
Suamer stratiffcatf on and vertical nixing characteristics 

In addition, a larger volme of hypolflmetfc 
water, and a larger quantify of dissolved oxygen, are present in deeper 
lakes (Stefan and Hanson, 1981). Therefore, assuming identical rates of 
benthic oxygen uptake per unit area, the hypolimnfon of a shallow lake will 
be depleted sooner than the hypolinnion of a deeper lake. Sumner overturn 
due to wind-induced mixing may be frequent in shallow lakes. Therefore, 
dredging to increase depth may help to reduce the frequency of overturn. 

Increased lake volume may also help reduce water temperature. Reduced 
water temperature incrgases oxygen solubilf ty and decreases metabolic rates 
of organisms. Therefore, algal growth rates and hypolinnetfc oxygen deple- 
tion ray be slowed (Stefan and Hanson, 1981). 

Removal of Toxics. The bottom sediment nay be a sink for toxic and hazard- 
ous materials as well as nutrients. Toxfcs in sediments pose a potentially 
serious problem, although there is a paucity of information concerning the 
direct effects of contaminated sediment on organims. Another major con- 
cern about sediments containing toxics is the possible introduction of 
toxfcs fnto the food web, and the bfoaccumulation and biomagnfffcatfon of 
toxics that may follow. 
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Hacrophyte Removal. Rootcd aquatic macrophytes can be removed by dredging. 
Aquatic plants are most often retnoved for reasons of aesthetics or inter- 
ference with recreational uses. However, the role of racrophytes 1 n 
internal nutrient cycling also justifies their removal. Barko and Smart 
(1980) dc#nstrated that E erfa densa, H drflla vertfcfllata, and 
~t$l~,u~;~~u.a could obh + 

rio- 
%--- emosp orus nutrftfon exclusively roll 

When the plants die and decompose, nutrients in soluble 
form #y be released to the water coluam, or be returned to the sediments 
as particulate matter. 

So- researchers contend that healthy aquatic macrophytes obtain nutrients 
froa the sediment and excrete them to the surrounding tiater (fwilley, et 
al ., 1977; Carfgnan and Kalff, 1980). There is consid?rdble evidence to 
show that large quantities of nutrients are recycled to the lake when 
plants die and decay (Bark0 and Smart, 1980; Landers, 1982). Landers 
(19821 found that senescing stands of Myri;ph$l~ spica~~f~~~~~~~~v~~r~ 
18 percent of the annual total phosphorus oa ng in an 
Because aquatic mactophytes cause Ilobflizatfon of nutrients frw the soil, 
their rnoval is a key to reducing the internal phosphorus load. 

Envfronwntal Concerns of Lake Dredging 

Many of the envfronwntal problcns caused by dredging are associated with 
resuspension of fine 

P 
articulates. Increased turbid1 ty reduces light 

penetration; consequent y, photosynthesfs and phytoplankton production are 
inhfbited. Suspended sediRlcnts absorb radiation from the sun and transform 
it into heat, thereby increasing the water temperature. Increases in 
temperature affect the metabolic rate of organisms, in addition to reducing 
the oxygen-holding capacity of the water. Dredging may also cause 
increased nutrient levels in the water column, and potentially favorable 
conditions for algal bloans (Peterson, 1981). 

Toxic substances may also be liberated during dredging operations. For 
example, the aldrfn concentration in Vancouver Lake, Washington, was 0.012 
ztg/l prior to dredging and increased by three times at one sfte and ten 
times at another site during dredging (Peterson, 1979). Return flow frown 
settling ponds reached even higher concentrations, at times up to 0.336 
w/l. 

Resuspended organic matter rray present a different type of problem. Rapt d 
decomposition may deplete the available dissolved oxygen. This may be 
especially important since the organic content of lake sediments can reach 
80 percent on a dry weight bat1 s (Wetzel, 1975). Although Peterson (1981) 
noted that no lake dredging projects have caused this problem, the poten- 
tial should be recognized. 

Implementation of Lake Dredging Projects 

Sedfment Removal Depth. After it has been determlned that sedfment removal 
Is a viable lake restoration technique, a removal depth and method must be 
selected. 
methods. 

Sediment removal depth has been determfned by sev*ral different 
The following paragraphs briefly describe two methods by which to 

detemfne removal depth. 
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Sediment Characterftatfcn. Studies of chemicai and physical character- 
fstfcs of a lake bottom may show distinct stratfffcation of sediment. The 
greatest concentration of nutrients lay be in a single layer, so that 
removal of the layer will sfgniffcantly affect the internal nutrient 
loading. The sediment mmval depth may be detemfned on the basis of 
nutrient content and release rates for the layers of sediment. 

For example, sediment in Lake Truman, Sweden, was characterized chemically 
and physically, horizontally and vertfcally. The study showed a definite 
layer of FeS-colored (black) fine sediment deposit)d on 3 bqown layer. 
Based on aerobic and anaerobic release rates of PO -P and NH -N, it was 
decided that the black layer would be removed (betarson, 1481). Born 
(1979) noted that the ecosystu of Lake Trcn WIG restored following 
dredging. 

Lake Simulation. Another approach to determining scdtment remval depth 
uses a lake model to predict the lake depth necessary to prevent sumer 
destratification (Stefan and Hanson, 1980). Thf s method of collputatlon is 
generally used for shallow lakes. 

Stefan and Hanson (1981) modeled the Fafrmont Lakes, Minnesota, to 
determine the lake depth that would be required to prevent phosphorus 
recirculation from the sediments. Using atr temperature, dew point 
temperature, wind dlrection, solar radiation, and wind speed, plus a 
constderatfon of lake morphology, the model predicts temperature wtth 
depth. Lake sfulatlon helps determine the appropriate temperature and, 
therefore, minimum depth for stable seasonal stratfffcation. This method 
of detemtntng removal depth is based.on the concept that shallow eutrophic 
lakes can be dredged to such a depth that a stable system is fomed. In 
theory, phosphorus released from the sediment Into the hypolfnlon will be 
recycled to the photic zone with dtntnfshed frequency. By controlling and 
reducing the phosphorus concentration of the epilianlon, the standing crop 
of algae will be decreased. The simulation results agreed with the 
hypothesis of phosphorus release and recycling and the anttcipated effects 
of dredging (Stefan and Hanson, 1981). 

The method of lake sfmlatfon does not constder sedtment release rates. 
Ramoval of the upper sedfmnt layer may reduce nutrient levels in the 
overlying water even though stratification is not stable. Therefore, 
sediment release rates should also be examined along with the modeling 
approach (Peterson, 1981). 

Dredging Equipment. Barnard (1978) and Peterson (1979) describe various 
dredges including the Mud Cat,. the Bucket Wheel, and others, and their 
advantages and disadvantages. The reader should refer to these sources, 
especially Barnard (19781, for more detailed tnfomatfon. 

The typical dredges are grab, bucket, and clanshell dredges which are 
generally operated fron a barge-aounted crane. These systems remove 
sediment at nearly i$s in-site density, but removal volumes are lf~fted to 
less than 200,000 II . Turbidity is created due to bottm impact of the 
bucket, the bucket pullfng free from the bottom, bucket overflow and 
leakage both below and above the water surface, and the intentional over- 
flow of water from receiving barges to increase the solids content. 
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Cutterhead dredges are the most cwznonly used in the United States. The 
cutterhead dredge rmves material in a slurry that is 10 to 20 percent 
solids. These hydraulic dredges can remove larger volumes of sediment than 
bucket dredges. Turbidity from hydraulic dredges is largely dependent on 
pumping techniques and cutterhead configuration, size and operation. 

Sedlllcnt Disposal. Dredged material disposal must also be considered in 
sediment renoval projects. Ftll permits are required for the filling of 
low-lying areas when the area exceeds 4.0 ha (10 acres) (Section 404, 
Public Law 92-500). 

Upland disposal sites, whtch do not requf re Federal permits, commonly 
employ dikes to retain dredged material. Dike failure and underderignod 
capacity are two major problems with upland disposal areas. 

Several documents prepared by the U.S. Amy Corps of Engtneers contain 
useful information about dredged material disposal. They include: Treat- 
ment of Contanf nated Dredged Material (Barnard and Hand, 1978). Evaluation 
of Dredged Material Pollution Potential (Brannon, 19781, Confined Disposal 
Area Effluent and Leachatc Control (Chen, et al., 19781, Disposal Altema- 
tfves for Contaminated Dredged Material as a Management Tool to Minfnfze 
Adverse Environmental Effects (8ambrel1, et al., 19781, Upland and Wetland 
Habitat Development wtth Dredged Material: Ecological Consideratfons 
(Lunt, et al., 1978). Gufdelfnes for Designing, Operating, and Managfng 
Dredged Material Containment Areas (Palem, et al., 19781, and Productive 
Land Use of Dredged Material Containtnt Areas (Walsh and nalkasain, 1978). 

Lake Dredging Case Studies 

Peterson (1981) lists 64 sediment removal projects in the United States 
that are in various stages of fmplementation. Several of these projects 
will be considered in more detatl in the following section. 

Lilly Lake, Wisconsin. Lilly Lake has a surface area of 35.6 ha, a maximum 
depth of 1 8 II and a mean depth of 1.4 m. The mafn problem in Lilly Lake 
was excessive macrophyte growth, resulting In an accumulation of organic 
detritus and botton sediment. Macrophytes also curtailed recreational 
actfvfttes such as boating and fishing. Winter fish kills were combOn in 
Lilly Lake. 

Dredging began in July 1978 and continued through October of the same year. 
During dredging operations, the S-day BOO increased by l-2 mg 0 /lf ter, and 
turbidity rose by l-3 formazfn units. Ammid COnCentratfOn in&eased from 
0.01 mg/liter to a high of 5.5 mg/lfter when dredging was halted in Dcto- 
ber. Prior to dredging, chlorophyll-a levels averaged 2.5 ug/liter to 3.0 
ugllf ter. Imdtately after dredgfnj coaznenced, chlorophyll-a reached a 
concentration of 27 ug/lfter, and then decreased to level? of 12-18 
ug/li ter. Productivity also increased 
200 mg C/m3/d to an average of 750 mg C/m /d in 1978 (Peterson, 1981). 

$rom pre-dredging levels of about 

Dredging began again in May 1979 and was completed by September. Maximum 
depth was increased to 6.5 RI following dredging. The water quality in 1980 
was improved over prevfous2years, and the macrophyte biomass was reduced 
fm 200-300 g dry wefght/m to nearly zero. 
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Stefnmtz Lake, New Yoric. Steinmtt Lake is 1.2 ha in area, and has a mean 
de th f I 5 R and a laaxfnun depth of 2.1 k. Weed growth, algal growth and 
hf~hlyOturbld water were the mjor concerns. 

Restoration included complete drawdown, sediment removal and stormrater 
drainage dfversfon. The 
quarry sand. This method 
clean substrate. 

Short tern results of the 
readings (frond 1.25 II to 

removed sediment was then replaced with clean 
does not increase lake depth, but produces a new, 

restoration proJc’ct were: increased Secchf disc 
the maximum lake- depth), decreased chlorophyll-a - .- 

levelsm(from 10.4 ug/liter to 0.1 u~lfterl, and reduced aquatic macrophyte 
biomass (from 30-50 g wet weight/m ta virtually zero) (Peterson, 1981). 
After the treaiment, plants grew where tracked vehicles forced organic 
sediment through the sand cover. The number of people using the lake for 
recreational purposes Increased from almost none to over 3,000. 

Ldke Heman, South Dakota. Lake Herman has a surface area of 526 ha, a 
mxfua dep Z 4 II and a mean depth of 
of 8.9 x 10'114' (2,642 rtllion gallons). 

1.7 II. The basin has a volume 
Farm1 ng practices In the water- 

shed surrounding the lake have caused high nutrient concentrations and 
excessive sedfmntation. Lake Herman is primarily nitrogen limf ted and 
nitrogen frequently dec?ines to zero during algal blooms. 

The dredging project was implemented to deepen the lake and remove the 
nutrient 

s 
associated with the sediment. Hydraulic dredging removed about 

48,000 m of silt from the lake, Increasing the mean depth from 1,7 I to 
about 3.4 m. Dredged material was deposited in an area adjacent to the 
lake. Shortly after the dredging operation comnenced, orthophosphorus 
concentrations increased froa 0.13 mg P/liter to more than 0.56 mg P/liter 
(Peterson, 1981). Phytoplankton blooms did not accanpany the increased 
phosphorus concentratf on8 because the lake Is nitrogen lirafted. Although 
no major increase 1 n phytoplankton productivity was observed, the high 
phosphorus concentrations attributable to phosphorus released to the water 
colon during dredging points out a potentially serious problem that may 
accmpany hydraulic dredging operations. 

Nutrient Precipl tatfon and Inactivation 

Introduction 

Many eutrophic lakes respond slowly following nutrient diversion because of 
poor flushing rates that facilitate sedimentation, and because of continued 
internal phosphorus recycling. 
pncfpt tattoo and 

Phosphorus recycling 1 s controlled by 
Inactivation techniques generally used to remove 

phosphorus from the water column and control fts release from bottom 
sediments. Chemical precfpftants used for thts purpose 1 nclude salts of 
alumfnua, Iron, and calcium. Calcium (II) has limited use in lakes because 
it is ineffective below pH 9. Iron salts ?re not suitable inactfvants for 
long-term phosphorus control, since antixic conditions reduce iron 
complexes. 
- Fe II). 

This releases phosphorus and Iron in the soluble state (Fe III 
Therefore, alurnfnum compounds such as almfnum sulfate and 

sodium aluminate are the most widely used. Zirconium and lanthanum (rare 
earth elements) hdve proved effective in phosphorus removal, but more 
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research is needed on direct toxlclty and general health effects before 
this technique receives large-scale use. 

Suitable Lake Types. Certain lake types are better suited to nutrient 
precipitation and Inactfvatfon than others. Lakes should have lloderate to 
hfgh retention times (several months or longer), since the treatment will 
not be effective if there is a rapid flow-through of water. A wakr- 
phosphorus budget is useful 1 n assessing the significance of retentf on 
time. 

Nutrient precfpftatfon and inactivation Is generally implemented following 
nutrient dfversfon, but this method of lake restoration will not be effec- 
ttve if the diversion is fnsufftcient. Lakes with low alkalfnity will 
exhtbft excessive pH shifts unless the lake is buffered or a mixture of 
alum and sodium aluminate is used as precipitant. Finally, in lakes with 
large littoral areas, phosphorus that is derived from groundwater, trans- 
located from sediments by macrophytes, or resuspended by some activity that 
stirs up sediment deposits may cause higher phosphorus concentrations than 
expected. 

Purpose 

Phosphorus prufpftation and fnactivatfon techniques are used in water 
bodies with high concentrations of phosphorus fn the water column and the 
sediment. 
blooins. 

Such a condition is generally indicated by nutsance algal 
Imnedi ate results of phosphorus precfpftatfon include decreased 

turbidity and algal growth. Application of alumfnun cqounds, primarily 
al umfnum sulfate and sodium aluminate, may also effectively control the 
release of phosphorus from the sediment. 

