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ABSTRACT

A conference was convened to bring together an interdisciplinary
group of investigators for the purpose of critically reviewing the present
base of scientific knowledge relating to benefits and constraints of using
wastewaters for production of food and fiber. Those gathered represented
the fields of public health, engineering, agriculture, aquaculture, and
other related scientific areas. There were 27 papers presented at the
conference covering technical restraints, aquacultural approaches, agri-
cultural approaches, nontechnical constraints, and new or integrated
experimental systems. In addition to those papers presented at the con-
ference, nine others have been included to make a total of 36 papers in
this conference Proceedings.

Papers in the two sections on potential restraints cover topics such
as historical instances of disease transmission, possible transport of micro-
bial pathogens through the food chain, legal implications, and sociological
reactions. The aquaculture section deals primarily with experimental studies
including such diverse approaches as culture of daphnia, salmon smolts, and
water hyacinth. The agriculture section emphasizes the use of wastewater
for crop production and the papers presented include case histories for
long-term operating systems, as well as data from experimental studies.
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FOREWORD

The topic of using domestic wastewater in the production of food and
fiber is of great importance to three distinctly different groups in
our society:

(1

(2)

(3)

Those persons living in arid or semiarid regions where econom-
ic growth, industry and agriculture hang on the thin thread
of dwindling ground water supply. Reclamation and reuse of
wastewater, even if only for irrigation of agriculture crops,
would not only free a large percentage of treated water for
municipal needs but would also minimize contamination of our
primary water sources and provide cost benefits compared to
the cost of developing new sources of water.

Those persons living in developing countries where protein is
produced in insufficient quantities to sustain an increasing
population with new demands for better nutrition. The cost
and the shortage of fertilizer have severely damaged the
"green revolution.' Nitrogen and phosphorus of wastewater,
all too often rushed out of sight like the proverbial step-
children, are more and more looked upon as agricultural assets
rather than municipal liabilities.

Those persons who fall into the category of concerned taxpay-
ers and those municipal officials who are charged with meeting
federal and state water quality standards with precious tax
dollars. The beneficial use of domestic wastewater for eco-
nomic gain is no longer a laboratory curiosity or the practice
of poverty stricken foreigners. There are hundreds of proj-
ects throughout the United States and thousands in Europe and
Asia where wastewater in various degrees of treatment is used
for irrigation of forage crops, hardwood and Christmas trees,
fish and shrimp culture, powerplant cooling water, factory
process water and even recreation. The removal of nitrogen
and phosphorus by trees, crops, or fishes not only produces a
saleable product but greatly reduces the size and operational
budget of mechanical and chemical treatment plants.

The conference and the proceedings that follow have been the result of

much thought, planning and effort on the part of persons of many diff-

erent professional, governmental, and business disciplines. There were
173 participants from 27 states, Canada, Virgin Islands, and Israel.
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Many facets of the use of wastewater in the production of food and
fiber were discussed in a scholarly, critical manner. The technical
and public health constraints were given extra attention.

The success of the conference was largely due to the efforts of Dr.
George Allen and his excellent program committee; Charles Newton and
his local arrangements committee; Lovena Eaker, my long-suffering sec-
Tetary; and especially Toni Morrow who wore not only the hat of pub-
licity chairman but that of details clerk, timekeeper, memory bank,
bookkeeper, complaint solver, all with a constant smile. To these and
Dr. B. Hepher, who keynoted the conference with many constructive com-
ments, I extend my heartfelt gratitude.

R. LeRoy Carpenter, M.D., M.P.H.
Commissioner of Health
State of Oklahoma
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REVIEW OF AMERICAN PUBLIC WORKS ASSOCIATION
STUDY OF FACILITIES UTILIZING LAND APPLICATION OF WASTEWATER

Richard H. Sullivan, Assistant Executive Director
American Public Works Association

The American Public Works Association, in 1972, conducted an ons-site field survey or
approximately 100 facilities in all climatic zones where land application of community of
industrial wastewaters are being applied to the land, as contrasted to the conventional
method of treating such wastes and discharging them into receiving waters. The project was
sponsored by the U.S. Environmental Protection Agency under Contract No. 68-01-0732.
The report, entitled Survey of Facilities Using Land Application of Wastewater, is available
from the Government Printing Office as EPA-430/9-73-006 at a price of $6.80.

Additional data were gathered from many existing land application facilities across the
country by means of a mail survey addressed to responsible officials. Another survey was
carried out to ascertain the nature and extent of state health and water pollution control
regulations governing the use and control of land application systems. To augment informa-
tion on U.S. practices, a survey was made of experiences gained in many foreign countries.
In addition, an extensive bibliography was compiled of literature on all pertinent phases of
land application practices. The bibliography has been combined with that of three other
studies and will be published separately. It will have abstracts of almost 800 articles.

The facilities surveyed were relatively large with long established operations in order
that as much operating experiences as possible could be obtained. The surveyed application
facilities utilizing community wastes were predominantly located in the western and south-
western portions of the United States, while industrial facilities were generally sited in the
northeastern section because this is where the majority of such instaliations are in service.

Table 1, Summary of Facilities Using Land Application of Wastewater, lists pertinent
information concerning the sites for which information was obtained for the states of
Kansas, New Mexico, Oklahoma and Texas. Two sites were found in Kansas, nine in New
Mexico, three in Oklahoma, and 5O in Texas. Texas and California were the two states with
the most facilities. However, in all of the southwest, only two industrial facilities were
found and both were in Texas.

Land application of effluent involves many means of accomplishing a variety of objec-
tives. Among the more important objectives, the following were found:

1. to provide supplemental irrigation water;

to give economical alternative solutions for treating wastes and discharging them
into receiving waters, without causing degradation of rivers, lakes and coastal waters
and;

3. to overcome unavailability of suitable receiving waters and eliminate excessive costs

of long outfall lines to reach suitable points of disposal into surface water sources.

Among the major means of accomplishing land application of wastewaters are:

1. irrigation of land areas by spraying, with high-pressure or low-pressure devices, of

either stationary or movable types of distribution systems:

2. ridge and furrow irrigation systems;

3. use of overland flow or flooding methods; and

4. use of infiltration lagoon or evaporation ponds.

Although facilities of all types were surveyed, the report is primarily concerned with
irrigation-type facilities for supplying supplemental water to crop areas, forest areas and
unharvested soil cover acreages. The other types are not as widely used. inasmuch as many
factors such as climate or soil conditions have an adverse impact on these means of land
application.



Table 1. Summary of Facilities Using Land Application of Wastewater

State
Kansas

Scott City
Sublette

New Mexico

Almagordo
Clovis

Raton

Roswell

Santa Fe
Lovington

Los Alamos Co.
Raton

Silver City

Oklahoma

Duncan
Boise City
Hollis

Texas

Abilene
Dumas
Kingsville
La Mesa
Midland

Monohans
San Angelo

Uvalde
Coleman
Comanche
Cotulla
Dalhart
Denver City
Elsa
Goldthwaite
Idalou
Morton
Munday
Ralls
Raymondville
San Saba
Seagraves
Van Hom
Winters
Campbell Soup,
Paris
Anson
Azle -
Crane
Crosbyton
Eldorado
Freer
Friona
Armour Food,
Hereford
Hondo
McLean

Information

Questionnaire
Questionnaire

Visited
Visited
Visited
Visited
Visited
Questionnaire
Verified
Verified
Verified

Visited
Questionnaire
Verified

Visited
Visited
Visited
Visited
Visited

Visited
Visited

Visited

Questionnaire
Questionnaire
Questionnaire
Questionnaire
Questionnaire
Questionnaire
Questionnaire
Questionnaire
Questionnaire
Questionnaire
Questionnaire
Questionnaire
Questionnaire
Questionnaire
Questionnaire
Questionnaire

Questionnaire
Verified
Verified
Verified
Verified
Verified
Verified
Verified

Verified
Verified
Verified

By State

Population Flow - mgd

4,325
1,332

25,000
28,000

2,300
40,000
45,000
10,000

20,000
1,980

100,000
9,770
30,000
11,400
62,000

8,000
64,000

9,000
5,608
5,000
3,900
5,700
4,200
5,000
1,700
1,800
3,760
1,700
2,100
7,986
2,555
2,500
3,000
2,907

Industry

0.432
0.13

OCOOOWULNOWN
nphwhhiwwunmikhin
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Crops Area Irrigated
Acres
Rice 25
40
Alfalfa, corn, oats, sorghum 260
Milo, alfalfa, corn, millet, wheat 1,193
Alfalfa 200
Alfalfa, barley, corn, cotton 770
Alfalfa, apples 740
160
Wheat, Bermuda grass 180
40
Cotton, maize, Bermuda grass 2,019
Wheat, maize 585
Maize 606
192
Bermuda grass, alfalfa, milo, 1,000
cotton
40
Barley, milo, rye, oats, fescue, 740
alfalfa, Bermuda grass

Maize, oats 150
106
12
12

Hay
Cotton 200

4.5

100
Feed, cotton 10
Cotton 60
20
160
80
Cotton 160
10
Grain 10
500



Table 1 (Continued)

Odessa Verified 1.075
Ozona Verified 03
Petersburg Verified 0.2
Quitague Verified 0.06
Rotan Verified 0.11
Sabinal Verified

Santa Ana Verified

Seminole Verified 09
Slaton Verified 0.37
Sonora Verified 0.3
Stanton Verified 12
Stratford Verified 0.01
Sundown Verified 0.16
Sweetwater Verified 0.75

Summary of Land Application Sites (Non-Military)
For Which Information Was Obtained

Total Total Total

Visited Questionnaires Verified Total
United States 89 122 136 347
Kansas - 1 1 2
New Mexico 5 1 3 9
Oklahoma 1 1 1 3
Texas 8 17 25 50

Irrigation-type facilities were found to be broadly used under a wide variety of climate
and soil conditions, with various degrees of prior treatment of the applied wastewater and
various types of ground cover utilized.

Each method of application has inherent advantages and disadvantages which must be
evaluated for their feasibility and effectiveness.

The Iand application of wastewaters has been practiced extensively in many parts of the
world for many years with varying degrees of control and success.
degrees of control and success.

As knowledge of wastewater treatment processes improved, and the possibility of con-
fining in a relatively small area the entire process needed to obtain a “treated” effluent for
disposal into surface water sources, land application in the united States was relegated in
most states to being an undesirable and unacceptable process.

New concerns about preserving the quality and reuse of the nation’s water resources
have resulted in a reawakening of interest in land application as a viable alternative to
conventional wastewater treatment and disposal into receiving waters. Increasing volumes of
sewage and industrial wastes, growing complexity of such raw wastes, and mounting needs
for water to serve growing urban and industrial processing needs, have created doubts about
the ability of receiving waters to assimilate effluents which do not meet high-quality stan-
dards. In addition, progressive evidences of eutrophication of non-flowing receiving waters
have focused attention on the need to eliminate the presence of nutrients in wastewater
effiuents. Further, the presence of toxic trace elements in effluents is considered a threat to
the safety of waters receiving all but highly purified waste discharges. Thus, advanced
treatment methods have been developed and utilized to avoid discha¥rge of such objection-
able components.

Inasmuch as land application appears to offer comparable or superior degrees of treat-
ment by augmenting waste treatment with the “natural” purification offered by soil con-
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tact, land application is again being considered as one of the acceptable means of achieving
full treatment of wastewaters.

However, a most important factor of the current land application concept is that it
must be limited to the use of treated wastes. Generally, effluents are being conventionally
treated to almost meet secondary treatment quality criteria. In at least three observed
facilities, applied effluents have received tertiary treatment, to the point where the effluent
would fully meet the generally prescribed, as well as proposed, criteria for discharge to
receiving waters. Thus, land application is being used to give a degree of advanced waste
treatment, including high degrees of nutrient and bacterial removal. In this context, land
application can be viewed as an alternative to physical-chemical processes and other
methods of ultra-treatment which are designed to achieve a “pure” effluent.

Economics of construction cost, operating costs, energy requirements, and efficiencies
of performance of land application systems must be balanced with the ability to acquire the
right to apply wastewater upon the required land areas. The cost of advanced waste treat-
ment by conventional means must be weighed in the light of the cost and complexities of
land application systems.

Two informative reports were published on the subject of land application in 1972,
Green Lands — Clean Streams, a report by Temple University Center for the Study of
Federalism, is a frankly written advocacy of the land application of wastewaters and sludges.
Wastewater Management by Disposal on the Land, by the U.S. Corps of Engineers, is a
thorough review of the physical, chemical and biological interactions involved in land appli-
cation. '

The firm of Metcalf and Eddy, Engineers, has prepared a companion report for USEPA,
concerned with engineering considerations of land application systems. These three reports,
together with the report on the study conducted by APWA, should be considered in evaluat-
ing land application systems, because they deal with somewhat different aspects of the
common problem. The APWA study has made no special effort to examine the specific
aspects covered in detail in the other reports. Rather, it is concerned with reporting upon
the policies, practices and performances of a representative group of the relatively larger
systems within the United States; policies, or lack of policies, of state regulatory agencies;
and the experience with land application in some foreign installations.

Systems which were under construction, such as Muskegon County, Michigan, and
several major domestic and industrial systems which were intimately known to Metcalf and

Eddy project personnel were not investigated for this report. However, Metcalf and Eddy

has supplied copies of their field interviews at such sites to APWA for evaluation.

The following highlights from the field surveys are presented in order that a composite

picture of observed facilities might be obtained:

1. Communities generally use their land application system on a continuous basis.
Food processing plants, the predominant industrial users of the system, generally
practice discharge to land systems for three to eight months per year.

2. Ground cover utilized for municipal systems is divided between grass and crops.

Industries generally use grass cover.

Land application systems are generally used on a daily basis, seven days per week.

Application rates for crop irrigation are very low in terms of inches of water per

week. Two inches or less was commonly used. (Note: Two inches per week equals

54,300 gallons per acre per week.)

5. Many types of soils were used; although sand, loam and silt were the most common
classification given. Two systems using application over many feet of sand were
applying up to eight inches per week, and one system on clay was applying only 0.1
inch per day.

6. Most operating agencies, municipal and industrial, are planning to either expand or
continue their land application installations. The few examples of systems which

5

B



had been abandoned were due to either the desire to make a higher use of the land,
or because of reported overloading and poor operation of the land application
facilities.

7. Industries surveyed generally treat their total waste flow by land application. Prac-
tices of municipalities varied from less than 25 percent to all wastewaters produced.

8. Treatment greater than primary is generally provided by municipalities prior to land
application, often times accompanied by lagooning. Industrial systems often treated
their process wastes by screening only.

9. Spray irrigation is the most frequently used (57 facilities) method of application,
although most municipalities use more than one method. Ridge and furrow irriga-
tion is used at 23 facilities and flooding irrigation by 34 systems. Industry generally
used spray irrigation.

10. Land use zoning for land application sites is predominantly classified as farming,
with some residential zoning in contiguous areas.

11. Wastewater generally is transported to the application site by pressure lines, al-
though a number of municipalities are able to utilize ditches or gravity flow pipe
lines.

12. Many community land application facilities have been in use for several years -

more than half for over 135 years. Industrial systems are relatively more recent.
13. Renovated wastewater is seldom collected by under-drains; rather, evaporation,

plant transpiration, and groundwater recharge take up the flow.

14. Land application facilities generally do not make appreciable efforts to preclude
public access. Residences are frequently located adjacent to the land application
sites. No special effort is made to seciude land application areas from recreational
facilities and from those who use these leisure sites.

I5. Monitoring of groundwater quality, soil uptake of contaminants, crop uptake of
wastewater components, and surface water impacts is not carried out with any
consistency.

Among the most “advanced” facilities which we reviewed were the Tallahassee system
and the systems at Colorado Springs, Colorado, and the University of Pennsylvania at State
College.

The largest agriculture venture was found to be at Tula Hidalgo where the wastes of
Mexico City, D.F., are applied to the land to supplement the natural irrigation waters of the
area. Some 115,620 acres are irrigated and in 1971-72, 1,624,424 U.S. tons of crops were
grown. Table 2, Summary of Agriculture production, 1971-72, Tula Hidalgo, lists the 31
major crops which are grown.

Information which was received on crop research conducted at Debrecen, Hungary, is
also included.in our report. A comparison in yields obtained with the use of treated waste-
water as contrasted with normal irrigation practices is given in Table 3, Comparison of Crop
Yield, Hungary.

A major concern has also been the boron concentration of wastewater and the relative
tolerance of plants to boron. Table 4, Units of Boron in Irrigation Waters for Agriculture
Products with Different Grades of Tolerance, was developed by Mexican Agriculture offi-
cials. The data contained in the report allows ready identification of where a wide variety of
crops have been raised and an indication as to the physical conditions which exist at the site.

In summary, land application of treated municipal effluent and industrial wastes should
be a viable alternative to conventional disposal or advanced tertiary treatment techniques in
many areas of the country. Full evaluation of application should be made as planning of
new or upgraded wastewater facilities is undertaken.



Table 2. Summary of Agriculture Production

1971-72, Tula Hidalgo

Crop Crop Heetares Metric Tons
Alfalfa Verde Alfalia 12,396.40 1,181,376.920
Ajo Garlic 94.50 258456
Arvejon Peas (larvge) 12.89 20.820
Avena Verde Green Quts 2,998.75 54,426.714
Calabacita Squash (small) 674.33 7,282,764
Cebada Grano Barley Grain 1,865.43 3,645410
Cebada Pago Barley (forage) 4,059.874
Cebolla Onion 23.79 168.909
Cilantio (semilla) Parsley Sced 3.53 4.589
Col Cabbage 27.95 501.843
Chicharo Peas 1.00 7.900
Chiles Verde Green Hot Peppers 768.80 8,231.350
Flores Flowers 10.41]

Frijol Grano Navy Beans 1,259.02 1,563.87Q
Frijol Ejote Am. String Beans 58.30 151.580
Espinaca Spinach 0.82 9.020
Frutales Fruit Trees 25.08 213.180
Girasol Sunflower 37.19 230.578
Haba Lima Beans 95.84 1,990.070
Jitomate Am. Tomato 1,554.65 49,437.870
Lechuga Lettuce 74.47 1,457.764
Maiz Grano Corn (kerncls) 17,053.60 70,260.525
Maiz Rastrojo Corn (forage) 65,179.023
Maiz Veide Corn (sweet) 101.20 7,084.000
Nabo Forraje Forage Turnips 112.37 1,011.330
Melon Melon 1.00 7.100
Pepino Cucumber 34.74 166.752
Pradera Meadow Grass 12.80 2,080.000
Tomate Tomato 216.90 2,051.706
Trigo Grano Wheat Grain 7,293.79 13,865.494
Sandia Watermellon 040 3960
46,809.95 1,476,749.37 1
Note: 1 metric ton = 1.1 (U.S.) tons Acres U.S. Tons
1 (U.S.) ton = 0.907 metric tons 115,620.65 1,624,424 .30
1 hectare =2.47 acres
Note: The crop hectares listed are more than the hectares of land available since a second

crop in some instances has been produced on the same land.



Table 3. Comparison of Crop Yield, Hungary

Debrecen Gyozelen
Station Farm
(Wastewater) (Control)
Sugar beets. 363.24 q/ha  365.0 q/ha
Dry grain maize 58.5 q/ha 22.49 gfha
Fodder maize 346.19 g/ha  217/25 gfha
Alfalfa 99.25 qfha  46/58 q/ha
Sunflower sced 14.87 g/ha 4.17 qfha

Industrial potatoes 119.8 g/ha 59.3 q/ha

Table 4. Units of Boron in Irrigation Waters for Agriculture
Products with Different Grades of Tolerance

Tolerant Semi-tolerant Sensitive
4 ppm 2 ppm 1 ppin
Asparagus Sunflower Mexican Ozk
Palm Trees (Phoenix Potato Black Ouk, Persian
Canariensis) Cotton or English
Date (Phocnix Tytiferia) Tomato Tubcrous Sunflower
Swectpea White Beans

Sugar Beets Radish American Elm

Beet Plum

Betabel Olive Pear

Alfalfa Barley Apple

Gladiota Wheat Grape

Bean Corn Fig

Onion Oats Nispero

White Radish Calabash Cherry

Cabbage Sweet Potato Peach

Lettuce Lima or Kidney Beans Apricot

Carrot Blackberry
Orange
Avocado
Grapefruit
Lemon

2 ppm 1 ppm 0.3 ppm

Source: Analysis of the Black Waters of the Cuenca of the Valley of Mexico and the
Region of El Meequital, Hidalgn—Bulictin 2 Hydraulic Commission of the
Cuenca of the Valley of Mexico, Mexico, D.I'., March 196§



WASTEWATER UTILIZATION
IN
INTEGRATED AQUACULTURE AND AGRICULTURE SYSTBEMS

by
B. Hepher and G. L. Schroeder*
INTRODUCTION

Israel approaches today a hundred percgnt use of its water resougces
Out of an estimated potential 2.0 X 10 m> of water, 1.7 X 109 m® are
being already used. In these conditions, it is obvious that recycling
of wastewater becomes mandatory. The problem, while extreme in Is-
rael, is experienced in many countries.

A semi-arid country, such as Israel, has the highest quantitative de-
mand for irrigation water in agriculture. On the other hand, the
qualitative criteria for this water is low. These two considerations
make agriculture the prime potential sector for the reuse of waste-~
water. However, the following limitations restrict this reuse and
lower its efficiency:

a) Irrigation is restricted to the dry season, the summer. In win-
ter, there is little use for the wastewater in irrigation. According
to a recent studyl, about 5.2 X 102 m3 of potentially useful waste-
water are produced in Israel per day. Of this, in the peak irrigation
season 1.7 X 105 m3, i.e., about 32% are used. However, when calcu-
lating on a ygarly basis, out of 1.9 X 108 m3 wastewater produced,
only 3.7 X 10/, or less than 20% are used. The difference is produced
mainly in the winter and disposed of, often in a manner that produces
ecological disruption.

b) Irrigation with treated waste effluent is limited by sanitary con-
siderations. Some crops cannot be irrigated by this water because of
its residual pathogenic organisms.

c) High salt concentrations make some effluents not suitable for ir-
rlgatlon The chlorlde concentration in Haifa sewage, for example,

is 480 mg/1 (MironZ). This limits the agricultural applications to
low volumes and a small number of crops.

d) Areas exist where the agricultural demands for water are less
than the volumes of treated waste effluent available.

It seems to us that the solution to handling all of these problems en-
countered in profitably using waste effluent lies in a system which
integrates waste treatment with aquaculture and agriculture. The re-
sult is a flow of waste from treatment plant through fish ponds to
irrigated fields.

*F1sh and Aquaculture Research Station, Dor,
D. N. Hof HaCarmel, Israel



BENEFIT OF FISH PONDS IN WASTEWATER UTILIZATION

Fish culture can accept wider variations in environmental conditions
than can agriculture. Fresh water fish can adapt to the high salini-
ties often encountered in waste effluent. The growth of carp, for
example, is not inhibited even at salt concentrations as high as

2000 ppm chloride. Tilapia and trout can grow in sea water. The per-
missible salinity in irrigation water is considered to be 400 ppm
chloride, in Israel. Soil quality in fish culture is also less of a
limiting factor than it is in agriculture. In Israel, ponds are often
constructed on swampy soil and on sand. Water loss by seepage from
sand ponds decreases rapidly because of clogging of soil interstices
by organic matter. The use of wastewater in fish ponds can come in
addition to, or in place of, agricultural use.

It is clear that only impoundment and storage of wastewater effluents
can be the answer to the seasonal variations and daily fluctuations in
the demand for irrigation water. This impoundment is usually expen-
sive. However, utilizing the impoundments for fish culture camnot
only justify the holding expense, but also produce a protein rich food
for human consumption bringing an overall profit. It is interesting
that the new methods of superintensive aquaculture being developed in
Israel are directly applicable to a system integrating usilization of
waste effluent and aquaculture. This approach basically combines
densely stocked ponds with the introduction of air. The aeration acts
as a safeguard against deoxygenation and fish kill. This aeration
also can satisfy the uptake of oxygen by the decomposition of the ad-
ded organic matter. At the same time this organic matter acts as the
basic 1link in the chain of natural foods on which the fish can graze.

The yield of a fish pond depends on the stocking rate of the pond
(number of fish per unit area) and the pond management, both of these
factors being tightly linked. If the stocking rate alone is increased
the amount of natural food per fish will decrease. Fish growth will
then decrease or cease entirely and only a small yield or no yield at
all will be obtained. However, if parallel to increasing the stock-
ing rate more food is provided, the growth rate is maintained and the
pond's yield will be directly proportional to the density of stocking
(figure 1). Because the costs of construction and operation of a pond
are largely fixed, regardless of the amount of fish stocked, it is
clear that the higher the rate of stocking, the greater will be the
net profit., The required increase in food to maintain this higher
fish density can be achieved in several ways: increasing the product-
ion of natural food through the use of chemical and organic fertili-
zer, in our case waste effluent; better utilization of existing nat-
ural foods through polyculture, i.e., the introduction of carefully
selected species of fish, each feeding on a different natural food;
and, supplementing the natural food with added fish feed.
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Supplemental feed is often the largest single operating expense in
fish faming. A way should be found to reduce the need for supplemen-
tal feed, while at the same time maintaining the high fish yield.

This can be achieved by increasing the amount of natural food in the
pond. Abundant production of zooplankton in aerated sewage ponds is
regularly observed>. Benthic fauna are also increased. Wirshubsky
and Elchuness? found a 30-fold increase in the production of chirono-
mides in ponds receiving organic wastes as compared to non-fertilized
ponds. This fauna represents a source of valuable protein readily ac-
cepted by fish. We have studied the effect of the introduction of or-
ganic matter at high rates on the production of natural foods with
fish. Liquid cow shed manure was added to non-aerated ponds with and
without fish, at rates up to 100 kg BODg; per hectare every two weeks.
During winter months (November - February; pond temperature 100C -
150C), we observed standing stocks of fauna as follows:

no fish no fish fish fish
pond type: manured no manure manured noO manure

zooplankton  3.3-42.4 <€0.055 0.34-1.3 <0.055 gm dry/m3
chironomides  79-215 1-7 1-4 0-2  100's/m3

The zooplankton reported are those retained on 150u screen.

The effects of the added organic waste on increasing the standing
stocks of natural food are clear. Comparing the data from ponds
with and without fish clearly shows the effect of fish grazing on
the additional natural food resulting from the added waste.
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(1) no fertilizer, no feed; (2) fertilizer, nc feed
(3) fertilizer, cereal feed; (4) fertilizer, poly-

culture; (5) fertilizer, protein-rich feed;

(6) fertilizer, protein-rich feed, demand feeders;

(7) fertilizer, protein-rich feed, polyculture;

(R) fertilizer, protein-rich feed, polyculture,
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Figure 1. Effect of Stocking Rate on Yield in Fish Ponds
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WATER IMPROVEMENT BY PONDS

The sanitary limits placed on irrigation water can be largely over-
come by holding the water in fish ponds. A pond, by its very nature,
purifies the wastewater by exposure to the high ozygen tengion and pH
which are produced by phytoplankton. Kisalt and I1zohofer® demonstra-
ted that the reduction in total number of bacteria in sewage in ponds
reaches 99.6%, compared with 90% reduction in activated sludge method,
and 89% in tr1ck11ng filters. We found that the addition of fish to
the ponds receiving biological wastes in all instances further im-
proves the quality and increases the capacity of the pond for waste
treatment. In the experiments mentioned above, of adding high rates
of liquid manure to ponds with and without fish, we observed the
following results:

pond type: no fish, manured fish;manured fish;no manure
bacteria 17 - 27 1.6 - 6.7 0.7 - 4.3
(1000/ml1)

pH (0900 hrs) 7.9 - 8.3 8.3 - 8.9 8.6 - 8.7
D.0. (ppm) 0.7 - 9.5 9.0 - 15.9 10.0 - 13.8
temperature 9 -15 9 - 15 9 -15

(°C, 0900 hrs)

Bacteria were counted as colonles grown in 0.5% yeast extract agar
as described in Standard Methods©.

One factor which can be attributed to the lower bacteria counts ob-
served in ponds conta1n1ng fish is the consistently high pH developed
in these ponds. Oswald’ reports an increased rate of disinfection
from coliform with increasing pH.

A further benefit of increased pH is an increase in the efficiency
with which ponds act as mutrient trap by fixing phosphorous in insol-
uble compounds and releasing nitrogen to the atmosphere (Hepher3d;

Oswald, ibid). This higher pH appears to be due to the lower CO,
concentratlons observed in the ponds stocked with fish. The lower
C02, in turn, probably results from lower standing stocks of zoo-
plankton and then bacteria in these ponds, and hence lower respira-
tion volumes.

PROBLBMS WITH EFFLUENTS IN FISH PONDS

Two major factors affect the possibility of using fish in an integra-
ted waste effluent-aquaculture system: dissolved oxygen concentrations
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in the pond water; and, the presence of piosons, especially deter-
gents, in the waste effluent.

It is clear that the D.0. must be maintained above the lethal level
for the species of fish stocked. Even a single case of anaerobic con-
ditions for several hours will result in the loss of the season's en-
tire fish crop. We find that we are able to predict the rate of D.O.
depletion in the water by taking into account the BOD of the waste,
the pond temperature, and the naturally occurring diurnal D.0. cycle
in the pond water. It is clear that in any case these parameters

must be carefully monitored. However, having the capacity of aeration
as we mentioned above, greatly reduces the hazards of fish kill by
suffocation,

Industrial waste may contain lethal concentrations of metallic poisons
and must be considered separately. A much more common problem is the
piosonous effect of detergents on fish. Hard detergents can pass
through a treatment plant with no appreciable reduction in concentra-
tion and kill fish. We have worked with waste water from the city of
Haifa. This waste often contained about 17 ppm ABS, while the lethal
ABS concentration for carp is 10 ppm. In this work we found that even
sublethal concentrations reduced the growth rate of the fish. A
natural degradation of one ppm ABS per week was observed in the open
fish ponds. Based on this our solution was to age the waste in ponds
prior to stocking with fish, and then replace daily evaporation and
seepage loss by fresh waste. This amounted to an addition of about
100 m°/hectare/day. The resulting high delution of fresh, by aged,
waste made the system operational. With the change to biodegradable
soft detergents this problem is greatly reduced.

In considering the problem of integrating aquaculture, agriculture,

and waste effluent treatment, we should look at the system as an eco-
logical entity. Fish fill one of the important ecological niches in
this system. By so filling this niche we make the system more balan-
ced, more efficient, and more beneficial for man and his enviromment.
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DISEASES TRANSMITTED BY FOODS
CONTAMINATED BY WASTEWATER

Frank L. Bryan, Ph.D.,M.P.H.

In a world of limited resources and expanding human populations, an
ample and safe food supply is vital for populations to thrive. New

food sources and improvements in agricultural and aquacultural methods
must be investigated and utilized; wastes generated by increasing
concentrations of people must be disposed of adeguately. Recycling
wastewater for watering and nourishing food crops or for growing fish
contributes to both food production and waste disposal. But when waste-
water is used to irrigate crops or to provide water in aquaculture,
appropriate precautions must be taken to prevent the diseases that might
otherwise be transmitted by wastewater—-contaminated foods.

Foods can become contaminated during production either on farms or in
watercourses, during processing in food processing plants, and during
preparation in food service establishments and homes. The point at
which contamination occurs will depend on the natural sources of a
pathogen and on the opportunities for transfer at each stage of the
food chain. Factors that contribute to reported foodborne disease
outbreaks are reviewed by Bryan®.

Many of the pathogenic organisms that infect man reach him by being
conveyed by more than one vehicle. For example, eggs of some parasitic
organisms can appear in feces of infected persons, reach water in which
they hatch into a form that infects a vector (as a snail), and, after a
period of development metamorphaze into a free-swimming form which pene-
trates tissues of fish or water vegetables. Diseases caused by such
parasites and features of their transmission are listed in Table 1.

Few of these parasites are found in the United States, but they are
prevalent in some other regions of the world.

Other parasites, such as those that cause hookworm infection, schisto-
somiasis, and leptospirosis, penetrate human skin in their infective
stage and may be acquired by agricultural or agquacultural workers who
workzin wastewater-contaminated fields or ponds (World Health Organiza-
tion®).

Most of the organisms that are conveyed by wastewater-contaminated foods
have less complicated transmission cycles. The organisms that have
potential of transmission by such a route, and the diseases they cause,
are listed in Table 2.
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The following circumstances must occur for persons who ingest wastewater-
contaminated foods to become ill:

(1) The infectious agent must be present in citizens of a community
or in animals on farms, or toxic agents must be used for indus-
trial or agricultural purposes; and wastes from these sources
must reach sewerage or drainage systems.

(2) The agents must survive and pass through all wastewater treatment
processes to which they are exposed.

(3) The waste~treatment effluent or watercourse receiving the
effluent must be used as irrigation water for crops or as a grow-
ing environment for fish or watercrops or for washing or freshen-
ing harvested foods. Thus, the agents must survive in the
receiving watercourse.

(4) The agents must survive in the soil in which irrigated foods are
grown.

(5) The agents must contaminate a food product.
(6) Then one of the following events must occur:

(a) The agents must be present on the contaminated food in
sufficient numbers to survive storage and preparation and
still cause illness.

(b) Bacteria on foods in insufficient numbers to cause illness
must multiply and reach levels that are necessary to cause
illness.

{c) Bacteria, and perhaps other organisms, enter food preparation
areas on raw foods, where they may be transferred to workers'
hands or to equipment surfaces which if inadequately washed
will then contaminate other foods that they subsequently
touch.

(7) Sufficient quantities of the contaminated food that contain
enough of the agent to exceed a person's susceptibility threshold
must be ingested. 1Ingestion of foods contaminated to this level
may result in sporadic cases of illness as well as epidemics.
When insufficient numbers of pathogens to cause illness are
ingested, the infected individuals may become carriers and
subsequently contaminate other foods that they touch.

Each step of this chain of events necessary for wastewater to contribute
to foodborne outbreaks of human disease is reviewed based on information
from engineering and medical literature.

PATHOGENS IN SEWAGE

Numerous investigators have isolated pathogens from sewage. These
investigations have been reviewed by Rudolfs et a1.} ", Greenberg and
Deans, Kollinse, and Grabow’. Animal wastes contain many of the

same pathogens as well as other pathogens.
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SURVIVAL IN WASTE-TREATMENT PROCESSES

Enteric pathogens survive some stages and sometimes the entire process
of wastewater treatment. Table 3 highlights the results of some typical
investigations of the effect of various wastewater-treatment processes
in removing or killing pathogens. Primary sedimentation usually removes
less than 50 percent of coliform and pathogenic bacteria from sewage;

it is relatively ineffective in removing viruses and protozoa. Acti-
vated sludge or trickling filter processes followed by secondary sedi-
mentation usually removes over 90 percent of coliform or pathogenic
bacteria remaining after primary sedimentation. Viruses can be signi-
ficantly reduced by activated sludge but not by trickling filter
processes. Sand filtration is required to remove amoebic cysts and
Ascaris eggs. Anaerabic digestion reduces 90 percent of pathogenic
bacteria from sludge but is less effective for destruction of Ascaris
eggs. Hepatitis viruses, Endamoeba histolytica cysts, and tapeworm
eggs withstand the chlorination treatment generally applied to waste-
treatment effluent. Thus, many waste-treatment processes remove or kill
90 percent or more of the pathogens that are present in influent sewage,
but some still remain in the effluent. If a million pathogens, for
example, are present in influent sewage before exposure to processes
which remove 90 percent of them, 100,000 survive; in the case of

99 percent destruction, 10,000 survive. Kampelmacher and van Noorle
Janssen?? found that 10!° salmonella entered a trickling filter
secondary treatment plant each hour and that 10° left the plant in the
effluent each hour.

SURVIVAL IN RECEIVING WATERCOURSES AND USE OF WASTEWATER FOR IRRIGATION

Those corganisms that survive wastewater treatment must also survive in
receiving waters. Such survival has been reviewed by Rudolfs? *,
Dunlop et al.%%, Clarke et al.®!, Kollins®, and Grabow’. Factors in-
fluencing survival in water include temperature, amount of light, flow
rate, presence of oxygen, pH, dilution, amount of dissolved material,
and types of organisms in the water.

Irrigation water may be sprayed over crops, flow through channels in
fields and seep to roots, or be flooded over the field. The numbers of
pathogens applied to soil during irrigation can be of such magnitude
that outbreaks can result. During an epidemiologic investigation,
Renteln and Hinman!7® found that sewage plant effluent used to irrigate
a field was channeled by gopher holes to a well pit and entered a
community water supply through a defective well casing.

SURVIVAL OF PATHOGENS IN SOIL

After the wastewater or receiving water is used for irrigation, enteric
pathogens must survive long enough to contaminate crops. Helminths not
only survive in soil but must stay in soil for a period of several days
to develop into an infective stage. Survival times for many enteric
pathogens in soil are reviewed in Table 4. Factors that effect
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resistance include number and type of organism, type of soil (structure,
moisture content, pH, amount of organic matter) temperature, amount of
rainfall, amount of sunlight, protection provided by foliage, and
competitive microbial flora. The range of survival times suggests that
pathogens introduced into a field by irrigation with wastewater would,
despite considerable reduction in numbers, survive in the soil until
harvest under some agricultural conditions. Pathogens in soil are more
likely to contaminate foods if the soil is kept moist by intermittent
application of irrigation water. Also, continuous application of
wastewater to soil results in accumulation of pathogens in the soil.
Soil filters microorganisms and they often concentrate near the areas
where plants grow.

CONTAMINATION OF FOODS

Foods become contaminated from water during irrigation (flooding, spray-
ing, or seepage), from soil when the plant grows, when vegetables or
fruits fall on the ground, and when the crop is harvested. They also
are contaminated by dust blowing over the crops or from workers, birds,
and insects that convey organisms from irrigation water or soil to the
foods. Organisms contaminating foods in one of these ways remain on

the food surface until they succumb to dessication, exposure to sunlight,
starvation, or action of other organisms. They do not penetrate into
the vegetables or fruits unless their skin is broken. Survival times of
many enteric pathogens on foods are reviewed in Table 5. These times
suggest ample opportunity for crops that become contaminated during
irrigation or during growth to remain contaminated until harvest. Shell-
fish and watercress trap and accumulate enteric pathogens; thus, they
become particularly hazardous if grown in contaminated waters.

Pathogens are infrequently isolated from foods in fields or after
harvesting. When pathogens are found, they are found in a low percent-
age of samples and usually for only a short time after irrigation.
Studies in which isolations were made are summarized in Table 6.

SURVIVAL, CROSS—-CONTAMINATION, AND MULTIPLICATION

Foodborne disease organisms must survive processing and preparation
steps and bacteria usually have to multiply to reach infective levels.
If wastewater-contaminated fruits, vegetables, or seafoods are cooked
so that the contaminated portions reach 165°F (or even lower tempera-
tures for sufficient periods of time), vegetative bacteria (but not
spores) , protozoa, helminthic eggs, and most viruses will be killed.
All foods, however, are not cooked before serving, and the temperatures
reached during cooking may be too low to kill pathogens.

Contaminated raw foods bring pathogens into food preparation environ-
ments. These organisms are killed in foods that are thoroughly coocked,
but before cooking they can contaminate the hands of any worker who
touches them, or they can contaminate equipment that they contact.

Such cross-contamination is commonly reported in outbreaks of
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salmonellosis; the initial source is usually raw meat or poultry. Some
food service workers and homemakers are aware of this danger, but they
are unaware that wastewater—-contaminated vegetables present the same
hazard. Citizens in the United States assume that the fruits, vege-
tables, and shellfish they eat are free from fecal contamination.

But this is the case only if wastewater has not contaminated crops

or the waters in which shellfish grow.

Contaminated foods which are to be eaten raw or used as a raw ingredient
in a salad can support the growth of foodborne disease bacteria under
the following set of conditions: the food must contain sufficient
moisture and essential nutrients to support bacterial growth; the

foods must be held within a temperature range that permits the contami-
nating bacteria to multiply, usually near the organism's optimal tempe-
rature for growth; and the foods must be held at such temperatures for
sufficient time for enough organisms or toxins to be produced to cause
illness in those who ingest the contaminated food.

NUMBERS OF PATHOGENS REQUIRED TO CAUSE ILLNESS

Ingestion of contaminated food does not always result in illness. The
pathogens must be swallowed in sufficient quantity to exceed a person's
threshold of susceptibility if illness is to result. Human volunteer
feeding studies have indicated susceptibility threshold levels of
various enteric pathogens. Table 7 reviews such studies. Conceivably,
wastewater-contaminated food could harbor 10 Shigella dysenteriae 1,
180 Shigella flexneri 2a, or 1,000 Vibrio cholerae biotype ogawa
(numbers found to cause illness in adult volunteers) when they reach
the consumer. Thus, ingestion of foods contaminated at these levels
could result in illness. Such foods could also convey 1 Endamoeba
coli, 10 Giardia lamblia, and 1,000 Vibrio cholerae biotype inaba,
which if ingested could result in infection and carrier status. Ten
thousand Salmonella typhi and Vibrio cholerae biotype inaba could,
conceivably, be present on foods recently fertilized with night soil,
human manure, or raw sewage; and ingestion of this amount of these
pathogens could cause illness. Certain waterborne outbreaks of these
diseases and other diseases, such as salmonellosis, suggest that even
lower levels of organisms than those indicated by volunteer feeding
studies cause illness. As few as 15,000 Salmonella cubana caused

death in infants who were given contaminated carmine dye for diagnostic
purposes (Lang et al.'!'®). All volunteer studies cited were conducted
on healthy adults. Infants, elderly persons, malnourished persons,

and persons with concomitant illnesses would be more susceptible--
perhaps a one or more log reduction in dosage could result in illness
of such persons. Most of the other organisms in which human feeding
tests have been performed, as well as some of the organisms just cited,
usually require a period of time for multiplication before the large
numbers (100,000 or more) necessary to cause illness would be generated.
Thus, it would be unlikely for an infective dose of salmonellae to be
on lettuce or other raw vegetables, but it is possible for the same
foods to contain an infective dose of shigellae, Ascaris, or Endamoeba
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histolytica. One saving feature is that shigellae and Endamoeba histo-
lytica do not survive long in the competitive environment which occurs
in wastewater, soil, or foods. Salmonellae and many of the other
bacteria which have been mentioned would become problems if contaminated
foods were allowed to stand at room temperatures or refrigerated in
large masses.

OUTBREAKS

Cn some occasions all circumstances described have occurred and
outbreaks of human illness have resulted. Such outbreaks and source of
contamination and vehicle for each are listed in Table 8. This table,
which is obviously biased by incompleteness, shows that foods grown in
water have been vehicles frequently. Shellfish which were contaminated
in their growing area or during bloating after harvesting were vehicles
in 28 outbreaks; watercress was the vehicle in 10 outbreaks; fish were
vehicles in 3 outbreaks, and shrimp was the vehicle in 1 outbreak.
Vegetables contaminated by night soil, human manure, or raw or partially
treated sewage were reported as vehicles in 21 outbreaks. Fruits were
considered vehicles in only 4 outbreaks. Before 1960, typhoid fever
led the list of foodborne disease outbreaks attributed to wastewater
contamination. The foods incriminated in these outbreaks were found to
have been grossly contaminated with night soil or raw sewage. Outbreaks
of infectious hepatitis are now reported most frequently, followed in
frequency by outbreaks of fascioliasis and cholera. These findings
reflect, in part, improvement in epidemiologic technique.

The epidemiologic evidence presented in many of the reports would not
stand up to critical evaluation. ©On the other hand, a number of the
investigators proved their hypotheses with epidemiologic and laboratory
evidence. There are enough of these investigations to indicate that
wastewater from mining, industrial, agricultural, community, and
household sources have contaminated foods that, when eaten raw, have
resulted in outbreaks of foodborne illness. These outbreaks will
continue to occur sporadically if raw or partially treated wastewater
is discharged into watercourses which are used for irrigation or
aquaculture, and the contaminating pathogens survive in the wastewater,
in soil, and then on contaminated foods in sufficient gquantities.
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Table 1. Parasitic Diseases Maintained by the Cycle:
Water or Soil; Water or Soil to Food; Food for Human

Human Feces to

Consumption
INTERMEDIATE INTERMEDIATE
F
AGENT VEHICLE HOST 00D
Clonorchis fresh water snail fish
sinensis
Diphylloboth- fresh water copepods fish
rium latum
Echinostoma fresh water snail snails,
ilocanum clams,
limpets,
fish,
tadpoles
Fasciocla hepa- fresh water snail watercress,
tica water vege-
F. gigantica tables
Fasciolopsis fresh water snail water vege-~
buski tables
Opisthorchis fresh water snail fish
felineus
Paragonimus fresh water snail crabs,
westermani crayfish
Taenia soil beef
saginata (grass)
Taenia scil pork
solium {(grass)
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Table 2. Diseases and Causative Agents Transmissible by Food that Has
Been Contaminated by Wastwater or by Soil that Contains Fecal

Material

DISEASE

AGENT

Arizona infection

Bacillus cereus gastroenteritis

Cholera**

Clostridium perfringens gastro-

enteritis

Enteropathogenic Escherichia

coli infection
Paratyphoid fever**

Pseudotuberculosis
Salmonellosis**
Shigellosis**

Typhoid fever**
Yersinia gastroenteritis

Adenovirus infection
Coxsackie infection
ECHO virus infection
Poliomyelitis

Reovirus infection
Viral hepatitis**
Winter vomiting disease

Ascariasis**
Trichiniasis

Amebiasis**
Balantidiasis

Coccidiosis (Isospora infection)

Dientamoeba infection
Giardiasis

Bacteria*

Arizona hinshawii
Bacillus cereus

Vibrio cholerae
Clostridium perfringens

Escherichia coli (certain serotypes)

Salmonella paratyphi A
Salmonella paratyphi B
Salmonella paratyphi C
Salmonella sendai

Pasteurella pseudotuberculosis
Salmonella (over 1,500 serotypes)
Shigella sonnei

Shigella flexneri

Shigella dysenteriae

Shigella boydii

Salmonella typhi

Yersinia enterocolitica

Viruses

Adenoviruses
Coxsackie viruses
ECHO viruses
Polioviruses
Reoviruses
Hepatitis virus A
Norwalk agent

Helminths

Ascaris lumbricoides
Trichuris trichiura

Protozoa

Entamoeba histolytica
Balantidium .coli

Isospora belli, I. hominis
Dientamoeba fragilis
Giardia lamblia

*Other enteric bacteria which could conceivably be transmitted by foods

but proof is inconclusive:

Streptococcus faecalis, S. faecium, Proteus

spp., Providencia spp., Klebsiella spp., Citrobacter freundii, Entero-
bacter spp., Edwardsiella spp., Aeromonas spp., Pseudomonas aeruginosa

**Reported outbreaks, see Table 8
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Table 3. Survival of Pathogens During Various Stages of Wastewater Treatment
Process
ACTIVATED TRICK- ANAERO- SAND STABIL- DISIN- REFER-
PATHOGEN  SETTLING  grypap LING FIL- BIC DI- FILTRA- DRYING IZATION FECTION ENCE
TRATION GESTION TION POND
Salmonella
typhi ++ (8)
++ (9)
++ (10)
++ ++ (11)
-t + - (12)
- (13)
+ + (14)
++ (15)
+/- (16)
N
®  Ssalmonella + + (17)
+ (18)
- (19)
+ (21)
paratyphi ++ (8)
+ + (14)
++ (20)
utrecht +++ +++ (22)
Shigella ++ (8)
flexneri - (18)
Vibrio - (23)
cholerae ++ (8)
Streptococ- ++ ++ (24)
cus faecalis ++++ +++ ++ (25)
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Table 3. Continued

Process

ACTIVATED TRICK- ANAERO- SAND STABII~ DISIN- REFER-

PATHOGEN SETTLING SLUDGE LING FIL- BIC DI- FILTRA- DRYING IZATION FECTION ENCE

TRATION GESTION TION POND

Enterovir- + + (26)
uses + + (27)
++ + (28)
Poliovir- - (29)
uses + (30)
+ + + (31)
+ (32)
- (33)
++4++ - + - + (34)
+++ ++ (35)
++++ +++ (36)
- {++) (37)
+4+++ ++ (38)
+++ (39)
+ (40)
Coxsackie ++++ +++ +/- (41)
viruses + (39)
+++ (42)
+ (32)
+ + (35)
++++ - + - + (34)
++++ ++++ ++++ ++ + (43)
+++ (39)
ECHO + (32)

viruses +++ (39)
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Table 3. Continued.

Process
ACTIVATED TRICK~ ANAERO- SAND STABIL- DISIN- REFER-
PATHOGENS SETTLING
GE SLUDGE LING FIL- BIC DI~ FILTRA~ DRYING IZATION FECTION ENCE
TRATION GESTION TION POND
Hepatitis + (44)
virus A
Endamoeba
histolytica + ++++ (45)
++++ +4+++ +++ - - + ++++ (46)
+ + + + - (47)
+ - (21)
coli ++ ++ (48)
Giardia + (21)
lamblia
Ascaris + + +++ + - + (46)
lumbri-~ + + + + - (47)
coides - + (49)
eggs +++ +++ (48)
+++ ++ ++ ++++ (50)
Trichuris + (21)
trichiura +++ ++ (50)
Tapeworm ++++ ++ +4+4+ (51)
eggs
Taenia + + + + - (47)
saginata +++ ++++ +++ ++4++ - (52)

- destruction; + survival; ++ over 90% removal; +++ over 50% removal; ++++ less than 50% removal



Table 4. Survival of Enteric Pathogens in Soil

PATHOGEN TYPE SOIL SURVIVAL REFERENCE
(in days)
Salmonella moist sand <12 (53)
typhi peat <13
damp soil 35~-74
soil surface (sunlight) 5-22
soil 70-80 (54)
soil 35 (55)
garden soil (in open) 32-58 (56)
sandy soil 29-36
garden soil (hot house) 49-74
sandy soil (hot house) 53
moist neutral scil 70 (57)
moist arid soil <10-30
dry soil <14
sand <5 (58)
muck 12
clay loam 12
sandy loam 5
adobe 21-105 (59)
adocbe-peat 28-100
loam 21-120
sand 2-15
peat 1-2
loam sand 14-60
Salmonellae soil and pasture >200 (60)
soil (raw sewage) 46 {61)
soil 46-70 (62)
sandy soil 35-84 (63)
soil and pasture >280 (64)
soil 147-259 (65)
Streptococcus sandy loam 28-77 (59)
faecalis sand 33-35
loam 26-63
clay loam 33-49
muck 40-77
Endamoeba moist soil 6-8 (66)
histolytica
Ascaris ova irrigated soil 730-1035 (67)
soil 2190 (68)
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Table 5. Survival of Enteric Pathogens on Foods

PATHOGEN VEGETABLE SURVIVAL REFERENCE
(in days)
Salmonella vegetables (leaves and 10-31 (55)
typhi stems)
radishes 28-53 (56)
lettuce 18-21
Salmonellae vegetables 40 (68)
vegetables 28 (69)
beet leaves 21
tomatoes (laboratory) 20 (70)
tomatoes (field) 3
soil and potatoes >40 (71)
carrots >10
cabbage and gooseberries >.5
tomatoes 3 (72)
Shigella clams and shrimp >60 (73)
sonnei and oysters >40
S. flexneri tomato (surface) 2 (74)
S. sonnei tomate (tissue) 10
apple (skin} 8
Vibrio vegetables 5 (75)
cholerae dates <1l-3
shellfish 20-45 (76)
vegetables 7 (77)
vegetables (refrigerated) <14
Endamoeba lettuce and tomatoes <3 (78)
histolytica
Ascaris ova lettuce and tomatoes 27-35 (79)
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Table 6.

Recovery of Pathogens from Foods Contaminated by Wastewater

PATHOGEN FOOD SOURCE OF CONTAMINATION REFERENCE

Salmonella leaf tips contaminated soil {55)

typhi radishes contaminated soil (56)
lettuce contaminated soil

Salmonella celery irrigation water (82)

(other types) vegetables irrigation water (83)
fish river water (84)
green onions irrigation water (85)

Salmonella, white perch river water near heavily (86)

shigella, populated areas

other bac-

terial path-

ogens

(sexrologic

evidence)

Enteropatho- fish river water (87)

genic

Escherichia

coli

Enteroviruses vegetables irrigation water (88)

(Polio, ECHO, oysters sewage-contaminated (89)

Reo, Coxsackie) sea water

Ascaris ova lettuce irrigation water (48)
cabbage irrigation water

Helminth ova vegetables irrigation water (90)
cucumbers irrigation water
tomatoes irrigation water
carrots irrigation water
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Table 7. Clinical Response of Adult

Humans to Varying Challenge Doses of Enteric Pathogens

Challenge doses

ORGANISM REFERENCE
10° 10 10%® 10® 100* 10° 10% 107 10® 10® 10%® 10'!

(strain)
Shigella
dysenteriae
(1) (A-1) + ++ (91)
(1) (M 131) + ++ +++ 4+ (91)
Shigella
flexneri (w) 4+ (92)
(2a) + A+ e b (93)
(2a) + +++ 4+ H+t (94)
Vibrio
cholerae
inaba 569B

(unbuffered) - - - ++ ++ . (95)
inaba 569B
(+NaHCO3) - (+)  +++  +++1 +++1 ++1 (95)
ogawa
(+NaHCO3) ++ ++1 (95)
Salmonella
typhi
(Quailes) vi - ++ ++ A (96)
(Zermat) vi ++4 (96)
(TYZV) Vi +4 (96)
(0-901) ++ (96)
(Ty2W) + (96)
(Quailes) + ++ ++++ (97)
(Quailes) ++ (98)
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Table 7. Continued
ORGANISM Challen?e doses REPERENCE
10° 10! 10? 10%® 10* 105 10° 107 10® 10° 10!® 1011
(strain)
Salmonella
newport + ++ (29)
Salmonella
bareilly + ++ (99)
Salmonella
anatum(I) - C+ (100)
(1) = - - + (100)
(I1I) = - ++ + + (100)
* ++ + + (101)
Salmonella
meleagridis(I) - - - ++ (100)
(I1I) - ++ (100)
(111) - + ++ (100)
* +++ +++ (101)
Salmonella
derby - - ++ (99)
Salmonella
pullorum(I) - - - - - - +4++ (102)
(11) ~ - - - - ++++ (102)
(II1) - - - - - ++++ (102)
(1Iv) - - - - - ++ (102)
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Table 7. Continued

Challenge doses

ORGANISM
10° 10! 102 10° 10* 10° 10° 107 10°® 10° 10! 101! REFERENCE

(strain)

Escherichia

coli(Ol11l1:B4) +++ 4 (103)
(055:B4) R & & S (104)
(06 :H16) ++ +++ (105)
(0124:K72:H-) + (+) (105)
(0143:K?:H~) (+) (+) +4+4 (105)
(0144:K?:H~) - + +++ (105)
(0148:H28) + ++++ (105)
Streptococcus

faecalis var.

liquefaciens - + ++ (106)
Clostridium

perfringens

type A (Heat-

resistant) ++ +++ (107)
Clostridium

perfringens

type A (Heat
sensitive) ++++ (108)
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Table 7. Continued

ORGANISM Challenge doses

Feces 10° 10 102 10%® 10* 10° 10® 107 10%® 10° 10%% 101! REFERENCE

(strain)

Endamoeba
coli (+) (++) (++) -~ (++++) (109)

Giardia
lamblia - (+4+++)  (4++4) (+4+4+4)  (H4+44) (+4+44) (110)

Norwalk
agent
(virus)l ++
* % 2 +4+

3+ (111)
Hepatitis
virus A +++ (112)

(fecal ++
filtrates) (113)

- =0, + = 1-25, ++ = 26-50, +++ = 51~-75, ++++ = 76-100 percent of volunteers developing illness
* Refeeding trials of volunteers who months before became infected by the same strain

**%],2,3 refers to serial passages of stool filtrates

(+) Infections without illness

1 = cholera-like diarrhea



Table 8.

Outbreaks Associated with Foods Contaminated by

Sewage or

Wastewater
DISEASE SOURCE OF CONTAMINATION FOOD REFERENCE
Typhoid fever  Sewage-polluted waters oysters (115)
Typhoid fever Sewage sludge fertilizer celery (116)
and irrigation
Typhoid fever Sewage-contaminated watercress (117)
watercress beds
Typhoid fever Sewage-polluted water shellfish (118)
Typhoid fever Sewage-polluted water? oysters, raw (119)
vegetables and
fruits
Typhoid fever Human manure rhubarb (120)
Typhoid fever Privy-polluted water- watercress (121)
cress beds
Typhoid fever Sewage irrigation vegetables, (122)
blackberries
Typhoid fever Sewage irrigation raw vegetables (123)
Typhoid fever Sewage-polluted water oysters (124)
Typhoid fever Sewage-polluted water! oysters (125)
Typhoid fever  Sewage-polluted water! oysters (125)
Typhoid fever, Fecal-polluted (privy oysters (126)
gastroenter- and boats) water
itis
Amebiasis Sewage irrigation vegetables (127)
Taeniasis Sewage irrigation beef (128)
Typhoid fever  Sewage-polluted wastes oysters (129)
(privies and raw sewage)
Typhoid fever, Secondary sewage treat- vegetables (130)
Paratyphoid ment (activated sludge)2
fever plant effluent irriga-
tion and wash water
Typhoid fever Sewage clams (131)
Shigellosis Irrigation water cabbage (132)
{(Primary treatment plant
effluent) ’
Amebiasis Night soil vegetables (133)
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Table 8. Continued

DISEASE SOURCE OF CONTAMINATION FOOD REFERENCE
Typhoid fever Sewage-polluted water- watercress (134)
cress beds
Ascariasis Sewage spray irrigation vegetables (135)
Typhoid fever Sewage manure vegetables (67)
Typhoid fever Night soil vegetables (177)
Ascariasis Night soil vegetables (178)
Tyhpoid fever Sewage irrigation apples (179)
Salmonellosis Sewage irrigation and vegetables (136)
sludge
Typhoid fever Human fecal material endive (137)
as manure
Typhoid fever Human fecal material raw salad (137)
as manure
Typhoid fever Night soil vegetables (68)
Ascariasis Night soil vegetables (68)
Ascariasis Night soil vegetables (138)
Hookworm Sewage farming vegetables (139)
infection
Viral Sewage-polluted water oysters (140)
hepatitis
Typhoid fever Sewage! vegetables, (141)
fruits,
shellfish
Diphylloboth- Sewage-polluted water fish (142)
riasis
Fascioliasis Animal feces'® watercress (143)
Viral Sewage-polluted water clams (144)
hepatitis by primary treatment
effluent, raw sewage,
and septic tank dis-
charges3
Typhoid fever Sewage-polluted water' oysters (145)
Viral Sewage~-polluted water clams (146)
hepatitis (overtaxed treatment

plant effluents)
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Table 8. Continued

DISEASE SOURCE OF CONTAMINATION FOOD REFERENCE
Viral Sewage~polluted water oysters (147)
hepatitis (treatment plant by-
passed)
Viral Sewage-polluted water oysters (148)
hepatitis
Viral Sewage~-polluted water oysters (153)
hepatitis
Fascioliasis Sewage-polluted water! watercress (149)
Cholera Sewage-polluted water shrimp {150)
Fascioliasis Sewage-polluted water! watercress (151)
Salmonellosis Dead animal in polluted raw milk (152)
water from which cows
drank
Viral Sewage-polluted water oysters (153)
hepatitis
Viral Sewage-polluted water clams (153)
hepatitis
Taeniasis Human feces contaminated rare beef (154)
trench silo {155)
Minamata Industrial waste fish, shellfish {156)
disease
(organic
mercury
poisoning)
Salmonellosis Sewage-polluted water whitefish (157)
by untreated sewage
(culture positive)
Fascioliasis Animal feces contami- watercress (158)
nated watercress bed
Viral Sewage-polluted water clams (159)
hepatitis, by cesspool
gastroenter-
itis
Gastroenter- Sewage-polluted water! clams (159)
itis
Salmonellosis  Animal dung slurry used grass (160)
(Animal in- to irrigate pastures
fection)
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Table 8. Continued

DISEASE SOURCE OF CONTAMINATION FOOD REFERENCE

Viral Sewage-polluted water!® clams (1l61)

hepatitis

Fascioliasis Animal feces contami- watercress (162)
nated water used for
watercress beds

Cysticercosis Sewage-contaminated water (163)

(Animal in- irrigation water used

fection) for cattle watering

Ouch-ouch Mining waste used to rice (164)

disease flood rice fields (165)

(cadmium

poisoning)

Fascioliasis Animal feces contami- watercress (166)
nated watercress bed

Viral Sewage-polluted water clams (167)

hepatitis

Cholera Sewage-polluted water! shellfish (168)

Viral Septic tank effluent watercress (169)

hepatitis contaminated water?

Salmonellosis Human sewage flowing grass (170)

(Animal in- over grazing land

fection,2

possible

human cases)

Viral Sewage~polluted water’ clams (171)

hepatitis

Viral Sewage—~-polluted water! oysters (172)

hepatitis (173)

Cholera Sewage-polluted water mussels (174)
for growing and freshen- (175)
ing

Cholera Raw sewage irrigation vegetables (2)

1Implied

2Secondary treated sewage
Sprimary treated sewage
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THE EVALUATION OF MICROBIAL PATHOGENS
IN SEWAGE AND SEWAGE-GROWN FISH

by

R. LeRoy Carpenter, Harold K. Malone, Ara F. Rov,
Aaron L. Mitchum, Herbert E. Beauchamp and Mark S. Coleman*

A significant removal of pathogenic bacteria and viruses during the
process of the lagoon method of sewage treatment is well documented,
though not entirely understoodl, 2, 3, 4, Stabilization ponds with a
30-day retention time can achieve a reduction of up to 99 percent3.
Okun® reported 99.99 percent reduction of coliforms; Drew® found 99.6
percent reduction in summer and 96.8 percent in winter.

The use of the traditional coliform test to indicate the likelihood of
pathogenic bacteria and viruses has been widely questioned7 since human
pathogens, unlike coliforms, tend to die when not in the temperature
and chemical enviromment similar to a host8. The health risks involved
in the reuse of wastewater reflect the range of pathogenic organisms
found in the community producing the sewage. For example, sewage irri-
gation of vegetable crops was found to be linked to an outbreak of
cholera in Jerusalem in 1970. In India hookworm and gastrointestinal
infections are more common among workers on sewage farms than the gene-
ral population. On the other hand, a follow-up study of the health of
workers at sewage treatment plants in the U.S.A. did not reveal any
excess risk of disease or disability3.

Public health officials have noted a mushrooming interest in beneficial
uses of wastewater over the past two vears. This increased interest

is mainly due to the following: (1) the realization that many parts

of thig country are outgrowing or have outgrown their freshwater
supply”; (2) the demands for new sources of inexpensive protein to feed
an expanding animal and humarn. populatior; (2) the rising cost of ni-
trogen and phosphorus fertilizers to support agricultural needslV; and
last, but not least, (4) the desperate need of municipalities to off-
set the high cost of meeting the_ federal and state effluent standards
for sewage treatment facilitiesll,

*R. LeRoy Carpenter, M.D., M.P.H., Commissioner of Health; Harold K.
Malgne, Assistant Chief, Laboratory Services; Ara F. Roy, Director,
Sanitary Bacteriology Division; Aaron L. Mitchum, Microbiologist II;
ngbert E. Beauchamp, Director, Virology Division; Mark S. Coleman,
Director, Water Quality Monitoring and Research Division, State Depart-

?g?gsof Health, Northeast Tenth and Stonewall, Oklahoma City, Oklahoma
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This new surge of interest in beneficial uses of wastewater has prompt-
ed the Oklahoma State Department of Health to look objectively at the
health hazards associated with human and animal exposure to sewage ef-
fluents. Such a preliminary investigation was carried out from July,
1973 through February, 1974 at the Quail Creek Sewage Lagoon System
near Oklahoma City. The system is made up of six cells approximately
six acres each as shown in Figure 1. It serves a residential district
of approximately 10,000 persons producing approximately one million
gallons of sewage/day. The first two cells are aerated with the con-
ventional Hinde Air-Aqua System; the four following are operated in
series at a level of four to five feet. An engineering flaw in the
system is that a modification necessary to convert flow from parallel
to series caused a short circuit in cell #4 as shown by the arrows in
Figure 1.

In May, 1973, 25,000 two to four-inch channel catfish fingerlings were
stocked in each of cells #3 and #4; 35 pounds of adult Golden Shiners
(Notemigonus crysoleucas) were stocked in each of cells #5 and #6. In
July, 175 three-inch Tilapia nilotica and five pounds of Fathead Min-
nows (Pimphales promelas) were introduced into cell #3 only.