Environmental Concerns of Nutrient Precfpftation 

One fanediate response of phosphorus pruipf tation is a reduction in tur- 
bidtty. The Increased light penetration could stimulate Increases in 
rooted plant biomass. Other undesirable side-effects include reduced 
planktonic afcrocrustacean species diversity and toxic effuts of residual 
dissolved aluminum (RDA) on aquatic bfota. Laboratory research is cur- 
rently underway to enlarge the aquatic toxicity data base available for the 
U.S. EPA to develop water quality crfterfa for aluminum for the protection 
of aquatic life. Aluminum toxicity is pH dependent and it becomes 
extremely toxic below pH 5. Cooke and Kennedy (1981) cited the following 
laboratory studies regarding the possible toxic effects on the bfota of 
phosphorus precipitation using aluminum compounds: 

(1) Daphnfa magna had a 16 percent reproductive impairment at 320. ug 
/1 (Bfesinger and Christian, 1972); 

(2) A few weeks exposure to 5,200 ug Al/l seriously disturbed rainbow 
trout tested In flow through bioassay8 (Everhart and Freeman, 
1973); 

(3) No obvfous effect on rainbow trout after long-term exposur_e to 52 
ug Al/l (Kennedy, 1978; Cooke, et al., 1978); 
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(4) Oaphnfa mgna survival uas reduced 60 percent f n 960hr tests of 
conccntratfons to 80 ug Al/l (Peterson, et al., 1974, 1976); and 

(5) No negatlve effects on fish (Kennedy and Cooke, 1974; Bandow, 
1974; Sanvllle, et al., 1976) or benthlc Invertebrates (Mart 
1978) after full-scale lake treataents. Cooke and Kennedy tl981! 
noted that there were no toxic effects on fish as long as the pH 
remaf ns f n an acceptable range and the RIM fs less than about 50 
ug Al/l. 

Implementatfon of Nutrient Precfpltatfon Projects 

The followfog factors shtuld be consfdered for phosphorus precfpftatfon/ 
Inactlvatfon through chnlcal application: dose, choice of dry or llquld 
chclrlcal, depth of applf catlon, appllcatlon procedure, and season (Cooke 
and Kennedy, 1981). 

Ocne Oetermlnatlon. Cooke and Kennedy (1980) and Cooke and Kennedy (1981) 
dercrfbe scme methods for detemlnlng dose. A dose of alrrlnua that re- 
duces pti to 6.0 1s consfdered 'optfmal." The residual dissolved alulnur 
should remain below 50 ug Al/l, the level at which alunlnu begins to 
l llclt toxic effects. A slmpllfled method for dose deteninatfon 1s 
outllned below (Cooke and Kennedy, 1980). 

Procedure: 

(11 Obtaln representative water samples froa the lake to be treated. 
Care should be axercfsed In select1 ng sampl lng statfons and depths 
sfnce slgnlflcant heterogeneities, both vertical and horizontal, 
comaonly occur in lakes. Samples should be collected as close to 
the antlcfpated treatment date as possible. 

(2) Oetermfne the total alkalinity and pH of each sample. Total 
al kallnlty, an a proxlnate measure of the bufferfng capacity of 
lake water, wit dfctate the amount of alualnun sulfate (or P 
aluminum) required to achlcve pH 6 and thus optlnu dose. Addi- 
tional cherlcal analyses can be performed, dependfng on the 
specific needs of the lnvestfgator. For exaaple, phosphorus 
analyses before and after laboratory treatment would allow 
estlmatfon of antfcfpatcd phosphorus removal effectfveness. 

(31 Deterrrlne the optlnu dose for each sample. Inltfal estfmtes of 
this dose, based on pH and alkatlnl ty, can be obtained from Figure 
N-2. More accurate estfmates should be made by tftratfng samples 
with fresh stock solutions of almfnum su'lfate of known aluminum 
concentration using a standard burette or graduated plpetlz. The 
conctntratfon of stock aluminum solutions should be such that pH 6 
can be reached with addftlons of 5 to 10 ~llllllters per liter of 
sample. Samples must be nixed (about 2 nlnutes) using an overhead 
stirring motor and pH changes monitored continuously usfng a pH 
rcter. Optfmum 4c)se for each sample wfll be the amount of 
almlnum, which when &led, produces a stable pH of 6.0. 
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ALUMINUM DOSE (mg AI/I) TO OBTAIN pH 6.0 
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Figure IV-Z. Estimated aluminum sulfate dose (mg/l) required to 
obtain pH 6 fn treated water of varying inftial alkalfnity 
and pH (from Cooke and Kennedy, 1980). 
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(4; The relatlonshfp between totdl alkalfnfty and optfnra dose can be 
datemined using fnfomatfon from each of the above tftratfons by 
plottfng optlnr dose as a function of alkalfnfty. Thfs rclatfon- 
shfp will allow determfnatfon of dose at any alkalinfty wfth the 
range tested. 

Lfqufd aim and lfqufd 
are more effectfve than 
dry alum is available, 
applfcatfon. 

sodlu alunlnate generally fola a better floe and 
the dry ferns (Cooke and Kennedy, 1981). If only 

It can be nixed In tanks to form a slurry before 

Oepth of Applicatfon. Alulnur salts can be applied to surface water, or 
at prcdetcrafned depth(s), depending upon treatacnt objectfves. A surface 
applicatfon fs generally needed to rcllOve phosphorus froa the water colon, 
whereas hypolfrnetlc treatatnt controls the release of phosphorus from 
sediments. 

ffnt of Applfcatfon. Both particulate and dissolved forws of phosphorus 
are efficiently rcroved by the alulnu floe as It settles to the bottom. 
Mhether there is an optfnn season for the application of aluminum salts 
for the removal of various forms of phosphorus Is debatable, as dfscussed 
by Cooke and Kennedy (1983). 

Nutrfent Precipftatlon Case Studies 

Although at least 28 lakes have been reported f n the 11 teratun that have 
been treated by the phosphorus fnactfvatfon/precfpftatfon technique, there 
fs a paucity of fnfomation regarding post-treatment effects. The 
followfng sections sumnarlze ffve case hfstorfes that are representative of 
different approaches, have long-term nonltorlng, or Illustrate strengths 
and shortcomings of thfs technfque. Informatfon concerning dose, method of 
applfcatfon, cost, and long-term effects on addltfonal restoratfon projects 
employfn 

9 
Inactlvatfon/preclpftatfon techniques fs found in Cooke and 

Kennedy 1981). 

Horseshoe take, Wfsconsfn. Horseshoe Lake has a surface area of 8.9 ha, a 
maximum depth of lb 7 m, and a mean depth of 4.0 II. It fs the ffrst 
reported full scale in-lake fnactlvatfon experfment In the United States 
(Funk and Gfbbons, 1979). Prior to treataent, the lake exhfbfted algal 
blooms, dissolved oxygen depletions and ffsh kflls. High nutrfent levels 
were attributed to agricultural and natural drafnage, and to waste dis- 
charges from a cheese-butter factory prfor to Its closing In 1965. 

Alum was applfed, just below the water surface, in May 1970. No decrease 
fn phosphorus level was observed untfl after fall cfrculdtion, when con- 
centratfons decreased substantfally. Reduced phosphorus concentratfons 
were observed in both the epflinnfon and the hypollmnion. Although hypo- 
lfmnetfc phosphorus increased slfghtly every year followfng treatment, ft 
was controlled for about 8 years. Secchl disc transparency also Increased 
and no ffsh kills have occurred since the alum applfcatfon. Addftlonal 
fnfomation about the restoration of Horseshoe Lake is provided by 
Peterson, et al. (1973). 
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Medfcal Lake, Washfngton. Medical Lake covers an area of 64 ha. It has a 
lllaximu~~ depth of 18 R and a mean depth of 10 RI. Prior to treatment, the 
lake exhfbfkd nufsance algal blooms, s-r anoxfa and hfgh nutrient con- 
centratlons, prfllarfly because of internal nutrient cyclfng. Treatment 
wfth alum was chosen as the best method for lnactfvating phosphorus In 
Medfcal Lake. 

Aim was applied at the surface or at 4.5 meters, depending upon whether 
the area was shallow or deep. Appllcatf on began fn August 1977 and con- 
tinued over a S-week perfod. 

Water quality nonftorlng through June 1980 showed that alum treatment 
succcss;~l ly reduced phosphorus levels, el)nlnated algal blooms and In- 
creased water clarfty. Total and orthophosphorus levels prior to alum 
treat#nt were 0.47 mg/llter and 0.32 mg/lfter, respectively. these levels 
decreased about 87 and 97 percent, resp$ctfvely. Chlorophyll-& decreased 
from3a mean monthly value of 25.2 rig/m prior to alum treatment, to 3.2 
q/m following treamnt. Secchf dfsc transparent improved from a mean 
depth of .2.4 raters to 4.9 meters. Whereas the ry ake dfd not support a 
ffshery prior to treatment, a rafnbou trout populatfon flourfshed after 
phosphorus precfpltatfon/fnactfvatfon. No negatfve impacts on bfota were 
observed although the concentration of dfssolved almfnun fncreased to 700 
ug Al/l durfng treatment. Post-treatment levels fell to 30-50 ug/l (Cooke 
and Kennedy, 1981). Oetafled results of water quality monftorfng following 
phosphorus precfpftation/fnactfvatfon treatment are presented in Gasperfno, 
et al. (1980:) and Gasperlno, et al. (198Ok). 

Annabessacook Lake, Mafne. Annabessacook Lake, located In central Maine, 
covers an area of about g5 ha, and has a hypolfmnetlc area of 130 ha. The 
aean lake depth 1s 5.3 R and the maxfraun depth fs 14.9 III. Hfgh levels of 
phosphorus fn the water column and sediments were belfeved to be respon- 
sfble for blue-green algal blooms. Industrfal and munlcfpal wastewater 
Inputs contrfbuted to hfah phosphorus levels prfor to 1972. and internal 
nutrient cycling caused- continued hfgh nutrfent levels* in the 
(Domfnfe, 1980). 

lake 

Annabessacook Lake underwent an extensive lake restoration program, in- 
cludlng nutrfent dfversfon, agrfcultural waste management and fn- lake 
nutrient fnactfvatfon. Point sources were dfverted from the lake and 
agricultural waste management plans were Implemented. Laboratory testing 
showed that alumfnum treatment was a feasfble alternatlve for lake res- 
toration. Because the lake water has a low alkalfnfty, a comblnatfon of 
aluminum sulfate and sodlun aluRInate was used to provlde sufffcient buf- 
fering capacfty to moderate potentfal. pH shifts. 

After the altifnum application and conxnencement of waste management pro- 
grams, the followfng changes were observed (Domfnfe, 1980): 

0 Total phos horus mass in the lake was reduced from over 2,200 
kflograms P kg) in 1977 to 1,030 kg In 1978. 

0 Internal recyclable phosphorus was reduced 65 percent from 1,800 
kg f n 1977 to 625 kg 4 n 1979. 
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0 The average June chlorophyll-a concentration decreased from 11.5 
ug/l (1977) to 6.2 ug/l (1978r 

0 Secchi disc depth for June (monthly mean) increased from 2.0 m 
(1977) to 3.1 m (1978). 

Additional information on the restoration of Annabessacook lake is found in 
Dollinie (198D), Gordon (1980), Cooke and Kennedy (19811, and U.S. EPA 
(1982). 

Liberty Lake, Washington. 
area oa h 

Liberty Lake, in Spotcane County, has a surface 
The lake has a mean depth of 7.0 m, and a maximun depth of 

9.1 II. A &nation of.teptic tank drainage, urban runoff, and poor solid 
waste disposal practices caused excessive nutrient levels and heavy blooms 
of blue-green algae in the lake. 

In 1974, Liberty Lake was treated with aluminum sulfate to precipitate and 
inactivate phosphorus. Jar tests and in situ tests were made to detemine 
dosage. The alum slurry was applied to the surface. After application of 
aluminum sulfate, total phosphorus was reduced from 0.026 mg/l to less than 
0.015 mg/l. Uater clarity increased following the treatment. Although 
alkalinity and pH dropped, the effect was short lived and these parameters 
returned to pretreatment levels within 24 to 48 hours (Funk and Gibbons, 
1979 1. 

The treatment effectively controlled algal blooms from 1974 to 1977. Heavy 
ii$ms equivalent to those prior to treatment did occur in the fall of 

. 

Dollar Lake and West Twin lake, Ohio. Dollar Lake has a surface area of 
2 22 h 
Like, 

d th f 3 89 d a maximum depth of 7.5 R. West Twin 
%i~h?~na~&en~ to"Dol~ra~ake, is larger, with a surface area of 

34.02 ha, a mean depth of 4.34 m and a maximum depth of 7.50 RI. Septic 
tank drainage was largely responsible for eutrophic conditions. Although 
septic effluent was diverted in 1971-72, algal blooms continued, partly 
because of internal cycling of phosphorus. 

Aluminum sulfate was applied to the hypolimnion of the lakes to inactivate 
and precipitate phosphorus. Following the alum application, both lakes 
showed decreased phosphorus content in the water column and improved water 
transparency. Blue-green algae dominance in West Twin Lake was reduced by 
80 percent (Funk and Gibbons, 1979; Cooke and Kennedy, 1981). Zooplankton 
populations were affected, and the dominant species shifted from Cladocera 
to Copepoda. Hypolimrretic phosphorus concentration in Dollar and West Twin 
Lakes remained low for four years after treatment. 

Aeration/Circulation 

Introduction 

Aeration/circulation is a potentially useful technique for treating 
symptoms of eutrophication. The range of aeration/circulation techniques 
can be divided into two major groups: artificial circulation and hypo- 
limnetic aeration. Both of these techniques increase the dissolved oxygen 
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concentration ot' hyp431innetic waters. The two techniques differ in that 
hypolimnetic aeration aerates hypolimnetic waters without mixing them with 
surface waters while artificial circulation breaks down stratification by 
mixing the upper and lower strata Of the water COlumn. These techniques 
can be used to enhance the habitat of aquatic biota and improve water 
quality by alleviating problems created by stratification and deoxygenation 
of the hypolimnion. 

80th techniques restore oxygen to anaerobic bottom waters. These res- 
K;;tion procedures lead t2 habitat expansion for tooplankton, bcnthos and 

Destratification is usually benefical for warnwater fish, pro#,ting 
an iicrease in the depth distribution. However, complete mixing may 
elilrinate coldwater habitats and fish such as salmonids may disappear from 
the lake. 

Lakes Best Suited for Aeration/Circulation. Anaerobic bottom waters of a 
stratlfi d 1 k be oxygenated by aeration/circulation techniques. 
Either &hodaiyc;i implemented when the primary purpose of treatment is 
to alleviate "taste and odor" problems resulting from high concentrations 
of Fe, Mn, H S and'other chemicals in an anoxic hypolimnion. Both methods 
expand or I prove 3 habitat for zooplankton, benthos, and war-mater fish. 
However, artificial circulation and hypolimnetic aeration do not produce 
the same effects in lakes. 

Artjf icial aeration may cause the replacement of blue-green algae CUR- 
munities by more desirable conrwnities of green algae, while hypolianttic 
aeration generally does not have an effect on phytoplankton. Since 
hypolianetic aeration does not effect mixing of surface and hypolimnetic 
waters, nutrient concentrations in the euphotic zone are basically 
unaffected when this technique is employed. Consequently, hypolimnetic 
aeration generally does not affect the phytoplankton community. In 
contrast, artificial circulation vertically mixes the water column and can 
increase nutrient concentrations in the euphotic zone. In a series of 
experiments, Shapiro (19731 showed that natural populatfons of blue-green 
algae were replaced by green algae after enrichment with phosphorus and 
nitrogen when carbon dioxide was added or pH was lowered. These results 
indicate that green algae can outcompete blue-green algae under enriched 
nutrient conditions as long as CO2 is abundantly available. 