Despite what was considered as adequate screening between the test
cells which were dry when the study began and the proceeding two con-
ventional cells, wild fish including Black Bullhead (Ictalurus melas),
Green Sunfish (Lepomis cyanellus), and Mosquitofish (Gambusia affinis)
contaminated the test cells.

MATERIALS AND METHODS

One hundred seventy-nine fish on 12 different dates and 77 water
samples on 11 different dates were collected over a seven-month period
beginning July 1, 1973 and ending January 28, 1974. While there was
some variation, most water collections consisted of four liter catch
samples of the untreated sewage and similar samples of the effluent
from each of the six cells. A total of 34 samples of five channel cat-
fish each were collected from cells #1 through #5 during 12 fish-
sampling visits. Tilapia, Green Sunfish and Bluegill were collected
one time each from cells #3, #4 and #5 respectively. Water samples
were processed according to the "APHA Standard Methods of Examination
of Water and Wastewater.'l2

Water samples were examined for total coliform, fecal coliform, fecal
streptococci, and pathogenic enteric_bacteria using the membrane filter
methodology recommended by the APHALS,  For isolation of pathogenic
enteric bacteria, 100 ml portions of sample were passed through 0.45
micron pore size membrane filters. The membranes were then placed

in Hajna's gram negative (GN) enrichment broth and incubated overnight.
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The broth was then streaked onto Bismuth Sulfite Agar, Brilliant Green
Agar, X1D Agar, and MacConkey's Agar. Suspicious colonies were con-
firmed by conventionai biochemical and serological tests as described
by Edwards and Ewingl%. GN broth was initially selected for its known
superior ability to yield shigellae species while it is_also reported
to be suitable for enrichment of Salmonella speciesl4, 15, Failure

to isolate Salmonella from the first nine samples examined led to the
addition of a second membrane which was enriched in Tetrathionate broth
with Brilliant Green addedl3. This broth was then used to streak addi-
tional plates of Brilliant Green and Bismuth Sulfite Agars.

Subsequent control studies in our laboratory showed that Tetrathionate

broth with Brilliant Green added can recover essentially all Salmonella
seeded at low levels into lagoon water while, by comparison, the yield

from Hajna's GN broth was reduced by a factor of greater than ten.

For virus studies, 50 ml aliquots of lagoon water were centrifuged at
2,000 rpm. The supernatant was decanted, treated with antibiotics and
0.1 ml portions inoculated into Rhesus Monkey Kidney, Wi38 and, when
available, HEp2 tissue culture tubes. Cultures showing cellular de-
s;ruigion were examined by conventional methods for viral identifica-
tion*>, Cultures not showing cellular destruction were passed once to
the same cell line before discarding as negative.

It was recognized that the catch sample method has a comparatively low
degree of sensitivity; but the elabor?te concentration techniques em-
ployed By Wallis, Melnick and Fieldsl/, 18 and Metcalf, Vaughn and
Stiles!” were beyond the financial scope of this study. Control
studies conducted by seeding of the lagoon water with low levels of
Coxsackie A9 enterovirus followed by the above procedure showed no
apparent interference to the recovery of virus by naturally occurring
constituents in the lagoon water. Samples of fish were carefully dis-
sected and the skin, upper intestines, cloaca, and muscle were cul-
tured separately. However, after the first two collection dates, skin
was combined with muscle to constitute one specimen, and, all viscera
were pooled to constitute a separate specimen. After homogenizing,

an aliquot of each pool was used for both virus and bacterial study.

For isolation of human pathogenic enteric bacteria, a 2 ml portion of
the homogenate was enriched by overnight incubation in 10 ml of Hajna's
GN broth followed by streaking for isolation as indicated previously
for water. Virus examination was accomplished by processing the homog-
enate according to the procedures in use for human_ feces and tissue by
the Oklahoma State Department of Health Laboratorylé. The processed
material was assayed by inoculation into Rhesus Monkey Kidney, Wi38
and, when available, HEp2 tissue culture systems.
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Results of the study are shown in Figure 2. The log count of fecal
coliforms per 100 ml is shown in the bars and sampling dates are shown
along the horizontal axis. The top shaded area shows the log of number
of coliforms in the raw influent to the system and the lower portion
of the bars, shown by the dotted area, represents the treated effluent

as it passed out of the last of the six cells into the receiving
Stream.

Inspection of these bars readily shows that there is a remarkable re-
duction of fecal coliform bacteria to less than detectable limits in
a standard 50 ml portion in three separate samples.

The pathogens isolated are shown by the boxes at the bottom:

August 13 there was an isolation of Edwardsiella tarda.

December 17 there was an isolation of ECHO 1 enterovirus.

January 14 there was an isolation of Salmonella newport.

Figure 3 shows the average log of the count of indicator organisms per
100 ml isolated on the 11 water-sampling dates. As the wastewater
flows through the system from raw influent on the left to effluent from
the last lagoon on the right, one can see a progressive reduction in
the indicator organisms. By the time the effluent passes through the
third cell, it is found to contain less than ten fecal coliform organ-
isms/100 ml, and remains at this low level as the effluent passes
through the last three cells. It is interesting from a public health
standpoint that of the three pathogens isolated in water during the
study, two were found in raw influent and one was in cell #2. No
pathogens were found in wastewater beyond the first two conventional
cells; nor in any of the cells containing the test fish; nor in any

of the 179 fish sampled.

In conclusion, it can be said that this study has confirmed the pre-
vious observations of others that indicator coliform organisms are
efficiently removed in a lagoon-method wastewater-treatment systeml,
2, 3, 4, This study has shown that human pathogens are rare in those
wastewaters tested and in fish grown in those wastewaters beyond the
raw or first two conventionally-operated cells.

Though it was not within the scope of this study to evaluate the ef-
fect of extended lagooning, per se, on removal of coliforms, future
investigators should design studies in such a way as to simultaneously

compare the results in lagoons both with and without the addition of
fish.
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Many economic and conservation-oriented pressures are prompting a surge
of interest in using domestic wastewater for production of crops and
fish, This study supports this concept. But, as Shuval so aptly
pointed out, much work yet remains to be done in accurately determining
the public health hazards associated with such practice20.

We should investigate the potential dangers to the handlers, harvesters
and processors of fish and shellfish grown in wastewaters and not limit
our attention to the consumer only. We must sharpen our techniques for
isolating pathogenic viruses and bacteria from wastewaters, use them
more frequently in our monitoring programs and not rely solely on coli-
form indicators as we have in the past. Parasites such as worms and
amoebae should not be overlooked. And last, where peossible, we should
use sound epidemiological methods to correlate the presence or absence
of disease in a community with those organisms found in that communi-
ty's wastewaters.
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MORBIDITY RISK FACTORS
from
SPRAY IRRIGATION WITH TREATED WASTEWATERS

by

Geoffrey B. Stanford* and Rafael Tuburan*
MRCS DMR FRPS B. A.

In this paper we present the interim conclusions of an ongoing
literature review. We have tried to find out whether properly treated
wastewaters from a properly designed and correctly operated wastewater
treatment plant, which provides at least secondary treatment, are safe
from the health viewpoint. In particular, we wished to find out whe-
ther aerosols generated from these treated wastewaters present a signi-
ficant pathogen risk. If not, we believe, their use on land for irri-
gation and for their fertilizer value can and should be encouraged for
a variety of environmental, economic, agricultural, and social reasons.

In our search we have adopted the antagonist attitude. We have sought
to prove to ourselves that there are valid reports which show that di-
sease has occurred from this practice in the past, and therefore that
the practice must be controlled.

Since we have not yet found any such reports, we continue to recommend
that the many advantages known to accrue from this practice outweigh
the apparent chances of a health risk, and that the practice should be
encouraged. We will now shov our reasoning, based on the findings we
have examined so far.

* School of Public Health, University of Texas at Houston
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FINDINGS

Raw Night Soil

There is no room for doubt that, in an area where an enteric infection
is endemic in a human population, one important factor by which ende-
micity is maintained is the practice of applying fresh raw sewage as a
fertilizer on to crops which are eaten fresh and raw by man.l There is
continuing idscussion whether this same practice helps to maintain re-
sistance to the disease in the resident population. But that is irre-
levant to the argument that the practice transmits disease to visitors,
and therefore is a public health risk.

We have not yet found documentation whether pulmonary infection can be
spread in this way. There is published evidence that bathing in sur-
face waters which are contaminated by human fecal matter may have cau-
sed disease.

Urban VWastewaters

In urbanized communities where the flushing toilet and sewer system
are in use, the human waste load is subJected to a dilution of some
200-2000 times - or more, if the storm drains are combined with the
wastewater sewers. Further, in properly sewered urban societies, the
endemic morbidity, and hence the average pathogen load per person, is
reduced by a factor of some 10-100 times. These two factors combined
produce & total pathogen reduction per unit volume of between 2 x 103
and 2 x 10° when rav modern city sewage is compared with raw night
soil applied to crops or to land. A further reduction in viable patho-
gen load from urban sewers is caused by the extended time-delay during
transport from source to crops.

Some cities have continued or have re-introduced3 the 'sewage farm'
procedure first practiced in the late 1800's. In this technique the
rav sewage is applied year after year to a limited area of land, which
is used for crops or for pasture. In spite of the large quantities
which have routinely been applied, in some cases over many years conse-
cutively, there are no recent reports of disease resulting. Indeed,
one such city reports that the carcasses of cattle grazed on this land
attract better-than-average prices in the market because of their high-
er quality.’

Sedimentation - It is generally accepted that treatment by primary
settling reduces the generel pathogen lcad in the supernatant waters.
There is evidence that primary settling garries most of the viral load
into the sludge, probably by adsorption;” this effect is accentuated
by chemical flocculants;! the degree of inactivation of this virus load
is not yet agreed. The supernatant waters retain a significant propor-
tion of the initial nonviral pathogens, and the balance settles with
the sludge. The ultimate degree of any reduction . . . . . . . . .
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of the total initial load depends on the time delay during travel in
the sewers and in the settling system, and can be attributed to
normal die-off, possibly accentuated by the bacterial activity of
metabolic byproducts of non-pathogenic micro-organisms.

Aerobic Treatment - It is generally accepted that properly conducted
aerobic treatment, whether by biological filter or by activated sludge
tanks, in a plant which is not being overloaded or mismanaged, can re-

duce the non-viral pathogen load by better than 99%, although this is
seldom achieved in practice.

when the effluent waters are properly chlorinated to the required stan-
dards, they are generally accepted to be safe for discharge into a
waterway when judged by the criteria in force. There is satisfactory
evidence that such waters are acceptable to the public for irrigation
of agricultural soil, parkland, and golf courses,” since several states
have set criteria to regulate this practice.9’10 Indeed, in many areas
today the more expensive developments, which include a golf course as
one of their amenities, are routinely requesting permits to jrrigate
their courses with the effluent from their treatment plants.ll We have
found no evidence of disease reported from this practice.l

Anaerobic Sludge - While there are reports of disease being acquired
from sludge,l3 it is likely that these may have been primary settled
sludge, since the majority of treatment plants in the U.S.A. are still
confined to this simple procedure.

There is satisfactory evidence that secondary anaerobic treatment of
sludges, properly conducted in a properly designed plant which is not
being overloaded, produces a sludge which is acceptable as safe for
public use as a soil improver without further disinfection or sterili-
zation. This sludge has been applied wet (fresh) onto farmland and on
to city parklandlh and children's playgrounds.ls We have found no in-
stance of reported disease from this practice.

Further, such sludge, after drying, is salea.ble16 as a profitable ven-
ture over long periods of time both retailT and contractl® when pro-
perly marketed. We have found no instance of reported disease from
this practice.

Irrigation - We have found no instance of disease reported from spray
irrigation with chlorinated secondary effluent that has been properly
treated ('green water'). This is not surprising. If pathogens were
a risk from drift, spray, or aerosols generated from sewage, surely
the clinical risk would be greatest where the concentration is great-
est - in the sewage works, near the aerobic treatment unit? We have
found no evidence that long-term or newly introduced operators have
disease attributed to this; indeed some experts have suggested that
the morbidity of sewage plant operators is less than the morbidity of
the general public. Perhaps a more sensitive indicator could be the
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adolescent school children visiting the sewage plant as a science
course field trip; a letter from the National Science Teachers Associa-
tion tells us that "From inquiries to the U. S. Public Health Service
and the Montgomery (Maryland) Health Department, we have learned of no
reported illnesses to students following visits to sewage treatment
plants, nor could we find that any guidelines have been developed or
are in practice as precautions for such visits. Also, the student tours
director for the Washington Suburban Sanitary Commission told us that

no special precautions have been observed in their tour program, nor

did %2;know of any illnesses to students following tours of that facili-~
ty."

CONCLUSIONS

The Published Evidence

In short, our review of the literature has not yet provided an instance
in which satisfactory evidence is given that a disease incident has
arisen from using treated sewage products. By treated we mean that the
evidence provided shows that during the days preceding the incident:
the treatment plant was operating within design capacity; that the unit
processes in that treatment plant were being operated properly and were
functioning properly; and that the effluent quality was within the cri-
teria required. In other words, we suggest that before an incident can
Justifiably be attributed to the use of treated waste waters, it must
be shown that those wastewaters were being fully and properly treated
during the period of time which could have been implicated. Until that
has been demonstrated one would be calling in question not the health
risks of using these materials, but the effectiveness of the design and
the operation of that plant. And that demonstration should not be dif-
ficult in the future, even though it may, on occasion, have been so in
the past.

THE MAGNITUDE OF THE RISK

Infectivity

In actual practice, what is the likely risk that pathogens originating
in a sick person or a carrier will gain entry to a susceptible person?
In the U.S5.A., the pathogen endemicity load is now low, Will the com-
bined effects of attrition by die-off over time, of dilution into a
large volume of water, of attenuation by spread over a large area of
land, of sterilization by solar radiation, and of degradation by soil
organisms - will all these effects, working in series, reduce the real
risk to below the level of risk in a city street?® to below that of the
risk from food obtained from commercial sources,21 or to below that in
an office building? We can suppose so, but this also requires evi-
dence, and we have not yet found that in the literature.
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Spread - luch has been published about the effect of the éonfiguration
of the spray-nozzles of fuel injectors for reciprocating and for jet
engines, on the size distribution of the droplets produced. There is
also information about the design of applicators for agri-drugs in the
field, and about the factors concerned in reduction of drift and of wind
spread: the smaller the droplet, the further it travels; to reduce
drift, droplet sizes should be larger than 500 microns.22 There is
literature which suggests that droplets often nucleate around a bacter-
ium; and that the physical changes which occur in the droplets during a
short time after its formation are complex: these include relative
change of concentration of solutes across the diameter, and dessicca-
tion; it may be speculated that thes changes may be so fast as to pro-
duce effects comparable to freeze-drying, and so may preserve a patho-
gen rather than destroy it. The free-floating spherule so formed be-
haves like a dust particle. Droplets and dust can travel a considera-
ble height into the atmosphere before coming down again,23 or they may
be blown long distances near ground-level before reaching their final
resting-place - 50 miles has been recorded for an aerosolized agri-
drug. These effects, recorded in the literature from other special-
ties, require to be related to our questioms.

Susceptibility - If we assume that a pathogen has survived these ordeals
and has gained entry to a human being, what are the chances of its
causing an infection? Will that infection be sub-clinical and cause no
apparent loss of health? and if so will it produce another carrier?

Or will it cause recognizable disease which will affect the patient or
society adversely? There is evidence that mere entry is not always
sufficient to start an infection; the person has a battery of defense
mechanisms, and the entrant pathogen is more likely to be destroyed
than not. But there ig evidence that although it requires many bacteria
to produce infection,2 a single viral TCID5p can do so if it achieves

a susceptible target - for example, the lung alveolus; in this instance
small droplet size (below 2.5 microns diameter) is a required factor.23
There is agreement that although bacteria and perhaps parasitic cysts
can confidently be removed by conventional sewage plants the same can-
not be said with the same confidence about viruses.

NEED FOR INFORMATION

We can summarize as follows:-

1). A literature search has not yet revealed any incidence of disease
from irrigation with properly treated sewage products.

2). Irrigation technigues should strive to eliminate the formation of
any droplets that are smaller than 500 microns in diameter.

3). Researches should focus on determining the viability of pathogenic
organisms through the several attenuation pathways to which they are
normally subjected, so that we can quantify the actual risks of infec-
tion. Then we can work to minimize those risks if they prove to be
significant.
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DISCUSSION

We recognize that in this paper we have posed more questions than we
have provided evidence or answers - and properly so. It has been our

purpose to reveal those questions, and so, hopefully to cause the need-
ed investigations to start,

Nevertheless, the existing information does not warrant any restriction:
on the use of properly treated wastewaters for land application; but it
does support a case for careful management of sewage plants whose pro-
ducts are to be used in this way. Both the better management of waste.-
waters, and the greater use of ghe treated end-products are commended

by government and professional2 agencies as a national goal; they are:
therefore likely to be achieved soon., Our investigations so far conf:irm
the need for both,

This brief paper is not claimed to be exhaustive, nor are our findinzs
conclusive: it is designed more to share with you the large areas of
doubt that exist both for and against there being a significant pattr.o-
gen risk.

At the International Conference on Land for Waste lManagement held in
Ottawa last October, a group of conferees came to the following conclu-
sions:-

1. NEED FOR COORDINATED INFORMATION CENTER

Nobody present knew of a coordinated bibliography or information re:fer-
ence center which meets the present needs of administrators, field wor-
kers, and research workers, about the pathogen risks from use of tireated
wastewater products. This need is growing.

2. NEED FOR COORDINATED RESEARCH

The information so far gathered by those who were present is incoriclu-~
sive and/or inadequate to support policy recommendations or decisi.ons

at field, edministrative, or guideline legislative levels. Basic re-

search is urgently needed. Over-restrictive legislation based on cau-
tion might soon be introduced which could obstruct trial of innov-ative
procedures unless such basic information quickly becomes widely tivail-
able.

3. SCOPE

These information deficiencies apply to concentration and/or disisemina-
tion of pathogens from municipal sewage treated effluents, from landf'ill
operations, from resource recovery systems, and from animal wasties. In-
formation from these sources is also lacking about the health of the:
operators who are directly working with the materials and processes,

and of the health or disease implications for the public at large, for
domestic animgls, and for game and wildlife; furthermore, concentre.tion
and/or dissemination of plant pathogens should also be included in the
enquiry. :
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Bibliography

It was agreed that it would be desirable to set up a central reference
bibliography, and to provide the information as required. That biblio-
graphy is now being compiled from information still being sent in. You
are invited to join in the endeavor by sending in the citations of your
own bibliography, preferably with your annotations or reviews, Sending
your citations is one certain way of ensuring that you will receive
copies of the compilation.*

Ilesearch Program - Future research may well be conducted under the
following headings:-

1. Evidence of morbidity from aerosols that have originated from trea-
te'd effluent wastewaters, established under the criteria we have sug-
ge sted.

2. Information on the travel of aerosols, and their spread or capture
under field conditions.

3. Information on the survival of pathogens in aerosols, and of their
inferctivity after reactivation.

%Y. Environmental factors that perturb these prime findings.

Only when we have a substantive body of information on at least those
pointis, will we be able to proceed to the real tasks before us:

5. Ewvaluation of the risks; and, finally
6. Preparation of recommendations, guidelines, and model codes.

A proizram of this magnitude can only be accomplished by numerous teams
workiiig together to an agreed schedule. It is our hope that the infor-
matior. flow into and from this study group will encourage that co-ordi-
nation ; we welcome your comments.

This puaper is a summary of one section of a larger three-part work
present:ly in preparation. At this stage it must be regarded as an in-
terim ¢lraft, which we have presented today for your comments and im-
provenents.

Pl ease- send information to Dr. Geoffrey Stanford, School of Public
He.alth, P. O. Box 20186, Astrodome Station, Houston, Texas 77025,
U.S3.A,
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PERMISSIBLE LEVELS OF HEAVY METALS IN SECONDARY EFFLUENT FOR USE
IN A COMBINED SEWAGE TREATMENT-MARINE AQUACULTURE SYSTEM I.
MONITORING DURING PILOT OPERATION™

by

W. B, Kerfoot and S. A. Jacobs

Domestic wastewater inherently contains a higher load of metals
than the original source water due to the treatment of water for algae
control, leeching from pipes, and solutes added during household
usels2, While nutrient-rich secondarily-treated wastewater can serve
as a fertilizer for aquaculture of commercially valuable algae and
shellfish3a4s5, excessive levels of metals in solution may be toxic
to the cultured organisms, accumulate in the meat of food products to
an extent to pose a danger to public health if consumed, or impair
the visual appeal and taste of the meat. The question arises, does
the elevated metal content of a secondarily-treated wastewater render
it unsuitable for aquacultural purposes? If not, what levels of
heavy metals in the effluent are acceptable for aquacultural usage
since domestic effluents from industrialized regions tend to contain
more elevated concentrations than those from rural sources®?

Within this paper we address the first question, citing the
levels of cadmium, lead, copper, zinc, chromium, and nickel observed
in the effluent, seawater, and oysters during operation of a pilot
sewage treatment-marine aquaculture system. Guidelines for acceptable
levels of metal in the effluent for use in an aquaculture system are
developed later in the companion paper.

THE WASTEWATER TREATMENT-MARINE AQUACULTURE SYSTEM

Secondarily-treated wastewater, diluted with seawater, makes an
excellent medium for growing marine phytoplankton. The phytoplankton
is, in turn, removed from the water by filter-feeding shellfish, con-
verting the organically-fixed nutrients into valuable protein (figure
1). Nutrients regenerated directly from the excretion or indirectly
from faecal deposits of the shellfish are removed by the growth of
macroscopic algae in tanks before discharge of the effluent to coastal

water.

As described in detail previously by Ryther gg_gl.3 and Goldman
t 31.7, the system has several distinct advantages over previous

*Contribution No. 3305 of the Woods Hole Oceanographic Institution.

This study was supported by NSF(RANN) 32140 and the Woods Hole
Oceanographic Imstitution.
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algal processes for nutrient stripping. First, removal of algal bio-
mass is accomplished by using the algae as a food source rather than
an end product which must be disposed of. Secondly, the herbivores
represent a highly desirable, and economically important protein -
source. Thirdly, the process lends itself to the development of a
muilti-component food-chain system useful for the production of many
commercially valuable food crops. For instance, a town of 50,000
people with a 126 acre aquaculture-sewage treatment system could raise
an annual crop of over 900 tons of oyster meat, worth in today's market
upwards of 5 million dollars as a luxury table oyster or 1 million
dollars as canned or frozen products.

The design of the system is fairly simple. Effluent is added to
filtered seawater at a ratio of 1:4 (figure 1). Phytoplankton cul-
tured in this mixture flows into tanks of shellfish where it mixes
with diluting seawater at a concentration of 1 part culture to 19 parts
100 p-filtered seawater. The remaining water flows full strength
into the macroscopic algae tanks and then, finally, is returned to
the coastal waters, Other ratios of effluent:seawater ranging from
1:10 to 1:0.5 and ratios of algae culture:seawater ranging from 1:1
to 1:10 have been used. The above conditions applied to experiments
performed during summer 1972 and winter 1973.

During the operation of the pilot project, the dominant species
in the culture vats were always diatoms - usually either Phaeodactylum
tricornutum or Chaetoceros simplex, often interspersed with smaller
numbers of assorted diatoms, flagellates, and green algae. The oyster
culture system was a 760 liter rectangular tank (265 cm long, 62 cm
wide, 53 cm high), constructed of fiber glass-coated wood. The
oysters, numbering 500 in total, were positioned on trays of Vexar
mesh. Overflow from a standpipe in the shellfish tanks was introduced
into another rectangular wooden tank which held seaweed (Chondrus
crispus and Ulva lactuca) for final removal of nutrients from the water
before discharge.

TRACE METALS IN THE SYSTEM

The metals selected for this study are capable of being concen-
trated in the tissue of marine organisms: cadmium, which has been
shown to cause kidney failure in humans and the "Itai-Itgi disease”
if present in sufficient quantities in consumed products™; lead, which
may cause encepholopathy, anemia, and renal damage if present in high
concentrations in meat”?; copper, which ma{ be toxic to algaelo, lead
to discoloring and bitterness of oysters1 , or may be toxic to human
consumers if present in high concentration in the meatlz; zinc, which
may interfere with growth or organisms in the culture system if
present in hi§h enough concentrationslo, but does not present a danger
to consumersl ; chromium, which may be carcinogenic at elevated con-
centrations in foodl3, and nickel, which may be toxic to algae and
fishl4 but whose effect on consumers of meat is uncertainl>,
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PROCEDURE

The object of the study was to determine the metal content of
the secondary effluent, the dilution expected by seawater in the
system, and the rate of accumulation of metal by the (cultured)
oysters. Oysters have frequently been used as indicators of metal
pollution because of their higher sensitivity to elevated levels of
many heavy metalsl3,16, compared to other species of shellfishl?. The
rate of increase of metal, if present, will indicate the final content
of metal expected at the termination of culture, important for public
health considerations.

Determination of the content of metal dissolved in the secondary
effluent was performed by direct atomic absorption when the metal con-
tent was sufficiently high, as often in the case of copper and zinc.
Analyses of other elements in effluent and in seawater were done by
the APDC-MIBK extraction procedure used by Brewer, Spencer and Smithl8
With effluent, more MIBK must be used because of its increased solu-
bility, as specified in the EPA standard methods manuall?,

The oysters (Crassostrea virginica) came directly from the shell-
fish tanks which held 500 individuals. Each tank received daily 595

8 carbon/liter of algae contained in 500 liters of culture20, To
establish the initial concentration of metal in the oysters, eight
individuals were removed at the beginning of the experimental period
and analyzed. Later samples of six individuals each were taken from
the shellfish tanks after 45 days, 78 days, and 102 days of exposure
to the sewage-grown algae,

For wet-ashing, the entire body of an oyster was rinsed with dis-
tilled water, weighed and transferred to an aqua-regia-washed 125 ml
Erlenmeyer flask. Digestion was performed by adding 10 ml of concen-
trated nitric acid to the sample, boiling to dryness, and allowing to
cool. Then 10 ml of 307 hydrogen peroxide was added and the sample
re-dissolved in a 5% nitric acid solution made up of a standard volume
for analysis by atomic absorption.

All analyses were done on a Jarrel-Ash Model 800 Atomic Ab-
sorption Spectrophotometer (AAS), a dual-beam channel instrument with
recorder printout. The most sensitive channel was set to the principal
analytical wavelength. The second channel was set to a nearb¥ non=-
absorbing wavelength, using the '"B/A'" mode of the instrument? » to
provide correction for matrix effects and background scattering.

Efficiency of the digestion procedure was evaluated by determining
recovery and reproducibility. Known portions of metal were added to
fifteen five gram amounts of homogenized oyster tissue, with five un-
treated samples of 5 grams each used for background levels., The metals
were added as zinc acetate, copper sulfate, nickel sulfate, cadmium
iodide, lead acetate, and potassium chromate. Recoveries of Zn, Cu,
Ni, Cd, Pb, and Cr were 97+2%, 95+5%, 98+3%, 98+S5%, 96+2%, and 99+3%.
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RESULTS

Chemical analysis did not reveal high concentrations of poten-
tially dangerous metals in the effluent obtained from the Otis Air
Force Base Sewage Treatment Plant and used in culture (table 1). The
metal content §enera11y ran less than considered average for secon-
dary effluent? ,» although the copper concentration infrequently rose
above .11 pg/ml (ppm) and occasionally above the range expected for
average effluent. With the exception of nickel, the concentration of
each metal in the effluent generally ran 8 to 150 times the level in
the seawater used for dilution. The nickel content of seawater was
similar to that of the Otis effluent.

The concentration of metal in the cultured oysters showed a con-
tinual decline from the 45th day of culture onwards (figure 2). The
apparent increase in concentration during the first 45 days of cul-
ture is probably due to our choice of large individuals for the back-
ground metal determinations. The later random removal of individuals
being monitored for growth indicated that as weight increased, the.
metal content decreased. Although not premeditated, the mean weight
of the samples taken at the termination of culture was similar to the
mean of the original samples taken for background (5.68 to 5.18 gms
wet meat weight, respectively). A t-test of the difference between
mean concentrations at the start of exposure and at the finish re-
vealed no significant differences. With zinc, copper, and lead the
total content of metal per individual remained essentially constant,
despite changes in weight, while a slight decrease in total metal con-
tent occurred with cadmium, chromium, and nickel, Overall, the
oysters in the tanks showed slightly over a 50% increase in average
weight during the monitoring period, from an initial dry meat weight
of .425 gms to a final .676 gms20,

The original and final concentrations of metal in the meat are
also compared with alert levels discussed by the Massachusetts Division
of Water Pollution Controll6, The alert level concept was developed
to be used as a guide or indicator of metal pollution in shellfish
growing waters and was not intended to reflect the toxicity of metals
contained in the shellfish. Only in the case of lead was any indica-
tion of contamination given, the baseline value being above the pro-
posed state alert level (table 3), presumably occurring before ex-
posure to sewage-grown algae.

DISCUSSION

Lack of accumulation of metal can be traced to three factors:
1) Dilution of the effluent by seawater, 2) the relatively low metal
content of the Otis effluent, and 3) the increased growth of the
oysters. Dilution plays by far the most important role of these
factors although the mixing of seawater and effluent was determined
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Table 1. Constituents of Otis secondary effluent compared

with the Washington report "Average" effluent?2

Concentration (ppm)
Secondary effluent

Material Washington Otis
Report Plant
Organic content (particulate carbon) 25 12-30
(dissolved organic) 10-30 40
Nitrogen (total as N) 20 17.6
Ammonia (as N) -- 15,2
Nitrite (as N) -- A
Nitrate (as N) .- 2.0
Phosphorus
Phosphate phosphorus (as P) 10 8.2
Trace metals
Chromium .02-.14 .003~.040
Copper .07-.14 .025~.300
Lead .01-.03 .005~,020
Zinc .20-.44 .035-.095
Cadmium .01-.03 .0005-.0023
Nickel .03-.20 .0005-.010
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by culture process and not originally intended for lessening metal
contamination. The dilution of effluent to seawater for the algae
culture mixture was based on earlier experimental results which indi-
cated that yields of algae were roughly proportional to the concentra-
tion of sewage effluent in the enriched seawazer medium up to concen-
trations of about 20% sewage and 807 seawater~. The dilution of cul-
ture mixture with 20 parts seawater as it is delivered to the shellfish
tanks was to provide a sufficient volume flow of seawater to maintain

a high level of dissolved oxygen to the shellfish3,

With a very low background metal content, seawater substantially
dilutes the original metal levels in the effluent (table 2). For
comparison, the amounts of dissolved metal often introduced inadver-
tently as contaminants in media prepared for algae culture with
artificial seawater and nutrients from analytical grade reagents, is
equal to or greater than the levels of metals present in the algae
cultured prepared from Otis effluent23,

A total dilution of 1:200 occurs before contact of the effluent
with shellfish. This is almost sufficient to reduce the levels of
metals in the effluent to the background levels in the seawater (table
2). Even with the element copper, which at times reaches a high con-
centration in the effluent (300 pg/liter), the maximum level which
occurs in water reaching the shellfish is 12 pg/liter, just slightly

above the maximum level of copper (9 pg/liter) recorded in the sea-
water used for culture.

Secondly, the metal content of the Otis effluent, resembling
domestic wastewater in character rather than an industrial source,
was not particularly elevated. Only copper, of all the elements
studied, was as high or higher than the concentrations expected in
average effluent as assumed in the Washington report22 while the
chromium and lead content occasionally fell within the average range,
zinc, cadmium, and nickel at their highest observed levels were less
than the minimum level anticipated in average effluent.