When control of algal blooms is.not a prime consideration and a coldwater 
supply is necessary, the preferred method is hypolimnetic aeration. A cold 
hypolimnion is needed for survival of coldwater fish, and thus hypolinnetic 
aeration is recommended when improvement of fisheries is the only con- 
sideration. In southern lakes, high water temperatures fn the epilimnion 
and metal imnfon often preclude survival of col'duater fish; therefore, it is 
necessary to preserve the integrity of the water layers, including the 
colder hypolimnion, and artificial destratification would not be appro- 
priate. 

Artificial cfrcutation is preferred when limitation of algal biomass is 
desired, oxygenation of the metalimnion is needed, or 8 completely mixed 
water column is acceptable. Artificial cfrculation is also suitable for 
northern lakes where the tempe-ature of surface waters does not exceed 22°C 
during the summer (Pastorak, et al., 1981). 
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Purpose 

Artificial Circulation. Anaerobic conditions in the hypolimnion of a 
stratified lake restrict the vertical distribution of fish, eliminate 
certain benthic organisms, and may cause the retease of nutrients and toxic 
substances to the overlying water. Artiffcfal circulation alleviates these 
problems by destratifying and oxygenating bottarr waters of the lake. The 
water becomes oxygenated primarily through atnospheric exchange at the 
water surface. Except in very deep lakes, the transfer of oxygen from air 
bubbles of diffused dir systems is relatively small. 

By aerating and destratifyfng lakes, artfficfal circulation improves water 
quality, decreases at gal growth, a?d improves fish habitat. These effects 
are described below. 

Elfmfnatfon of Taste and Odor Problems. Generally, artificfal destrati- 
ffcatfon oxygenates anaerobic hypolfnnetfc waters. Anaerobic conditions 
near the lake bottom cause the release of reduced chemical species from 
sediments to the water column. Water supply utftities experience water 
quality control problems resulting from the accumulation of iron (Fe), 
manganese (Mn), carbon dioxfde (CO 1, hydrogen sulffde (H S), amonium ions 
(NH +) and other cheaicals in the$ypolinmfon. As hypol?mnetic waters are 
broaght to the lake surface during artiffcfal cfrculation, gases such as 
co H S and NH are released to the atmosphere. Artificial circulation 
i&ea&?s hypoli&etfc oxygen, and raises the redox potential near the lake 
bottom. The result is decreased concentrations of reduced chemical 
species, thereby eliminatfng taste and odor problems. 

Decreased Al gal Growth. In some cases, algal production is reduced through 
artificial circulation. Pastorak, et al. (1981) cited Fast (1975) for 
several mechanisms that cause reduced algal growth. Internal nutrient 
loading may be reduced through the elimination of anaerobic conditions that 
cause nutrient regeneration. Artificial circulation also increases the 
mfxed depth of the algae, thereby reducing algal growth through light 
limitatfon. When mixing is induced during an algal bloom, the algae are 
distributed through a greater water volume, and lake water transparency 
will increase irmnediately. In addition, as water is pumped to destratffy 
the lake, rapid changes in hydrostatic pressure and turbulence serve to 
destroy phytoplankton. 

Artificial circulation does not consistently decrease algal populations, 
and my cause Increased algal biomass in some instances. Pastorak, et al. 
(1981) surveyed the literature coverfng 40 experiments in which destratifi- 
cation was relatfvety complete. Only 26 experiments exhibited significant 
changes in phytoplankton biomass, and of these, about 30 percent exhibited 
increases in algae. 

Forsberg and Shapiro (1981) found that changes in algal species composition 
during artificial aeration depend primarily on the mixfng rate. With slow 
mixing rates, surface levels of total phosphorus and pH generally in- 
creased, and the relative abundance of blue-green species such as Anabaena 
cl rcul inus and Microcystis aureginosis increased. 
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The abundance of green algae and diato;as increased when faster mixing rates 
uere used. Complete cheatcal destratfffcat!on caused by high mixing rates 
was accInupdnfed by large increases in surface total phosphorus and CO 
concentration. The green algae S haeroc stfs schroederi, Ankistrodesmui 
falcatus and Scenedesmus *pp., and-it hi nedra spp., 
-sira spp. 
and m 19811. 

grew particularly welt under~c,'%~ions %rsberg# 

Benefits to Fish Populations. Artificial circulation may enhance fish 
habitat and food supply, thereby potentially improving growth of fish, 
environmental carrying capacity, and overall yfeld. 

Lou oxygen levels in the hypolinnion sa.y prevent fish from using the entire 
potential habitat. Destratlfication and aeration of bottom waters may 
allow fish to inhabft a greater portion of the water column, expanding the 
vertical distribution of warnwater fish. 

Sd~mOnidS in particular may be restricted to a layer of netalianetic 
habitat, with warm water above and anaerobic conditions below. If surface 
water terrQeratures remain below 22T throughout the *u-r, as in northern 
lakes, artfffcial circulation should increase habitat for cold-water fish. 
In addition, sulm#r-kill of fish due to anoxic conditions and toxic gases 
may be prevented by arti~fcial circulation. 

Artificial circulation has also proved to be an effective method of 
pnventfng over-wicter Ilortalfty of salmonids. Whereas natural oxygen 
concentrations lllhy be depleted during the winter, aeration prior to ice 
formation cdn provide sufficient oxygen for fish survival. Uinter tnor- 
talitfes of fish in Corbett Lake, British ColuaWa, were prevented in this 
way (Pastorak, et al., 1981). 

Hypolinnetic Aeration and Oxygenation. Hypolfmnetic aeration and oxygen- 
ation add djssolved oxygen to the bottom waters without destratffyfng the 
lake. Aeration of the hypolimnfon occurs through oxygen transfer between 
air bubbles and water, and oxygenatlon occurs more slowly than with 
artificial circulation. 

Major goals of programs employing hypolimnetfc aeration and oxygenation are 
to improve water quality and provide habitat for coldwater fish. Unlike 
art1 ficfdl circulation, there is no evidence that hypolimnetfc aeration 
will control algal blooms. 

Inprovement of Water Quality. Hypolimnetic aeration minimfzes taste, odor 
and corrosion problems by oxygenating bottom waters, which raises the pti 
and lowers concentrations of reduced compounds. Although artificial 

. circulation aerates the water colulrn more rapidly, hypolimnetic aeration 
maintains stratfficatfon, thereby retaining a coldwater resource. 

Improvement of Fisheries. Hypoli~~etic aeratfon creates habitat for cold- 
water fish by oxygenating the cold bottom layers of a lake. Because the 
lake does not become completely mixed as a result of hypolimnetic aeration, 
a two-story fishery can develop. Aeration :lso enhances fish food supply, 
since the distri button and abundance of macroirvertebrates increases. 
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Planktf vorous fish may also find dn increased food supply following hypo- 
lf~tfc aeration. While phytop)dnkton abundance Is generally unaffected, 
zooplankton populations may expand their vertical range after treatment. 
Fast (1971) found a sfgnificant increase in the population of Da hnfa ulex 
following aeration of Hemlock Lake, Michigan. He attributed t&ijlh 
change to an expanded habitat, which allowed Daphnfa to inhabit dimly lit 
depths of the'lake and avoid predation by trout. 

Environmental Concerns of herdtiOn/Ci rculation 

Host of the environmental concerns are associated wfth the use of artf- 
ffcfal destratification systems, whereas very few adverse fmpacts of 
hypolfnetic aeration are known. Hypolfmnetic aeration has very little 
1 nfluence on depth of mfxfng, pH of the water, sedfment reruspensfon, and 
algal densfties. Adverse impacts of aeratfon/cfrculatfon, including 
effects on water qudlfty, nuisance algae, macrophytes and fisheries, are 
described in the folloufng sectfons. Examples of impacts of aeratfon/ 
circulation on lakes are presented later in a section on Case Hfstorfes. 
The purpose of the present dfscussfon of envfromental concerns is to point 
out adverse consequences that ml ht occur as a result of artfficial 
destratification. + Although these a ects will not necessarfly be seen, it 
is instructive to recognfze the potentfal problems that could arfse, on a 
site-specf ffc basis. 

Uater Quality. Art1 ffcfal cfrculatfon may cause several chemfcal dnd 
physical changes that adversely affect water qualfty. The mixing of 
nutrient rfch hypolimnetic water could increase the concentrations of 
nutrfents fn the upper water layers. Heightened concentratfons of the 
gases NH3 and H2S may also occur fn surface water. 

Turbulence due to mfxfng and aeratfon systems may further affect water 
qua1 fty by resuspendfng silt, thereby increasing turbidity. Decreases in 
water transparency after l lxfng may also be associated with surface algal 
blooms (Pastorak, et al., 1980). 

ri;an;; Algae. Artfficfal cfrculation/destratiffcatfon may produce un- 
es ra e c anges In phytoplankton communities. For example, temporary 

algal blooms may occur because of recycling of hypolimnetic nutrients and 
elevation of total phosphorus. Such a rfse in algal biomass may favor 
blue-green algae by depleting CO2 and keeping pH levels high. 

w* 
Improved water transparency followfng artfffcfal cfrculatfon 

may a ow ncreased macrophyte growth. Rooted aquatic plants could expand 
to nuisance levels, especially In lakes with ShdllOw littoral shelves. 

Fisheries. Where coldwater fish exist in the metalimnetic region; artiff- 
cfal circulation and the subsequent warming of bottom waters may eliminate 
habitat for certafn species. The surface temperatures of northern lakes 

9 
enerally remain below 22'C, and thus the bottom waters will not be warmed 
as afght occur in southern lakes), and habitat for coldwater ffsh will be 

enhanced durfng circulation. Destratfffcation and mixing can also lead to 
dissolved oxygen decreases in the whole lake. In thf s instance, resus- 
penslon of bottom detritus increases the bfochemical oxygen demand (BOO) 
beyond the rate of reaeration (Pastorak, et al., 1981). Extensive 
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depletion of dissolved oxygen may be responsfhle for fish mortalftfes. 
Aeration of Stewart Lake inftially caused a decline in bluegill population, 
presumably because of reduced dissolved oxygen (Pastorak, et al., 1981). 

Fish kills may also be caused by supersaturated concentrations of nitrogen, 
which may result from circulation or hypolimnetfc aeration. In spring, W 
Ievels generally' equflibrate at LOO percent saturation with respect t8 
surface temperature and pressure. Warming of the hypolimnfon during the 
suIwr results in supersaturation of N relative to surface temperature and 
ambient temperature at depth. This kpersaturation of N, may induce gas 
hb;',e disease in fish, causing stress or mortality (Pa'jtorak, et al., 

Although this has not been documented in lakes, dfssolved nitrogen 
conce&ratfons of 115-120 percent saturation induced salmonid mortalitfes 
In rivers (Rucker, 1972). 

Implementatfon of Aeration/CircuIation Projects 

kration/cfrcuIatfon fs a relatively inexpensive and efficfent restoration 
technfque. The following sections briefly describe methods and equipment 
used in restoration projects employing artificiaI circulation or hypo- 
Ifmnetfc aeration. 

ArtfficiaI Circulation. Lake circulation techniques can be broadly ctassi- 
ff d in the categories of diffused aft systems or mechanfcal mixing systems 
(Lirenzen and Fast 1977). Dfffused air systems employ the 'ai r-If ft’ 
prfncfple, as water'is upwelled by a plume of rising air bubbles. Mechan- 
ical systems move water by using diaphragm pumps, fan blades, or water 
jets. Lorenzen and Fast (1977) reviewed the design df’td field performance 
of various circulatfon technfques, and concluded that diffused air systems 
are Iess expensive and easier to operate than mechanical mixing systems. 

Dfffused Air Systems. Diffused air systems inject compressed air into the 
lake throu h 
Davis (19 88 

Johnson and 
) 

a perforated pfpe or other simple diffusers. 
reviewed submerged jetted inlets and perforated pipe air- 

nixing systems used fn resewoirs. 
rising air bubbles. 

Hypolimnetic water is upwelled by the 
Upon reaching the surface, this water flows out 

horizontally and sinks, nfxfng with the warm surface water in the process. 
The amount of water flow induced by the risfng bubbles is a function of air 
release depth and air flow rate. Artificial circulation is generally most 
effectfve if air is fnjected at the maximum depth possible (Pastorak, et 
al . , 1981). In a thenaally stratffied lake, mixfng will normally be in- 
duced only above the afr release depth. However, while an aerator located 
near the surface of the lake may be unsuf table for destratffyfng a lake, ft 
&effectfveIy prevent the onset of stratification (Pastorak, et al., 

. 

Mechanfcal Mixfng. Mechanical mfxing devices such as pumps, fans and water 
jets are employed Iess frequently than diffused air systems. Pastorak, et 
al. (1981) notes several fnstances in which mechanical mixing devices have 
been successfutly employed: 

IV-27 



(1) Stewart HollowfRaservoir and Vesuvius Reservoir, Ohio--a pumping 
rate of 10.9 m /mfn was sufficient to destratify the reservoirs 
within 8 days (Irwin, et al., 1966); 

(2) Hf m's Lake, Oklahoma-an axial-flow pump with a capacity of 102 
m /mfn completely destratffied the lake, which has a mean depth of 
2.9 I, after 3 days of operation (Toetz, 1977). 

On the other hand, mechanical mixing may not always be successful: 

(1) West lost Lake--a pumping capacity of 1.3 m3/min over a period of 
10.1 days was not sufficient to completely mix the lake (Hooper, 
et al., 1953); 

(2) Arbuckle3 Lake, Oklahoma--an array of 16 pumps (total capacity 
1,600 m /min) did not completely mix the lake, which has a mean 
depth of 9.5 m (Toetz, 1979). 

Artificfal circulatf on techniques should be started before full development 
of thermal strati ficatlon, because nutrients that become trapped in the 
hypolimnion and then are recycled may causs increased algal lroyth. 
Lorenzen and Fast (1977) reca$ler$ about 9.2 m /mln of air per 10 m of 
lake surface (= 30 SCFM per 10 ft ) to adequately mix and aerate the water 
colwn. 

Hypolinnetic Aeration. Fast and Lorenzen (1976) reviewed designs of hypo- 
limnetic aerators, and proposed the following divisions: mechanical agi- 
tation systems, pure oxygen injection, and air injection systems (which 
include full air-lift designs, partial air-lift designs, and downflow afr 
injection systems). Hypolimnetic aeration systems generally remove water 
from the hypolinnion, aerate and oxygenate it, and then return the water to 
the hypolfmnion. 

Mechanical Agitation. Mechanical agitation systems generally draw hypo- 
limnetic water up a tube and aerate it at the surface through mechanical 
agitation. Fast and Lorenzen (1976) noted that a surface agitator design 
is most efficient for hypolfmnetlc aeration of shallow lakes where water 
depth is insufficient to provide a large driving force for gas dissolution. 

Oxygen Injection Systems. As in other hypolimnetic aeration systems, water 
Is removed from and returned to the hypolimnion. In oxygen injection 
systems, nearly pure oxygen becomes almost completely dissolved when it is 
returned to the hypolimnion (Fast and Lorenzen, 1976). 

Air Injection Systems. The full air lift design is the least costly system 
.to construct, install and operate (Fast and Lorenzen, 1976; Fast, et al., 
1976; Pastorak, et al., 1981). In these systems, compressed air is in- 
jected near the bottom of the aerator, and the air/water mixture rises. At 
the water surface, air separates from the mixture and water is returned to 
the hypolimnlon. 

Partial air lift designs are less efficient than full air rift designs. 
Partial air lift systems aerate and circulate hypollmnetic water by an air 
injection system, but the air/water mixture does not upwell to tire surface. 
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Afr and water separate below the lake’s surface and aft rises to the 
atmosphere while water returns to the hycolilnnfon (Fast and Lorenzen, 
1976). 

Aeration/Circulation Case Studfes 

Three case studies are presented in this section to suamnarize the effects 
of artfffcfal circulation on lakes. 

Parvf n Lake, Cotorado. Parvin Lake is a 19 ha mesotrophic reservoir, with 
a maximum depth of ldm and a mean depth of 4.4 m. Summer surface tempera- 
tures remain less than 2l.C year-round. 

The effects of artificial circulation on Parvin Lake were studied for two 
years (Lackey, 1973). November 1968 to October 1969 was the control period 
during which phytoplankton were sampled to provide baseline information. 
The treatment year, when the destratification system operated continuously, 
extended from November 1969 to October 1970. 

Phytoplankton in Parvfn Lake were affected in the followfng ways (Lackey, 
1973 1: 

0 Abundance of green algae signfficantly decreased during treatment; 

O f Anabaena a nufsance blue-green algae, followed a sfmilar pattern 
o a un ante during both control and treatment years; 

0 Planktonic diatoms decreased in abundance during the treatment 
winter. 

Ham's Lake, Oklahoma. Pastorak, et al. (1981) sufimarfzed the effects of 
artfficfal destratfficatfon on Ham's Lake, Oklahoma. The lake, whfch has a 
maximum depth of 10 I, and a mean depth of 2.9 q , covers an area of 40 ha. 
Following destratification, the lake showed an increase in Secchf disc 
depth, dissolved oxygen concentration, and phosphate concentration. Both 
the density and the diversity of benthic organisms increased. Decreases in 
concentrations of aIIIIK)nium, nitrate, iron and manganese in the water column 
were noted. No changes in algal densfty, chlorophyll-a, green algae, 
blue-green algae, or the ratio of green algae/blue-green algae was 
observed. 

Kezar Lake, New Hampshire. Kezar Lake has an area of 73 ha, a maximum 
dth f84 d a mean depth of 2.8 m. 
iiFosed0 fib yil;n16 to September 12 

Artificial circulation was 

' stratified (Haynes, 1973). 
1968, and became completely de- 

circulation were: 
The resionses of the Iake,to artificial 

0 Increases in Secchi disc depth, pH, dissolved oxygen concentra- 
tion, phosphate, and total phosphorus; 

0 Decreases in ammonium, iron and manganese concentrations; 

0 Reductions in algal density, al gal standing biomass, and blue- 
green algae; 
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0 Increases in green algae, J~;: the ratio of green algae/blue-green 
algae; and 

0 No change in mean chlorophyll+ concentration. 

Ottovllle Quamy, Ohlo. Ottovillc Quarry is a small (0.73 ha) water-filled 
quarry, with a maxfr depth of 18 m. Prior to treatment. rainbow trout 
(Sal&- alrdnerl) were unable to survive the s-r because of high water 
tampera re an oxygen depletion. -h A program employing h pollmetfc 
genation was frrplemented In 1973 (from July to Septe&er , I 

oxy- 
and increased 

s-r df ssolved oxygen concentrations from nearly zero to 8 mg/l (Over- 
holtz, et al., 1977). Aeration from May to October, 1974, caused dissolved 
oxygen concentrations in the hypolfmfsn to exceed 20 mg/l by September. 

Overholtt, et al. (1977) found that hypolimnetic aeration created an 
environment suitable for rainbow trout survival while mafntafning thermal 
stratificatfon in the quarry. 

Lake Drawdown 

Introduction 

The primary purpose in restcration programs clgloying lake drawdown is to 
control the growth of nuisance aquatic nacrophytes. In general, the water 
level in a lake is lowered sufficiently to expose the nuisance plants while 
retaining an adequate amount of water in the lake to protect desirable fish 
populations. This technique is effective for short-term control (l-2 
years) of susceptible aquatic macrophytes. Secondary objectives include 
turbidity control by sediment consolidation, reduction of nutrient release 
from sediments (through sediment consolidation or removal ), management of 
fish populations and waterfowl habitats, repair of shoreline structures and 
simultaneous use of other restoration Rethods such as covering sediment 
with new clean material (Cooke, 19602, 1980b). Sediment consolidation may 
also cause a slight increase in lake depth.- The following sections expand 
upon the technique of lake drawdown, including methods and case studies. 

Lake Conditions Most Suitable for Lake Drawdown. Drawdown and sediment 
consolidation may be feasible for the restoration of shallow lakes if two 
conditions are wt. The lake basin should have a shallow slope, so that a 
small vertical decline in water level exposes a large part of lake bottom, 
and the source of water must be controlled (Doorfs, et al., 1982). 

The nature of the lake sediment is particularly important to the success of 
drawdown projects. The sediment that will be exposed must be able to dry 
and consolidate quickly so that a prolonged dewatering period fs not re- 
quired, and the dried and compacted sediment should not rehydrate signfff- 
cantly after the refilling of the lake basin. However, the sediment should 
be of a consistent 
benthic organisms 7 

which would allow coloniratfon by desirable plants and 
Dooris, et al., 1982). 

Purpose 

The main objective of lake level drawdown is to marage nufsance macrophytes 
by destroying seeds and vegetative reproductive Aructures through exposure 
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to dry1 ng and/or freezing conditions. In addition, dewatering and consol f- 
datfon of sediments alters the substrate, thereby elimsnatfng condltfons 
required for the growth of certain aquatic plants. Sediment consolidation 
also helps control turbidity, reduces nutrient release from sediments and 
causes a slight deepening of the lake. 

Lake drawdown can be used to enhance fisheries and waterfowl habitats. The 
simultaneous use of other restoration technlquer, such as sediment covering 
or renoval, will be even more effective for control of vegetation. The 
period of dewaterfng may also be used to repair shoreline structures, such 
as dams, docks and swfmfng beaches. 

Envfromntal Concerns of Lake Drawdown 

There may be negative impacts of lake drawdown as well as desirable 
effects. Negative environmental changes that may occur following drawdown 
include establishment of resistant macrophytes, algal blooms, fish kills, 
changes in littoral fauna, failure to refill, and decline in attractiveness 
to waterfowl. 

Algal blooms that occur after reflooding may be one of the undesirable 
effects of drawdown. Geiger (1983) observed increases in total nitrogen, 
total phosphorus, and chlorophyll-a following drawdown of Blue Lake, 
Oregon. The cause of such increases-is unclear although it is postulated 
that drawdown and exposure of sedfwnts, and the subsequent aeratdon and 
oxidation brfng .about nutrient release when the basf n is reflooded. The 
released nutrtents are then available for algal growth. 

Fish kills may be caused by drawdown, especially if the water level Is 
lowered during the sunxner. The warmer temperatures cause increased rates 
of metabolism and heighten the sediment oxygen demand. However, Cooke 
f1980aI noted that a 2 II summer drawdown of Long Lake, Washington (maximum 
depth-3.5 n) dfd not cause fish kills, and the dissolved oxygen remafned 
above 5 mg/l. 

Drawdown and reflooding may cause changes in the diversity and density of 
benthic fauna. Increases in invertebrate densfty, but decreases in species 
diversity, have been observed following drawdown and reflooding (Cooke, 
1980a). Sumner drawdown and subsequent hardenlng of littoral roils may 
reduze repopulation by Insects. These changes may be detrfmental to fish 
and waterfowl. 

The basfn may not refill because of an fnsufflcfent watershed drainage 
area, unexpected drought and, in the case of reservof rs, failure to close 
the dad at the proper time. Failure to refill may have a great impact on 
the aquatic bfota, fnterruptlng the life cycles of those species dependent 
at some time upon littoral areas. 

While drawdown brings about short-term control of most rooted species, some 
;rcfes are strongly resistant to exposure and may even be stimulated by 
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0 Increased: (allfgatomeed) 

0 Decreased: Chara 
mm a crass1 es water hyacinth) 

ys:frass) v:lgar;s 

riuphar spp. wa er fly) 

0 No clear response or change: Caboaba carolfnfana 
Elodea canlrdensfs (elodca) 
hyriophm spp. (nilfoil) 
Dtricularia vulgarfs (bladderwort) 

f fanwort) 

Information on the responses of 63 aquatlc plants to drawdown Is avallable 
in Cooke (198Oi). 

Addftfonal negative effects of drawdown may fnclude lowered levels In 
potable water wells, and the loss of open water or access to open water for 
recreation. 

Inplc#ntatfon of Drawdown Projects 

Lake drawdown should not be considered without first conducting a number of 
laboratory and other fnvcstfgatfons to detenrfne the feasibflfty of the 
technique. These fnvestfgatfons should include sfmlatlons of lake draw- 
doun, and laboratory studies of nutrient solubflfzatfon. Lake drawdown is 
applicable only to lakes in which water input and output may be controlled. 
The extent of macrophyte growth is important in specffyfng the depth to 
whfch the lake level will be lowered. 

Laboratory Experiments. Drawdown sfmulatfons are perforncd to determine 
the extent to which sediments will dry and consolidate. Containers that 
have been used in lake simulations range in site from Plexiglass tubes that 
are 4.45 cm (ID) and 0.3 m high (Doorfs, et al., 1982), to columns 0.3 n 
(ID) and 1.2 II high (Fox, et al., 1977). Fox, et al. (1977) also used 
plastic swiolrfng pools (2.4 I in diameter, 45 cm deep) In lake simulation 
experfments. The containers of sediment are exposed to air and light for a 
perfod of time, during whfch sediment shrinkage and water loss are meas- 
ured. The dryfng rate of the sediment can then be determined. 

The container of dried sediment should be refilled, and the orthophosphate, 
total phosphorus and total nltrogen levels measured. Ideally, only small 
amounts of nftrogen and phosphorus compounds should be released from the 
consolidated sediment. Large releases of nutrfents may presage algal 
blooms that may occur when the lake basin is refllled following drawdown. 

Drawdown. The level of the lake should be lowered sufficiently to expose 
m the nuisance macrophytes, but to allow enough water for ffsh sur- 
vfval (if desfred). It may be advantageous to combine drawdown with other 
restoratfon techniques such as sediment removal and sediment covering. 

Certain species of aquatlc macl.Phytes may be more susceptible to drawdown 
during one season than another. The decision to employ sunkner or winter 
drawdown should be based upon thz severity of the climate in a particular 
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area, and upon consfdcratfon of lake uses and secondary management objec- 
tives. For example, wfnter drawdown fs advantageous because there wfll be 
no fnvasfon by terrestrial plants nor development of aquatic cmergents, and 
lfttle Interference wfth lake recreational uses. In addftfon, water bodies 
drawn down In winter can usually be retflltd in sprfng. In contrast, re- 
fflling fn the autumn after a s-r drawdown may not be possfble. 

Complete dewatering of sediment fs problematfc durfng the wi nttr, espe- 
cially In regfons of heavy snow or frequent wfnter raf n. Wfnter drawdown 
may also defeat other objectives such as the establishment of emergent 
vegetation for waterfowl habftat, sfnce these species may be susceptible to 
the cold. 

Lake Drawdown Case Studies 

lake level drawdown fs a multipurpose improvement technique. The major 
objectfve fs generally to control the growth of rooted aquatfc vegetation, 
with secondary objtctfvts of ffsh management, sediment consolfdation, and 
turbidity control. The following cast hfstorits exemplify the effects of 
drawdown on lake bfota. 

Murphy Flowagt, Wfsconsfn. Murphy Flowagt (303 ha) was drawn down for two 
consecutive winters n an effort to control the macrophytt sptcfts 

owagt was lowered 1.5 II from November to March: 
There was an 89 percent rtductfon In area covered by 

macrophytts following the first drawdown, and an additional 3 percent 
rtductfon occurred followfng the second drawdown. The specfts that had 
been dominant weft controlled or nearly elimfnattd. No ffsh kills occurred 
during drawdown. Following the second drawdown, rtsfstant sptcfts such as 
Megalondonta beckii (bur marigold), Ma as fltxilfs (nafad), and Potamogtton 

---+I dfvtrsffolTiis.(pondweed) began to sprea . Th t extent to which rtsfstant 
specfes may have spread is unknown, because a flood destroyed the Flowage 
in 1970 and evaluations were ended (Cooke, 19802). 

Blue Lake, Oregon. Glut take Is an oxbow lake with a surface area of 26.3 
ha, a maxfmum depth of 7.3 II, and a mean depth of 3.4 q . Prior to draw- 
down, Eurasfan water mflfoil rfo h llum s fcatum dominated the littoral 
areas of the lake. Durfng*t%f++%'d82 the lake level was 
dropped 2.7 III to the base of most of the nflfofl beds.' 

Drawdown reduced -the standing crop bfomass by 47 percent at depths less 
than 1.2 JR, and by 57 percent at depths from 2.4-3.7 n. The death of 
shoots by drying and fretrfng durfng drawdown served to reduce mflfofl 
biomass. However, drawdown alone dfd not tlfminate the nflfoil, and re- 
growth from survfvfng rootcrowns was widespread. The herbfcfde 2,4-D was 
applftd fn 1982 to reduce mflfofl growth. 

water quality effects that may be seen following refloodfng fncludt a 
decease in Stcchf dfsc transparency and an fncrtase fn total suspended 
solids, turbidity, chlorophyll-z and total nitrogen and total phosphorus 
concentratfons (Geiger, 1983). 

1 v-33 



Addf:f;nal In-Lake Treatment Ttchnf quts 

Several addftional methods of lake restoration art avaflablt, but have not 
been applied as wfdely as the technfquts noted in the previous sections. 
The techniques that wit 1 be discussed In thls stctlon fncludt dilution/ 
flushing, techniques to control nufsanct aquatic ve etatlon (chemical 
applfcatfons, harvesting, habftat manfpulatlon and B bio ogical controls), 
and lfming of acfdfffed water bodles. 

Dflution/Flushfng 

Dflutfon/flushfng improves lake water quality by reducing the concentration 
of the lfmftfng nutrfent and fncreasfng the water exchange rate in the 
lake. Th: result is a reduction in the biomass of planktonic algae because 
the loss raft exceeds algal growth rate. The technfque Is implemented by 
adding low-nutrient water to the lake In order to reduce the concentration 
of the lfmitlng nutrient and thereby reduce algal growth. In addition, 
nutrients and algal bfmass are washed from the lake because the water 
exchange rate is Increased (Welch, 1979, 19815, 198lk). 

The purpose of dllutloa, as suggested earlier, Is to deter blue-green algal 
bloom by decreasfng total phosphorus and total nitrogen, and by tlfnf- 
natfng biomass at a greater rate than the growth rata can supply new cells. 
The reduction of alltlopathfc substances excreted by blue-green algae may 
also contrfbute to the Increased abundance of diatom and green algae 
(Welch and Tomasek, 1980). 

Use of the dilution/flushing method is most feasible when large quantftfts 
of low-nutrftnt water art avaflablt for transport to the lake that Is to be 
restored. This condftfon was met in the Instances of Moses and Green Lakes 
in Washington State. Case histories of these two lakes are discussed 
below. 