Finally, the increased rate of growth of the oysters probably
contributed to the observed decline of metal content in the latter
days of culture. For instance, despite the change in lead concen-
tration from 4.2 + .2 ug/gm wet weight initially to 10.1 + .5 at 45
days, 5.4 + 2.2 at 80 days, and 4.1 + 2.2 at 102 days, the total lead
content of the individual oysters, was relatively constant at 21.6 +
12.0 ug, 20.6 + 14.8, 19.0 + 13.0, and 24 + 12.6, respectively.
Copper, and to a lesser extent zinc showed the same constancy of in-
dividual metal content despite fluctuations in weight and concentra-
tion of metal. In contrast, with cadmium, which previous studies had
indicated a very slow loss, if any, within 30 days following exposure
to a high concentration?4, some loss did definitely occur after 102
days of culture that was not due to weight change.
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Table 2. Concentration of metals in solution in secondary effluent, seawater,

and subsequent dilution in algae culture and shellfish tanks. For comparison,

the content of metal found in synthetic algae growth media is indicated next
to that expected in the culture mixture

Metal concentration ug/liter (ppb)

Otis Algae Riley's Shellfish
Element Effluent Seawater Culture Media Media Tanks
Zn 35-95 5-12 11-28 150 5-16
Cu 25-300 2-9 7-67 34 2-12
cd .5=2.3 .06-.08 .15-.52 nd .06-.10
Cr 3-40 .3-.5 .9-8.5 12 .3-.9
Pb 5-20 .02-.8 1.0-4.6 31 .07-1.0

Ni , .5-10 1-5 .9-6.0 8 1-5




As concentration of a metal in tissue is a ratio between the
total metal content and total weight of the organism, even though a
steady increase in total metal content may occur, if the rate of in-
crease in weight is greater, the concentration of metal in the tissue
will decrease. For example, the mean total copper content of in-~
dividual oysters raised from 375, to 304, to 433, and finally to 438
ug on the successive days of sampling while the concentration in
pg/gm wet weight (ppm) declined noticeably from the 45 to the 102 day.
In the aquaculture system, where growth of the shellfish is acceler-
ated, new tissue is added at a higher rate than that observed normally,
serving as a mechanism to dilute the concentration of some metals which
may continue to be accumulated at a regular rate regardless of growth.

The 102-day study indicates that oysters can be cultured with
the use of secondary effluent as a substitute fertilizer without
raising the danger of metal contamination. While other potential
contaminants, including pathogens and organic compounds, need further
investigation to evaluate the advisability of substituting secondary
effluent for artificial media in aquaculture, the initial results
suggest that the inherent elevated metal concentrations in domestic
wastewater do not appear to pose a threat to shellfish culture if
effluent of a principally domestic source is used.
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Table 3. Accumulation of metals in oysters of pilot
tertiary treatment-aquaculture system fed sewage-

grown algae for 102 days.

Mean metal concentration

and one standard deviation are indicated

Metal content (ppm wet weight)

State Alert

Element Initial Final Levell®
Zn 818 + 446 743 + 182 2000
Cu 72 + 18 81 + 18 175
cd 2.00 + .30 1.30 + .26 3.5
Cr .10 + .04 04 + .02 2.0
Pb 4.2 + .2 3.6 + 2.5 2.0
Ni .29 + .13 .21 + .10 Unspecified
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PERMISSIBLE LEVELS OF HEAVY METALS I¥ SECONDARY EFFLUENT
TOR USE IN A COMBINED SEWAGE TREATMENT-MARINE AQUACULTURE
SYSTEM II, DEVELOPMENT OF GUIDELINES BY METHOD OF ADDITIONS*

by

V. B, Kerfoot and G. A. Redmann

Shellfish can be cultured on algae raised with
secondarily-treated wastewater substituted for artificial
nutrients without any apparent accumulation of toxic metals
in their tissues'. The effluent used was found to be rela-
tively low in background concentrations of metals, similar
to principally domestic sources using anaerobic treatment
procedures. In many of our industrialized cities, nowever,
the effluent from a sewage treatment plant contains an array
of metals at substantially higher levels than that received
from solely domestic sources€»>, Rather than test each
source individually, it would be worthwhile to develop
guidelines which serve to define suitable sources of
effluent for aquacultural purposes., Within this paper we
attempt to determine the concentrations of six metals, zinc
(Zn), copper (Cu), lead (Pb), cadmium (Cd), chromium (Cr),
and nickel (Ni) that are permissible in a combined sewage
treatment-marine aquaculture system.

TERTIARY TREATMENT-MARINE AQUACULTURE

Nutrient-laden secondary effluent can become a nuisance
when discharged into coastal waters, stimulating algae blooms
with foul odor and contaminating shellfish beds. On the
other hand, careful control of the quality of the effluent
to assure a pathogen-free high nutrient source will provide
a potentially valuable resource in the face of diminishing
supplies of food and artificial fertilizer. Secondarily
treated wastewater, diluted with seawater, makes an excellent
medium for growing marine pnytoplankton. The phytoplankton
is, in turn, removed from the water by filter-feeding shell-
fish, converting the organically-fixed nutrients into
valuable protein.

During the past three years, a prototype system of
tertiary treatment-marine aguaculture has been in operation

*Contribution No. 3297 of the Woods Hole Oceanographic

Institution., This study was supported by NSF (RANN) 32140
and the Woods Hole Oceanographic Institution.
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at Voods Hole Oceanographic Institution. Various designs-
have been engineered to culture marine phytoplankton and
subsequantly raise shellfish, with any nutrients regenerated
by faecal material of the shellfish being removed by the

growth of macrosgogic algae in tanks before discharge to
coastal watershi2s®,

A more detailed explanation of the system employed
during the summer of 1972, upon which these experiments are
based, is explained in the previous paper (Kerfoot and
Jacobs)!., Effluent was added to filtered seawater at a
ratio of 1:4. Phytoplankton cultured in this mixture
together with diluting seawater was then introduced into
tanks of shellfish at a concentration of one part culture to
19 parts 100 u-filtered seawater., At this dilution, the
carbon content of the seawater, an indicator of the food
value to the shellfish, is raised from a normal level of
100 ug carbon/liter to roughly 600 ug carbon/liter. More
than 30% of the phytoplankton fed to the shellfish originaes
from nutrients provided by the effluent, and about 1% of the
water reaching the shellfish is derived from the secondary
effluent.

PATHWAYS OF CONTAMINATION AND TOXICITY

When metals are introduced with the effluent, the
algae nay accumulate metallic ions directly from solution by
absorption (here indistinguishable from adsorption). Then
the algae mixture flows into the herbivore tanks, where the
shellfish may directly absorb ions from the considerably
diluted culture solution or through ingestion of contamin-
ated phytoplankton and detritus (figure 1). In this study
the algae cultured was Phaeodactylum tricornutum, a pennate
diatom commonly occurring during normal operation of the
aquaculture system. The American oyster (Crassostrea
virginica) was chosen as the shellfish species because of
its potential economic value as a luxury food and the need
to assess its sensitivity to metals which may be added in
the effluent.

The sensitivity of Phaeodactylum tricornutum to change
in metallic ion concentrations is well recognized.
Previously Hayward has shown that P. tricornutum initially
absorbs zinc rapidly, but the concentration in cells
decreases as their numbers increase’. Riley and Roth found
that P. tricornutum under similar conditions accumulatgd
less than half the amount of metals that Hayward found®.
Nuzzi reported that mercury levels as low as .06 ug/liter
(pob) were inhibitory to P, tricornutum, and that morpho-
logical abnormalities increased with mercury concentration,
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the normally bpiradiate cells becoming highly vacuolated and
assuming an ovoid state®.

Hannon and Patouillet noted that growth inhibition by
a toxicant varies inversely with the concentration of
nutrients available. They found that the exponential
growth of P. tricornutum was not affected by exposure to
0.1 ppm lead or copper. Exposure to 1.0 lead had no effect,
while 1.0 ppm copper inhibited the growth rate to less than
half that of controlslO,

The ability of the American oyster to accumulate trace
metals from solution is also well-documented., Roosenberg
founr that greening of oysters could be traced to excessive
uptake o{ copper due to thermal effluent from vower plant
act1v1ty Pringle et. al. surveyed the average trace
metal levels in shellflsh from the Atlantic and Pacific
coasts and also carried out studies on metal uptake and
concentration in a simulated natural system!2, They
reported that lead was absorbed by C. virginica in direct
proportion to concentration in seawater, accumulating four
migrograms of Pb per gram wet meat per day when exposed
continuously to 0.2 ppm in seawater. Average metal bvack-
grounds in Atlantic oysters were: zinc, 1425 ppm; copper
92 ppm; lead, O.47 ppm; nickel, .19 ppm; chromium, 0.40 ppm;
and cadmium, 3.10 ppm. Kerfoot and Jacobs found linear
cadmium uptake by ( virginica from seawater in a delibe
ately contaminated sewage treatment-acuaculture system’

The observed rate of uptake of cadmium (in ug/gm/day) was
17.8 tires the concentration of cadmium in solution (in

ppm-ug/m1l). With effluent as the source of cadmium, the
principal means of uptake was through the ingested algae.

HATIRIALS AND METHCDS

Scale models of a sewage treatmeuv-aquaculture system
were constructed in the seawater laboratory at oods Hole
Oceanorrapvhic Institution (figure 2). Two-liter erlennyer
flasks were filled dajily with a L4:1 mixture of one micron
filtered seawater and filtered (..45 u) secondary effluent
from the Otis Air Force Dase sewage treatment plant.
Effluent containing 16 ppm, 3 pont, .32 ppr, 21nd .03 ppnm
equal concentrations of In, Cu, Po, Ii, Cd, Cr was added to
the flasks with one flask rece1v1n" unsunnleven ed effluent
as a control, The effluent-seavater mixture, as media, was
dripoped continually at 1.5 ml per minute or 2 liters per day
into L-liter flaskZs conzaining cultures of the diatonm
species, Water containing the cultured diatoms flowed at
the same rate from tne culture flasiis inio trays nolding
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oysters in two liters of water, where it was mixed with
25 ml per minute of filtered seawater supplied from a
constant head tank.

The culture flasks were illuminated by a bank of
fluorescent bulbs providing approximately 500 ft-candles,
stirred by magnetiic stirring bars, and maintained at
20 =2 ¢ by seawater flowing through glass tubing inserted
into the culture mixture., The culture also received air,
cleaned by a water trap and activated carbon, bubbled
continually through the mixture from an inserted pipette.
Tour 20 liter plastic carboys were filled with .45 u-filtered
secondary effluent, The stock solutions were made up to
10.0, 3.0, 0.3, and 0.03 ppm (mg/l) with zinc from zinc
acetate (Zn [CpH2Z0, )-2H20), copper from copper sulfate
( CuSOy*5H20), cadmium from cadmium iodide (CdIp), lead from
lead acetate GﬂﬂCgH;Og]-}HgO), caromium from potassium
chromate (KpCr0,), and nickel from nicitel sulfate (NiSOy .
6Hp0). Each day of the study, 400 ml of effluent or metal-
enriched effluent from the four carboys was mixed with 1600
ml of one micron-filtered seawater in the 2 liter media
flasks which supplied each algae culture flask.

Fluorimeter readings were taken daily on 10 ml samples
of the algae cultures., Veekly samples were taken of the
oysters and frozen after being placed in clean seawater to
void their intestinal tracts. Samples of the seawater and
effluent were removed periodically during the study for
analysis of metal content. At the termination of the exper-
iment, two liter samples of the algae were removed from the
culture, centrifuged, and dried on nuclepore filters for
metal analysis.

The procedure employed for wet-a;?ing was the same as
that reported by Kerfoot and Jacobsls!>, "The entire body

of an oyster was removed from the shell, rinsed with
distilled water, weighed, and transferred to aqua-regia
washed 125 ml erlenmyer flasks., Digestion was performed by
adding 10 ml of concentrated nitric acid to the sample. The
sample was allowed to stand in acid for 12 hours at room
temperature, heated gently close to dryness, and allowed to
cool. Then 10 ml of 30% hydrogen peroxide was added and the
sanple heated to dryness. After cooling, the sample was
redissolved in a 5% nitric acid solution, made up of a
standard volume for analysis, and aspirated directly into
the atomic absorption spectrophotometer. All analyses were
done on a Jarrell-Ash Model 800 Atomic Absorption Spectro-
photometer, using a nearby non-absorbving line for background
absorption.
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rnytoplanikton samples on the filters were added to
10 nl of 507 nitric acid in individual 2C ml test tubes.
After 4O hours digestion, the solution was filtered through
3 u nuclepore filters into 20 ml centrifuge tubes for direct
aspiration into the atomic absorption spectrophotometer.

Metal analysis of the seawater and effluent was
performed using the techniques described previously by
Kerfoot and Jacobs!. The sanmples were filtered and analyzed
directly by atomic absorption or were extracted and analyzed
For solvent extraction, four 500 ml samples of seawater or
effluent were taken, adjusted to a pH of 2.0, and then
extracted twice with MIBK-APDC. GCraded amounts of the
individual metal were added at levels 1, 2, and 3 times
higher than anticivated in solution. The c¢oncentration in
solution could then be calculated following the method of
additions reported previously by Brewer, Spencer, and
Smith'%4, The concentration of baclkground metals in the
effluent used for stock solution was .G80, .055, .005, ,002,
.010, and .0C5 ppm for Zn, Cu, Pb, Cd, Ni, and Cr. Metal
content of the seawater and effluent supplied to the
cultures was reported earlier in the preceding articlel.

The culture system was continued for 28 days, during
four of which the effluent media mixture did not flow, for
varying reasons, During this time the algal populations
fluctuated sormewhat. To maintain a suitable level, it was
sometimes necessary to supplement the experimental cultures
from stock cultures,

To further define toxic effects of specific metals on
the phytoplankkton, four separate experiments were devised
with batch cultures of P. tricornutum.

First of all, eight 250 ml flasks were prepared by the
addition of SC mls filtered seawater and the effluent stock
solutions, two flasks at each multiple metal concentration.
These were autoclaved and aseptically inoculated with
6 x 10> cells for each flask from a varent culture in
exponential growth. All batch cultures were maintained in a
growth chamber at 1% C, 450 ft-candles, and a light:dark
regime of 13%:11, Samples of 1 ml were taken every other
day for 10 days, preserved in Lugel's solution and counted
in either a Speirs-Levy or Palmer-Mahoney counting chamber.

A second series consisting of twenty-four 125 ml flasks
with 50 ml of effluent-seawater media was prepared with 6
different S5-metal mixtures at 3 concertrations: 5 ppm,

.5 vpn, and .05 ppm metals in the effluent. Each flask was
inoculated with 4.4 x 10° cells, producing 8.8 x 104 cells/

rnl. The five-metal solutions were added to the cultures
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three days after inoculation and samples counted at 5, 8§,
and 17 days after inoculation.

A third series to determine relative toxicity of each
metal consisted of eight 250 ml flasks, using 100 ml of the
4:1 seawater/effluent media, with six receiving a single
metal at a concentration of .5 ppm in the effluent and two
controls. These were inoculated with 4.4 x 102 cells.
Samples were taken 4, 5, and 7 days after inoculation,

A fourth experiment tested the relationship between
cell density and metal inhibition, Six 250 ml flasks
holding effluent/seawater media and the 3 ppm mixed metal
solution added to yield a solution concentration of .6 ppm
mixed metals. Then .1, 1.0, and 10.0 ml of inoculum were
added to each pair of flasiks, experimental and control.
The cells were sampled and counted 1, 3, and 4 days after
inoculation,

RESULTS

PHYTOPLANKTON TOXICITY

During the course of the study, the levels of algae
varied greatly (figure 3) in the scale-model treatment-
aquaculture systems. The concentration of metals in the
effluent media had little influence on the algae abundance,
The mean density of P. tricornutum in fluorescence units
(fu) was 1060, 1157,7109C, 1360, and 1178 fu, respectively,
for 10.0, 3.0, 0.3, 0,03 and control. Reduction in the
P. tricornutum cultures occurred primarily from predation
by flagellates which passed through the 1.0 micron filters
and grazed down the diatoms, However, the cultures supplied
with higher concentrations of metals in the media exhibited
a more rapid decrease in cell concentration once a drop
pegan, Also, the cultures receiving 10.0 and 3.0 ppm nmixed
metals in their effluent would not recover without supplemen-
tal additions of culture.

With a series of experiments, the relative contribution
of each metal to toxicity was isolated (figure 4). When
P, tricornutum was cultured in a mixture of all six species
of metals, growth was inhibited when concentrations exceeded
0.3 ppm. In all series with five-metal combinations, all
showed reductions in algae growth in cultures of low density
at .05 ppm and above concentration, except when copper was
removed from the combination (figure 4, middle). The
remaining metals (Zn, Pb, Cd, Cr, and Ni) did not cause a
drop in algae growth until .5 ppm concentration and above in
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the effluent. The metals having the principal toxic effect
in the five-metal combinations %minus copper) were Cd and,
to a lesser extent, Ni. When metals were added individually
at .5 ppm concentration in the effluent, copper (Cu),
cadmium (Cd) and nickel (Ni) had a pronounced depressing
effect on algae growth.

From the toxicity series, levels of metal above .3, .5,
+5y «5, 1.0, and 1,0 ppm, respectively, for Cu, Cd, Ni, Cr,
Pb, and Zn may inhibit algal growth if present in the
effluent and would appear undesirable. The limit of
toxicity found for copper agrees with the report of Mandelli
(1969) that the growth of four different marine diatoms was
inhibited by Cu levels in seawater greater than .05 Fgm,
equivalent to .25 ppm Cu in effluent before dilution!>,

Other effects observed on the diatoms were certain
morphological variations. Nuzzi previously described
abnormalities of P. tricornutum induced by mercury?., At
2.0 ppm in the culture media, corresponding to the use of
10.0 ppm mixed metals in the effluent, misshapen chromato-
rhores and double nuclei occassionally occurred, as well as
“"fat" or foreshortened cells of this normally biradiate
pennate diatom., Somewhat shrunken cells and paired nuclei
were found down to the .3 multiple metal level., A bifurca-
tion at one end of the cell or "fishtail" was often found in
all the cultures, including the controls fed with effluent
unsupplemented with metals.,

The influence of cell density on the expression of
toxicity was also apparent (figure 5). Initial cell concen-~
trations ranging over three orders of magnitude were added
to media prepared with 3.0 ppm each of the six metals in the
effluent. As the cell concentration rose, the toxicity
decreased. This supports the observation that the high
density of cells being cultured in the aquaculture system
suppresses toxicity until a drop in cell number occurs. The
drop is then accentuated by elevated levels of metal intro-
duced in the effluent. Concentrations of metals exceeding
the toxic levels suggested have an important effect in
decreasing the stability of the culture and its ability to
recover from any slumps in production.

OYSTER TOXICITY

Few oysters died during the operation of the scale
model treatment-aquaculture systems. In no case could the
isolated deaths be attributed to metal concentrations. This
is likely due to the high dilution (100x) of effluent
before exposure to the oysters,
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ASSORPTION BY PHYTOPLANKTOXN

All of the elements examined were acumulated by the
phytoplankton (Table 1). At the highest concentration of
metals added in the effluent (10.0 ppm), equivalent to
2,000 ug/liter since it is diluted five-fold with seawater,
the respective percentages of metal removed from solution
by the algae (.1 gm/liter dry weight) were 59.0, 16.9,
14.9, 9.6, 4.6, and 2,.5% for Pb, Zn, Cu, Cd, Ni, and Cr.
Five of the metals remained relatively stable in their
order of magnitude of accumulation, Zn>Cu>Cd>Ni>Cr., However,
lead (Pb) showed a rapid increase in percentage absorption,
ranging from undetectable at .03 pom concentration to 59%
of the total lead added in solution from the effluent
concentration of 10.0 ppm.

Of interest to those who may feel that the use of
effluent as a media will cause high background levels of
metal in the cultured algae, the levels of metal in the
controls raised on unsupplemented effluent were generally
lower than those found by Riley and Roth for P, tricornutum
cultured _in artificial media containing low levels of trace
elementsg. Riley and Roth found baclkground levels of 325,
110, 46.3%, 5.2, and 4.4 ppm in dry vlankton for Zn, Cu, Pb,
Ni, and Cr. We found 120.8, 60.4, 14.6, 12.5, and 4.03 ppm,
respectively, for the same elements. 1ilhile it should be
kept in mind that Riley and Roth used a dc arc spectro-
graphic technique for analysis, thereby likely analyzing
some additional metal in the silicaceous skeleton of the
diatom, the levels are quite comparable,

ACCUMULATION BY OYSTERS

An increase in the level of metals in the seawater/
effluent media, in general, caused a progressive rise in the
content of metal in the tissue of the oysters being cultured
(figure 6). The points represent the mean metal analyzed
from three or four oysters. The clearest pattern of
accumulation occurred in the elements of lesser affinity for
the oyster tissue, Cr, Ni, and Cd. The concentration of
lead showed a more abrupt rise in level than the other
metals, Cadmium was the only element to show detectable
accumulation at .03 ppm, but also appeared to saturate at
the highest level (10.0 ppm). Some accumulation of copper
occurred, but no definite uptake of zinc could be discerned.
With zinc and copper, to some extent, the amount absorbed,
even though it may have been large in quantity compared to
the other elements, was obscured by the high background
metal content of the tissue,
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Table 1. Metal content of phytoplanikton (ug/gm dry weight).
Metal Added
to Effluent n Cu Pb Cd Cr Ni
Control 12148 60t 14.6%,7 3.4%,6 L.OF1.4 12.5%9.0
.03 11325 638 11.221.8 Tho221 .1 9.7%1.2 2.6%.8
o3 39613 159153 5721 1243 L8t2 gax7?
3.0 592138 634%79 551£127 574104 67%15 161%19
10,0 35102290  3050t450 11,800%1366 1930*260 49859 93253
Background 325 110 46.3 n.d. Lok 6.2
(Riley_ and
Roth)®

n.d. = not determined







when the rate of increase was plotted versus the
concentration of metal added in the effluent, a disposition
of uptake similar to that encountered with the phytoplankion
occurred (figure 7)., Each point represents the mean rate of
uptaxe from each series in figure 6. The order of affinity
for the four metals with roughly parallel slopes was Cu>Cd>
Ni>Cr. The rate of uptake of lead (Pb) was over twice the
rate 0f the other netallic svecies and undetectable below
3.0 pom in the effluent., The abruptness of accunulation
was similar to that observed with the phytoplanizton,

Although Cu, Cd, Ni, and Cr exhibited similar rates of
accumulation, the fitted lines all had a slope of less than
1.0. This indicates that the magnitude of metal uptake
decreases with increasing concentration. A vrevious detailed
study of cadmium uptake in the treatment-aquaculture systen
indicated a relatively fixed ratio of uptake by oysters over
a wide range of metal concentration in voth effluent and
seawvater as sources., I1f the combination of metals acted
synergistically, the effect was to impede uptake of metallic
ions at the higher concentrations,

DEFINING A LIMIT

Ideally, the permissible level of a metal should be one
which allows the organisms of the culture system to ve free
from acute or chronic toxicity and the food products to be
entirely safe for human consumption. With this in mind a
series of linmits were prescribed based on phytovlankion
toxicity, shellfish toxicity, acute toxicity to human
consumers, chronic toxicity to human consumers, and finally,
vollution alert levels. The results are presented in
Table 2.

First of all, the levels of concentrations of metals
which bring about inhibition of growth of Phaeodactylum
tricornutum are listed in the first row. These are based
on the continuous culture and batch culture tests performed
on 6-metal, S5-metal, and single-metal additions in the
effluent as reported in this paner.

Secondly, since no toxic effects of metal additions
were observable with the oysters, the permissible levels
vere set at 10 pom. Further experiments conducted for
periods of time longer than 28 days may well show chronic
toxic effect as metals accumulate in the tissues of the
oysters. However, no acute effects were noticeable.
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Table 3., Concentrations of metal permissible in solution in
secondary effluent for use in a combined tertiary treatment-
marine aquaculture system using a 1:4 dilution of effluent for
algae media and a 1:19 dilution of algae culture for raising
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oysters.

Concentration of Metal in Effluent (ppm)
Based on: Cu Cd Ni Cr Pb Zn
Algae Acute Toxicity o3 5 e5 o5 1.0 1.0
Shellfish Acute Toxicity 10 10 10 10 10 10
Human Acute Toxicity o2 .080 N.sS. >10.0 N.S. N.S.
Human Chronic Toxicity N.S. .010 N.S. N.S. 6.0 N.S.
Pollution Alert Level .36 012 .05 3.0 2.4 N.S.
Suggested Guideline .2 .010 .05 e 5 1.0 1.0

N.S., = Not Specified




A number of the metals studied are known to have toxic
effects when present in food in high amounts. Copper has
been reported to cause bitterness ?n? gastroenteritis when
present in high levels in oysters] ’ 6. The excessive
copper also imparts a greenish tinge to the oyster meat.

As a result, Roosenburg has suggested a 100 ppm level of
copper in tissue be set for adult oysters for human consump-
tion. Browning has reported that one to two grains of
copper as sulfate will produce severe abdominal pain, vomit-
ing, and diarrhea when ingested!”, One grain is equivalent
to a dose of 6.6 mg. For a meal of 40 gm of oyster meat,
equivalent to eight 5-gram oysters, this would represent a
concentration of 180 ppm in their tissue. The acute
toxicity level is computed in Table 2 on the basis of a

100 ppm limit on concentration, which would necessitate a
daily increase of .5 ug.

To reach a concentration of 100 ppm in a 5 gm oyster
after 3 years of culture (roughly 1000 days - the average
time needed) the oyster would have to accumulate 500 ug of
copper, requiring an uptake rate of .5 ug/day. From figure
7, this would occur with a .2 ppm concentration of copper
in the effluent used for culture,

Schwarze and Alsberg found that the maximum amount of
cadmium in food that could ge tolerated without producing
emesis was roughly 400 ppmlS, However, reported instances
of poisoning since then have 1owefed the emetic threshold
concentration to 13 ug/gm cadmium 9,20 This level requires
an uptake rate of .065 ug cadmium/day by the cultured
oysters. A concentration of .080 ppm in the effluent would
be necessary to reach that level after 3 years (1000 days)
culture.

No acute toxicity from ingestion of nickel has been
reported for the levels likely to be encountered in shell-
fish culture. Systemic poisoning from nickel salts is
almos% unknown, although dermatitis has occassionally been
noted'”. Nickel carbonyl poisoning has been well-documented
but is unlikely to occur in the effluent used for aquacul-
ture purposes.

By oral administration, elevated levels of chromate

(as potassium) cause stunting of growth. Gross and Heller
reported that the maximum amount that can be added to feed
without causing toxic effectg was 1/8 of 1 percent, a
concentration of 1250 ppm Cr 1, To reach this level would
require a rate of uptake in excess of 6.2 ug/day, requiring
concentrations in the effluent greater than 10.0 ppm,
unlikely to occur,
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There is little point in computing limits based on
acute toxicity for lead or zinc, the iwo remaining metals.
Very little ingested lead or zinc is absorbed in the intes-
tines. Intakes of zinc in the form of chloride or carbonate
equal t? 2,500 ppm of the diet show little effect on
animals!’. '

Of the six metals, cadmium and lead are known to cause
chronic toxicity from long-term accumulation from ingested
food in humans. e =re not aware, at present, of any
reported cases of poisoning which can be traced to concen-
trations of either of these elements in oyster meat,
However, the critical levels in meat are known or have teen
estimated for each of the metals and can be calculated.

Kerfoot and Jacobs, using a model similar to that
employed by Kjiellstrom to set cadmnium stancdards in air,
computed that concentrations of cadmium in oyster meat above
3.0 ppm would lead to a critical level in the kidney cortex
if 40 gm of oyster meat were inesested daily for 5C yearsl
This would require a daily rate of uptake of .015 ppm for
the 1000 day culture period. A concentration of .010 pp=m
in the effluent would be necessary to reach this level.

According to Xehoe, any level of lead greater than a
total of .6 ng/day is potentially dangerousé2. Using thne
generous estimate of LO gm of oyster meat per day as the
diet, a concentration of 15.0 ppm would be undesirable.
This requires a rate of uptake of .75 ug/day for the 100G
day culture period. A concentration of 6.0 npm in the
secondary effluent would oring about this eventual level.

¥inally, a series of permissible levels were computed
on the basis of alert levels at one time considered for
indicators for pollution for the State of Massachusettsdd,
The alert levels for Zn, Cu, Cd, Cr, and Pb were, respect-
ively, 2000, 175, 3.5, 2.0, and 2.0 ppm wet meat weight,
Nickel was not specified. The alert levels represent the
upper value three standard deviations from the mean level
found in unpolluted areas. This was not meant to indicate
a significance of public health but to serve only as signal
of an unnatural source. Since the standard deviation of
nickel content in oysters is about %,13, the alert level
based on a .22 ppm natural concentration in the tissue would
be about .70 ppm.

Permissible levels, based on the alert levels, were
calculated in the final row of Table 2. Since zinc was not
accumulated significantly during the study, no limit was
calculated for it. As before, the culture period was
assumed to be 1000 days, resulting in a 5 gram oyster.
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The final permissible level suggested as a guideline
was taken to be the lowest value occurring in the column
for each metal. Effluent containing a concentration of
metal in solution above or at this level is not recommended
for aquacultural purposes. In three cases, Cr, Pb, and Zn,
the susggested level represented the concentration toxic to
algae. For copper, the level was based on acute toxicity
to humans. With cadrium, it reflected chronic toxicity of
the metal in humans. 0ddly, nickel was the only element
whose recommended concentration in the effluent was based
on alert levels, representing a level three standard
deviations above that normally found.

Even though the levels of metal in the effluent for use
in the aquaculture system were calculated against standards
suggested for food regulations, many questions are left
unanswered as to whether consumption of the shellfish is
completely safe from a public health point of view, consid-
ering only metals. Total metal content may be misleading
since the structure of the compound is not elucidated.
Organometallic species of metals may be present in effluent
due to industrial discharge or possible reactions encountered
during the sewage treatment process. These compounds, if
present, may have toxic effects not commonly associated with
their inorganic counterparts. Also, the possible carcino-
genic, mutagenic, and teratogenic effects were not consider-
ed here and should be investigated.

The many difficulties which beset the definition and
validity of standards should not delay progressing towards
guidelines, despite their tentative nature. Much will be
gained by establishing the proper limits for metals in
effluents to be used for aquaculture, although the defini-
tion of precise limits to cover all possible toxic effects
may take a long time to develop, particularly since many
oysters sold commercially have been unintentionally exposed
to discharge of municipal effluents, retaining elevated
levels of metals despite depuration for possible pathogenic
organisms,
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CALCULATED YIELD OF SEWAGE LAGOON BIOMASS, A PLAN FOR PRODUCTION, AND
SOME OF THE PROBLEMS INHERENT IN USING BIOMASS OR LAGOON WATER FOR
PRODUCTION OF FOOD AND FIBER

BY
* , dek *dkk
KARL SCHURR and J. M. GOLOMBEK

INTRODUCTION

Lagoon treatment of sewage is rapidly expanding both in the United
States and throughout the world. It is certainly opportune and
appropriate that we should be meeting to exchange information about
our difficulties and successes in the application of research to
sewage lagoon operation and technology. The focus of this paper will
be on the Deshler, Ohio terminal sewage lagoon system. This is an
aerobic lagoon which is 5.4 hectares in area and has an even depth of
0.8 to 0.9 m at the present time. A preceding anaerobic lagoon
receives sewage from the village of Deshler. Two thousand residents
and the town drainage contribute from 1.2 million liters to 2 million
lTiters of sewage per day. An engineering or construction firm would
evaluate the Deshler lagoon system neqgatively because it obviously is
designed to accept a much larger volume. Retention of sewage in the
system is from one to several months. The reason for such a capacity
may have been a group of city fathers who were over-optimistic about
the population growth of their village, or architects who were
extremely conservative. Be that as it may, this lagoon is not subject
to the regular ills and misfortunes of lagoon systems whose capacities
are constructed close to the margin of input volumes.

The question of efficiency in lagoon systems needs to be debated no
Tonger. A lagoon system with sufficient capacity can produce effluent
of the highest quality {there are several st!dies which document this,
but we will cite Schurr’ and Schurr and Raum™). In comparative
efficiency, a properly designed lagoon system will convert nutrients
better than standard activated sludge or trickling filter systems.
Lagoons are appropriate treatment methods for small towns, villages,
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Professor, Medical College of Ohio.

** This research was supported in part by grant RD1(B1) an endowment
from the estate of Margaret Yocum: "Research in Agquatic Pollution,'
K. S. Grant, Director. The plan for a “Comprehensive Wastewater
Study" was designed with funding from Bowling Green State University
Dr. Hollis Moore, President.

***pPresident of Inviron Inc., environmental specialists, P. 0. Box
3119 Cleveland, Ohio 44117.

102



animal feed lots and similar industrial uses. However, they are the
system of choice only where land use and cost of land will permit
their construction. Benefits of lagoons are low construction cost and
low operational costs.