Hosts Lake, Wash1 ngton. Moses Lake has an area of 2,753 ha and a mean 
de th of 3 6 1. Prior to restoration by dllutfon/flushfng, the lake was 
tuirophfc ind expert tnctd blue-green algal blooms because of hfgh nutrient 
concentrations. Inflowfng water (Crab Creek, [PI-92 ug/l) was diluted with 
low nutrltnt water from the Colunbfa River ([P]=30 ug/l) with about a 3: 1 
dilution of Crab Creek. Followfng dflutfon/flushfng, Stcchl dfsc depth In 
the lake increased from 0.5 II to 1.1 II (April-July values). Total phos- 
phorus, which had a mean val ut of 142 ug/l prior to dilution, was reduced 
to 53 ug/l. Chlorophyll-a also decreased from 55 ug/l (mean values for 
April-July) to 9 ug/l (April-July mean). 

Green Lake, Washington. Green Lake, which is. located in King County, 
bashington State. has a surface area of 104 ha. a mean depth of 3.0 a. and 
a maxfkum depth if 8.8 II. Prior to dllutfon, Green Lake-had a high itvtl 
of bl ut-green algal productfon, 
surface seepage (U.S. EPA, 1982). 

and high nutrient levels caused by sub- 

Dflutlon began fn 1962 wfth the Seattle city water supply as the source of 
low nutrient k:ter. The technique applied to Green Lake was one of long- 
term dilution at a rtlatfvtly low rate. Post-dllutfon monftorfng dfd not 
begin until thre? years after dflution was begun, and only one prt-dflutfon 
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Habitat Manipulation. Oredglng may be used to mechanically remove the 
whole plant from shallow waters, or it my be used to Increase the depth to 
a point below which plants are unable to grow. Dredging may also remove 
scdlwnt nutrlcnt sources for aquatic plant growth. 

Shades, dyes, bottom coverings and drawdown are also Included in habltat 
manlpulatlon technlqucs to control aquatlc weeds. Black pl astk sheet1 ng 
that floats on the water surface has reportedly controlled growth of 

rlo h llua s icatu (Mchols and Shaw, 1983). Following four weeks of 
!?k&bw+ l p an s were brown and dead, and there was little or no re- 
growth durlng the rest of the 2-r. Cooke (198Ob) revlewed the various 
wthods that are encompassed by the general catcg%y of covering bottom 
sediments. Included within these techniques are sheetfng and screening, 
and smothering wlth sand or fly ash. Cooke (I98Ok) concluded: 

0 Plastic sheetlng appears to be effective in retarding macrophyte 
growth, but there are problem with application methods and In 
anchor1 ng the material; 

0 Ffbcrglass screens hold proafse as effectfve means of controllfng 
ucrophytes, but further evaluation Is recomended; 

0 Sand Is apparently not effective ff enriched sediment is not first 
removed because the sand particles sink fnto flocculent sediments; 
and 

0 Fly ash was not remmended because of the negative water quallty 
effects (elevated pH, low dissolved oxygen, high concentratfons of 
heavy metals) and subsequent effects on the blota. 

The anlllne dye nigroslnc has been used in attempts to control aacrophytes. 
Although the toxlclty of aniline dyes to other organisms is not known, they 
are very toxic to humans. Other conslderatlons associated with the use of 
dyes include aesthetlcs, loss of effect through dilutlon, loss of dye 
through plant uptake and loss, by sorption to suspended sollds and sediment. 

Bfological Controls. 8iological controls include the use of fish, shell- 
msh, insects, and disease. Some fish that have been 
of aquatlc weeds are the coaxnon carp (Cyprlnus ca 

sug 

+@ 
4 

ested for control 
roach (Rutllus 

rutllus), rudd (Scardlnus er tho thalms), some spec es of'tllapia (m 
r T. mossamblca), s *sh (:ft;nnis rooseveltl, t4;e ver 0 ar 
ar enteua white amur (Ctenopharyngodon lde a and hybrids of t e w te 
-ZiihXiTl igan , 1969; Nichols and Sh 19-t should be noted that the 
fntroduction of exotic species is sty&ly regulated in many states. 

Carp are not prllaarlly herbivores, but they serve to decrease plant growth 
by uprooting plants when searching for benthic organisms or when spawning, 
and by Increasing turbidity in the water. Although carp have been shown to 
effectively control elodea and curly-leaved pondweed, they cause water 
qua?ity problems (suspended sediment, turbldlty) which can lead to the 
deofse of sportffsh populations (Nfchols and Shaw, 1983). 

Herbivorous fish can be used to control certain species of aquatlc weeds. 
Fo(- example, roach and rudd prefer elodea over nilfoil. Mlfoll Is also 
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the least preferred fond of Tflapfa spp. The introduction of grass carp at 
Red Haw Lake, Iowa, resulted in control of Elodea, Potamogeton, Ccrato- 

The, bfomass of aquatvrophytes in thm 
g/n in 1973 to 211 g/m in 1976 (Mftrner, 1978). 
the preferred food of herbivorous fish, there is a 

possfbilfty that persistent monocultures of Myriophyllm spicatum will 
develop. 

Herbivorous snails have been suggested as potential controls for macro- 
phytes. Although native snafl species in temperate regions do not eat 
nacrophytes, two South American species (Marfsa cornuarfelfsf L. and 
P#acea australfalis) are Rscrophyte herbivomat may potentfally be 
used control pest sDecles. The crayfish Orconectes cause 1, which 
consumes both Elodea canadenjis and M rfo h llum exalbescens 
suggested as a means of bfologfca~ Aso been macroDhytes (Nichols and 
Sh& 1983). 

Several insects have also been investigated as predators on Eurasian water 
q flfofl. Socrc of the promfsfng specfes noted are Para o nx stratfota, P. 
allionealfs, Acentria nfvea, 1 eucogaemf ;;;,,aqu;;~ 
mths. However, most o-se nsects are not spec 

Lfitodactylus 

eases that may cause declines in mflfofl populations include "Lake Venice" 
disease dnd "Northeast" dfsedse. The causes of these two diseases are not 
known nor arc the ?ong-term consequences of artfficfal introduction of 
disease. Thus, the use of pathogens to control aflfofl fs not recommended 
(Nfchols dnd Shaw, 1983). 

Neutralization of Acfdified Lakes 

Causes of Acfdfty dnd Problem Definition. 
largely caused by two nonpoint sources: 

Acidity of surface waters is 
acid nine drainage and acid 

preclpitatfon. Acid mine drainage results when mine water comes in contact 
wftn sulfur-containing minerals. Acid prccfpftatfon is caused by atmos- 
pheric sulfur that Is released by electrfc utilities and urban and in- 
dustrial operatfons'that use sulfur-containing fuel. Oxfdatf on of su?fur$$ 
compounds produces sulfurfc acid, which diSsOCfdtes to form H+ and SO4 
ions in surface or atmospheric water (Novotny and Chesters, 1981). 

Acid mine drafnage and acid precfpftation cause undesfrable "olfgo- 
trophfcatfon" (a severe loss of 
tions), including loss of natura P 

roductfvity caused by the low pH condi- 
fish populatfons. Salmonfd ffsherles, 

particularly lake trout, 
Hamilton, 1983). 

dre susceptible to dCidffiCatiOn (Goodchild and 

The ability of surface waters to neutralize acidic fnputs is largely d 
function of the chenfcal composition and solubillty of the surrounding 
soils and underlying rocks. For example, limestones (CaCO ) and dolomftes 
(CaMg(C0 ) ) yield inffnfte acid neutralizfng capacity, whbeas hard rocks 
such as 'g?anites 1f.e quartz - SfO felds ar 
igneous rocks, crystaliine metamorphf?'rocks P 

- KAlSi 0 ) dnd retated 
i.e., gneis e 36 dnd schists) 

and calcareous sandstone are dssocldted with water that contain very 'low 
concentrations of neutralirfng colapaJnds (Novotny and Chesters, 1981; Lewfs 
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and Olem, 1983). Areas of the United States where lakes are highly sensf- 
tlve to acidfffcatfon are in New England, the Adirondack Mountains of New 
York, the Appalachians, and the Rockies. 

Neutralization. Several materials have been considered for use in neu- 
tralfzfng acid lakes. These include line (CaO, Ca(OH) ), linestone 
(C&D ) dolomite lime slags, basic flyash, soda ash, and pkphorus. Of 
these! ifme and l&stone are the most widely employed to neutralize sur- 
face waters (Drfscoll, et al., 1982). Dolomite, dolorltic hydrated lime, 
and dolafte qufcklf# (each exceeding a 35 percent magnesium content) may 
also be used. However, limestones containing more than 10 percent nag- 
neslm carbonate dissolve slowly and are not practical for use in neutral- 
izing surface waters. .Agrfcultural lfwstone, while not as effective as 
quicklime or hydrated lfme, has several advantages: it is noncaustic, 
relatively lnexpenslve, relatively free of hamful contaminants, and does 
not produce hdrIafU1 alkaline conditions (8rftt and Fraser, 1983). 

Application. Techniques for lime application in lakes include using trucks 
(blowers), boats (blowers, slurries, bags), aircraft, dnd sediment fnjec- 
tfon systems. The proper time and place to apply ncutralfzlng agents 
depends upon two main factors: the tint and location of acidic episodic 
events (e.g., snobmelt, autumnal rains); and relationshfps between such 
events and the critical life stages of aquatic biota. For example, in 
dinictic lakes, nixing and distribution of lime Is enhanced when it is 
applfed during the spring overturn. However, spring acidic snowmelt 
creates two problems. First, neutralfzatfon may occur too late to prevent 
ff sh edryo and fry mortal I ty that is caused by acf dfc snomel t. Second, 
the colder snomelt water my be less dense than deeper lake water, and 
mixing with neutralized water my be inhibited (britt and Fraser, 1983). 

Liming the entire lake area is desirable, but may not be feasible because 
of time and other resource constraints. Alternatively, application of lime 
over the deepest part of the lake allows the particles of CaC03 more time 
to react wfthfn the water column. Another alternative may be to distribute 
limestone in shallow littoral zones where wave action enhances dissolution 
(Britt and Fraser, 1983). An alternative lining strategy involves 
chemically treat1 ng watersheds, thereby neutralizing the associated aquatic 
ecosystem. Methods to estimate lime requirements are found In 8oyd (1982) 
and Drfscoll, et al. (1982). 

;;;;;;ffects. The biological consequences of lfning have been sumarlzed 
erg and Andersson (1982) and Brftt and Fraser (19831. Case histo- 

ries of limed lakes show the following changes in lake bfota: 

0 Decreases in acfdophillc algae and mosses, with concurrei\t fn- 
creases in diversity of planktonic algae; 

0 Predominance of cladocerans shifts to a predominance of copepods 
after neutralization; 

0 Reduction in benthfc biomass after liming, but eventual recovery 
wf th repopulation of less acid tolerant species; 
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0 Most fish species respond posltiveiy, with enhanced survival due 
to successful spawning and hatching. 

Some chemical changes caused by neutralization may be of concern. Toxicity 
changes of iaetals, especially aluafnm, may have serious environmental con- 
sequences. Aluinum toxicity varies with pH changes; gill damage to fish 
may be caused when alufnum reacts with hydroxides fra pH 4.4 to 5.2, 
while other studies indicate that alumlnua is most toxic to fish from pH 
5.2 to 5.4 (Britt and Fraser, 1983). The sediments of a limed lake may 
become sinks for aluminum and other toxic metals as pH fs raised and the 
metals are removed frm the water column. If the lake is allowed to re- 
acldffy after several years of treatmft, the rembflfzatfon of metals may 
cause serious bfological problems. 

Watershed Manaqement 

The quality of a lake's water is often a dl rect manifestation of the number 
and types of pollution sources in the surrounding watershed. Agricultural 
practices such as tf 1 lage, the use of fertilizers, and operations of con- 
fined animal feedlots amy potentially fncrease the loss of sediments and 
nutrients from the land and accelerate the natural process of lake 
eutrophicatf on. In urban areas, many pollutants are carried to lakes in 
stomtater runoff, via colrbfaed sewers, stem sewers and direct surface 
runoff. 

The effectiveness of in-lake restoration techniques would be short-lived if 
the cause of eutrophlcatfon (high nutrient input) was not corrected. 
Watershed pollution control techniques are important corrective and often 
preventive measures. The following sections highlight watershed management 
techniques that help control nonpolnt sources of pollution fron agrfcul- 
tural and Urban areas. 

Agricultural Pollution Control 

Control of Sediment Input and Associated Nutrients. One of the most fnpor- 
tant water pollutants that results from agricultural activities is the 
sediment input from eroding croplands. Sediment itself is a phySfCd1 pol- 
lutant, and in addition serves as a vehicle to transport nutrients, 
pesticides, toxic chemicals, organic matter, dnd inorganic matter to water 
bodies. Techniques to reduce soil loss from agricultural lands have been 
discussed f n the U.S. Environmental Protection Agency publication entitled 
Effectiveness of Sol 1 and Water Conservation-Practices for Pollution 
tontrol (1979bl d f blf tf 
-and Watir EnseFv:tPdJn 

b St t 
P%;)~esY(SW$.r~f~ 

t 1 (191s) 
:e' dfscuss;d 

5 1 
:nveiie 

follow1 ng paragraphs. 

No-Till Planting. Planting is accomplished by placing seeds in the soil 
without tfllage, using d fluted coulter that leaves the vegetative cover 
virtually undisturbed. Chemical herbicides are rrsed to control weeds and 
pre!VfOUSly planted crops. No-till planting can reduce soil loss to less 
than 5 percent ds compared to convent1 onal plowing and planting practices 
(Novotny dnd Chesters, 1981). However, this metn:4 requires a greater use 
of herbicides, and lower yields may be expected 01: some soils. Because 
vegetative cover is left to decompose on the surface, the loss of soluble 
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plant nutrients is greater in runoff frm no-till than from conventionally- 
tilled plots (U.S. EPA, 1982). 

In smry, no-till farming reduces runoff and ems1 on losses. Therefore, 
losses of strongly adsorbed and solid phase pollutants (total phosphorus 
and organic nltrogcn) are decreased. Losses of weakly adsorbed pestfcf des 
and plant nutrients (dissolved phosphorus) may increase; but overall the 
no-till technique is effective in reducing losses of both phosphorus and 
nitrogen. 

Conservation Tfllage. This technique replaces conventional plowing with a 
ton of noninversion tfllage that retains some of the plant residue on the 
surface. A chisel, field cultfvator, or disk can be used for tilling. The 
organic residue cover protects the soil surface from erosion and decreases 
the volume and velocity of runoff (U.S. EPA, 1979b). Because runoff volume 
dnd soil loss are reduced, losses of strongly ddSbrbed organic phosphorus, 
organic nitrogen and insecticides are decreased. 

Sod-Based Rotations. This system involves the periodic rotation of row 
crops and a sod crop such as alfalfa, other legumes, or grasses. Plowing 
the sod improves filtration and reduces erodfbf?fty. Increased sol? 
porosity helps decrease surface runoff, and the reduction in runoff can 
continue for several years of continuous row crops after t!le ;cd crop is 
plowed under (U.S. EPA, 1982). 

An additional benefit of sod-based rotations is that crop rotations lessen 
the need for applications of fertllfzers and pesticides by increasing soil 
organ1 c matter and species diversity. Also, leg-s help restore nitrogen 
to soils through fixation of dWospherfc nftrogen. 

Cover Crops. Shredded stalks of corn or sorghum can be left on fields 
during the non-growing season, thereby reducing runoff and soil loss fron 
normally fallow fields. Wore protection from surface runoff is provided 
from the cover crop that is left in place than by late-seeded small-grain 
winter cover on plowed ffel ds (Novotny and Chesters, 1981). 