There are two products of lagoon sewage treatment: the water, and a
huge volume of plant and animal material. Both are subjects for our
conference. Plant and animal biomass is quite innocuous from a public
health standpoint. It is not offensive to the senses. If this biomass
is allowed to leave with the effluent, however, it will eventually die
and decay will release the nutrients downstream. We can not tolerate
this eutrophication. Algal blooms in Lake Erie have nearly destroyed
it for swimming and recreational boating because they are so negative
aesthetically. With severe eutrophication, the algae supersaturate
the water with 0, from photosynthesis in the day, but there is zero
oxygen because o% respiration at night. Few fish can tolerate such
conditions and even fewer eggs or embryos will survive.

The logical solution to this difficulty would be to remove the biomass
and find a use for it. Many researchers have tried to utilize single
celled algae from primary lagoons, but their efforts have been plagued
with problems. The high yields of algal cultures tantalize physiolo-
gists. Verduin and Schmid3 could document approximately 7000 grams of
protein produced by Chlorella, per m2 of surface, as compared with
about 150 grams for traditional terrestrial crops. The difficulties
in use of primary lagoon algae have been with harvesting where they
clog pumps and filters. This would not be an insurmountable technical
problem, but the population dynamics of the algae vary through the
seasons and many species taste badly or are toxic. Dohms? has
summarized the efforts to use algae for food. Since outstanding
scientists have found so many problems with unicellular algae, we have
studied the possibility of using multicellular forms, the flowering
plants and invertebrates that grow in the terminal lagoon at Deshler.
A following paper at this meeting by Dr. Bakaitis will evaluate
vitamin content of biomass.

YIELD AND USE OF BIOMASS

Schurr® and Schurr® describe potential nutritional value of the
invertebrates, while Dohms and Schurr/ document the protein, lipid and
carbohydrate content. Living biomass in the Deshler terminal lagoon
is dominated by Potamogeton foliosus, a flowering plant which has
several growth forms. In the terminal lagoon, the stems break and the
plant blooms in large floating masses which continue to grow through
the summer to a maximum crop in August, September and October. It
forms a thick mat that eventually shades the bottom of the pond.

Water content of the biomass was determined by lyophilization of pre-
weighed samples (Dohms# & Bakaitis8). This rigorous drying of biomass
showed an average percentage of water to be 87% (standard deviation
0.25) for 1971, 1972 and 1973. We took two samples in 1968, three
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sets in 1969, two sets in 1971 and one samp]e in 1973, The samples
were blotted in newspaper, and air-dried in sunlight. The final
consistency was the same as well-cured hay. Water content calculated
from this method of drying was slightly above 84%. The method of
drying is much less accurate than lyophilizing, but it more closely
approximates the results from potent1a1 commercial treatment. For

this reason, we will use 85% water in estimating productivity. Samples
were raked into a plastic container, excess water was drained, and the
biomass was packed into plastic bags to be frozen for later chem1ca1
analysis or determination of volume. Measurements of the floating

biomass mat gave a calculated yield of wet weight comparable to sample
volume.

A single crop for the terminal Deshler lagoon will yield 1596 cubic
meters of dry biomass per hectare. Proper removal of the floating
material will benefit growth, so that no shading of the undersurface
can occur. We expect this would increase yield to over 2000 m3 per
hectare. Nutritional content of the biomass has been documented over
the growing period by Dohms4. A typical sample for October was
composed of 22% protein, 4% 1ipid, 40% carbohydrate and 34% ash
(fractions rounded to nearest percent). Oxygen bomb calorimitry
measured energy content per gram of the biomass at 3.86 Kcal to 3.92
Kcal with a standard error of 0.047 on five replicates. Sewage lagoon
biomass, therefore, has considerable potential as a food resource. The
high protein content becomes particularly significant because of the
general shortage of protein. Foss9 has summarized the information,
from the international symposium on "New Sources of Protein Foods,"

as a world requirement for increased protein. This is 3,630,000 metric
tons of new dry weight protein each year for the foreseeable future.
Conventional agr1cu1ture and our normal fisheries will not produce this
quantity (Schurrb). Biomass from sewage lagoons may offer another
source of protein.

PROPOSED METHODS OF HARVEST

Methods of handling biomass have yet to be evaluated. The standard
alfalfa drying plant should be able to dry and pellitize biomass. The
consistency of biomass and wet alfalfa cut at night is similar.
Removal from the lagoon is possible with a floating rake pulled to one
end by cable and two electric motors. This would remove floating mats
yet leave attached stems for continued growth. Biomass could be
loaded for transportation with the same pick-up choppers used for wet
alfalfa. These suggested methods of removal would enable harvesting
at the best rate to promote plant growth. They also utilize the
existing technology for alfalfa drying.

ALTERNATIVE USES

The actual disposal of biomass will be determined by the research
which is in progress or has yet to be done. If there are no public
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health problems, sewage lagoon biomass could be used as a component in
feed for several domestic animal species. It could even serve as a
fractional part of meat substitutes in the human diet; I have eaten it
and the taste is bland. Feeding of biomass would be particularly
advantageous for animal feed lots, where it could be added to more
conventional feeds. Animal manure could be converted to biomass in
lagoons on the farm and then recycled through the animals again. If
there should be evidence of pathogenic bacteria or viruses in the
biomass, it may be necessary to mix the biomass with corn as ensilage.
As is usual with this feed, the mixing of molasses with the biomass
and corn would certainly increase its nutritional value. Fermentation
and heating would probably destroy pathogens in the silo.

Should some unforeseen problem prevent feeding of biomass, then the
material could be used to generate methanol as is described by Reed
and Lerner10, Mixed-grade methanol can be produced cheaply from
garbage, plant refuse, paper pulp wastes and biomass. Methanol can

be used as a fuel additive to gasoline, where about 15% will increase
octane, reduce air pollution and extend mileage in standard automobile
engines. Methanol converters could generate fuel, from wastes and
biomass, to be used in municipal vehicles and farm tractors.

A final possible use of biomass would be as a soil conditioner. Such
use would not give as much monetary return as those mentioned above,
but it would dispose of the material. Sweet clover is frequently
planted and then ploughed under in order to improve soil fertility and
texture. MWhatever the use, it is necessary to remove biomass from
lagoons so that it will not go out with effluent, die, decompose and
release the nutrients in down-stream areas.

PROBLEMS

The use of biomass or water from lagoons will depend on their freedom
from toxic substances. Pesticides, herbicides and industrial
chemicals must not be present in significant levels. Cyanides are
often released from factories as are lead, mercury, cadmium and
selenium. Unexpected contaminants may be found; Robinson, Draper and
Gelmanll showed that copper sulfate fed to pigs resulted in sufficient
copper in feces to inhibit nitrogen degradation. Radioactive elements
are another possible hazard.

A serious public health concern is the fate of waterborne virus
particles and pathogenic bacteria. Hicks12, Saslaw!3 and Kurowski14
show the potential danger. Several studies have been completed on
lagoon systems and the pathogens they may harbor. There has been no
well-controlled study of virus particles in a lagoon system having a
reasonable retention time. We expect several scientific papers which
speak to this problem because there is new commercial equipment now
available for concentrating virus particles from large volumes of
water (Wallis, Homma and Melnickl5). The Deshler system seems to
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dispose of bacteria rather well (Schurr]). Kott1® has stated that
virus particles are attenuated in the lagoon system that he is testing.
Nevertheless, it is necessary to have exaustive studies completed on
lagoon systems which are properly loaded. It is appropriate that
similar research be done on activated sludae and trickling filter
systems as a comparison.

Problems May Be Caused By Members Of Our Profession

A lagoon system which is “efficient” from the standpoint of land use
and cost, is frequently the type of system that concerns the public
health officer, offends the senses and is an ecological abomination.
We can evaluate lagoons as efficient in cost or loading as opposed to
those which are efficient for their purpose. Qur definition of
efficiency is the second type; sewage treatment should convert wastes
to materials or chemicals which can be removed during or after treat-
ment so that the effluent is water of highest quality. Absolute
standards of water quality can be met by trickling filter or activated
sludge systems combined with flocculation and chemical treatment. The
system which is in operation at 5ake Tahoe would be an example of
efficiency in our view (Abe]son1 ). Cost of such a system is quite
high. We differentiate efficiency of treatment from cost in our
discussion because there is a tendency of some designers to mix apples
and oranges, in their calculations, and the product is something that
smells badly. It is wrong ethically and wrong from an engineering
viewpoint to present a plan that mixes circa 60% waste conversion with
construction costs that seem what the traffic will bear. It is also
wrong to view the sewage system as a microcosm and then reject any
responsibility for what leaves it. The public health officer who is
only concerned with heavy chlorination of effluent is in error.
Nothing may be alive in the outflow, but there is an indication that
reactions may take place which produce chlorinated hydrocarbon
residues that will be of public concern in food chains further down

in the watershed. Chlorinated effluent will destroy stream ecology
for miles. There are individuals with tunnel vision. If all bacteria
and viruses are destroyed, they don't concern themselves with the
chlorine, nitrates, nitrites, phosphates, etc. being dumped in our
waterways. Ozone (actually ozonized air) would be a reasonable
alternative to chlorination if the chemical were removed by aeration.

PLAN FOR INTEGRATED LAGOON AND STANDARD SEWAGE SYSTEMS

Many small towns have overloaded sewage plants. They may also have
mixed storm drains and sanitary sewers. This places an intolerable
burden on those responsible for proper treatment of sewage. Bowling
Green State University responded to such conditions by offering land
at no cost for the construction of 400 acres of lagoon system. The
university also financed a comprehensive waste water study (e.c.c.18),
Bowling Green has mixed storm and sanitary sewers, with a trickling
filter sewage plant that is overloaded during rainfall. The proposed
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sewage lagoon system would receive all effluent during rainfall and
treatment would progress through a chain of lagoons. Biomass would

be removed from terminal lagoons. Effluent could be pumped back
through the trickling filter system during dry periods. High loadings
could be sent to the lagoons and then brought back to the standard
plant. An efficient removal of phosphates could be achieved most
economically.

The alternatives to this proposed combination of lagoons and trickling
filter sewage treatment plant are as follows. The town must construct
a greatly expanded sewage treatment plant. Design figures on plans
show that even this expanded capacity will be unable to accept the
volume during heavy rains and it will be necessary to bypass. Storm
and sanitary sewers must be separated. We predict that federal regula-
tions will become more stringent and storm water will be treated within
a few years. Better quality standards on effluents will be mandated

by the government. This will require a flocculation system being added
to the new treatment plant.

It is difficult to estimate construction costs within the next few
years because of inflation, energy shortages and land expense. However,
we think the total cost of a new sewage treatment plant, plus separa-
tion of storm and sanitary sewers, plus treatment of storm water, plus
special treatment required as standards increase, may reach the level
of twenty million dollars. No useable product will be produced by
this type of construction. Alternatively, with free land contributed
by the university, a lagoon system could be added to the sewage plant
at a cost of $400,000 to $600,000. A compromise treatment system
composed of a new activated sludge system and a lagoon system would
cost about $7 million and could meet the highest water quality
standards. The town has 20,000 residents listed on the last census,
but this included all students 1iving off campus. Actual residents
are about 15,000. Those with taxable incomes are much fewer. It
becomes obvious that there must be alternatives to standard sewage
treatment because the average American community simply doesn't have
the tax base to build an activated sludge or trickling filter system
that will meet the highest water quality standards. Increased welfare
costs, fire protection, police protection, education, mental health
programs, etc., etc. will all have priority over sewage treatment.
Clean water will be an impossible goal unless we can find ways to
treat sewage at moderate cost.

SUMMARY

We suggest that the proper prescription for optimum sewage treatment
with reasonable costs is as follows. Villages, small towns and

animal feed lots would be appropriate for lagoon systems if land cost
is reasonable. Loading should be moderate so that terminal lagoons
will be aerobic and will produce biomass from plant and animal growth.
The biomass should be removed and commercially used as described in
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this paper. Whenever possible, the lagoons should be combined with
standard sewage treatment systems in order to obtain the highest water
quality standards in treatment. The biomass should be recycled close
to the site of production. This may be used as animal feed. We do
not discount the use for humans if it could meet pure food and drug
standards. We may find the proper fate of biomass would be a conver-
sion to methanol to be used as an additive to gasoline. Biomass may
be disposed of as a soil conditioner. 1Its removal from lagoons,

however, is a necessity if we are to reach the ideal of pure water as
effluent.
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ANALYSIS OF SEWAGE LAGOON BIOMASS WATER
SOLUBLE VITAMINS BY MICROBIOLOGICAL TECHNIQUES

by
Nancy M. Bakaitis*

Eutrophication of surface water resources, due to enrichment from
fertilizer runoff, municipal sewage effluent and other sources, has
led to great economic losses and environmental damage. If the vast
growths of vascular plants and algae, which occur under these con-
ditions, could be harvested economically, mechanical removal would be
an attractive alternative to the chemical treatments now employed.

Water weeds have been suggested as a potential source of nutrition for
1ivestock by Boyd! and Little.2 Recent work on cultivation of aquatic
plants in sewage lagoons to remove pollutants and produce a clean ef-
fluent has had considerable success in the United States and in Asia,
according to Oswald and Golueke3 and McGarry and Tongasame? This con-
cept of sewage treagment and food production has also been tested suc-
cessfully by Ryther? using aquatic plants in marine systems.

The sewage lagoon system of Deshler, Ohio was studied from 1971 to 1973
to determine the nature of the life forms commonly present and their
nutritional value. The possibilities of sewage treatment and water
purification with the product1cn of a ussfgl product were_explored by
several workers including Dohms®, Schurr and Verduin.?

The Deshler sewage lagoon system consists of two ponds with a depth of
approximately one meter. The system handles all of the sewage from a
community of 2000. Pond One receives raw sewage through a submerged
1ine at the rate of from 300,000 to 500,000 gallons per day, depending
on rainfall. Anaerobic digestion of sewage occurs in this nine acre
pond. Pond Two is thirteen acres in area and is aerobic. The water
leaves Pond One through two corner outlets and enters Pond Two, which
in turn, discharges into a small stream. Material from Pond Two was
studied.

*Chemistry Department, Findlay College, Findlay, Ohio.

**This research was supported, in part, by funds from grant RDI(BI)
“Research in Aquatic Pollution", an endowment from the estate of
Margaret Yocum.
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Pond Two biomass consists of floating plant material in which
Potamogeton foljosus Raf. predominates and has associated with it many
aquatic insects at various life cycle stages, aquatic annelids, mites,
and snails. The plant material forms a thick floating mat extending
many feet from the shore toward the center of the pond. Sampling of the
biomass was done by standard random sample techniques with samples being
of 5§ to 10 liters in drained volume. Samples were taken at varjous
intervals during August and September each year when the material was
present in significant quantities. Samples were lypholized and frozen.

Analysis of the water soluble vitamin content of the biomass was con-
ducted to determine if it was comparable to common animal feeds as a
vitamin source. Thiamine, riboflavin, niacin, pantothenic acid, By,,
total Bg, biotin, choline, and beta-carotene were selected for stuéy
based on the requirements of chickens and swine. Choline was deter-
mined using the method outlined by Sebrell and Harris.!0 Beta-carotene
was found to be present using the procedure of Gyorgy and Pearson.l]
A1l other vitamins were assayed using the preferred microbiologijcal
techniques of the Association of Official Agricultural Chemists12, %h
Association of Vitamin Chemists!3, or the United States Pharmocopiae. !4
The content of each of the vitamins studied did not vary significantly
during the growing season or from one year to the next so that the data
was pooled and amean vitamin content for each vitamin is presented.

Results indicate that the sewage lagoon biomass vitamin content compares
favorably with common feeds, such as, alfalfa, ear corn, dried barley,
sugar beet pulp, and solvent extracted soybean hulls. The amount of
riboflavin present in the biomass is superior to these feeds; and, the
amounts of biotin, choline, niacin, pantothenic acid, and thiamine are
comparable. The total Bg content of the sewage lagoon biomass is Tlow

in comparison to these feeds and would need to be augmented if it was
the sole Bg source in chicken rations. A summary of these findings

is presented in Table 1.

Analysis of subsamples of biomass material taken in 1971 were completed
by Dohms®  for protein, carbohydrate, 1ipid, and mineral content. The
amounts of carbohydrate present was reported as 3.89 Kcal/g dry weight
of material; and, the protein content was found to be 17.9 per cent.
These values also compare quite favorably with dried alfaifa meal, corn,
barley, soybean hulls, and sugar beet pulp protein and carbohydrate
content. The mineral content of the biomass was also found to compare
favorably with these feeds being higher in calcium and zinc, but lower
in manganese content. A summary of these findings is in Table II.

Therefore, the sewage lagoon biomass from the Deshler, Ohio aerobic
sewage lagoon compares favorably in protein, fat, carbohydrate, mineral,
and vitamin content with commercial feeds. Regardless of the source,
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Table I. Vitamin Content of Feeds Compared to Sewage
Lagoon Biomass Mean Vitamin Content for 1971 to 19732

Vitamin SLBP  Feed * Feedd  Feed®  Feedf Feedd
Biotin 0.36 -- 0.20 -- 0.05 0.32
312 0.10 -- - -- - --
Choline 1020 1550 1030 829 550 2743
Niacin 30.00 41.90 57.40 16.30 20.00 26.80
Pantothenic 13.18 20.90 6.50 1.50 5.00 14.50
Toﬁg;d86 1.35 6.50 2.90 -~ 5.00 8.00
Riboflavin 19.81] 10.60 2.00 0.70 1.10 3.30
Thiamine 5.00 3.00 5.10 0.40 -- 6.60
a. Expressed as mg/kg dry weight of material.

b. Sewage Lagoon Biomass mean assayed value based on 1971, 1972

0 - aoaon

and 1973 samples.

Al1falfa, Medicago sativa, aerial portion, dehydrated.

Barley, Hordeum vulgare, dried grain.

. Sugar Beet, Beta saccharifer, dehydrated pulp.
. Corn, Zea mays, ground ears.

Soybean, Glycine max, seed meal , whole, solvent extracted and

ground, 7 per cent fiber. 5
Data for c.-g. from NRC, Nutrient Requirements of Poultry,
Table 13. Composition of Some Common

1971. pp. 24-37.
Poultry Feeds.
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Table 1I. Mineral Content of Feeds Compared To
Sewage Lagoon Biomass Assayed Mineral Content @

Mineral stB?  Feed®  Feedd  Feed®  Feedf
Sodium 0.29 0.07 0.02 0.01 0.01
Phosphorous 1.03 0.22 0.42 0.28 0.62
Calcium 3.44 1.23 0.08 0.04 0.26
Potassium 1.39 2.33 0.53 0.53 2.02
Manganese (ppm)464.0 29.00 16.30 13.00 45.50
Magnesium 0.41 0.29 0.12 0.15 0.28
Iron (ppm)}  1601.00 0.032  0.012 0.012 0.022
Zinc (ppm) 50.00 20.00 15.30 9.00 45.00
Copper (ppm) 10.00 10.40 7.60 7.70 --

a. Expressed as per cent dry weight unless otherwise indicated.

b. Sewage Lagoon Biomass, Dohms,®1972. A Nutrient Analysis of
Sewage Lagoon Biomass. Table VI.

c. Alfalfa, Medicago sativa, aerial portion, dehydrated.

d. Barley, Hordeum vulgare, dried grain.

e. Sugar Beet, Beta saccharifer, dehydrated pulp.

f. Corn, Zea mays, ground ears.

Data for c.-f. from NRC, Nutrient Requirements of Poultry,!5
1971. pp. 24-37. Table 13. Composition of Some Common

Poultry Feeds.
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if nutritionally valuable feeds can be found, they will be employed in
animal feeds. The only significant limiting factors are cost and public
health. The cost of sewage lagoon biomass will be determined Dy the
expense of harvesting and transport, since it is a "waste product” of
sewage treatment at the present time. A positive economic factor is the
present necessity of removing this material from effluents in order to
release clean, treated water. Such removal prevents eutrophication in
down-stream areas of the watershed. Since lagoons are the least expen-
sive method of treating sewage from viltlages, small towns, and animal
feed lots, the removal of biomass will be the final requirement of la-
goon treatment in the future. With removal of biomass, lagoons also
become the most efficient method of sewage treatment. Removal of bio-
lTogical oxygen demand, nitrates, nitrites, and phosphates is consider-
ably better than trickling filter or activated sludge systems operating
at optimum efficiency.

Removal and utilization of biomass in feeds would enable our society to
reap a triple benefit. Lagoon treatment could be employed more general-
1y in small communities and for animal feedlots. Secondly, the bjomass
could be used for animal feeds near the location of production. Actual
recycling of nutrients would be possible for small geographic areas and
for individual farms. Thirdly, we could approach the ecological ideal
of confining nutrients to the areas where we want to promote growth,
while avoiding dispersal of nutrients to locations where we consider
them harmful to the habitat.

At this time, all studies conducted on the Deshler sewage biomass have
produced results which indicate that biomass would be an excellent feed
supplement. Before a final evaluation of biomass as a feed source can be
made, information must be obtained on the fate of virus particles and
bacteria in a well-operated sewage lagoon system. The combinations of
sewage lagoon biomass with other components of livestock rations and the
effect on growth need to be documented in actual feeding experiments.

It will also be necessary to design methods of harvesting and drying the
biomass.
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FEED AND FIBER FROM EFFLUENT - GROWN WATER HYACINTH

by

L.0. Bagnall, T.deS. Furman, J.F. Hentges,dr.,
W.J. Nolan and R.L. Shirley*

SUMMARY

Water hyacinth was used to remove nutrients, primarily nitrogen and
phosphorous, from secondary treated sewage effluent; some of the plants
were subsequently ensiled or dried and fed to sheep and cattle and some
were pulped to make paper. The irregularly harvested pond removed 10%
of the nitrogen and phosphorous from the effluent, only 10% of which
could be accounted for in the plant tissues. Cattle and sheep readily
ate processed water hyacinth in complete diets and remained in good
health, but did not utilize the nutrients as well as nutrients in a
land forage, coastal Bermudagrass. The primary feeding value is as
sources of energy, mineral elements and roughage for ruminants. Paper
can be made from water hyacinth, but production cost is uneconomically
high. Compost may be the best use, having the highest value and lowest
processing cost.

INTRODUCTION

Fertilization by wastewater often encourages excessive growth of some
plant species in waterways, reducing the availability of the water for
more desirable uses. The focusof this conference is on how to manage
these fertilizing effluents to some beneficial ends. One possibie
means to this end is to manage the growth and utilization of one of the
problem species, water hyacinth (Eichhornia crassipes).

Water Hyacinth

Holm, Weldon and B]ackburn1 estimate water hyacinth caused losses of
$43 million in the Southeastern United States in 1956 and that control

*Assistant Professor, Agricultural Engineering; Professor, Environ-
mental Engineering; Professor, Animal Science; Professor, Chemical
Engineering; Professor, Animal Science. University of Florida,
Gainesville, FL.

**The projects on which this paper is based were supported by the Flor-
ijda Agricultural Experiment Station, University of Florida Engineer-
ing and Industrial Experiment Station, Florida Department of Natural
Resources, Florida Game and Fresh Water Fish Commission, Southwest
Florida Water Management District, and the Office of Water Resources
Research, USDI, through the Florida Water Resources Research Center.
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programs cost millions of dollars. Though not the only cause of this
undesirable excessive growth, over-nutrification of the water is a
contributing factor.

Water hyacinth is a large free-floating plant with an attractive laven-
der flower and shiny bright-green leaves on long petioles. Uncrowded
plants, particularly in shallow water and full sunlight, have bulbular
float petioles about 8 inches 1ong2 whereas crowded plants produce elon-
gate pwtioles up to 50 inches long”. The plants erroduce from stolons
and, less importantly, seeds. Penfound and:Earle” report that the num-
ber of water hyacinth plants doubled every 11.2 to 15.0 days in field
observations and_that the edge of a water hyacinth mat extends 2 feet
per month. Bock“reported a 50% weight increase in 13 days, and Knipling
West and Haller observed mass growth rates of 50% in 10,4 days. Stand
densities of 125 to 184 tons per acre have been reported.

Water hyacinth grows mgst rapidly in water temperature from 28 to 30 C4
and pH from 4.0 to 8.07, and ceases to grow when water temperature is
above 40 C or be]gw 10 C. Water hyacinth is killed when the tip of the
rhizome is frozen~. The plant has little tolerance for salt water and
will only grow in fresh to faintly brackish water. The plants are
normally free-floating but, if stranded by receding water, will root in
mud and survive. Phosphorous is limiting to growth in concentrations
be]owGO.l ppm and is consumed in luxury amounts at higher concentra-
tions~. Plants usually exhibit lower root-to-shoot ratios as water
nutrification increases.

Because of their habit of vegetative reproduction from stolons, individ-
ual plants remain tied together in a floating mat. In confined wagers,
the mat spreads until it covers all the water. Penfound and Earle
report that dissolved oxygen under mats ranged from 0.1 to 1.5 ppm,
depending on mat density, when nearby open water contained 4.0 ppm oxy-
gen. The oxygen depression is caused primarily by decay of detritus
from the mat and in turn causes dramatic changes in the types and
quantities of life in adjacent areas.

Wastewater and Water Hyacinth

Sheff*ie'ld7 passed extended aeration effluent through a water hyacinth
pond with a detention time of 10 days and observed 81% reduction of
ammonia nitrogen. No reduction in nitrate nitrogen was observed until
anaerobiosis was established at 42 days, after which reduction rose to
81%. Orthophosphates were reduced 51% during the first month of opera-
tion, but reduction fell to 20% after that, as decaying plant detritus
released accumulated phosphorous back to the water.

C]ock8 found that a water hyacinth system removed 39 to 94% of the total
nitrogen from extended aeration effluent when the detention time was
five days, with best reduction coming during the period of most vigor-
ous growth. Average nitrate reduction was 61%. Phosphates were re-
duced by 60% during periods of vigorous growth, but increased during
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dormancy.

Steward9 projected that an acre of water hyacinth can take up the nitro-
gen production of 130 to 595 people from secondary sewage effluent when
growth rate ranges from 294 to 1340 tons per acre-year. At the same
growth the phosphorous production of 40 to 180 people could be absorbed.
Miner, Wooten and Dodd10 grew water hyacinth on anaerobic swine lagoon
effluent in Iowa and found the system to reduce Kjeldahl nitrogen 95%,
ammonia nitrogen 96%, phosphate 82% and COD 88% in 102 days detention

in pools. 18 inches deep, and recommended that depth for application.

Food, Feed, Fiber and Water Hyacinth

Boyd11 found the composition of naturally growing water hyacinth to be
as shown in Table 1. He noted that the composition varies considerably
with location and season, but concluded that, chemically, it was suit-
able for cattle feed. Water hyacinth would be unsuitable for human food
because of its high fiber content. It could be fractionated to yield
leaf protein and other non-fibrous components.

Cattle have been observed eating water hyacigth leaves, especially when
other types of forage were scarce. Hentges™™ reported that cattle ac-
cepted limited amounts of fresh and sun-dried chopped water hyacinth,
but refused some plant parts and stale feed. He fed dehydrated water
hyacinth to cattle at high levels of their diets and found that, though
the animals only maintained their weight, the material was not toxic;
he noted that the quality of the feed was poor due to a combination of
source and processing.

Most paper is made from wood, but other plant materials have been test-
ed as pulp sources. Paper-making from water hyacinth has been suggest-
ed and tried in the past, but thorough, scientific data is not in the
1iterature.

Processing

The water hyacinth must be removed from the effluent to remove the nut-
rients and put them to use. For most uses the plants must be processed
to reduce bulk and weight, retard or enhance decomposition, and to im-
prove acceptance and utilization. Growth on an artificial pond should
be more consistent in quality and quantity than at natural sites, and
controlled harvesting should be easier, important factors in commercial
application. The non-conventional harvesters required are available.

The harvested plants' characteristics and some of its proposed uses re-
semble those of some traditional land forages. Forage processing prac-
tices, including chopping, ensiling, drying and pf&leting, should be

applicable with modification. Casselman, et. al.”~ explored the use of
presses for redgging the high initial moisture content of some tropical
forages. Pirie " applied maceration and pressing to extraction of pro-
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Table 1. Composition of Water Hyacintha

%, dry basis
(except as noted)

Dry Matter, % wet basis 5.9
Crude Protein 16
Nitrogen 2.5
Cellulose 28
Available Carbohydrate 7.8
Ether Extract 3.5
Ash 17
Phosphorous 0.42
Calcium 1.0
Potassium 4.4
Magnesium 1.1
Energy, kcal/g dry 3.8
a. from Bo_yd11
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tein from freen plants. In both cases, the resulting juice was rich in
protein, minerals and pigments. Pirie describes ways that these valua-
ble components can be recovered, including pH adjustment, aging and
heating which cause coagulation or precipitation. The required tech-
nology for utilization is available and needs only to be adapted to the
crop.

OBJECTIVES

How much nitrogen and phosphates can water hyacinth remove from second-
ary treated sewage effluent? How do pool geometry, season, and deten-
tion time affect removal? How should plant harvest be managed?

What is the cost of producing compost? What is its value? 1Is there a
market?

Will cattle readily consume processed water hyacinth? Can they utilize
the nutrients the processed water hyacinth contain? Will they perform
well on processed water hyacinth? Are there health-related problems
from eating water hyacinth? What is the cost of producing processed
water hyacinth feed? What is its value? Is there a market?

Can paper be made from water hyacinth? What are the production re-
quirements of such paper? What are the characteristics of the pulp and
paper? What is the value of the paper and the cost of its production?

What product is most feasible, economically?
PROCEDURES

Water hyacinth was grown on extended aeration secondary treated sewage
effluent, harvested, and processed to produce a range of products as
shown in the overall system schematic in Figure 1. Loosely coordinated
individual projects in nutrient removal, paper-making, processing and
animal feeding used the same pool of water hyacinth.

Water hyacinth was established on one of the oxidation ponds at the
University of Florida Campus Sewage Treatment Plant in early April,
1972. Seven bushels of plants were collected from Lake Alice, on the
University of Florida campus about a haéf mile downstream from the
sewage plant, and placed ig the 7400 ft“ pond, where they initially
covered an estimated 75 ft®. Surface coverage was determined period-
ically until the pond was covered. In late May, nine 3x3 ft pens were
built in an adjacent pond and plants were placed in them for mass
growth rate determinations.

Influent and effluent were sampled automatically and analyzed for Kjel-
dahl nitrogen, ammonia nitrogen, nitrate nitrogen, orthophosphate, and
total phosphate. Samples for dissolved oxygen determinations were tak-
en near the center of the pond at 6 inches below the surface, mid-depth
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and 6 inches above the bottom.

The pond was operated throughout most of the test with a 15-hour deten-
tion time, much shorter than any reported previously in nutrient uptake
tests with water hyacinth. During the last 2% months of the test, from
early February to mid-April, 1973, detention times of 6 to 24 hours
were used, to establish the effect of detention time in this range.

The system shown in Figure 2, combining conventional and unconventional
forage processes, was used to convert aquatic plants to a variety of
products. It consisted of harvesting, chopping, pressing, ensiling,
drying, pelleting and juice solids recovery operations and produced
compost, pulping stock, silage, dry feed and a feed concentrate.

Plants were harvested irregularly throughout the summer and fall of
1972 by hand or with a small conveyor. Harvested plants were chopped
with a slightly modified forage harvestor.

Compost was produced from whole and chopped plants by storing wet
plants aerobically for 1 to 6 months, then drying and grinding. Com-
post was evaluated by mixing with other soil materials and growing
plants in pots.

Large quantities of chopped plants for feed production tests were
pressed in the 12-inch Vincent press used by Casselman, et.al.”".
Smaller lofg were pressed in the eight-inch and nine-inch presses built
by Bagnall™~. Methods of recovering nutrients, particularly protein,
from the juice were explored.

Most of the effluent-grown water hyacinth was ensiled. The pressed
water hyacinth was mixed with up to 4% dried citrus pulp or cracked
corn and up to 1% standard cane molasses as free carbohydrate sources
prior to ensiling. Lots of 220 1b were stored for 21 to 60 days in
polyethylene-lined barrels with trapped drains. Lots of about 3000
pounds were stored in four-feet diameter by 8-feet long asphalt-lined
currugated culverts set on end.

Some of the pressed water hyacinth was dried in a static bed at 125 F
to 140 F and stored as coarsely ground feed. Water hyacinth from other
sources was dried on other types of dryers, inciuding an instrumented
high-temperature rotary dehydrator. Drying characteristics and costs
can be projected from the combined data.

One lot of processed water hyacinth was pelleted through a 3/8x2-inch
die in a flat plate pellet mill. Densities and durabilities were
found and observations made regarding production rate and energy
requirement.

Whole plants, chopped plants, pressed plant residue, pressed juicg,
dried plant products, silage and mixed feeds were analyzed for moisture
and nutrients, primarily crude protein and ash. In some cases, more
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detailed analyses, primarily of the ash, were made.

Animal acceptability of water hyacinth products was established by plac-
ing them before the animals for several days, either as the only feed
available or in competition with other feeds, and observing order of
choice and quantity consumed. Feed was weighed before feeding and left-
overs weighed back and replaced each day to minimize effects of deteri-
oration, especially with silage.

Yearling steers were fed dried water hyacinth, dried hydrilla (Hydrilla
verticillata) and coastal Bermudagrass (Cynodon dactylon) as 33% of the
organic matter in complete pelleted diets to determine acceptability,
as measure by voluntary intake, and utilization of nutrients, as meas-
ured by balance of intake and collected excrement. Sheep and cattle
were fed water hyacinth silage from the culvert and tower silos, alone
and with supplementary dietary components, to determine voluntary intake
and nutrient utilization. Coarsely ground dried water hyacinth press
residue was included as 10% of cattle diets for comparison with cotton-
seed hulls and sugarcane bagasse pellets as roughage sources in a 112-
day feeding trial.

Health of all animals was observed during all trials and selected ani-
mals were slaughtered and examined in detail.

Whole plants and elongate petioles only were chopped and used for pulp-
ing. The pulping system is shown in Figure 3. The chopped plants were
passed through an attrition mill to reduce the plants to very small
particles and break the physical bond between fiber bundles and pith.
The pulp was washed on a travelling screen by high pressure water spray,
and the clean fiber bundles were dried and stored. The fiber was pulped
by cooking in experimental digesters using four different processes
shown in Table 2. Pulp fiber strength was developed and fibers separat-
ed by beating. The pulp was tested for freeness, a measure of drainage
rate, and test handsheets were formed. Tear, burst and breaking
strengths were found.

RESULTS AND DISCUSSION

An area growth curve of water hyacinth in the oxidation pond is shown in
Figure 4. Time for doubling of area in the central part of the curve,
following establishment of the stand and before crowding, is 6.2 days.2
This rate of growth is about twice that observed by Penfound and Earle".
When 60% of the water hyacinth was harvested in August, recovery was
very slow until the remaining mat was broken up; peripheral length must
be maximized to assure maximum growth.

Time for 50% increase in wet weight was 7 days, indicating4a growth rate
43% higher than that observed by §nip]ing. West and Haller and 86%
faster than that observed by Bock™. Fertilization and other conditions
existing in the pond are conducive to higher than normal growth rates.
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Table 2. Water Hyacinth Paper-Making Processes

Chemical concentration Liquor "~ Temperature
Ratio C

70 g/1 sodium sulfite 7:1 135 - 172

25 g/1 sodium hydroxide 7:1 121 - 148

36.6 g/1 sodium bisulfite 12:1 156 - 162

+ 10-35 g/1 sodium sulfite

35 g/1 equivalent Na,0, 25% sulfidity 12:1 121 - 156
sodium hydroxidg + sodium sulfide
(kraft process)
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Dissolved oxygen concentrations in the pond ranged from 0.95 ppm near
the bottom to 3.46 ppm near the surface; anaerobiosis was not an impor-
tant factor in nitrogen reduction. Total reductions of nitrogen and
phosphorous for the year are shown in Table 3 with average influent and
effluent concentrations. Nitrogen and phosphorous removal during the
test are shown in Figure 5. Removal of nurients was much lower than
reported by other investigators, at least partly attributable to much
shorter detention time.

The plant roots extended downward only about 2 inches into the 54-inch
deep pond, exposing the roots to only 4% of the water. The nutrients
must be carried to the roots by turbulence, of which there was little,
and diffusion.loA shallower pool, such as the 18 inches recommended by
Miner, et. al.”" would probably be more satisfactory for this applica-
tion. During most of the test period the plants were crowded and not
growing vigorously, so managed harvesting might have improved perform-
ance.

Nitrogen and phosphorous balances for the first ten months of operation
of the pond are given in Table 4. Stand density, based on weight and
area of plants removed for ensiling in August, was 111 tons per acre.
Nitrogen and phosphorous in the plants are based on stand density, area,
known moisture and nitrogen contents and estimated phosphorous content.
Only about 10% of the two nutrients was removed, and only about 10% of
the removed nutrients can be accounted for in the plant tissues. Some
of the missing nutrients may be in the detritus on the bottom of the
pond. With a mass growth rate of 50% every week, 1/3 of the plants
could be removed each week, for a total of 218 tons in the ten months
of testing. This management scheme would have removed 476 pounds of
nitrogen and 127 pounds of phosphorous, instead of the 24 and 6.5
pounds, respectively, shown in the table.

Effect of short detention times on nitrogen and phosphate removal is
shown in Figure 6. Removal is generally greater at greater detention
times but data are very irregular, possibly due to weather and transient
effects, and inconclusive.

Harvesting - Processing

Harvest rates of over 4 tons per hour per footlgf width have been ob-
served for flat-wire-belt conveyors with reels . A conveyor uses less
than 0.33 horsepower-hours per ton. Cost of harvesting was $2.13 per
wet ton; costs at a fixed site with reliable machinery could be as
little as 25% of that figure.

A forage chopping cylinder reduces water hyacinth satisfactori]y,.but
feed and discharge syifems of most choppers must be modified to give a
satisfactory capacity '. A 16-inch wide cylinder chops almost 2 tons
per hour per inch of cylinder width and required a minimum of 0.18
horsepower-hours per ton.
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Table 3. Nutrient Removal for the 12-Month Study Period

Average Average % Removal
Influent Effluent
ppm ppm
Total Nitrogen 12.11 10.98 9.3
Kjeldahl Nitrogen 5.57 4.80 13.8
Ammonia Nitrogen 3.88 3.31 14.6
Nitrate Nitrogen 6.54 6.18 5.3
Total Phosphates 4.19 3.81 8.0
Orthophosphates 3.18 3.03 4.8

Table 4. Nutrient Balance in Water Hyacinth - Covered Oxidation Pond

Total Total
Nitrogen Phosphorous
1b % b %
Entering pond in 10 months 6670 2310
Leaving pond in 10 months 6040 2100
Removal 630 9.4 . 210 9.1
Removed in Plants, August 24 0.4 6.5 0.3
Inventory in Plants, February 41 0.7 11 0.5
Missing 565 8.4 193 8.2
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A light-weight, decreasing-volume screw press can readily remove over
75% of the water from Ygter hyacinth and is reasonably tolerant of un-
even loading and trash™. A 12-inch press can easily process 12 tons
per hour and a 16-inch press should be able to process 28 tons per hour.
Estimated energy requirement is 2.5 horsepower-hours per wet ton or 4
horsepower-hours per ton of water expressed.

Relatively sophisticated combinations of chemical, thermal and mechani-
cal juice solids recovery can be used on a fixed site wi§h enough space.
Recoveries of up to 63% were achieved in the laboratory”” and could be
exceeded with improvement in equipment and technique.

Good quality silage can be made from pressed water hyacinth by adding0
about 4% cracked corn or dried citrus pulp and storing anaerobically™".
If moisture content of the pressed water hyacinth is below 85%, drain-
age will be negligible. Excellent silage was made in 21 days and 60-
day silage was very acceptable.

Water hyacinth must be dried thoroughly and quickly to make dry feed.
Whole plants in static beds dry slowly and with only 13% efficiency.
Pressed plants dry only 10% faster than whole plants and 60% more ef-
ficiently, but the principal benefit of pressing is the large, rapid
water reduction with low energy input and the small gain in drying per-
formance is a secondary benefit. Without agglomeration of fines, per-
formance would have been much better. A 6000-pound-per-hour rotary de-
hydrator dried 6800 pounds of pressed water hyacinth per hour from 88
to 22% moisture, using 1500 BTU per pound of water evaporated; the high-
er efficiency is partially attributable to fluffing of the product be-
fore and during drying.

Pure dried water hyacinth flows poorly and is very frictional and abra-
sive, causing very low pelleting rates and very high energy requirement.
Mixed feeds containing water hyacinth, corn and soybean meal can be pel-
leted at high rates and reasonable power requirements but pellet den-
sity and durability are lower.

Material balance for the complete processing system producing 100
pounds of dried water hyacinth is shown in Figure 7. Larger or smaller
systems can be scaled proportionally.

Estimated processing costs per dry ton of product are $12.12 for har-
vesting, $1.26 for chopping, $5.25 for pressing, and $26.60 for drying.
Resulting product costs on a bone dry ton basis are $13.38 for compost
at 78% moisture, $33.03 for silage at 80% moisture and $45.23 for dry
feed at 10% moisture. Bases for these costs are a 100-wet-ton-per-hour
intermittant operation, 20% solids loss between harvest and product,
$3.00 labor, $0.25 diesel fuel, $0.20 bunker C oil for drying, and typ-
ical machine costs and efficiencies. Neglected were costs of buildings
and transfer and storage equipment. The mechanical operations are cap-
jtal-intensive, while drying is energy intensive. Capital and labor
costs per unit of production would be smaller for larger and continuous
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operations.

Composition

Analyses of the chopped and pressed water hyacinth from the oxidation
pond and Lake Alice are given in Table 5. Moisture and protein contents
of the oxidation pond water hyacinth are higher than those of the lake
water hyacinth, in response to fertilization. Ash content is high in
both and should be considered in diet design, both with regard to quan-
tity and balance.

Compost

Composted water hyacinth holds water unusually well. Plants grow poor-
ly in pure compost, but perform satisfactorily in sand:compost ratios
around 3:1. Estimated market value of the compost is about $46 per ton.

Utilization by Ruminant Animals

Cattle and sheep voluntarily consumed diets containing processed water
hyacinth. When only pressed dried water hyacinth was offered to steers,
consumption was less than 1% of body weight; consumptign was increased
to 1% by adding 30% molasses and to 1.5% by pelleting ™. Steers con-
sumed 2.1% of their body weight of a pelleted diet containing dried
water hyacinth as 33% of the organic matter; consumption was not zég-
nificantly lower than that of a similar coastal Bermudagrass diet™".
Cattle accepted most water hyacinth silages immediately, but consis-
tently refused silages with no dry carbohydrate additive. The most
acceptable silages had the highest additive (driedzsitrus pulp or corn)
levels, lowest pH, lowest ash, and highest protein™. Oxidation pond
water hyacinth silage was accepted better than Lake Alice water hya-
cinth silage.

Digestibility by cattle and sheep of diets containing processed water
hyacinth varied with level of water hyacinth in the diet, source of
water hyacinth and method of processing. Dry matter digestibility in
dried water hyacinth was half that in Berggdagrass hay, apparently re-
flecting nutrient loss in the press juice™ ; however, there were no
differences between the two d1et§4for net retention and apparent ab-
sorption of ten mineral elements™ . Digestibility of organic matter
and crude protein was higher in oxidation pond than in lake water hya-
¢inth §§1age. as shown in Table 6, but was highest in pangolagrass
silage™.

Animal performance was best when level of water hyacinth, on a dry or-
ganic matter basis, was less than 25% of complete diets for cattle and
sheep. A1l animals remained in good health throughout all experiments.
Levels of potential toxicants, namely oxalates, nitrates, tannins,
cyanides and dicouggrin apparently were within safe ranges as no tox-
icity was observed .
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Table 5. Composition of Processed Water Hyacinth

Oxidation Pond Lake '

Chopped Pressed Chopped Pressed Silage**x
Dry Matter, % wet basis 4.6 11.7 5.0 9.6 18.6
Crude Protein, % dry basis 14.8 12.7 11.3 10.6 9.1
Ash, % dry basis 22.5 13.0 23.0 17.3 11.2
Calcium, % dry basis 2.28 2.4
Phosphorous, % dry basis 0.4* 0.4
Potassium, % dry basis 2.0% 4.7
Sand-s-1ica, % dry basis 5.9* -——-
Crude fiber, % dry basis - 21.7
Cellulose, % dry basis 26.1%*  —en-
Ether Extract, % dry matter  cean- 1.9
Gross energy, local per gram  eeee- 4.0

24
22

*from Stephens

**from Salveson

x*%from Kiflewahid2®

Table 6. Digestibility of Nutrients in Water Hyacinth Silage by Sheepa

Organic Matter Crude Protein
Digestibility % Digestibility %

Oxidation Pond Water Hyacinth

+ DCPb 48 5]
Lake Alice Water Hyacinth + DCP 40 53
Pangolagrass + DCP 54 76

23

afrom Baldwin

bDried citrus pulp added at ensiling time
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In feedlot and digestion trials, dried water hyacinths satis-
factorily replaced the conventional roughages, cottonseed hulls and
pelleted sugarcanezgagasse, at levels from 10 to 20% of complete
high energy diets.

A1l criteria measured showed processed water hyacinth has a re-
placement value of at least equal to cottonseed hulls and sugarcane
bagasse pellets. Current market price of these products is $40 to
$45 per ton.

Fiber

After attrition and E%shing, 18 to 20% of the plant material was
recovered as clean fiber. In the sulfite process and sulfite-
bisulfite process, pulp yield was as high as 80 to 88% of the fiber
placed in the digester; the highly alkaline hydroxide and kraft pro-
cesses yielded only 40 to 50%. Paper strengths were low when yield
was above 65 to 75%. Cooked fiber bundles had to be beaten to
separate them into individual fibers.

Mechanical characteristics of the papers are shown in Table 7.
Freeness of the water hyacinth pulp is much lower than that of pine
kraft pulp and reduces the freeness of blends. Hyacinth pulp drained
to paper on a screen in 5 to 10 minutes, while pine kraft pulp re-
quires only about 30 seconds; a given plant would have only 6% the
capacity using water hyacinth pulp as it would have with pine kraft
pulp. Slow drainage also produces a paper of non-uniform strength
and texture. Water hyacinth paper had usually high shrinkage and
was dark and dirty-appearing.

Tear factor decreases and breaking length increases with increasing
water hyacinth content in blends and were highest for the alkaline
processes and lowest for the sulfite-bisulfite process. Burst factor
increased with increasing water hyacinth content, was highest for
kraft process and lowest for the sulfite-bisulfite process. Use

of peticles only instead of the whole plants slightly improved
breaking length and tear factor but decreased burst factor and
freeness. Breaking length and burst factor are higher than those

of pine kraft, but low tear factor would make the paper unacceptable
for packaging and low freeness and yield would make it uneconomical
to produce.

CONCLUSIONS AND RECOMMENDATIONS

A water hyacinth covered pond with a detention time of over 10 hours
removed 9% of the nitrogen and 8% of the phosphorous from secondary
treated sewage effluent. Removal is increased to 80% and 60%, re-
spectively by increasing detention time to 5 days. Low plant vigor,
caused by crowding and low temperature, and excessively deep water
reduce removal. Only 10% of the removed nutrients were found in

the plant tissue. Plants should be harvested regularly at the rate
of 25 to 33% per week to maintain maximum growth and nutrient uptake.
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Table 7. Mechanical Characteristics of Water Hyacinth Pulps and
And Papers at 10-Minute Beating Timea

Freeness Tear Breaking Burst
factor Length Factor

ml m
Pine kraft 720 205 4300 26
65% pine kraft, 35% water hyacinth 160 130 9600 52
50% pine kraft, 50% water hyacinth 90 95 10000 54
Sulfite, whole water hyacinth 40 28 7200 53
Sulfite, water hyacinth peticles 20 30 7900 42
Sulfite-bisulfite, water hyacinth 45 15 6600 40
Hydroxide, water hyacinth 40 32 8700 52
Kraft, water hyacinth 30 35 >11000 >75

afrom No]an26
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Compost can be produced from water hyacinth at a cost of about $3.00
per ton and sold for about $46 per ton. A readily developable mar-
ket to nurserymen and home gardeners is available.

Cattle and sheep readily consumed water hyacinth silage and will con-
sume dried water hyacinth up to 25% of a complete diet. Processed
water hyacinths had nutritional value in cattle and sheep diets
primarily as a source of energy, mineral elements and roughage.
Animal performance and health on diets containing processed water
hyacinths were satisfactory. Estimated production cost of dry feed
is $40.70 per ton and silage is $6.62 per ton. Estimated value as
dry feed is $40 to $45 per ton. Market development depends on con-
sistency of quantity and quality of supply and price.

Paper can be made from water hyacinth, but yield and freeness are
low, making production uneconomical. The paper has good breking
and burst strength but low tear strength. Because of low pro-
duction rate, production cost would be too high to be competetive.

Compost appears to be the most feasible product, followed by cattle
roug hage.
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THE AVAILABILITY OF DAPHNIA FOR WATER QUALITY IMPROVEMENT
AND AS AN ANIMAL FOOD SOURCE

By Ray Dinges*
INTRODUCTION

Modern aerobic biological wastewater treatment facilities are
capable of reducing biochemical oxygen demand of their influ-
ents by some 85 to 90 per cent. The biological activity occur-
ring in such plants has been described by Dingesl as the fermen-
tation phase of biological treatment and is characterized by ex-
ternal digestion facilitated primarily by solubilization of
organic material by bacterial enzymes. See Figure 1. Secondary
to the fermentation phase is the consumption phase which is
characterized by internal digestion. The predaceous consumption
phase essentially occurs in receiving waters. It should be
understood that the three phases outlined signify dominant fea-
tures and are not separate and apart but overlap to different
degrees dependent upon water quality and physical conditions of
the environment. Insects, for example, may be present in all
three phases.

This paper deals with what has been termed the consumption
phase, and specifically, a Daphnia dominated community. In
recent years there has been considerable interest developed
regarding the possibilities of expanding conventional processes
of biological wastewater treatment for reduction of remaining
organic fractions by utilizing higher life forms. UhlmannZ,
Loedloff3, Erlich4, Scheithauer and Bickd>, and DeWitt and
Candland® have all investigated the potential of utilizing
Daphnia to attain improvement of wastewater effluent.
Kryutchkova’/ discussed energy flows in wastewater stabilization
ponds as related to consumption of particulates by zooplankton.
Greer and Ziebell8 utilized asiatic clams Corbicula for reducing
the content of phosphorus from stabilization pond effluent
through their consumption and deposition of algae and other
suspended matter. Development of a wastewater treatment pro-
cess making marine filtering organisms available to consume
particulates from treated effluent is continuing at the Woods
Hole Oceanographic Institution in Massachusetts.

DESCRIPTION OF DAPHNIA

As reported by Ward and Whippleg, Daphnia habitats include tem-
porary pools, small ponds and lakes. Daphnia are common aquatic

* Division of Wastewater Technology and Surveillance, Texas
State Department of Health, 1100 West 4Sth Street, Austin,
Texas, 78756.
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crustaceans about 1/8 inch in length and feed upon algae, bac-
teria, protozoa and debris. Food particles of a proper size
are apparently filtered from water and consumed in a rather
indiscriminate manner.

Daphnia exhibit both sexual and parthenogenic reproduction. A
population will consist almost entirely of parthenogenic females
when environmental conditions are satisfactory. A parthenogenic
female may produce 30-40 new Daphnia every two days. Male
Daphnia appear when environmental conditions become less than
optimal and sexual eggs are produced. Two eggs are enclosed in
a dense, durable structure called the ephippium. Sexual egg
production serves to assure survival of Daphnia when habitat
conditions again become favorable. The life span of Daphnia is
about one month. Two species found in Texas wastewater stabili-

zation ponds were Daphnia pulex and Daphnia similis. Daphnia
similis is shown in Figure 2.

ENVIRONMENTAL FACTORS

Stabilization ponds supporting Daphnia populations were noted to
have effluents that were macroscopically clear and stable. With
cooperation of field staffs of the Department and the Texas
Water Quality Board, as well as municipal employees and the
chemists of our Central Laboratories, a concerted effort was
made during 1970 to 1973 to identify ponds supporting Daphnia
populations. Occurrence of Daphnia was found to be quite uncom-
mon, as they were present in only 29 pond systems out of the

470 domestic wastewater treatment facilities in Texas utilizing
ponds. Field surveys were conducted to evaluate environmental
factors affecting Daphnia with the intent of establishing, if
possible, a continuous culture for effluent improvement.

See Figure 3.

LIGHT

Observations made during the first year of the field studies
revealed quite clearly that Daphnia population pulses in stabi-
lization ponds were seasonal phenomenon. Daphnia populations
appeared during the early winter months and disappeared in late
spring. Figure 4 represents available sunshine and air tempera-
ture data on a monthly average basis as indicated by weather
records for Austin, Texas. It was postulated that a Daphnia
population pulse wias either dictated by temperature, or photo-
period.

After having made a review of the literature and conducting
further studies, it was concluded that, in Texas, photoperiod
is the dominant environmental factor affecting Daphnia in
stabilization ponds. The consequence of long periods of bright
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sunlight is an excessive production of phytoplanktonic algae
in ponds which results in high pH caused by algal uptake of
available free carbon dioxide and the subsequent shift in the
carbonate equilibrium at the expense of bicarbonates. Ammonia
is almost always present in Texas stabilization ponds. As
early as 1934, Chipmanl0, demonstrated toxicity of ammonia to
Daphnia at elevated pH levels.

TEMPERATURE

Ammonia toxicity results from dissociation of ammonia, which

is a function of both pH and temperature, with ammonia becoming
more toxic with an increase in temperature. Stahl and Mayll,
and others have shown that microstratification occurs in shallow
stabilization ponds as a result of high temperature and lack of
wind induced mixing. Stagnant lower layers in a stratified
pond often are anaerobic and provide suitable environments for
sulphate reducing bacteria. Warm water temperature enhances
growth rate of the bacteria and sulphides produced are quite
toxic. Scheithauer and Bick5S have stated that Daphnia can tol-
erate up to 3.0 ppm of hydrogen sulphide, but prefer a level
less than 0.4 ppm.

Several observers have attributed demise of Daphnia populations
to water temperature increase. Algae free Daphnia cultures
were maintained in shallow, outdoor concrete containers exposed
to full sunlight during the past three summers. Water tempera-
tures recorded daily in mid-afternoon during the summer of 1970
in an exposed culture container 14 inches in depth were typi-
cally in the upper 80's F°. Monthly mean, maximum and minimum
surface water temperatures of Texas ponds during the period
from 1967 to 1973 are depicted in Figure 5. It appears logical
to assume that endemic strains of pulex and similis are able to
withstand normal water temperatures in Texas stabilization ponds.

DEPTH

The physical characteristic most common to ponds with Daphnia
populations was that of water depth. The usual depth of Texas
stabilization ponds is 3 feet. Almost all ponds supporting
Daphnia populations had depths varying from 5 to 15 feet. It is
believed that lower layers of a deep pond have reduced pH levels
suitable as an environment for Daphnia provided that sufficient
dissolved oxygen for respiratory needs is present. Abnormal
pond depth usually resulted from:

1. Deep ponds provided to serve as irrigation water
holding basins.

2. Terrain considerations - Pond systems constructed
on slopes or in uneven areas that made it uneconomic
to level bottom.
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3. Air-Agqua - Standard depth of 10 feet.

Several pond systems with Daphnia populations reported in the
literature also were more than 3 feet in depth. Shallow Daphnia
ponds mentioned were mixed by recirculation, or aeration.

MINERAL

Taub and Dollarl?, in devising a compatible media for concurrent
culture of Daphnia pulex and Chlorella, reported that certain
ionic relationships resulted in Daphnia mortality. They conclu-
ded that chloride should be the dominant anion and that a sodium
to potassium ratio of less than 10:1 could result in toxic
conditions. In addition, nitrate toxicity was variable, but
decreased with an increase in chloride. They further concluded
that chloride content should always exceed that of nitrate and
nitrate level be kept as low as consistent to algae growth.

Mineral content and ionic relationships in Daphnia pond waters,
therefore, assumed importance, as a serious handicap would

exist in using these animals for effluent clarification if
certain types of waters should preclude their production. Water
samples were collected for mineral analyses from all ponds sup-
porting Daphnia. On an average basis, the dominant anion found
in Daphnia pulex pond waters was bicarbonate, but at times
chloride was dominant. In waters of Daphnia similis ponds,
chloride was usually the dominant anion, but on occasions
bicarbonate was dominant. The lowest sodium-potassium ratio
found in Daphnia pulex pond waters was 6.5:1, with a low of
4.7:1 in Daphnia similis pond waters. In most instances, there
was a great difference between chloride and nitrate levels,

with the chloride ion being dominant. However, on two occasions,
nitrate levels in excess of chloride levels were found in waters
of a pond supporting Daphnia pulex. The highest nitrate level
found in Daphnia pulex pond water was 82 ppm and 55 ppm in
Daphnia similis pond water. Results of field investigations
indicate that mineral composition of waters in Texas wastewater
stabilization ponds is suitable for Daphnia production. Mineral
content of pond waters was found to determine dominance between
Daphnia pulex and Daphnia similis, with pulex being restricted
to relative soft, iron bearing waters of East Texas, whereas
similis existed in hard, mineralized waters found in West Texas.
Table 1 presents observed mean and extreme mineral levels in
pulex and similis ponds. An overlap in range occurs on any
individual mineral parameter between similis and pulex pond
waters, but means and maximums exhibit significant disparity.

150



Table 1

Mineral Levels in 19 Daphnia similis Ponds N=70

ppm Minimum Maximum Mean
Calcium 13 186 61
Magnesium 3 70 23
Sodium 59 630 291
Potassium 3 33 15
Bicarbonate 133 620 329
Sulphate 28 580 218
Chloride 53 790 276
Dissolved Solids 437 2,490 1,254
Hardness 80 660 2u9
Total Alkalinity 170 510 276

Mineral Levels in 10 Daphnia pulex Ponds N=21

ppm Minimum Maximum Mean
Calcium 6 56 18
Magnesium 2 11 5
Sodium 55 225 111
Potassium¥* 2 12 7
Bicarbonate 31 400 183
Sulphate 16 85 48
Chloride 40 160 80
Dissolved Solids 308 800 496
Hardness 27 172 76
Total Alkalinity 25 328 155

* N=16
BIOLOGICAL

Fish probably would represent the most significant predator on
Daphnia, as Daphnia are recognized as excellent fish food or-
ganisms. In Texas, Dingesl3 found that five fish species are
potential inhabitants of wastewater stabilization ponds, or in
otherwise dry stream courses receiving flow of stabilization
pond effluent, ‘

. Mosquito Fish - Gambusia spp.

Warmouth - Chaenobryttus coronarius

Golden Shiner Minnow - Notemigonus crysoleucas
Southern Black Bullhead - Ictaluras melas

Carp - Cyprinus carpio

0f the fishes listed above, only mosquito fish were ever noted
to occur in ponds supporting Daphnia populations, and then only

U= wno
L] °
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in small numbers. Few ponds in Texas are known to support fish
populations other than Gambusia, although almost all systems
have been reported to have had fish introduced into the ponds.
Several insects would be potential Daphnia predators. Of these,
probably diving beetles Dytiscidae would be most important.
Both the larvae and adults of this insect are very efficient
predators in the aquatic environment. Diving beetles could
possibly retard initial development of a Daphnia population,
especially if they were present in large numbers, but Daphnia
productive capacity is so great that a population would soon
expand beyond the point where predation would make much of an
impression.

Daphnia are not alone in clarification of water., The rotifers
Brachionus and the stalked ciliates Vorticella were often noted
as bionts on Daphnia and both feed upon suspended organic mate
ter. Among other metazoa recorded were Ostracoda, Amphipoda,
Mollusca, Acari, Insecta, Moina and other varieties of Branchi-
poda all contributing to the stabilization of organic material.

DAPHNIA CULTURE

Waters in a Daphnia culture unit are maintained in a clear,
clean condition. Uhlmann? termed this condition as a
klarewasserstadium, or clear water stage. In a klarewasser-
stadium, the population is in a state of semi-starvation with
males being present and sex eggs evident. Daphnia populations
tend to become balanced with available food supply and popula-
tion growth rate is restricted by presence of sexual animals
and a reduction in parthenogenic birth rates. A klarewasser-
stadium would be maintained if the objective of culture is
production of high quality effluent. The population would be
fed at a rate in excess of their dietary requirements in order
to maintain continual parthenogenic reproduction at an advanced
level if biomass production for commercial purposes is intended.

CULTURE UNIT

A small pond was constructed by the City of Giddings, Texas, to
serve as a Daphnia culture unit at their Northside wastewater
treatment plant, which consists of an Imhoff Tank and three
stabilization ponds in series. A portion of effluent from the
final pond was diverted to the culture unit. The outlet from
the pond was provided with a concrete, broad crested, rectangu-
lar weir eight feet in length and with a crest width of six
inches to reduce outflow velocity and washout of Daphnia.
(Dingesll+ has prepared a paper on biological considerations

of stabilization pond design for enhancement of zooplankton
production, which is too lengthy to discuss here).
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The first study phase was an investigation of the effectiveness
of pH control by the regulation of pond exposure to sunlight and
the resulting reduction of algae growth. The second phase eval-
uated both pH control by chemical addition and sulphide reduc-
tion through the mixing of pond waters by diffused air.

EFFLUENT QUALITY

Effluent quality results of samples collected weekly during the
first run are presented in Table 2 and results of samples col-
lected weekly during the second run are presented in Table 3.

Table 2

Mean Effluent Quality of Daphnia Culture Unit
1-6-72 to 3-23-72

Detention - 11 days N=10 Loading - 35 lbs. BODg/acre/day

Influent Effluent % Reduction
BODg, ppm ys.u 14.2 68.7
COD, ppm 271.1 90.6 66.6
VSS, ppm 77.2 10.8 . 86.0
Total coliforms 32,860. 9,160. 72.1
Fecal coliforms 6,880. 84. 098.7
Table 3

Controlled Operational Period of Daphnia Culture Unit
2-27-73 to 4-9-73

Detention Time - 11 days Loading - 43.6 lbs. BODg/acre/day

Date Influent, ppm Effluent, ppm
BODg COD VSS BODg COD VSS
February 27 90 245 179 7 60 8
March 6 80 310 121 7 60 11
8 105 320 1u2 9 90 8
13 25 75 27 <0.5 60 8
16 30 115 29 13 65 g
19 30 45 33 <11 90 3
21 40 110 56 13.5 25 5
27 40 110 58 25 70 oyl
April 3 85 160 63 12 95 19
9 50 85 76 20 85 18
Mean §57.5 158.5 78.4 11.8 70 13

Percent Reductions - BOD; - 79, COD - 55, VSS - 83

* Rotifer bloom in plant pond and passed through unit.
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The BODg remaining in the effluent from a Daphnia culture unit
could be expected to approach the level of soluble BODg of the
influent. Soluble nutrient minerals were not removed in passage
through the culture unit. Phosphate levels remained about the
same and nitrates and organic bound iron increased.

See Figure 6 and Figure 7.

LOADING

Maximum permissible hydraulic and organic loading and minimum
detention time on the culture unit were not determined. It is
believed that a unit with a 5-day detention time would be sat-
istactory and that a 10-day detention time would be conserva-

tive, but could serve as a working basis for unit design until
the process is further evaluated.

Organic particulates entering a unit are mostly consumed in the
immediate vicinity of inflow where masses of Daphnia congregate.
Organic loading, measured by the BODg test, would not actually
be relative as the test is based primarily upon respiratory
requirements of fermentative organisms. The significant por-
tion of the oxygen demand in a culture unit would probably be
exerted by the Daphnia dominated zooplankton community.

Daphnia survive quite well when only a trace of dissolved

oxygen exists. Mixing of nominally clean waters of unit for
soluble sulphide suppression would take precedence over aera-
tion per se, although mixing of contents entails aeration.
Mixing-aeration should be minimal to needs as Daphnia are weak
swimmers unable to resist even slight currents. The single
point, fixed feature of mixing-aeration utilized in the Giddings
culture unit was excessive, and dissolved oxygen levels fluc-
tuated around 5 ppm.

PRODUCTION - HARVEST - MARKETING

DeWitt and Candland® relate that commercial Daphnia harvest in
California stabilization ponds commenced in 1968. The amount
harvested was 40 tons, with one pond yielding 25 tons at a rate
of 1.5 tons per acre per month. Bogatova and Askerovl3, mass
culturing Daphnia in concrete tanks on media including yeast
and fertilizer, achieved a sustained yield of 76.7 lbs. per
acre foot per day. One Texas pond system, consisting of four
35 acre ponds 5 ft. in depth, produces Daphnia 4-5 months each
year. Even at a somewhat lower production rate than those
above, the harvestable tonnage of Daphnia would be considera-
ble. Daphnia in California were harvested by hand nets and a
pump equipped with screening device. A man with a dip net was
said to be able to harvest up to 100 1lbs. per hour when standing
crop was high. A 100 gpm pump was used to pump pond water
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Figure 6
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Figure 7
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onto a screen on one occasion and rate of Daphnia harvest
attained was 2 lbs. (wet-drained) per minute.