Terraces. TerrdCeS divide the field into segments with lesser or near- 
horizontal slopes, thereby reducing the slope effect on erosion rates. 
Generally, terraces consist of an embankment or a combination of an embank- 
ment and a channel that diverts or stores surface runoff. 

Terraces are more effective in reducing erosion than in decreasing surface 
runoff. Consequently, terraces dre most effective in reducfng strongly 
adsorbed substances such as total phosphorus and paraquat (Smith, et al., 
1979). Impoundwnt terraces, which retain runoff in surface storage areas, 
reduce both runoff volume and sediment loss, but the eventual percolation 
of the stored water may increase the nitrogen loading to the groundwater. 

Other Methods to Prevent Sediment and Nutrient Losses. Contouring, ridge 
planting, contour listing, and strip cropping are methods that are designed 
to create barriers erpendfcular to the natural direction of flow. Runoff 
volume and water ve ocity P are thus decreased. 
plowing, 

In the technique of contour 
crop rows and plowing follow the natural contour of the land. 

This practice provides excellent erosion control for moderate rainstorms 
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(Novotny and Chesters, 1981). Ridge planting involves plant1 ng crops on 
prefotned ridges that follow the natural contours of the field. Crop 
residues are pushed into the furrows between rows, further deteprfng runoff 
and erosion (U.S. EPA, 1982). 

A special plow (1 lster) is required to roar alternating ridges and furrows 
for contour listing. Row crops are then planted either in the bottom 
furrows or the ridge tops. Contour strip cropping is accaplfshed by 
alternating the cultivated crops with strips of grass or close growing 
crops. 

The principal erosion control practices for use on croplands are suarrarlzed 
in Table IYi4. 

Waste Management Plannf ng. The planning of a waste management systtla helps 
prevent the owner from investing in unnecessary components. Evaluations 
Include estimations of liquid and solfd waste sources on a fdnn dnd devel- 
opwnt of a c#plete system to manage then without degrading air, soil or 
water resources. An operat,fon plan, which provides specific details for 
operation of the system, should include: 

1. Tflrfng, rates, volumes, and locations for applications of waste 
and, if appropriate, approximate nuaker of trips for hauling 
equfpncnt and an estimate of the time required. 

2. Mfnfnn and maxfmrpn operatfon levels for storage and treamnt 
practices and other operations specific to the practice, such as 
estimated frequency of.salfds reaoval. 

3. Safety warnings, particularly where there is danger of drowning or 
exposure to poisonous or explosive gases. 

4. Maintenance requirements for each of the practices. 

Waste Storage Ponds. The purpose of waste storage ponds is to temporarily 
store liquid and solid wastes, wastewater, dnd polluted runoff until it can 
be applied to land without polluting surface or ground water. Cosraon uses 
of waste storage ponds are storage of milkhouse wastes and manure dnd 
storage of polluted runoff from feedlots and barnyards. 

Diversions or dikes are usually comb1 ned with systems employing waste 
storage ponds. Clear water diversion systems direct water from upland 
watersheds away from feedlots or barnyards. Polluted runoff may be 
collected and directed to storage ponds by construct1ng.a system of curbs, 
gutters or terraces. Design of waste storage ponds should consider the 
maximum period of time between emptying, which varies according to 
precipitation, runoff, and waste volume. 

Waste Storage Structures. Waste storage structures such as storage tanks 
and manure stacking facilities serve the same purposes ds waste storage 
ponds, and whfle storage structures are more expensive they oCfer several 
advantages. 

'wastes, 
Advantages include preservation of nutrient content g,f stored 

mfnfmfzatfon of odors, 
aesthetics. 

management flexfbflf ty and (mproved 
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TABLE IV-4 
PRINCIPAL TYPES OF CROPLAND EROSION CONTROL PRACTICES AND THEIR HIGHLIGHTS (Contlnued) 

SOURCE: Stewart, et al., 1975 
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TABLE IV-4 
PRINCIPAL TYPES OF CROPLAND EROSION CONTROL PRACTICES AND THEIR HKitiLIGHTS 

Efda couml Pmctia -tilrlwct 

El No-lill plant in prior-crop reddws You erkclive in do0alanl prsJ u smdl gain; highly erluttve In cmp residues; n- rplirv 

rdimeat SUQCI rd pmides yewiouad contrd; mdwca WI. nubhe. and heI nqdeuen(r; 

lkhyr soil wrmlmg md &yhg;leqrlm noJe pca1icidcr and ldtrgr; Haits rcrtilizcr- ad putkk 

ptaccmea~ opthams; YYQ dhalk and roil rutrktbu. 

E2 c-1&a tMla@ 

E3 sod-bucd 8olalions 

E4 undwkn rotr1km Aid in diJc8u and pest coatJd; n8y pfovide more cw1huou lou prolrtkr than arc-crop syrccu; 

much kn effec~k than E3. 

I3 wirrtef coml crops Reduce winter emha when can ato*rr b, bcca remowd and dta kew-twbdw crop& POW pod 
lur ku slotphrti~ mat mop; rrully no a&ml* over heavy cover d chop@ atah 01 rUrW; 
may reduce kaching of dwate; water UYC by winter cover my tedwe yirld d ca8b cm+ 

E6 Im~ovcd soil fcrtili~~ Can substrntblly redwe crosioa baurds u well as ~KIUW CJOP yields. 

El Timing ol rulll opcntlonl Fall plowing Cditrla mow tbmcly plant&g h WCI sprhgs. but It greatly hcrcnca winter and urly 
stwk erosion huudr; opthun timiau of apfha opcrrtiom can reduce emdon l d hcreuc ykbk. 

E8 rlow-pbml aya1clns ROM&. cloddy surface &cwucs &Ntntba and ttbces erodom; much bm effcct)rr chu El ud E2 
wtua long win perbds oaw; teed- amdr may be poor when mobtuwc camiitioas uc Iru lham 

optkum. Yukh efloci ir lont by pbrhrl. 
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Waste frtatizent Lagoons. Treatment lagoons may be designed as anaeroblc, 
aerobic, or aerated lagoons. They are used R--1ncfpally to treat liquid 
wastes. 

Anaerobic ?sgoons are the most cmnly used. They require less area than 
aerobic lagoons, and do not need require tlectrfclty for operation, as do 
aerated systems. Trtated wastes may be lower In nitrogen due to annonla 
volatfllzatfon; therefore, the waste may be applied over a smllar land 
area. 

Aerobic lagoons are used for weak agricultural wastes, such as those 
orfgfnatfng frill mflk centers. They rtquira 1 arge surface areas, and the 
effluent Is rarely suitable for discharye to surface'water. 

Filter Strips. In this method, runoff from feedlots and barnyards flows 
over grassy strips. The strips help reduce the volume and pollution 
content by soil percolatfon, the ffltratlon capabllfty of the grass, and 
volatflfzatlon. 

Waste Utll ftatlon. Waste utflfratfon refers to where and when manure 
should be appl fed to land. Its purpose 1s to use the wastes as fertilizer 
for crops, forage and ffbtr productfon, to prevent erosion, to I-rove or 
maintain sol1 structure, t:, product energy, and to safeguard water 
resources. 

Factors to be consldtrtd Include the land areas avallable, and the crops 
that will be grown. Other factors that should be considered are the tlmlng 
of application, nutrient release rates, roll types, and climate. 

Urban Runoff Pollution Control 

Lakes in urban areas are subject to pollutfon from stomMater runoff whfch 
enters lakes vfa combined sewers, storm sewers, and direct surface runoff. 
The runoff contains high concentrations of sediment, nutrients, heavy 
metals and toxic chemicals. 

During storm events, the capacity of combined sewer lines may be exceeded, 
and overflow structures at sewage treatment plants or In the sewerage 
system are designed to discharge the excess into surface water bodfes. The 
'first flush effect" refers to the phenomenon In combined sewer overflow 
samples whereby the highest concentrations of BOO , suspended solfds, 
grease and other pollutants are found during the ear lest part of a storm 9 
event. Accuanrlattd solid deposfts that contain organic matter undergoing 
decay In combined, sanltary and storm sewers may increase BOD concen- 
trations to levels greater than those of normal untreated d&-weather 
wastewater (Lager and Smith, 1974). Long periods between ralnfall, low 
sewer slopes, infrequent cleaning, and failure to block off or clean catch 
basins magnify pollutant concentrations In combined sewer overflows, and 
(to a lesser extent) stem sewer discharges. 

Several management alternatives are avallable to alleviate problems caused 
by urban stornrwater. Techniques may be groupe? into three categorfes: 
land management, collection system modiffcations, and storage. While 
detailed descriptions of urban runoff control measures are beyond the scope 
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of this manual, several components of each category wf 11 be briefly sum- 
marized In the following paragraphs. 

Land management practices include those measures designed 
and constructfon site storrvater runoff at the source, by 

tnployfng Best Management Practices (BMPs). On-site measures can be 
further divided into low structural or non-structural controls. 

Lou structural control measures require physical modifications In a 
construction or urbanizing area. The most common on-site control fs 
storage. Storage attenuates peak runoff flows, treats runoff (detention/ 
sedimentation), or contains the flow in' combination with another treatment 
process such as rtttntfon/ptrcolatfon (Lynard, et al., 1980). 

Non-structural control masures include surface sanitation, chemical use 
control, use of natural drainage, and ctttafn erosion/sedimentation control 
practices (Ffeld, et al., 1977). Surface sanitation (street sweeping 
operations) may have a significant impact on the quantity of pollutants 
washed off by stormattr. Certain street cltanf.ng techniques are able to 
r-move 93 percent of the dry weight solids, which nakt up 'a significant 
portion of the overal 1 pollution pokntfal (Field, et al., 1977; Lager and 
Smith, 1974). A frequently overlooked measure for reducing the pollution 
potential from urban areas is reduction In the use of fertllfrers, pestl- 
cidts and deicing materials. Su gestfons for methods to reduce such inputs 
can be found in Lager and Smith 9 1974) and Field, et al. (1977). 

Construction In urbanized areas replaces areas of natural inffltrat?on and 
drainage wtth fnpervfous areas. The result is increased runoff and 
flowrates, and decreased infiltration to the groundwater. Use of natural 
drafnage helps reduce drafnagc costs and pollution, while it enhances 
groundwater supplies and flood prottctfon (Field, et al., 1977). 

Non-structural trosfon/sedimentation controls include croppf ng (seeding and 
soddf ng ) , use of mulch blankets, nettings, chemical soil stabllfrers and 
earthen benas. These measures art described in lager and Smf th (1974). 
Field, et al. (1977). and lynard, et al. (1980). 

Collection System Controls. Collection systellr controls Include sewer 
separation, Inflow control, flushfng and polymer injections, regulators, 
and remote flow monftorfng and control. Several of these alternatfves are 
briefly described below. 

Sewer Separation. Sewer separation refers to the conversion of a combined 
sewer system into separate sanitary and storm sewer systems. The practice 
of sewer separation has been used for many years, but Lager and Smith - 
(1974) note two main reasons for reevaluating sewer separation. The first 
reason stems from changes fn physical conditions and quality standards from 
the past, which include: 
municipal water usage, 

(1) increases in urban impervious areas and 
causing overflows of fncreased duratfon and quan- 

tity; (2) rapid fndustrfal expansion, causing increased quantltfes of 
fndustrfal wastewaters In the overflows; (3) Increasfng environmental 
concern for better water quality; and (4) the realizatfon that the total 
amount of available fresh water lo limited and that complete reclamatfon of 
substantial portlons of the flow may be necessary fn the future. The 
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second reason includes: (i) separated storm sewer discharges contain pol- 
lutants that affect the reccivfc~ water and create new problems; and (2) 
stora sewer discharges occur more frequently and last longer than caabfncd 
sewer overflows because corbined sewer regulators prevent overflows during 
minor events. 

Lager and Smith (1974) concluded that In many cases the separation of 
exirtin codined sewer systems is not practically or economically feasible 
to nro P vc codincd sewer problems. A feasibility study including the cost 
of alternative methods would fnd.;cate the practicality of each option. 

Infiltration/Inflow Control. Problems result from infiltration into sewers 
from groundwater sources, and high Inflow rates through direct connections 
from sources other than those which the sewers are intended to serve. 
Examples of infil tratfon are the volurrcs of water that enter the sewer 
system through manhole walls, cracks, defective joints, and illegal 
connections. 

Reaote Flow Monitoring and Control. Computerized collection system control 
can be applied to 
Intended to assist 

up rade 
s 

colnbfned sewer systems. Control systems are 
n routing and storing combined sewer flows to 

effectively use interceptor and line capacities (Lager and Smith, 1974). 
The control s:;stm is able to sense and report minute-to-minute syskn 
status, including flow levels, quantities, treatment rates, pmping rates, 
gate (regulator) positions, and characteristics at significant locations fn 
the system. Such observations may astlst in determining where necessary 
overflows can be discharged with the least Impact. The control syster also 
provides a means for manipulating the systerr to maximum advantage. 

SF* Storage of runoff effectively prevents or reduces stomater 
from entry Into combined sewers and surface water bodies. Storage 

facilities can provide complete or short-term retention of stomater 
flows. Retention facilities may incorporate infiltration systems such as 
gravel bottoms or tile drains. 

Detention basins are capable of reducing peak flow volumes from storms, and 
providing a sediment trap for suspended solids. The gradual release of 
storuater lessens impacts caused by flooding, erosion, and disruption of 
aquatic habitats (U.S. EPA, 1982). 

Storwater flows to treatment plants, and subsequent overflows, nay be 
controlled by In-line or off-line storage facilities. 
have several advantages: 

Storage facilities 
they are basically simple in design and opera- 

tion, they respond without difficulty to intermittent and rando+a storm 
behavior, they are relatively unaffected by flow and quallty changes, and 
they are capable of providing flow equalization (Lager and Smith, 1974). 
Drawbacks of storage basins include their large size (real estate requirc- 
mnts and therefore cost), visual impact and the need to provlde for solids 
dewaterfng and disposal. 