Various types of manufactured screening equipment suitable for
Daphnia harvest are available as well as low speed separators.
Screen mesh sizes of 40-60 would serve to remove most Daphnia
from water. A proposed approach to Daphnia harvest would be to
pump culture unit water through removal device with discharge
back to unit. Baby Daphnia and food material would return to
unit and aid in sustaining production. A movable, lightweight,
perforated boom supported by floats could serve as a collector
for pump input. Daphnia tend to swarm and form dense localized
concentrations. The boom could be moved to such areas as re-
guired.

There is little need to expound about an ever increasing need
for protein as animal food additives. Wastewater produced
Daphnia may represent a significant unexploited potential source
of animal protein for this purpose.

Analysis of a sample of Daphnia pulex collected from the
Giddings culture unit indicated a content of 65.3 per cent
protein on a dry weight basis. The potential market for
Daphnia is probably considerable. The existing market is quite
limited. DeWitt and Candland® stated that the 40 ton harvest
of 1968 in California was sold to wholesalers to be used as
aquarium fish food. They report that frozen Daphnia brought

15 to 25 cents per pound when sold to wholesalers, depending
on market need and size of order. They further pointed out
that the aquarium fish food market would soon be flooded should
Daphnia production become commonplace.

It is believed that one excellent use for Daphnia would be as
protein supplement in fish food pellets used by hatcheries and
commercial fish farmers. Ghadiallyl® has pointed out that
Daphnia are first class fish food, but that an exclusive diet

of Daphnia provides excessive roughage causing a laxative effect
resulting in poor growth. Production of bait fish, such as
golden shiner minnows, in a nearby separate pond and fed on
harvested Daphnia could prove to be feasible. Daphnia could
also be employed as protein additives in pet and livestock
foods.

DISCUSSION

Several thousand stabilization ponds are currently in use in the
United States. Some would favor outright abandonment of ponds
for wastewater treatment considering that their ultimate effi-
ciency has been attained and found wanting due to excessive pro-
duction of volatile suspended solids which are largely composed
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of algae cells. Others feel that this economic, dependable
process can be further improved through objective research with
close cooperation between engineers and biologists. Figure 8
reveals relationship of light-temperature to volatile salids
levels in Texas stabilization ponds as determined from results
of analysis of 2,024 effluent samples collected from 1967-1973.
Minimum average indicated production is about 40 ppm, with
volatile solids level in summer being around 80 ppm. May -
September anomalies denoted by arrows could reflect seasonal
algae species change. The May anomaly had been noted pre-
viously by Dinges}/.

An organism that may have potential value for improving waste-
water treatment plant effluent either alone, or in conjunction
with Daphnia culture is the introduced asiatic fresh water clam
Corbicula. These small clams have a very high reproductive
potential and are able to clarify water rapidly. They have

been spreading throughout the United States since the 1930's

and Dingesl8 has reported that they now infest three Texas river
basins. During this study, clams were placed in wire baskets
and suspended near the outfall of the Giddings stabilization
pond. The animals promptly died. There is a need to define
their basic environmental requirements. It may well be that
like Daphnia, they are sensitive to ammonia and soluble sulphide
toxicity.

CONCLUSIONS

l. Incorporation of advanced biological methods into wastewater
treatment systems to make use of fertile effluents for cultiva-
tion of beneficial organisms appears feasible.

2. Daphnia culture in wastewater effluent requires pH control
within a range of 7.0-7.5 and sufficient mixing for suppression
of soluble sulphides. ,

3. Equipment exists for harvest of Daphnia, but the market is
now limited to aquarium fish food. It is believed that a poten-
tial market for Daphnia as a protein source for animal foods
exists.

L. Advanced biological wastewater treatment offers the possi-
bility of salable products to offset treatment costs, or perhaps
to turn a profit. The resulting clarified effluent is condi-
tioned for biological, or chemical-physical methods for further
nutrient removal and is still available for irrigation or indus-
trial use.

158






ACKNOWLEDGEMENTS

The support of Henry L. Dabney, Division Director, and assis-
tance from my fellow employees and many other people involved
in the studies reported upon are appreciated.

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

REFERENCES

Dinges, R. Ecology of Daphnia in Stabilization Ponds.
Austin, Texas State Department of Health, 1973, 155p.

Uhlmann, D. Influence of Dilution, Sinking and Grazing
Rate on Phytoplankton Populations of Hyperfertilized
Ponds and Micro-ecosystems. International Association
of Theoretical and Applied Limnology. 19:100-124,
November 1971.

Loedloff, C. J. The Function of Cladocera in Oxidation
Ponds. Proceedings of the Second International Water
Pollution Research Conference, Tokyo. p. 307-325, 196u.

Erlich, S. Two Experiments in the Biological Clarification
of Stabilization Pond Effluents. Hydrobiologia.
27:70-80, 1966. .

Scheithauer, E., and H. Bick, Okologisch Untersuchungen
an Daphnia magna und Daphnia pulex im Freiland und im
Laboratorium. Scientific Papers from Institute of
Chemical Technology, Prague. 8:439-481, January 196u.

DeWitt, J. W., and W. Candland. The Water Flea. The
American Fish Farmer. p. 8-10, January 1971.

Kryutchkova, N. M. The Role of Zooplankton on the
Self-Purification in Water Bodies. Hydrobiologia
31:585-595, 1968.

Greer, D. E., and C. D. Ziebell. Biological Removal of
Phosphates From Water. Journal of the Water Pollution
Control Federation. 44:2342-23U8, December 1972.

Ward, H. B., and G. C. Whipple. Freshwater Biology.

New York, John Wiley and Sons, Inc., 1959, 12u8p.

Chipman, W. A., Jr. The Role of pH in Determining
the Toxicity of Ammonium Compounds (Doctoral Thesis)
University of Missouri. 1934, 155p.

Stahl, J. B., and D. S. May. Microstratification in
Wastetreatment Ponds. Journal of the Water Pollution
Control Federation. 39:72-88, January 1967.

Taub, F. B., and A. M. Dollar. A Chlorella-Daphnia
Food-Chain Study: The Design of a Compatible
Chemically Defined Medium. Limnology and Oceanography.
9:61-74, 196U,

Dinges, R. The Ennis Study - Experimental Chlorination
of Stabilization Pond Effluent. Austin, Texas State
Department of Health, 1970, 117p.

160



14,

15.

16.

17.

18.

Dinges, R. Biological Considerations in Stabilization
Pond Design. Paper Presented to 56th Texas Water
Utilities Short School, Texas A & M University,
College Station. (Unpublished) March 1974,

Bogatova, I. B., and M. K. Askerov. Experience in Large
Scale Breeding of Water Flea Daphnia magna. Rybn Khoz.
12:21-26, 1958 (Biological Abstract No. 22742, 1965).

Ghadially, F. N. Advanced Aquarist Guide. London,

The Pet Library Ltd. 1969, 282p.

Dinges, R. Cyclical Chemical Changes in a Eutrophic
Reservoir. Report - Austin, Texas State Department
of Health. (Unpublished) 1970, 19p.

Dinges, R. Asiatics Invade Texas. Water-Southwest
Water Works Journal. p. 7-8, June 1973.

161



REPORT ON PILOT AQUACULTURE SYSTEM USING DOMESTIC

WASTEWATERS FOR REARING PACIFIC SALMON SMOLTS

1
George H. Allen and Larry Dennis—/

BACKGROUND TO PROJECT

The utilization of animal wastes, and particularly human wastes,
to fertilize waters for improving the growth of aquatic organisms has
an ancient past (Allen'> 2; Mortimer and Hickling?). Most reclaimed
wastewaters used for food and fiber production in the United States is
for increased plant growth on land (Law’: yilson and Beckett5). Jaste
treatment lagoons'' have grown rapidly in treating a wide variety of
wastes, especially treatment og domestic wastes by smaller communities
(McKinney, Dornbush and Vennes®). Such lagoons are now attracting at-
tention because of their potent|a1 for management as highly fertilized
fish ponds Ryther Dunstan, Tenore and Huguenin’/). catfish (Huggins
and Backman qallock and Zeibell ), bait fish (Tr;mberger'o) and sal-
monids (Anon ) have been reared in these lagoons in the United States.

In California about one percent of the state's water demand is sup-
plied by re-use of wastewaters (Deaner'z). About 85% of the use in
california is for agriculture, thus wastewater re-use for productﬁon of
food and fiber in California is primarily in agriculture (Deaner
0of the 140 reclamation sites listed for 1971, about 100 included some
type of lagoon in the system, but no uses involving fish rearing were
listed. Reclaimed water was reported in use in four recreational lakes
and in four other lakes for miscellaneous purposes. Studies of these
systems have been primarily on their reliability of operation in order
to protect public health {(Jopling, Deaner and Ongerth h). The poten-
tial uses of algae grown in wastewater pondssin California has had a
long history of investigation in California,

in 1955, the City of Arcata constructed a 55-acre oxidation pond
on the intertidal flats of the north arm of Humboldt Bay (Figure 1).
This was the first stage in protecting commercial oyster beds, and other
aquatic resources, from human fecal contamination. Fisheries personnel
early became interested in the potential of this oxidation pond for aqua-
culture, and three studies were djrected, either entirely or in part,
toward this aim (Dewittls; Hansen] : Hazel'7). Subsequently the City
has installed a primary treatment plant, a facultative aeration pond,
and a chlor:natiog unit at the oxidation pond outlet (Allen, Conver-
sano and Colwell!

1/ Fisheries, School of Natural Resources
Humboldt State University, Arcata, California, 95521.
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fnitial formal proposals for aquaculture studies in the Arcata
system were made in 1963, with financial support available from the
Humboldt County Board of Supervisors. A pond system was approved for
funding as a demonstration project by the U.S. Public Health Service
but never received sufficiently high priority for appropriations. Pre-
liminary studies of the pond water through 2-week standing water bio-
assay using chinook salmon fry indicated that the undiluted water of
the oxidation pond under oxygen saturation was non-toxic during winter
months (Allen and 0'Brien!9). When the ratio of sewage to diluting
water from infiltration in to the sewer collecting system increased
with cessation of winter rains, the oxidation pond effluent became tox-
ic to fingerling salmon by June. These studies indicated the feasibil-
ity of a pilot project, which was subsequently funded by the California
Department of Fish and Game, Wildlife Conservation Board. Two ponds,
each about 1/3 acre (0.15 hectare) in surface area, were placed into
operation in July 1971, Fryer20 recently reported the need to demon-
strate in pilot projects preliminary results on vibriosis control, de-
veloped in laboratory experiments.

Modern methods for the culture of salmon and trout (Oncorhynchus
and Salmo) employ highly mechanized operations (Leitritz2T), This has
resulted because of historically high labor costs in comparison to
energy costs. Mechanization has included automatic feeding machines
using pellets made in part from high-quality animal protein, particu-
larly marine fish, The cost of both plant and animal protein used in
fish foods, along with the cost of energy to run machines, has been
sharply rising within the last few years. Thus any simple aquaculture
system for rearing trout or salmon utilizing natural food chains de-
veloped by low-cost fertilization, or by feeding low-cost raw materials,
will have immediate practical application in salmonid culture,

GENERAL OBJECTIVES OF PROJECT

The initial objective of our pilot project was to test by empiri-
cal means the capacity of brackish and saltwater fertilized with treat-
ed domestic wastewaters to produce food for juvenile salmon, OQur in-
vestigations have the ultimate practical objective to ascertain if this
cultural technique can rear young salmon to migratory size (smolts) as
effectively and economically as salmon cultural methods now employed.

Once data have been gathered to meet our primary objectives, the
system lends itself to experiments with a wide range of local species
of fish and shellfish, both singly, or in various selected combinations
(polyculture).

OBJECTIVES OF THIS REPORT
This paper reports the results of six salmon rearing experiments

completed from July 1971 through December 1973. Four experiments in-
volved short-term rearing of fingerling coho salmon (0. kisutch)
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conducted during summer through late-fall periods. Two experiments in-
volved 3-4 month rearing of chinook salmon fry (0. tshawytscha) during
winter-spring growing periods. As previously mentioned, for both coho
and chinook salmon experiments, the objective was to produce smolts.
Smolts are juvenile salmon that lose characteristic lateral marks (parr
marks) as freshwater feeding fish, become silvery in color, and physio-
logically become adjusted for salt-water osmoregulation. Results of
these experiments are reported in terms of survival and growth. Factors
causing mortalities are discussed, along with evaluation of the results
and future plans.
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DESCRIPTION AND OPERATION OF SYSTEM
PHYSICAL FEATURES

Fish ponds are located on the west side of the oxidation pond to
allow access to a small creek channel located between the oxidation
pond and a landfill dump (Figure 1). Saltwater taken from this ditch
is introduced into the ponds through a 3'-diameter tar-coated pipe fit-
ted on the pond-side with an Armco cast-iron valve (Headgate, Figure 2).
Wastewater is introduced into North Pond by a 1'-diameter pipe located
in the northeast corner of North Pond which connects with the oxidation
pond. There is no pipe connecting the oxidation pond with South Pond,
but fertilization can be accomplished by use of a Barnes trash pump ca-
pable of pumping at about 350 gallons per minute. A fish-collecting
basin located immediately in front of each headgate is the deepest part
of each pond (about 2.0 meters)., Each basin also contains a small sump
allowing complete dewatering of each pond by use of the trash pump.
Headgates are fitted with stainless-steel screens of 1/8-inch diameter
circular openings.

Three different types of material were used in construction of the
ponds. A yellow sandy loam (Hookton Series) was used for pond banks.
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River-run gravel was cast around each headgate to allow light machinery
access to the area for excavating of fish-collecting basins, A third
material, oyster shell, was specifically employed to provide artificial
substrate for production of food organisms. This material was placed

in several low spots in the pond bottoms and along portions of the pond
banks. A fourth material (mud) was the original intertidal sediment
plus overlying organic matter deposited during operation of the oxida~
tion pond. Mud covered a majority of the pond bottoms. Pens two-meters
square of nylon bobinetting were constructed in each pond over a sample
of each of the four substrates. These pens (Exclusion Pens, Figure 2)
were originally used to exclude fish from these substrates, but now
serve to rear known numbers of fish over each bottom type. The ponds
have been operated as static systems to conform to directions from the
North Coast California Regional Water Quality Contro! Board (no waters
containing unchlorinated effluents may be discharged into Humboldt Bay
without at least two weeks retention time). 1In practice, we have rarely
discharged unchlorinated wastewater that has not had about a month re-
tention in the system. Ponds could be operated as a tidal-flushing sys-
tem but due to the expense and complexity of having to chlorinate these
flows, we have not as yet operated with tidally-flushed ponds receiving
a continuous addition of wastewaters.

BIOASSAYS

In order to assist in identifying periods of mortality, or to iden-
tify causes of mortality, lots of salmon taken from those planted into
the ponds were reared in aquaria in the hatchery (Hatchery Bioassay) or
in floating pens in the fish ponds (Live-car Bioassay).

HATCHERY BIOASSAY

Standing-water bioassays were conducted in 20-gallon aquaria kept
at hatchery water temperatures by placing the aquaria in hatchery
troughs. The aquaria were serviced with compressed air introduced
through air stones to maintain oxygen saturation in the water. There
was no feeding of lots of salmon being tested in these bioassay experi-
ments.

Hatchery bioassay was undertaken to measure mortalities due to
toxicity of water used in salmon culture. Various combinations of
oxidation pond water, saltwater from Humboldt Bay or from the open
ocean at Trinidad Head, as well as the mixtures of oxidation pond wa-
ters and Humboldt Bay water employed in North and South ponds, were
tested. Although not designed for the purpose of measuring improve-
ment of water quality from operation of the system, data from such
hatchery bioassay can be used to estimate how well Arcata plant efflu-
ent meets recently adopted state standards on toxicity (Calif. State
Water Resources Control Board22), oOnly a small part of hatchery bio-
assay data are reported here.

LIVE-CAR BIOASSAY
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Floating pens (live-cars) were employed to obtain daily counts of
mortality of salmon. Two types of cages were employed (Table 1). One
type (cage) was made from 2" x L4'' wooden frames fitted with nylon bobi-
netting. A large cage 4' x 4' x 2' employed mesh of hexagonal openings
7 mm in longest and 3 mm in shortest diameter. A small cage 2' x 2' x 2!
employed circular mesh of 1| mm diameter. A second type of live-car used
was called an ''insert'' because of its mode of construction. A 2' square
wooden frame was fitted with plastic floats and a hinged lid. An inside
lip was made to hold a frame which was used to support a collapsible
hanging net of mesh 7 mm by 3 mm hexagonal openings. The lower portion
of the net was kept vertical and square by sewing into the lower peri-
meter a stainless steel square frame.

Accurate daily mortality counts using cages were not available,
Due to the size and weight of the cages it was difficult for a single
man to entirely remove the cage from the pond. Dead salmon could remain
undetected on the bottom of the cage where a carcass could be completely
consumed by amphipods in less than 12 hours when high numbers of amphi-
pods were present in the ponds. The insert live-car could be easily re-
moved from the pond by one man, thus greatly increasing reliability of
daily mortality measures with this type of live-car.

AERATION AND MIXING

Upwelling

Initially we used a low-cost system producing "‘upwelled'' water (Fig-
ure 3). Water was taken from the surface by a small electrically-driven
water pump and discharged through a simple manifold at the bottom of each
fish-catching basin., The intake jet was kept on the surface by a styro-
foam plastic float. The systems created an ‘''upwelling'' immediately ad-
jacent to each headgate. Whenever aquatic higher plants occurred in the
system, constant plugging of intake and impellers in the pumps developed.
The pumps were not marine models and deteriorated rapidly in the waste-
water-saltwater solution.

spray

A spray system was the second method of aeration employed (AIR-0-
LATOR, Roycraft Industries). The instruemnt drives surface water into
the air by use of a small impeller rotating at very high speeds (Figure
L). As originally mounted by the manufacturer, the instrument did not
provide protection for salmon against the impeller blades. We mounted
the instrument on a styrofoam block, fitted into the end of a 55-gallon
oil drum. The lower end of the drum was covered with nylon-mesh to ex-
clude fish. The water enters the drum near the bottom of the pond,
moves vertically, to be sprayed into the air. These units have been
located near the fish collecting basins. AIR-0-LATOR parts used by us
were primarily fashioned for freshwater operations, thus galvanic ac-
tions due to saltwater caused complete disintegration of some parts of
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Table 1. Description of ''five=cars'' used in monitoring water
quality of pond waters for juvenile salmon and for daily

measure of mortality

Live-Car Description
Frame Mesh

Large Cage L' x 4' x 2! Nylon bobinetting; hexagonal mesh;
7 mm long and 3 mm shortest dia-
meter.

Small Cage 2' x 2' x 2! Nylon bobinetting; circular mesh;
I mm in diameter.

Insert 2' x 2' with As in large live-car; mesh on re-

plastic floats movable frame hung 3' deep with

stainless steel frame at bottom
to maintain shape.

Fry 11 x Y4 x 20" Wire mesh of 1/8' square openings.
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the unit. The electric motor unit (Franklin), however, appears quite
rugged and watertight, and has performed adequately. Plastic parts
have now become available and are to be tested in the system.

Air

North Pond was fitted with a forced-air aeration system during the
summer of 1973 (Figure 5). Air lines with associated jets are located
immediately off the portion of the North Pond bank not associated with
an oyster shell covering. A vertical 2-foot wall exists in this portion
of the pond, and the air jets breaking the water surface plus the verti-
cal bank serve to discourage predation by fish-eating birds (herons,
egrets, night herons). A second pipe leads directly to the fish catch-
ing basin to a U-shaped manifold insuring complete mixing of all pond
waters,

POND WATER PROPERTIES

Daily observations of water temperature, turbidity, hydrogen ion
concentration, dissolved oxygen, and salinity were made from surface
samples obtained at the headgate of each pond during morning hours (8-
10 AM). Additional water properties were studied only intermittently,

Considerable day-to-day fluctuations in some of the properties oc-
curred (pH, turbidity, oxygen) (AllenZ3). |t was possible to fit curves
to the raw data by eye showing major trends during each experiment
(Figures 6-9). Time of each experiment is listed in Table 2,

Water temperature was primarily controlled by air temperature.
Local weather conditions (storms in winter, cloud or fog cover in sum-
mer) cause yearly variations. During summer months, the ponds ranged
near 20 C (Figure 6). Such temperatures are found in estuaries and la-
goons in northern California and Oregon at this time of the year {Jo-
Sethu, Hayeszs, Reimer526). lce covered our ponds once during the two
winters of operation to date and then only for a day. Diurnal changes
in temperature, as determined from cursory analysis of thermograph
charts obtained from an instrument operated about a foot under the wa-
ter surface, are relatively small (2-3 degrees at most).

Turbidity, primarily a function of phytoplankton populations,
showed high variability during coho rearing periods (fall and early win-
ter) (Experiments 1, I11, IV, VI) (Figure 7). Righ turbidity from phy-
toplankton occurred during both chinook rearing periods (winter-spring)
(Experiments {1, V).

Hydrogen ion, primarily a function of photosynthesis, was always
quite high, generally between values of 8 to 9.5, with a few cases of
values near 10 (Figure 8). No similarity in trends could be discerned
during winter periods (Experiments 1, 111, IV, Vi) although the average
value was about pH-8. |n contrast, the winter-spring conditions pro-
duced pH's tending toward values in late spring of 9-9.5.
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Dissolved oxygen was always high, and only on a few occasions fell
below 5 mg/1 (Figure 9). In those instances, salmon mortalities could
be correlated with these low values, especially during periods when wa-
ter temperatures were high. No pattern was discerned in oxygen trends
during the fall-winter experiments (Experiment |, 1}, IV), except for
Experiment V| which under Air aeration maintained a constantly high oxy-
gen level. Winter-spring patterns were somewhat similar with high ini-
tial levels followed by a slowly dropping trend, and a sharp drop at the
latter portions of the experiment (Experiment |1 and V). These low
points are associated with periods of intense overcast from local heavy
fogs that have followed a period of bright sunshine.

Salinities have been the most stable property, with any sharp chan-
ges occurring toward lower salinity values as associated with periods
of heavy rainfall., Adjustments in pond salinities were made to experi-
mental values by small discharges of pond water to the bay and addition
of higher-salinity water in return, During spring periods, salinities
have slowly tended to increase, probably due to evaporation., Salinity
ranges have not been graphed but are listed with tabular data as needed.

DESCRIPTION OF EXPERIMENTS AND SALMON SURVIVAL

Salmon rearing has been grouped into six periods (experiments) (Ta-
ble 2). Eleven lots of salmon were planted as part of these experiments.
To date, coho salmon have been planted only as fingerlings (juvenile
salmon 6-9 months old). Coho rearing has been conducted during the sum-
mer (Experiment |A; Experiment I111), or during late fall, (Experiment
IVA; Experiment |B, IVB, and VI). Chinook salmon experiments employed
fry (young salmon that have absorbed their yolk-sac and have been active-
ly feeding from two-four weeks). Chinook rearing has taken place only
in winter (Experiment 11 and V).

Salmon utilized in our experiments were obtained from the Califor-
nia Department of Fish and Game hatcheries located on Mad River, Hum-
boldt County, California, and on the upper Klamath River (lron Gate
fish hatchery). Salmon planted into the ponds were mainly reared at
the Humboldt State University recirculating fish hatchery although some
were reared at the Mad River hatchery or a Humboldt County hatchery lo-
cated on Prairie Creek.

EXPER IMENT 1A

Water was initially introduced into North Pond on July 21, 1971
and it was allowed to mix until July 23 when initial plants of coho sal-
mon were attempted. From July 23-28, 5,000 fingerling coho salmon were
introduced into each pond. Water quality in North Pond was poor and
salmon with darkened coloration and listless behavior were observed on
the surface after about three days residence. In South Pond, coho plant-
ed had been acclimatized for 48 hours at 15 o/oo salinity at 16-17°C
temperature, but this was unsuccessful as acute mortalities occurred al-
most immediately in salinities of 32-32.5 o/oo (parts per thousand).
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Table 2, Summary of rearing experiments in North Pond with juvenile Pacific salmon using Humboldt
Bay seawater mixed with wastewater from City of Arcata oxidation pond,
Experi= Rearing Species Size of Days of Aeration and Mixing Salinity
ment No. Period Fish Rearing System (parts per
thousand)
1A Jul - Oct 71 Coho Fingerling - Upwelling 19-24
IB 7 Dec 71 - 22 Jan 72 Coho Fingerling Ls Upwelling 13-16
I 11 Feb - 2 Jun 72 Chinook Fry 11 Upwelling and Spray 11-12
17 Apr = 2 Jun 72 Chinook Fry Ls Upwelling and Spray 11-12
Pl 7 Aug - 22 Sept 72 Coho Fingerling s Spray 16-23
VA Oct 72 Coho Fingerling - Spray 13-16
IVB 3 Nov - 17 Nov 72 Coho Fingerling 14 Spray 15-17
v 26 Jan - 26 May 72 Chinook Fry 119 Spray 10-131/
16 Mar - 26 May 73 Chinook Fry 70 Spray 10-131/
26 Apr - 26 May 73 Chinook Fry 52 Spray 10-131/
Vi 2 Nov - 15/16 Dec 73 Coho Fingerling L3 AirZ/ 10-18

_l_/ South Pond:

2/ South Pond: Spray,

18-20 and spray aeration,



The number of salmon recovered from around the edges of the ponds was
about seven times as great from South Pond as was recovered from North
Pond, North Pond fish tended to sink to the bottom, while South Pond
fish skittered on the surface and tended to float. Feeding salmon were
observed on South Pond surface but rarely on North Pond, Some coho sal-
mon survived in South Pond until early September. Additional small num-
bers of coho salmon were introduced into North Pond during August but
these all succumbed as indicated by total mortalities recorded in live-
car bioassay. Bioassay in live-car continued to show high mortalities
through late September.

During July-September 1971, salinities in North Pond ranged be-
tween 19-24 o/oo. Water temperatures ranged around 20°C. Oxygen lev-
els showed typical wide diurnal variations associated with highly eu-
tropic conditions., Salmon mortalities in live-car bioassay were corre-
lated with dissolved oxygen level of from 2-3 mg/1,

EXPERIMENT 8B

Beginning in mid-October, 1971, coho salmon planted into live-cars
in North Pond showed about 70 percent survival over a two-week period.
During November, survival increased to about 80 percent of the salmon
retained in live-cars over a month's time. Based on these results,
17,000 coho salmon averaging 10.5 grams per fish, were introduced into
North Pond, between October 18 and 7 December 1973 (15,000 were planted
7 December 1973). On January 22, 1972, 9.500 salmon were recovered and
released into Humboldt Bay. The average weight of the surviving salmon
was 15,0 grams. Survival was 55 percent over the 45-day rearing period
for the bulk of this fish planted (7 December 1973).

EXPERIMENT 11

North Pond remained empty from 22 January until February 9, 1972,
when effluent and saltwater were mixed into the pond, Some additional
water was added on February 10 and 11, Salinities on 11 February varied
from 11 o/oo at the surface to 15.5 o/oo at 3-foot depth, The pond was
initially aerated by upwelling, then by spray. The AIR-0-LATOR unit
failed during the experiment and was replaced by the upwelling pump re-
fitted for aerial spray. |In late April the AIR-0-LATOR was replaced
with a new unit, and the pump refitted for upwelling., On 2 June the
pond was drained, :

Between February 11-14, 1972, 10,000 chinook fry were planted into
North Pond, followed by 2,500 fry marked by excision of the left ventral
fin (LV). On 2 June, 2.5 percent and 4,0 percent of these two groups
of salmon were recovered as smolts.

EXPERIMENT 111

Oon June 28, 1972 a mixture of saltwater and oxidation pond water
was introduced into North Pond to form a salinity of 16 o/oo, Live-car
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bioassay showed high mortalities of coho salmon through July but with
slowly improving survival rates throughout the month., During ]ive-car
rearing periods temperatures fluctuated around 20° + 20C. From July

28 to August 11, three introductions of fingerling coho of about 1,000
fish each were made into water of about 18 o/oo salinity. 0On 22 Sep-
tember the pond was drained and 3.9 percent of the 3,000 salmon recover-
ed. In addition over 50,000 fingerling topsmelt and sticklebacks were
recovered. These latter fish had developed entirely from eggs and lar-
vae in the saltwater introduced from Humboldt Bay at the initial filling
of the ponds.

EXPERIMENT IVA

North Pond was filled with seawater and effluent in late Septem-
ber, 1972 and adjusted to produce a salinity of 15 o/oo. Live-car bi-
oassay was begun on U4 QOctober, with no mortality over a 10-day period.
in order to repeat Experiment | with a longer period of rearing, 16,000
coho fingerlings were placed into the pond on QOctober 13. A group of
50 salmon was placed into the live-car. On October 13, 19 salmon died
in the live-car (38 percent), which correlated with a period of low oxy-
gen level (L3 mg/1). On November 3, only 12 percent of the live-car
fish remained. High numbers of distressed fish were being eaten by
birds (Blankinship47). We assumed that most fish in this experiment
had died.

EXPERIMENT VB

As part of the objective of Experiment JVA was to allow a study of
bird predation, we had retained 5,000 fingerlings in our hatchery as
reserve, and these were placed into the pond on November 3. 0On 17 No-
vember the pond was drained and 4,220 fingerlings were recovered (84
percent survival over I4 days of rearing). No mortalities occurred in
live-car bioassay during the rearing period.

EXPERIMENT V

Both North and South Ponds were filled with seawater during Decem-
ber 1972 but had to be emptied in early January 1973 for some pond re-
pair and maintenance work. Oxidation pond effluent was introduced in
mid-Jjanuary to obtain two levels of salinity (about 9 o/oo for North
Pond and 18 o/oo in South Pond). Two stocks of chinook salmon were
made available for this experiment. One stock was from early-run sal-
mon returning to Mad River hatchery, and the second stock later-running
salmon to |ron Gate fish hatchery on the Klamath River. A group of late-
run salmon was retained in the Humboldt State University hatchery for
planting in late April in order to allow the salmon to become large
enough to be marked by fin excision (left ventral fin - LV). South Pond
was drained on 25 May and North Pond on 26 May 1973. Survival of fish
over the three rearing periods ranged from 0.1 to 6 percent (Table 3).
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Table 3. Survival of chinook salmon fry planted into North and South Ponds, Experiment V.

North Pond South Pond
Stock Early Run Late Run Early Run Late Run
Mark None None Lv None None LV
Date Salmon Planted 26 Jan 16 Mar 26 Apr 26 Jan 16 Mar 26 Apr
Number Planted 1,800 7,500 2,500 1,800 7,500 2,500
Days Reared 19 70 30 i10 70 30
Percent Survival 6 ] ] 2 0.1 0.2




EXPERIMENT V]

No studies were conducted during the summer of 13973 due to major
modifications and repairs undertaken for the system. A 2-foot vertical
wall of redwood planks was constructed along all banks of North Pond ex-
cept in those areas where the bank was not protected by an oyster shell
layer (Figure 5). A forced-air aeration system was installed during

this period as previously described. Water from Humboldt Bay was intro-
duced into both ponds during late August. After draining North Pond

several times to adjust the aeration system, water from the oxidation
pond was added to both ponds to develop a salinity of about 25 o/oo0,
This was to test Power's30 hypothesis that amphipod growth and survival
would be maximized at this salinity level, |n early October, salinities
were reduced to about 15 o/oo. On October 4, live-car biocassays were
started, with no mortalities recorded through October. On 2 November
1973, 5,000 coho fingerlings were introduced into both ponds, After 43
days rearing, over 80% of the fingerlings were recovered for release in-
to Humboldt Bay. Very few of the salmon had become smolts. Because
there were no residual stocks of amphipods left within the pond follow-
ing summer construction, nor were there amphipods occurring naturally
in Humboldt Bay during introduction of saltwater, very few of these
forms were available as food for the salmon. Consequently, larger sal-
mon actually showed a slight reduction in weight although smaller fish
retgiged or even slightly improved their condition during the rearing
period,

SALMON PRODUCTION

POND REARED FISH

The production of salmon from the system varied widely ETable Ly,
For coho fingerling planted in late summer and fall periods (Experiment
1B, 1VB, V1) the trend has been from moderate to high survivals, coupled

with an inverse trend in actual fish production (high to lTow). The

single experiment with coho fingerlin?s reared during a summer period
(Experiment 111) showed a low survival and low production of salmon but

a high survival and high production of other species of fish. Both sur-

vival and production of chinook salmon from fry plantings were low, al-
though the chinook grew fast and smolted (Experiment || and V).