Storage facilities may be in-linm, lrl which regulators and pumping stations 
are used to store stormtater runoiC in areas of the sewer system with extra 
capacity, or off-line,'which may be concrete vaults, or storage basins such 
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as described earl 1 cr. Detailed information concerning storage facflitfes 
is available in Lager and Smith (1974). Field (19771, and Lynard, et al. 
(1980). 
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APPENDIX A 

PALMER’S LISTS Of POLLUTION TOLERANT ALGAE 

TABLE A-1 

POLLUTION-TOLERANT GENERA OF ALGAE 
LIST OF THE 60 MOST TOLERANT GENERA, 

IN ORDER OF DECREASING EMPHASIS BY 165 AUTHORITIES 

No. Genus 
No. Total 

Groupa authors Points 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

Euglena 
Oscillatoria 
Chlanydomonas 
Scenedesmus 
Chlorella 
Witzchla 
Navicula 
Stigeoclonium 
Snynedra 
Ankistrodesmus 
Phacus 
Phormidium 
Melosira 
Gomphonema 
Cyclotella 
Closterium 
Micractinium 
Pandorina 
Anacystis 
Lapocinclis 
Spitogyra 
Anabaena 
Cryptomonas 
Pediastrum 
Arthrospira 
Trachelomonas 
Carteria 
Chlorogonium 
Fragilaria 
Ulothrlx 
Surirella 
Stephanodiscus 
Eudorina 
Lyngbya 
Oocystis 
Agmenellum 
Spirulina 
Pyrobotrys 

F 
B 
F 
G 
G 
D 
D 
G 
D 
G 
F 
B 
D 
D 
D 
G 
G 
F 
B 
F 
G 
B 
F 
G 
B 
F 
F 
F 
D 
G 
D 
D 
F 
B 
G 
B 
B 
F 

93 
97 

68 
70 
60 
58 
61 

44 
50 

36 
39 
37 
37 
35 
35 
34 
27 
32 
28 
25 
26 
27 
27 
28 
18 
26 
21 
23 
24 
25 
27 
22 
23 
17 
20 
19 
17 
16 

172 
161 
115 
112 
103 
98 
92 
69 
58 
57 
57 
52 
51 
48 
47 
45 
44 
42 
39 
38 
37 
36 
36 
35 
34 
34 
33 
33 
33 
33 
33 
32 
30 
28 
28 
27 
25 
24 
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TABLE ~-1 ~~NTINuEO) 

No. Genus 
No. fotdl 

Group' authors Points 

Cymbella 
Actlnastru 
Coelastfum 
Cladophora 
Hantrrchla 
DfawJ2 
Spondylomofm 
Golcnkl nla 
Achnanthcs 
Synura 
Plnnularia 
Chlorococcun 
Astcrionclla 
Cocconcfs 
Corrrarlur 
Gonium 
Trl bonma 
Stauroncls 
Sclenartrm 
Olctyosphacrfu 
Cynatopleura 
Cruclgcnfa 

6 
F 

22: 
22: 
22: 
21 
19 

:t 

:; 
17 
17 

:: 

1’6” 
15 
14 

: t 

aGroups: 8, blue-green; D, diatom; F, flagellate; G, green. 

SOURCE: Palaw, 1969. 
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TA0I.E A-2 

POLLUTION-TOLERANT GENERA OF ALGAE 
LIST OF THE 80 MIST TOLERANT SPECIES, 

IN OROER OF DECREASING EMPHAStS BY 165 AUTHORITIES 

No. Genus 
No. Total 

Group' authors Points 

Euglena vlrldls 
Nltzschia palea 
Osclllatorla llwsa 
Scentdtsms quadrfcauda 
Osclllatorla tenulr 
Stfgtoclonfrr ttnua 
Synadra ulna 
Anktstrodesms falcatus 
Pandorlna morm 
Oscillatorla chlorlna 
Chlortlla vulgarls 
Arthrosplra jtnntti 
Molorlra varlant 
Cyclotella wneghlnlana 
Eugltna gracllls, 
Nltzrchfa aclcularls 
Navlcula cryptocephala 
Osclllatorla prfnceps 
Osclllatorla putrlda 
Gqhonma parvulum 
Hantrschla amphioxys 
Osclllatorla chalybea 
Stephanodlscur hantrschll 
Euglena oxyurls 
Closttrlum acerosm 
Sctnedtsms obllquur 
Chlorella pyrtnoldosa 
Cryptcmnas erofa 
Eudorlna elegans 
Euglena acus 
Surlrella ovata 
Ltpoclnclls ovum 
Oscillatorla formosa 
Osclllatorla splenblda 
Phacus pyrum 
I4lcractlnlun puslllm 
Agmentllm quadridupllcatum 
Melorfra granulata 
Pedfattrm boryanun 
Dlatoma vulgart 
Lepocinclls ttxta 
Euglena dertr 

50 
45 

I: 

iii 

f : 
23 

:; 

:: 
20 

:x 

ii 
13 

:48 
14 

it 
16 
16 

:: 
16 
16 
16 
14 

:d 
11 
12 
13 

1; 

12 
13 



TABLE ~-2 (CONTINUED) 

No. Genus 
No. Total 

Groupa authors Points 

Spondylomorw quattrnarfm 
Phorridfu unclnatim 
Chlaaydomonas relnhardll 
Chlorogonfm euchlorm 
Euglena polymorpha 
Phacus pleuronccttr 
Navfcula vlrfdula 
Phormfdfua autunalt 
Osclllatotla lauttrbornit 
Anabaena constrfcta 
Euglena pfrcffonfr 
Actlnastrrra hantrschlf 
Syntdra dcus 
Chlorogonlm tlongatum 
Synura uvclla 
Cocconels placentula 
Nlttschfa sigmofdea 
Cotlastrm mlcroporw 
Achnrnthts fnlnutlsstaa 
Cynatopltura sol ta 
Sctnedesrmus dfaorphut 
Fragll arla crotoncnsis 
Anacystfs cyanta 
Navlcula cuspfdata 
Scenedtsmus acunlnatus 
Eugltna fntemedla 
Ptdfastrua duplex 
Clorterfm ltiblcfnll 
Orclllatorla brtvfs 
Trachel omonas volvoclna 
Dfctyosphaerlua pulchcllum 
Ftagflarfa capuclna 
Cl adophora glmerata 
Cryptomnas ovata 
Goofurn pectorale 
Eugltna proxima 
Pyrobotryr gracflis 
Tetratdron mutfcua 

a 
9 

:: 

1X 

:: 

:: 
10 
12 
a 
9 

"Groups: 0, blue-green; 0, dfatom; F, flagellate; G, green. 

SOURCE : Palmer, 1969. 
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APPENDIX B 

U.S. ENVIRONMENTAL PROTECTION AGENCY’S PHYTOPLANKTON TROPIC INDICES 

Source: U.S. EPA, 1979a 
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All genus-trophic-values used in formulating the phytoplankton trophic 
indices are presented in Table B-1. The genus-trophic-values, total 
phosphorus (TOTALP), chlorophyll-a (CHLA), and total Kjeldahl nitrogen 
(KJEL) in Table 8-1 are simply mean photic zone values associated with 
the dominant occurrences of each genus. TOTALP/CONC, CHLA/CONC, and 
KJEL/CONC were calculated by dividing the TOTALP, CHLA, and KJEL values 
by the corresponding mean cell Count. Also given in Table B-1 is a 
genus-trophic-multivariate-value (MV) calculated for each genus using 
the following formula: 

MV = Log TOTALP + Log CHLA + Log KJEL - Log SECCHI 
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TABLE B-1 
TROPHIC VALUES OF SELECTED GENERA.BASED UPON MEAN PARAMETER VALUES ASSOCIATED WITH THESR OCCURRENCES 
AS DOMINANTS. 

GEM 
DOHIMANT TOTALP CHLA KJEL 

OCCURRENCES TOTALP CHLA KJEL c-am: CONC Hv 

Aahnunthee 
Aatinadlwl 
Amixmna 
Amhaenopai8 
hki8tXdU~6 
Anaoeonei8 
Aphanixomenon 
Jw--F~ 
Aphanotheae 
Arthroepirul 
Ad8Pti~lZa 
Atthaya 
Bimoteah 
Botryoaoaaur 
carturiu 
Cmatira 
ch t--s 
ch1oretza 
ChramlIina 
ChPOOUOUUU8 
CboomOmS 
Chryeocapsa 
Chry8OOOOOU8 
Cloeterium 
Coozue trwn 
~ooloqhasrium 
CoraGwdimn4~ 
comnaPti 
cmaigenia 

6 

3: 
7 

s 
41 

4 

a 
36 

1 
1 

; 

: 
3 

13, 

1' 

5 

a" 

3 
2 

29 

li3” 

38 

1:; 
242 

f: 

;: 
42 
56 

509 
140 
847 

70 

16: 
116 

10 
1580 

:: 

1:t 

3:: 

11.5 

1;*: 
32:9 
17.9 

33*: 
21:1 
32.4 
21.0 

9.6 
1.4 

Ii*: 
44:5 

5:*: 
53:1 
113.0 
46.6 
32.9 

7.9 
75.0 
19.8 
13.4 
11.7 
62.7 

734 
594 

1015 
1393 

573 
364 

1437 
1427 
1493 
1227 
491 
473 
425 

1049 
1513 
1046 
3143 

991 
348 

1630 
1421 
261 

4631 
690 

1208 

1;; 

1:86 

.027 

.142 

.098 

.OO% 
,082 
.005 
.0!58 
.034 

:E 
,023 

1 .a92 
.038 
.013 
,176 

3J04 
.162 
.015 

:E 
.084 
.OlS 
,197 
.007 
.077 
.097 
.053 
.003 
.696 

l OOl 
.009 
.Oll 
,004 
.020 
.002 
.015 
.OO3 
.004 
.a39 
.006 
.038 
.006 
.OO2 
.015 
,141 
,011 
,012 
.OlO 

:Ei 
.012 
.009 
.co7 
.017 
.026 
,024 
.oO2 
.023 

.669 3.53 
1.508 3.62 

.545 4.02 

.165 5.01 
,626 4.25 
.166 2.32 
.569 5.18 
.2Oo 5.04 
.203 4.98 
.519 4.37 
.310 3.87 

12.784 3.23 
.384 3.37 
.250 4.20 
.523 6.04 

28.270 3.84 
.601 6.75 
,215 5.13 
.336 2.46 
.203 5.37 

1.032 5.50 
.380 2.16 
.576 7.32 
.249 3.60 

1.549 4.36 
1.965 3.02 

.488 5.25 

.115 3.27 
2.019 4.67 

Contlnuebd 
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TABLE B-1 
TROPHIC VALUES OF SELECTED GENERA BASED UPON MEAN PARAMETER VALUES ASSOCIATED WITH THEIR OCCURRE)(CES 
AS DOMINANTS (Contfnued) 

DOHIMAHT TOTALP CHLA 
OCCURRENCES TOTALP CtiLA KJEL - c(w: iifk b!V 

72 

iti 
1 

31 
8 

4: 

d 

: 

: 

f 
99 

25; 
22 

1 

5: 
2 

2: 

10"s 

ii 

115 
185 
178 

i; 
318 
178 
64 

3: 

61: 
10 
25 

1399 

8'; 

1: 

1;: 
140 

:: 

ii 
125 

25;: 

16.5 
29.9 
25.0 
10.8 
8.1 

24.5 

187:: 

1::'o 

2::; 

ii*3 
210 

2::: 

1:-f 
33:6 
12.8 
52.0 
37.5 
29.2 

2:.: 
14:o 
39.2 

2::: 

lk!i 
1041 

iit 
1481 
1199 
043 
403 
639 
412 

1040 

1:: 
256 
755 

1490 

E 
1387 
571 

10% 
1457 

990 
490 
083 

1098 
1356 
595 

4049 

.102 

.073 

.026 

.050 

.043 

.190 
3.2% 

,019 
.020 
.057 
.069 
.195 
.019 
.123 
.053 
.123 

:% 
.034 
.059 
.131 
.Ml 
,056 
.058 
.127 
.042 
.005 
.014 

3:iz 

.015 

.012 

.004 

.030 

.013 

.015 
.159 
.005 
.016 
.018 
.031 

:K 
.041 
.016 
.007 

:E 

:E 
.029 
.DZl 
.014 
.x2 
.c'l4 
.012 
.002 

:E 
.036 

,711 
.418 
.153 

2.658 
.930 

22:; 
.247 

1.025 
1.034 
3.169 

.330 
1.507 
6.225 
1.506 

.669 

.115 
5.890 

.277 

.444 
1.310 

.446 

.547 

.757 

.838 

.402 

.157 

.150 
2.024 
6.346 

4.53 
4.10 
5.05 
3.45 
3.16 
5.70 

:*ri 
2:34 
3.50 
2.23 
5.60 

3:65 
1.68 
4.15 
4.90 
3.62 
4.49 

x 
5:22 
5.27 
5.09 
3.93 
4.70 
3.97 
5.27 
3.01 
7.59 

Eont l nued 

B-4 



TABLE 
TRUPHIC VALUES OF SELECTED GENERA BASED UPCM HEAN rdAMETER VALUES ASSOCIATED YITH THEIR OCCURRENCES 
AS DOMINANTS (Continued) 

D(W1INANT TOTAL CHLA MEL 
OCCURRENCES TOTALP CHLA &XL li7d m m M 

GENERAL CATEGORIES 

centric diatoms 
pennate diatoms 
flagellate 
flagellates 
chrysophytan 

3 

4: 

i 
50 

2 

: 
1 
2 
1 

1 
1 

2 

2: 
5 

: 

32 
17 

1'; 
5 

172 

1; 
31 

35; 

:3 
65 

:: 

:: 

:)9 
166 

1:: 
22 

:t 
97 

142 
254 
154 

591' 

113.2 

3;*5 
15:9 

6::: 

ii-: 
0:s 

1!*'1 
16:6 

1::: 

3:-i 
19:o 

P:t 

i-B 
6:0 

24.9 1000 .033 
46.8 1615 .036 
13.7 882 .075 
14.6 749 .054 
10.5 635 .OlO 

1955 

12 
1161 

332 
1826 

552 
465 

1631 
532 

1274 
750 
599 
750 
557 

1112 
797 

1449 
455 

iii'5 
867 

.102 

.400 

.OlO 

.014 

.030 

:Ei 
.116 
.085 
.594 
.032 
.002 

:i.Z 
9.875 

.045 

.027 
1.056 

.015 

.040 

.043 

.292 

.O67 

.050 

.cKl3 
.Oo7 
,010 
.OlO 
.015 
.Oll 
.012 
.067 

:e 
.018 
.006 
.238 
.OlO 
.006 
,072 
.005 
.012 
.Oll 
.018 

:E 
.007 

:E 

1.164 
26.400 

.097 

.519 
1.437 

.303 
2.060 

.546 
2.132 
5.542 

.897 
.128 

1.659 
.251 

69.625 
.301 
.261 

11.685 
.307 
,859 
.%3 

2.611 

.234 4.97 

.227 5.81 

.427 4.55 

.411 4.30 

.118 3.73 

5.77 
0.78 
4.88 
4.19 

:*: 
2:54 
4.13 
4.13 

:*ii 
3:61 

3:i1 
3.62 
5.27 
4.42 
5.11 
2.86 
2.66 
3.53 
4.38 



TABLE 0-2 
PRt)CEDURE FOR CALCULATlN6 THE TOTALP PHYtOPLANKTON TSI USING 
FOX LAKE, fLLINOIS, AS AN EXAMPLE 

Dominant Cenwa 
In Fox Lake 
&rolKT No. 1755) 

A@lan~ranwnon 

Pcrctnt 
Occwrrnce 

41.2 

(fOTALP, fr!m Table 8) 

147 

M8lo8inr 15.9 94 

sbp-cur 1S.S 166 

TOTAlP phytoplankton TSI s y l 135.6 
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TABLE 6-3 
PROCEDURE FOR CALCULATIN6 THE TOTALP/CONC(P) PHYTOPLANKTON TSI 
usIN6 FOX LAKE, ILLINOIS, AS AN EXAMPLE 

Genera Counted In C 
Fox Lake, flllnols 
(STORET No. 1755) 

Pe;;m; of (Algal Unftr 
pet ml) 

(TOTAL&MC. 
fable 8) vxc 

3.1 

41.2 

0.3 

0.3 

1.0 

0.3 

1 .I 

1.f 

15.9 

5.1 

4.1 

4.1 

0.3 

3.7 

0.7 

15.5 

0.3 

237 

2631 

22 

22 

65 

22 

108 

108 

1014 

324 

259 

259 

22 

237 

43 

992 

22 

.098 23 

,058 153 

.oOf 0 

.6% 15 

.073 5 

,054 1 

.020 2 

.123 13 

.034 34 

.056 18 

.005 1 

.014 4 

.102 2 

l 058 14 

.032 1 

.045 45 

.027 1 

SUM TOTAL l 332 
lOTMP/CONC(P) pbtoplankton TSI m 332 



TABLE B-4 
PROCEDURE FOR CALCULATING -h'E TCtTALP/CONC(PO) PHYTOPLANKTON TSI 
USING FOX LAKE, ILLINOIS, AS AN EXAMPLE 

Domlnarit Genera in 
fox Lake, Illlno!s 
(STORET No. 1755) 

Aphcrnt- 41.2 2631 .058 153 

EktO8i2W 15.9 1041 .034 34 

st8phanod~uu8 15.5 992 .045 45 

SUM TOTAL 1 232 

TOTALP/CONC(PD) phytoplankton TSI = 232 
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APPENDIX C 

CLASSIFICATION, BY VARIOUS AUTHORS, OF THE TOLERANCE 
OF VARIOUS MACROINVERTEBRATE TAXA TO DECOMPOSABLE WASTES: 

TOLERANT (T), FACULTATIVE (F), AND INTOLERANT (I) 

Source : Weber, 1973 
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CLASSIFICATION, BY VARIOUS AUTHORS, OF THE TOLERANCE OF
VARIOUS MACROINVERTEBRATE  TAXA TO DECOMPOSABLE ORGANIC WASTES;

TOLERANT (T), FACULTATIVE (F), AND INTOLERANT (I)

Macroinvertebrate T F I Macroinvertebrate T F I

Porifera Prosopora
Demospongiae Lumbriculidae 1 4

Monaxonida Hirudinea
Spongillidae 9 * Rhynchobdelida
Spongilla fragile 1 1 Glossiphoniidae

Bryozoa Glossiphonia complanata 1 1
Ectoprocta Helobdella stagnalis 11,9

Phylactolaemata H. nepheloidea 1 1
Plumatellidae Placobdella montifera 1 4

Plumatella repens 1 3 P. rugosa 11
P. princeps var. mucosa 1 1 Placobdella 9
P. p.  var. mucosa spongiosa 1 1 Piscicolidae
P. p. var. fruticosa 11 Piscicola punctata 14
P. polymorpha var. repens 1 1 Gnathobdellida

Cristatellidae Hirudidae
Cristatella mucedo 13 Macrobdella 8

Lophopodidae Pharyngobdellida
Lophopodella carteri 9 Erpobdellidae
Pectinatella magnifica 11,9 Erpobdella punctata 11

Endoprocta Dina parva 11
Urnatellidae D. microstoma 11

Urnatella gracilis 11,9 Dina 9
Gymnalaemata Mooreobdella microstoma 9

Cienostomata Hydracarina 4
Paludicellidae Arthropoda

Paludicella chrenbergi 1 1 Crustacea
Coclenterata Isopoda

Hydrozoa Asellidae
Hydroida Asellus intermedius 1 1

Hydridae Asellus 1 4 9 4 , 3
Hydra 9 Lirceus 9

Clavidae Amphipoda 3
Cordylophora lacustris 9 Talitridae

Platyhelminthes Hyallela azteca 4,2
Turbellaria 9 3,9

Tricladida H. knickerbockeri 11
Planariidae Gammaridai

Planaria 11 Gammarus 9
Nematoda 9 Crangonyx pseudogracilis 9
Nematomorpha Decapoda

Gordioida Palaemonidae
Gordiidae 11 Palaemonetes paludosus 4,2

Annelida 3
Oligochaeta 4 , 3 11 P. exilipes 11

Plesiopora Astacidae
Naididae 11 Cambarus striatus 7

Nais 9 C. fodiens 1
Dero 11 C. bartoni bartoni 1 1
Ophidonais 1 4 C. b. cavatus 1
Stylaria 9 C. conasaugeansis 1

Tubificidae C. asperimanus 1
Tubifex tubifex 11,9 C. latimanus 1
Tubifex 11,6,14 C. acuminatus 1
Limnodrilus hoffmeisteri 11,2,9 C. hiwassensis 1
L. claparedianus 11 C. extraneus 1
Limnodrilus 11,6,14 C. diogenes diogenes 1
Branchiura sowerbyi 9 C. cryptodytes † 1

* Numbers refer to references enumerated in the "Literature"
section immediately following this table.

† Albinistic

C-2



(Continued) 
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1 

: 
I 

I 

1 

4 
10.5 

S 

14 
9 
5 

9 

F 

raurlly inhrbitant or open watts; us bunowen. 

1 

I 

t 
t 

: 

: 
I 

I 

: 

t 

: 

14 
4,1( 

2.3 
9 

I.11 
10 
9 

3 

9 

0.5 

.I0 
5 

9 

99 
914 

0.5 

I 

I 

2.3 
14,? 

:p;: 

4 

3 
3 
3 

3 

9 

3 
9 
3 

10 

d8cwllvumbr8m f T 9 
10.5 

10.5 

9 

403 

6920 

: 

1:fS 
14 

f 
3 
3 

3 

F 
- 

3.14 
9 

lo.! 
10.5 

11 
10 
3 

3 

4.1t 

9 
9 

10 
9 
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APPENDIX D 

Key to chironomid associations of the profundal tones of Palaearctic and 
Nearctic lakes 

In the key "absent" means less than 1% as accidental occurrence may take 
place, *present" means more than 1%. The Iimit of 2% is regarded as the 
level above which the species can be regarded as a persistant non- 
accidental member of the community, while the 5% limit is a level above 
which the species can be said to be a common member of the community. 
These limits should of course not be regarded rigidly if the samples are 
few. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Pseudodiamesa and/or Oliveria tricornis present . . . . . . 
The above absent . . . . . . . . . . . . . . . . . . . . . . . . . 

a -oligotrophic 
2 

Heterotrissocladius, Protanypus Micropsectra or Paracladopelma 
present and making up at least 2% of the profundal chironomids . . . . . . . . 
oligo- mesotrophic lakes . . . . . . . . . . . . . . . . 3 
The above absent or making up less than 2% of the profundal chirono- 
mids . . . . . . . eutrophic lakes . . . . . . 10 

Heterotrissocladius subpilosus - group present, tribe Chironomini 
absent from the true profundal zone . . . . . . . . . . . . . . . b -oligotrophic 
H. subilosus group present or absent, 
tribe Chironomini present . . . . . . . . . . . . . . . . 4 

Heterotrissocladius subpilosus group, Protanypus 
Microspectra groenlandica or Paracladius spp. present 

The above absent or making up less than 5% 
of the profundal chironomids . . . . . . . . . . . . . 7 

caudatus group, 
and making up 

more than 5% of the profundal chironomids 5 

Protanypus caudatus group or Paracladius usually present, Chironomous 
absent, Phaenopsectra (including Sergentia) and Stitochironomusa at 
most present in very low numbers (<2%) . . . . . . . . . . . . . g -oligotrophic 
When Protanypus caudatus group or Paracladius present, Chironomus, 
Phaenopsectra or Stictochironomus present in low numbers 
(>2%) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 

than H. marcidus group: Chironomus 
Heterotrissocladius subpilosus group plus H. maeaeri group more common 

making up less than 2% . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . d -oligotrophic 
Heterotrissocladius subpilosus group plus H. maeaeri group absent or 
less common than H. marcidus group: Chironomus usually makes up more 
than 2% . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . e -oligotrophic 

Heterotrissocladius, Paracladopelma Nigritula, P. galaptera, Micro- 
psectra notescens group, Monodiamesa tuberculata, Macropelopia 
fehlmanni and/or Tanytarsus bathophilus common (>5%) z -oligotrophic 
The above at most present in 
very low numbers . . . . . . . . . . . . . . . . . . . . . . . . 8 
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and/or Monodfanssa coIIIIK)n, more or about as comon as 
and PhaenOpWtra, or Chfronoaus except salinarius or 

saireductus types . . . . ..I............................ s-mesotrophfc 
w and/or Honodfmesa less Comon than Stfctochfronomus and 
e or spp. of Chfronoms except salfnarlus or saircductus 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

" 

Irknodfamesa, Protan US, Heterotrfssocladfus, Stfctochf ronomus, 

Aas spp . . . . . . . . . . . . . . . . . . . . . 
Phaeno sectra or C t-onm~m~rrtductus types more 

8 -msotrophfc 
The above less comaon than other Chfronomus . . . . . . . . . . L -metatrophic 

10. Heterotrlssocladius, .Protanypus, Mcro sectra Paracladopelaa 
nfwltula or P. gafaptera present h&s . . . . . n ow n 
tie above absznt . . . . . . . . . . . . . . . . . . . . . . . . 

r-eutrophic 
11 

11. No chfronomids present ............................... o-eutrophic 
Chfronomfds present ..................... 12 

12. Only Chfronomus lumosus type and Tan odlnae present 
Other chfronmfds a so present . . . . . . . . . . + + 

[ -eutrophic 

13. Only Chfronows and subfam. Tanypodfnae present . . . . . . 
Other groups afso present . . . . . . . . . ...*.. 

r-eutrophic 
14 

M. Oply.trfbe Chfronorfnf, Tanytatsus spp. and subtam. .Tapypodlnac 
present . . . . . . . ..*...*....*........................... 
Other groups also present 

CI -eutrophic 
. . . . . . . . . . . . . ..*..*...*..i.** A -eutrophic. 
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TABLE D-1 
CHARACTERISTIC PRO. w ._. ~‘un41 c~W~ONIMIDS IN .NEARARCTIC( ----~)~JND 
PALEEARCTIC ( . . , . . . ) LAKES l FULLY ORAWN LINES 4WFILLEB CIRCLES: 
J)IS~RIB~~TIO)( 1)NOER GofJO TO EXCiiLt.Efl coNDf;~Ofi. %mtiN L;;;N:ND 
IXTS: ~XIM@I RANGE OR SINGLE FINDINGS. : IN EUROPE, . 

i:‘-iN EUROPE, BOREAL. 

uoluut*8#oClo*iu8 so. A redr. 8ub#itOrur 
UOtor0f?ia*00tOd~u8 10. 8 n*C m*ooo*i 
l ?otrr~8a8 fOA)OS~H sctb. 
Uicro*80Cfr8 c#troct~ -Ram 
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Yocto~Oto*io /OAl+WOA& ~Uid1.l 
toa~tu8r8 botAq#Atfus Uhf 1: 
l ?*ro~#u8 rorio zrtt. 
uotorotft88oC~oaiu8 C+p Seth. 
HOt0rotrir8ocJoht8 SCUt#tt~t~S Gortqh. 
tt8t.r l f?h80C10d&# rp. ‘0 nooe dO#Qi 
P?OlO#V~#W# sp. A noor d?O?iO 
P?otomywu8 SP, e ne01 fwotio 
rOaytor au1 ~oriplra8 Lid. 
~o~utomo#O ahdo (r(ioff.1 
Uofor olri880rlodiu8 pO8kowi Cdr. __ _ 
~oro~iomo8o go- post. flfofitoboto SaRh. 
~oro#~onoro borhy,oA& 1 (Klrf 1.1 
Stictodiroronu8 ror~.~rcr)o*t8t (Zrttl 
PAooao$8octto COro~iao (2rtt.J 
~oayforrur .n 80. torto~ri - eggI. 
Uoaoeiomotl d~pocliaoto far. 
CAifonosua~ otrttibig -@@I. ___ 
c*rioaonrr oatA~ocinul .frtt. 
r081t0rru8 inorgUotir ..OoOtgk. 
roaIlor ¶U# ~~rrpuriu*~~ KiOfl. 
C~~fOaemu8 pI#mo#us 1. 8rniroeuctu8 
C?~#tAW*Ad~$O# rsruoriifd _ (t0rn.l 
cAt?onOmu8 (IOCOfUS JOh. 
C?yvro?rnei#rr dorbyi (SubI. 
CArroAomur v/uaorur L. 
zofut8chio IOfu~8CAiCOfo Lip. 
C&if oaomus trnuirtylur Brun4. 
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TABLE D-2 
CHCWA‘UERtSfIe SUBLITWML AN0 LITTWAL CHIRONOMID HABITATS IN 
NEARACRTIC AN0 PALEJRCTIC idUES, 

~otOrotrirr0rtoUiOr rub)i~orur (lti*tt.) 
UOtOrotrir*Oct*#CrO U&Oft sorr. 
U~droborrur fusirtyllur (OooCph.1 

zolulsCAJo ?ri~On00io# Sam 
Ab~#*oayio nr** Cdr. 
00t/0#?de krooti8 Yi-Ott- -.--- 
Of taOCIo#w# fOJ kitoaU&# Ldr 
Or~aorlodw# /PI coaro&~ar# WOhW.1 
HOtOrotri880dO&kS nooorrl I;ic;crd. 
Olirorco trrC0rnr~ 101.) 
Loutorbualo #OMM 01. 
ny6foboouur dWO0hm S&h. 
Uy8fo,oomm CHfUI*f 8 Cmfwnir (notmqr.) 
M~0'0b00nu~ COnfU*'l I0br0l0roaSir SQlh 
Yoro#iomoro l baoni et wad. 
POrOcfodhs ~o#rinolO#uS Wirv. 
fuut8Cmio ror*orroos4orrh (C4r.) 
Toa~~orrur Iupon* Kintt. 
l 0?0#&v~lb?nw 
r4w~thur 

hy#wb#our Wuurd. 
MP(lf Am. 

Potocloeur l f0lCol# (Zrtt.) 
?wortoe,#olmo OJpriWo (OoltglU 
St~crochJfonomu8 fOSrci)OU~ I ter t r 
U~OrO~roctrO ~08*toa&cO Ad. 
A?ctoflot~iO bofbilqrait (Zntt 1 
Yic?orCsoetro JJalobor#/ ser. 
TakrononrJ elyro hWCJCO08 (LdW.) 
~o#ocricotoOus ?~ro*omonni (Goatgtl.) 
Louloebwfiko KOfUCtW Kid t. 
~JCtO#SOW?O JOripailobur Yiatt. 
nt~tfo??hrucwo?u* rmcr*ur i WOIk. 
Porocto*oou/m8 y#op~or~ ( Town 1 
zoturrcaio ObSO~~O l Webb) 
~t~orOtrraloC1ooru# c)rrto#o* sat* 
Yicfop3oefro to*trOcto hkri8S 
Motor Otoa~torsu8 0000rr*1 sotr. 
Htttr0t0aytOrsus @UdOlU$ Satk. 
N~n~~todrr~ /NJ rtCtJIOrSJ8 tKlO(t) 
PuQelodoooho AOU {Town.). 
stomoollirco OOUH/ Widl) 
zolutrcrio tOlU$C*iC0Io LIP. 
Noa+rlouiwt fN. J iaCOm#tu# Sath. 
Noaocfouws /NJ IIIIAI~CIYI sotn. 
Proron~our motio (trtt 1 
P~otaoorortro cO?OCino 1;Z@O.) 
PorotofiytOrruS notwqi mortga.) 
#*torotonytorau# OOiCOIII (Kid t.I 
Por0?on~tOrlrs oolueItIolus Gortqh. 
Straoolllno I) so NO1 l h1 ml&. 
N8~octod;rl fff.4 ondot~oai $atu. 
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TABLE o-2 
CHARACTERISTIC SUBLITTORAL AN0 LITTORAL CHIRONOMIDS OF ~~A$ITATS IN 
NEMACRTIC AN0 PAXARCTIC LAKES (Continued) 

SPECIES 

?or*rl8de&ot.a# waaUN Joch 
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