PEN AND LIVE-CAR REARED FISH

The survival and growth of salmon reared in pens and live-cars was

often markedly different, usually greater, than salmon living unre-
stricted in the ponds, indicating a potential growth and survival great-
er than actually found for the ponds to date,

pen

Pens constructed over pond substrates were designed to exclude
fish over these substrates. During Experiment |B, on October 20, 1971,
in error 50 coho salmon were placed into Exclusion Pen NC (gravel sub-
strate, Figure 2). Electric shocking, and seining, recovered 35 salmon.
when the pond was drained on 22 January 1972, 17 fish were recovered.
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Table 4., Summary of productionl/

in fish-rearing experiments, June 1971 - December 1973, in

pilot-fish pond system using saltwater fertilized with advanced secondary treated
effluent from City of Arcata oxidation pond.

Productionl/

Exp. Pond Species, Days Percent Remarks on
No. Size of Fish Reared Survival as kilograms experimental result
per hectare
per day
A North Coho fingerling - 0 - Unstable water and bottom
conditions; temperatures
consistently over 20 C
South coho fingerling - 0 - Salinities over 32 o/oo
and high temperatures;
high density of topsmelt
and stickleback
IB North Coho fingerling Lo 55 6.8 High density of planting
induced intensive preda-
tion by birds
Il North Chinook fry Ls-111 3 0.05-0.07 Mortality possibly due to
over-rearing.
I North Coho fingerling Lg L 0.4 Nature of mortality unde-

termined. Food primarily
consumed by other species
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Table 4. (Continued)

Exp. Pond Species Days Percent Productionl/ Remarks on

No, Size of Fish Reared Survival as kilograms experimental result
per hectare
per day

North Topsmelt, stickle-
back, sculpins 86 high 4.2 Production entirely from sur-
vival of eggs and larvae in-
troduced with saltwater from
Humboldt Bay

IVA North  Coho fingerling - 0 - Mortalities correlated with
period of low dissolved
oxygen

ive North  Coho fingerling 14 84 3.7 Experiment primarily to
assist in bird predation
s tudy

v North  Chinook fry 30-119 1-6 trace Mortality possibty from
over-rearing

South  Chinook fry 30-119 0.1-2 trace Mortality possibly from
over-rearing

' North  Coho fingerling 43 96 loss Sufficient amphipod popula-
tion did not develop in
system

South Coho fingerling 43 78 loss " "

l/ Production defined as the change in weight of those fish surviving from planting into ponds
until recovered during pond draining.



Table §.

Comparison of survival of chinook fry planted into ponds

and reared in exclusion pens (Experiment V).

North pond South Pond
Exclusion Pond Exclusion Pond
Pen Qver Pen Qver
Gravel Gravel
Number Planted 77 7,500 77 7,500
Number Recovered Lo 85 14 12
Percentage 51 1 18 0.1
Surface Area
(Square meters) L 1,500 L 1,500
Table 6. Comparison of survival of coho fingerling salmon planted

into ponds and reared in exclusion pens (

Experiment Vi).

North pond South Pond
Exclusion Pond Exclusion Pond
Pens Pens
Number Plantedl/ 56 5,000 56 5,000
2/
Number Recovered Le— L.800 56 3,900
Percentage 82 96 100 78

/ 7 unmarked and 7 LV marked coho fingerlings planted into each

of four pens.

2/ 8 of 10 mortalities from pen NB (Hookton Soil).
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This represented virtually no mortality during a 92-day rearing period.

At the same time, live-car reared fish showed 20-30 percent mortalities,
compared to a 45 percent mortality suffered by the salmon released into

the pond.

Based on this experience, we used the pens to study the effect of
having different densities of salmon feeding over the substrates in Ex-
periment V. Qur examination of the pen bottoms failed to disclose small
escape route for small fish under the corners of the pen frames except
for the pens over gravel. Consequently salmon escaped through these
holes during pond draining, and an absolute count of salmon surviving
was made from the pens over gravel in each pond (Table 5). |In both
ponds, survival of chinook fry in the pens was strikingly higher than
the generally low survival of the same lot of fish planted into the
ponds,

During the summer of 1973, each pen bottom was made secure. At
this time pen NB was relocated over fresh Hookton soil, We then planted
each pen at the same density of salmon per unit area as we did in the
main ponds (Experiment Vi). All salmon survived in South Pond pens,
while mortalities in North Pond pens were mainly associated with fish
grown over raw Hookton Soil (Table 6). High survival in general made
it impossible to draw any conclusions on substrate effect. The new
Hookton soil probably did not provide sufficient food for the salmon.

Live-Car

For coho fingerling salmon, the confinement of salmon in pens sus=-
pended away from the pond bottom resulted in less growth than salmon
reared in cages located on pond substrates. {n Experiment Vi, both LV
and unmarked lots of salmon were consistently smaller when grown in
cages than when reared in pens over bottom substrates (Table 7). This
effect was first noted in Experiment || when the average size of the sal-
mon in North Pond was 12.4 grams in pen located over gravel in compari-
son to 15.0 grams for the salmon reared in the pond. |t was not possible
to discern whether one substrate was more beneficial over another in
Experiment VI because individual fish were not measured for weight or
length before being placed into pens.

in the single experiment with chinook fry lots reared in cages and
pens (Experiment V), the rate of growth was slower in cages than in the
pond but the actual production of wet weight of salmon was higher in the
cages (Table 8). These production rates were in the range exhibited by
coho fingerling in experiments 1B and IVB (Table &).
CAUSES OF MORTALITY
OXYGEN DEPLETION

The use of oxidation pond effluent to fertilize seawater produces
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Table 7. Comparison of average weight in grams of small and large-sized coho fingerling salmon
reared in cages and pens (Experiment Vi|).

Pond Rearing Site Weight by group of fingerling
Period Days Small Large
(LV) (Unmarked)
North Insert and 1/ 2/
Culture Raft L4 0ct - 15 Dec 73— 73 6.3 (24)— -
insert Live-Car 2 Nov - 15 Dec 73 Ly 5.3 (23) 17.6 (26)
Shell Pen 2 Nov - 15 Dec 73 Ly 7.6 (5) 27.1 (7)
Hookton Soil Pen 2 Nov - 15 Dec 73 Ly 9.0 (5) 1.0 (1)
Gravel Pen 2 Nov - 15 Dec 73 Ly 8.0 (7) 18.0 (7)
Mud Pen 2 Nov - 15 Dec 73 Ly 7.5 (7) 18.6 (7)
South Insert and 1/
Culture Raft L 0ct - 16 Dec 73— 74 L,2 (24)
Insert Live-Car 2 Nov - 16 Dec 74 Ls 4.8 (30) 13.8 (30)
Shell pen 2 Nov - 16 Dpec 74 Lg 8.0 (7) 17.2 (7)
Hookton Soil Pen 2 Nov - 16 Dec 74 45 6.8 (7) 15.9 (7)
Gravel Pen 2 Nov - 16 Dec 74 45 9.5 (7) 19.1 (7)

Mud Pen 2 Nov - 16 Dec 74 Lg 8.5 (7) 19.6 (7)
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Table 7. (Continued)

pond Rearing Site Weight by group of fingerling
Period Days Small Large
(LV) (Uunmarked)
South Crab Rearing Penzl 2 Nov - 16 Dec 74 Ls 6.6 (21 18.0 (2)

1/ Small salmon without a mark were placed in Insert live-car on 4 October, reared until
2 November, then moved to hanging pen in Culture Raft,

2/ Number of salmon recovered at end of rearing period shown in parenthesis. Twenty-five
salmon were placed in Insert live-car. Seven salmon each of small and large-sizes were
placed into pens.

3/ Salmon entered pen on their own and were recovered on draining pond.



Table 8. Comparison of rates of production of wet weight of salmon
of unmarked chinook fry reared in pens and cages, North
Pond, Experiment V.

stock of chinook salmon

Early Run Late Run
Large Pen on Large Small
Live-Car Gravel Live- Live-
Bottom Car Car
A. Experimental Factors
Surface area of rear-
ing site (square
meters) 0.4 L.o 0.4 0.1
Planting density num-
ber of fish per
square meter) 65 20 250 250
Length of rearing (days) L9 70 70 70
B. Percent survival 100 L9 51 Lo

C. Production rates (kilograms per hectare per day)

|. Based on gain in
weight of surviving
salmon 11 3.4 10 10

Il. Based on net gain \
in weight of salmon 8.5 2.8 L.o 1.4
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a highly fertile solution. Consequently, the high oxygen demand of the
system can produce low oxygen values in a very short time period when
cloud cover is heavy or aeration systems are inoperative. Periods of
low oxygen level during mid-October 1972 (Figure 9) caused heavy mor-
talities during Experiment |V. Other than this instance, and the ini-
tial unstable conditions during Experiment [A, aeration units have been
able to avoid stratification in the ponds and to maintain oxygen levels
sufficient for juvenile salmon,

HEAVY METALS

Data on levels of metals (acid-soluble Cu, Cr, Fe, Na, Ni and Zn)
in the pond bottom were available from a study by Gross28, 0of fifteen
locations investigated in the local marine areas, ten were either in or
near the North and South fish ponds. Two sampling sites were located
in the fish ponds, one each in North and South ponds. The sediments of
the oxidation pond, and the fish ponds, contained unnaturally higher
amounts of Zinc than all other locations tests (5 samples ranged from
85 to 360 ppm, one sample 25 ppm as opposed to all other areas which
ranged from only 2-43 ppm).

There has been no study yet to ascertain if heavy metals in the
pond sediments, which undoubtedly represent an area of accumulation due
to the operation of the oxidation pond, are entering the food chain of
the salmon. A major source of food consumed by the salmon has been two
species of amphipod (Corophium sp., and Anisogammarus confervicolus)
but these have not been analyzed for heavy metal content. The higher
survival of salmon reared in live-cars and exclusion pens, suggest this
possibility,

BIRD PREDATION

Although methods of controlling loss of fish to birds at rearing
facilities has been reported extensively in the literature (Blankin-
ShiP27), little data are available on the numbers of fish actually
eaten, Thus the pilot project at Humboldt Bay has provided an opportu-
nity to study bird predation on unprotected ponds. These data will al-
low for comparison of rate of predation on modified ponds, and eventu-
ally provide data on the design of production facilities.

Bird predation as estimated by studies undertaken by Blankinship
on unmodified ponds showed a variation of from 2-24 percent for coho
fingerling (Table 9), The maximum value was associated with an experi-
ment in which fish were under stress, whereas the minimum value was
from an experiment in which the density of salmon planted was low and
their survival poor, For Experiment V| modifications to North Pond in
the summer of 1973 were to deter predation by species of birds that feed
along the shore, however, very few birds visited either the modified
(North) or unmodified (South) pond, so that effectiveness of the pond
modifications could not be assessed from this study.
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Table 9. Estimated percentage of salmon planted into North Pond
consumed by birds (from Blankinship 1973).

Experiment

Species and Size

Percentage of

Number of Salmon Salmon Consumed
B Coho fingerling 131/

I Chinook fry L

(N Coho fingerling 2

(Stickleback, topsmelt) (8)

VA Coho fingerling 243/

IVB Coho fingerling 12
v Chinook fry no study

Vi Coho fingerling trace

l/ Minimum estimate from limited hours of observation near end of

experiment.

2/ Maximum estimate as fish were under stress during parts of the

unstressed salmon,
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A low predation rate was recorded in experiments with chinook fry.
These experiments (11, V) had low survival thus it was not possible to
know if bird predation was due to unavailability of chinook to birds or
due to differences in behavior of chinook fry as compared with coho
fingerlings.

OVER-REARING

There was evidence that we over-reared chinook salmon. During Ex-
periment |1, 1/2-meter ring nets were fished at night in North Pond to
obtain salmon for study of their food habits. From April 18 through May
2L, the average catch per haul was from 2.8 to 5.5 salmon (4-6 hauls per
sampling). On May 31, 7 hauls only produced a mean catch of 1.0 salmon.
During Experiment {V, studies on fishing ability of 2-cubic feet wire
mesh traps with a single funnel entrance caught 28 salmon when fished
continuously for 2 days in early April. From 17 May until 25 May, the
same traps caught no salmon during this period (8 days).

The exact reason for the sudden loss of salmon in the ponds during
late May periods is not known but may be correlated with physical and
chemical parameters of the water in addition physiological changes asso-
ciated with the migratory habits of the species (Reimer526). Hydrogen
ion concentrations (pH) tended to fluctuate between 7 and 8 during the
beginning of these experiments, then rose to stabilize around 9.5 units.
Along with this trend, with the general increase in average daily temper-
ature and increased sunshine water temperatures approached 19°9C in both
Experiments |1 and V. Smolts recovered in experiments || and V were
much larger than the average size reported for smolts of chinook salmon
in the Mad River (70 mm fk, len., Taniguchi29). Chinook salmon smolting
may require a different or more abundant food source than the ponds were
providing.

DISEASE

Infectious diseases appeared to be a minor factor as a cause of
mortality. This opinion was based on the fact of relatively high sur-
vival of salmon reared in floating cages and exclusion pens during ex-
periments when the same stock of salmon reared in the ponds showed low
survival, Richness of the diet produced in the ponds for salmon may be
a possible cause of mortality (nutritional disease).

FOOD

Gammarid amphipods have been the major food item in the diet of our
pond-reared salmon (Powers30)_  Tube-dwelling amphipods (Corphium) un-
doubtedly will become a major component in the pond fauna when some form
of tidal or flow=through operation occurs. Although productivity of the
ponds in terms of salmon biomass appears to be declining (Table 4), re-
sults from Experiment VI should be discounted. Lack of amphipods during
Experiment VI resulted from complete drying of all areas of the pond
during a long summer of repair and construction, the elimination of
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holding areas for amphipods, by replacing the wood construction of fish
collecting basin with concrete construction, and finally from a virtual
absence of amphipods in Humboldt Bay in September when the ponds were
filled for Experiment VI. Undoubtedly the successful management of our
wastewater aquaculture system will require as much understanding of the
biology of the amphipods as that of the salmon,

CONCLUSIONS

Coho fingerling and chinook fry can be successfully reared in ad-
vanced secondarily treated domestic wastewaters mixed with saltwater,
The best results in our studies were in mixtures producing 10~15 o/oo
salinity (roughly two parts effluent to one part saltwater),

Experiments with coho fingerling reared in late-fall to winter
have not carried these salmon to complete smolting of all fish because
of our need to have the ponds ready for chinook salmon experiments, our
primary target species. Results of these rearing experiments suggest
the management possibility of enhancing estuarine survival through such
an intermediate period of brackish-water rearing. With completion of a
recirculating aquarium system next to our ponds for fish holding and
marking, we will begin to test this hypothesis by marking all coho sal-
mon reared, and by holding them for release under the most favorable con-
ditions possible.

The single experiment with coho fingerling in the summer indicated
that our fish had not grown to sufficiently large size prior to planting
to harvest the marine fishes which had grown rapidly from eggs and lar-
vae introduced from Humboldt Bay. Hayes25 noted that steelhead in Big
Lagoon were mainly yearling fish that had moved into the lagoon during
spring months, Future summer rearing will use larger fish (yearling
rainbow, steelhead, or coastal cutthroat trout).

Chinook fry have grown rapidly and smolted, although the overall
survival achieved would not make the system as a feasible alternative
to existing culture methods. The higher growth and survival of chinook
reared in pens and live-cars than fish reared in the open ponds, indi-
cate that the full productive capacity of the system has not yet been
attained. Recent laboratory studies on bluegill sunfish have indicated
the feasibility of increasing the ratio of surface area to water volume
for development of more fish food organisms (Pardue31). The effect has
been noted during studies of artificial reefs in marine waters of Hum-
boldt Bay (DeGeorges32, Prince3, Lambert3h). Any such underwater
structures may also have utility in decreasing interspecific competition
that we can expect in the ponds (Payne35, Reimersz ).

The saltwater-wastewater mixture may have some therapeutic effect
as gross observations of our mortalities have not indicated any infec-
tious disease. Vibrio can be especially serious in west-coast mari-
culture (Fryer2 ).
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Reliable aeration systems are essential in wastewater mariculture
because of the rapidity of oxygen depletion which can occur under cer-
tain environmental conditions (heavy fog or cloud cover in particular).
Forced-air aeration appears most favorable, and probably will improve
pond conditions by stripping ammonia produced by salmon metabolism.

FUTURE PLANS

With recent passage in California of initiative legislation set-
ting up stricter controls on coastline development, the area available
for mariculture could be sharply curtailed, especially as we are lack~
ing comparative data on economic returns with other possible types of
land uses, Future expansion of mariculture within the confines of the
oxidation pond, or into the remaining portion of a now abandoned land-
fill refuse site immediately to the west of the Arcata oxidation pond,
could take place with land-use conflicts, A master plan for the oxi-
dation pond area has been submitted to the City of Arcata which in-
cludes expanded mariculture facilities (Figure 1), developing a simi-
lar plan for the land-fill refuse site.

wWastewater stabilization lagoons, fertilized fish ponds, and eu-
trophic natural waters all contain high numbers of algal cells, Where
lagoons and ponds are discharged into receiving waters, water quality
standards on BOD and particulate matter may not be attainable without
removal of algal cells., We are undertaking studies on mussels as a
possible method of biological scrubbing to remove algal cells and
pathogens. Successful bivalve scrubbing could reduce the high cost of
chlorination required to meet the California State Water Resources Con-
trol Board22 standards for a receiving water where shellfish harvest
for human consumption is likely (median total coliform concentration
shall not exceed 70 per 100 ml, and not more than 10 percent of the
samples shall exceed 230 per 100 ml). Recently, a standard of 0.2 ppm
residual chlorine has also been applied, thus increasing the costs of
treatment by standard physical-chemical means considerably.

We have become interested in the possibility that reducing the
amount of treated wastewaters into Humboldt Bay might actually reduce
the biological productivity of this estuarine system. Estuaries in
northern California are subjected to hugh freshwater inflows during
the winter periods of heavy rainfall. They are, therefore, ecological-
ly adjusted to intermittent periods of reduced sglinity. Humboldt Bay
has an extremely high flushing volume (Skeesick3 ). Near-shore water
of the Pacific Ocean are generally high in nutrients, especially during
periods of off-shore upwelling (Allen 7)_ Thus the addition of well-
treated wastewaters into the system would have beneficial effects.
Fortunately, the possibility of reducing a beneficial effect of a well-
treated wastewater on a receiving body of water hgs been recognized by
the California State Water Quality Control Board3 ).

in summary, our future program in wastewater maricultre falls
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into four broad categories. First, we will continue empirical studies
to obtain the maximum production of salmon smolts to allow a feasibility
study of a production system. Second, we plan to obtain permission for
expansion of mariculture ponds into areas adjacent to our present loca-
tion. Third, we have formed an interdisciplinary team of specialists

on the university staff to undertake investigations within their area

of competence as an effort in applied ecosystem analysis. Finally, we
will expand our preliminary studies on biological methods for removing
algae and particulate matter in our effluents through polyculture.

LITERATURE CITED

1. Allen, G. H. 1969, A preliminary bibliography on the utilization
of sewage in fish culture. FAQ, Fish. Cir. No. 308, 23 pp.

2. . 1970. The constructive use of sewage, with particular
reference to fish culture. FAQ Tech. Conf. on Marine Pollution
and its Effects on Living Resources and Fishing. Rome 9/18
Dec. 1970. FIR: MP/70/R-13. (in Marine Pollution and Sea
Life. Survey of Problems and Treatments, Fishing News (Books)
Ltd, Surrey, England, 1973).

3. Mortimer, C. H. and C. F. Hickling. 1954, Fertilizers in fish
ponds. London, Her Majesty's Stationery Office, Colonial
office, Fish, Publ.: No. 5, 155 pp.

L, Lraw, J. P. 1968, Agriculture utilization of sewage effluent and
sludge. Project Report. Water Poll, Control Admin.,, EPA,
water Quality Office, Washington, D. C. 89 pp.

5. Wilson, C. W. and F. E. Beckett, Eds. 1968. Municipal sewage ef-
fluent for irrigation. Ruston, Louisiana, The Louisiana Tech
Alumni Foundation. 169 pp.

6. McKinney, R. E., J. N. Dornbush, and J. W. Vennes. 1971. Waste
treatment lagoons - state of the art. EPA, Water Poll. Cont.
Res. Series, 17090 EHX 07/71, 152 pp.

7. Ryther, J. H., W. M. Dunstan, K. R. Tenore and J. E. Huguenin.
1972. Controlled eutrophication-increasing food production
from the sea by recycling human wastes. Bio Science, 22(3):

1Lb-152,

8. Huggins, T. J. and R. W. Backman. 1969. Production of channel
catfish (lctalurus punctatus) in tertiary treatment ponds.
U. S. Clearing House, Fed. Sci. Tech., Info. PB Report No.
190165, 122 pp.

9. Hallock, R. J. and C. D. Ziebell. 1970. Feasibility of a sport
fishery in tertiary treated wastewater. Jour, Water Poll.
Cont. Fed., 42(9): 1656-1665.

195



10.

11,

12,

13.

1k,

15.

16,

17.

18.

19.

20,

21.

Trimberger, J. 1972. Production of fathead minnows (Pimephales
promelas) in a municipal waste water stabalization system,
Michigan Dept. Nat. Res., Fish Div., Unpublished, 5 PP.

Anon, 1972, Fish raised in wastewater lagoons. The American

City, 87(6): 148-149,

Deaner, D, G, 1970. Public health and water reclamation. Re-
print of paper presented to Annual Meeting of the Sacramento-
San Joaquin, Calif. Water Poll. Control Assn., June, 1970,
7 pp.

1971, California Water Reclamation Sites 1971, Calif.
State Dept. Public Health, Bur. Sanit, Eng., 63 pp.

Jopling, W. F., D. G. Deaner, and H. J. Ongerth. 197). Fitness
needs for wastewater-reclamation plants. Jour. Amer, Water
Works Assoc., 63(10): 626-629,

Dewitt, J. W. 1969. The pond, lagoon, bay estuarine, and im-
poundment culture of anadromous and marine fishes, with empha-
sis on the culture of salmon and trout, along the Pacific
coast of the United States, U. S. Depart. Comm., Econ. Develop.
Adm., Tech, Assist. Project, 36 pp.

Hansen, R. J. 1967. A study of some physical and chemical en-
vironmental features of a large sewage oxidation pond. MS
Thesis in Fisheries, Humboldt State College, 133 pp.

Hazel, C. R. 1963. Chlorophyll and non-astacin pigment concen-
trations and photosynthetic oxygen production in a sewage
oxidation pond. MS Thesis in Fisheries, Humboldt State Col-
lege, 119 pp.

Allen, G. H., Guy Conversano, and B. Colwell, 1972. A pilot
fish-pond system for utilization of sewage effluents, Hum-
boldt Bay, northern California. Calif. State Univ., Hum-
boldt. HSU-SG-3, 25 pp.

, and P. J. 0'Brien. 1967. Preliminary experiments on
the acclimatization of juvenile king salmon, Oncorhynchus
tshawytscha, to saline water mixed with sewage pond effluent.
Calif. Fish and Game, 53(3): 180-184,

Fryer, J. 1973. Need for pilot demonstration projects in aqua-
culture. Proc. Assoc. Sea Grant Program Inst., Nat. Conf.,
Univ. Delaware, October, 1973. In press.

Leitritz, E, 1959. Trout and salmon culture - hatchery methods,
Calif, Dept. Fish and Game, Fish. Bull. No. 107. 169 pp.

196



22,

23,

2L,

25,

26,

27.

28.

29,

30,

31.

32,

California State Water Resources Control Board. 1972, Water

quality control plan for ocean waters of California, July 6,
1972, 13 pp.

Allen, G. H. 1973. Rearing Pacific salmon in saltwater ponds
fertilized with domestic wastewater July 71-June 1972. Hum-
boldt State University Coherent Area Sea Grant Program,

Data Report, 88 pp.

Joseph, J. 1958, Studies of Big Lagoon, Humboldt County, Cali-
fornia, 1956-58. MS Thesis in Fisheries, Humboldt State Col-
tege, 137 pp.

Hayes, J. M. 1960. A study of the salmonids and some other fish-
es of Big Lagoon, Humboldt County, California, MS Thesis in
Fisheries, Humboldt State College, 146 pp.

Reimers, P, E. 1973. The length of residence of juvenile fall
chinook salmon in Sixes River, Oregon. Oreg. Fish Comm.,
Res. Repts., L(2): 43 pp.

Blankinship, T. E. 1973. |mpact of birds on salmon populations
at a rearing pond, Humboldt County, California., MS Thesis
in Wildlife, Humboldt State University, 83 pp.

Gross, Craig. 1972, The distribution of acid-soluble Cu, Cr,
Fe, Na, Ni and Zn in sediments from various environments of
deposition in Humboldt County, California. Senior Thesis.
Department of Geology, Humboldt State University. 23 pp.

Taniguchi, A. K. 1970. Interval of estuarine residence and out-
migration of the juvenile chinook salmon in the Mad River,
California. MS Thesis in Fisheries, Humboldt State College,
87 pp.

Powers, J. E. 1973. The dynamics of a population of Anisogamma-
rus confervicolus (Amphipoda): a computer simulation. MS
Thesis in Fisheries, Humboldt State University, T11 pp.

Pardue, G. G. 1973. Production response of the bluegill sunfish,
Lepomis macrochirus Rafinesque, to added attachment surface for
Tish-food organisms. Trans. Amer. Fish, Soc., 102(3):

622-626.

DeGeorges A. 1972, Feasibility of artificial reefs in interti-
dal waters. MS Thesis in Fisheries, Humboldt State Univer-
sity. 102 pp.

197



33.

3k,

35.

36.

37.

38.

Prince, E. D. 1972. The food and behavior of the copper rockfish,
Sebastes caurinus Richardson, associated with an artificial
reef in South Humboldt Bay, California. MS Thesis in Fisher-
ies, Calif, State Univ,, Humboldt. 102 pp.

Lambert, R. T. 1973. Seasons of attachment and settlement on
various substrates and abundance of colonizing organisms on
an artificial reef in Humboldt Bay, California. MS Thesis
in Fisheries, Humboldt State University. 118 pp.

Payne, T, R. 1972, Study on the development of the prior resi-
dence effect in rainbow trout (Salmo gairdneri). MS Thesis
in Fisheries, Humboldt State University, 25 pp.

Skeesick, D. G. 1963. A study of some physical-chemical char-
acteristics of Humboldt Bay. MS Thesis in Fisheries, Hum-
boldt State College, 148 pp.

Allen, G. H., 1964, An oceanographic study between the points of
Trinidad Head and the Eel River. Calif. State Water Quality
Control Board, Publ, No. 25: 125 pp.

California State Water Resources Control Board. 1973, Research
needs for water resources control in California. Publ, No.

48: 48 pp.

198



AQUACULTURE AS A MEANS TO ACHIEVE EFFLUENT STANDARDS
by

Mark S. Coleman, James P. Henderson,
H.G. Chichester and R. LeRoy Carpenter*

INTRODUCTION
Effluent Standards

The Federal Water Pollution Control Act Amendments of 1972%%*
required that all publicly owned treatment works achieve effluent
limitation based on secondary treatment as defined by the Administrator
of the Environmental Protection Agency. The Act also required that
the State classify all stream segments as either effluent limited or
water quality limited. Discharges to effluent limited segments must
meet the definedl secondary treatment requirements whereas discharges
to water quality limited segments must generally meet more stringent
treatment requirements. Subsequent to publication of the effluent
limitations assocliated with the definition of secondary treatment,
the Environmental Protection Agency determined? that waste stabiliza-
tion ponds (lagoons) as presently designed would meet the BODj5
limitation of 30 mg/l, but would not meet the suspended solids 1imi-
tation of 30 mg/l or the fecal coliform limit of 200/100 ml without
improved pond design and operation and additional treatment steps
for algae removal and disinfection. Additionally, specific stream
segments in many states were designated3 as water quality limited
and require that effluent discharges to those streams have BODS5
concentrations of significantly less than 30 mg/1%. As several
thousand of these inexpensive and simply operated waste treatment
facilities exist, particularly in smaller communities in the less
populated areas of the country, it was highly desirable that a means
be developed whereby these facilities would meet the various upgraded
requirements.

Lagoon Treatment

Lagoon treatment systems rely on biological systems which de-
grade and stabilize organic compounds in wastewater. A conventional

*Oklahoma State Department of Health, Oklahoma City, Oklahoma

**Pyblic Law 92-500
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scheme of this process is demonstrated in Figure 1. Prior to lagoon
treatment, sewage may receive no treatment at all, mechanical treat-
ment ranging from primary to a high degree of secondary treatment, or
extensive biological treatment. Numerous modifications of lagoon
design exist and a wide range are in current use.>,6

The gross biological steps in this type of common treatment
system are: (1) bacterial (anaerobic and aerobic) decomposition of
- organic wastes resulting in component molecules (plant nutrients)
being released into the water; and (2) algal utilization of nutrients
producing rapid growth and large populations.?,8,9,10 The algal
phase of the process constitutes the basic mechanism of separation
of the nutrients (primarily nitrogen, phosphorous, and carbon) from
the water. Proposed mechanisms (Figure 2) to upgrade effluent quality
from lagoons tend to be physical in scope and include settling, flocu-~
lation, and filtration aimed toward the removal of the algal cells.
Removal of the algae results in lower concentrations of suspended
solids and removal of the elemental constituents comprising their
organic mass.

Proper design and maintenance of such a system should provide
a high degree of waste treatment. However, these types of treatment
mechanisms have some undesirable attributes which are of concern.
The algal removal processes involve greatly increased construction,
operational, and maintenance costs. In addition, waste products
are produced requiring further disposal.ll,12

Personnel of the Oklahoma State Department of Health have been
conducting a preliminary research project since 1970 in an attempt
to attack and ameliorate the problems of algal removal and to upgrade
the quality of lagoon effluents. The basic assumption of the project
is that a biological means of removal exists for the biological
phenomenon of algal production. Current systems are biological to
the alzal removal point. The physical-chemical treatment phase for
algal removal is replaced in the system undergoing study by employing
a further biological segment based on herbivorus or filter-feeding
fishes.

This biological removal concept is presented in Figure 3.
Although either an advanced biological treatment system or an ad-
vanced physical-chemical treatment system will produce an effluent
of high quality, a significant point of this alternative is that the
removal of algae through the ecological food chain will produce a
useful product in the form of fish as opposed to a product requiring
further disposal. Many alternatives for the use of fish are avail-
able ranging from reduction to animal food, to sale of live fish
for bait, restocking or forage.l3
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Project History

As the project began to take form in 1970, several species of
fish were cultured in the laboratory to determine viability. Thirty
gallon aquaria containing wastewater at various levels of treatment
were utilized in this preliminary effort. Water was changed on a
weekly basls., Species cultured successfully included carp, goldfish,
fathead minnow, golden shiner, black bullhead, channel catfish,
mosquitofish, bluegill, green sunfish, largemouth bass and Tilapia
nilotica.

In the spring of 1971 it was decided to apply a larger scale
test of fish viability in actual oxidation ponds. Arrangements
were made with the City of Oklahoma City to use the Quail Creek
Sewage Lagoon system located northwest of Oklahoma City. A diagram
of this system is presented in Figure 4. It consisted at that time
of a two-cell, serially operated system receiving approximately
750,000 gallons/day of raw domestic sewage. The facility utilized
the Hinde Air-Aqua treatment process whereby diffused air was intro-
duced through subsurface air lines. Fish cages were placed near the
effluent end of the second cell and anchored to a cable stretched
the width of the pond between two air lines. Approximately 200
individuals of promising species, including channel catfish, bluegill,
and largemouth bass were placed in the cages where the bench scale
viability studies were verified,

SYSTEM DESIGN AND OPERATION

Facility Description

When the facility was originally built, it was planned to
eventually utilize three separate sets of the two cell Hinde system.
Sufficient funds existed to comstruct all needed cells in the initial
construction. The plan was to add on first facultative lagoon capa-
city and add aeration as the collection system expanded. By early
1973, about 1 mgd of raw domestic waste was receiving conventional
aerated treatment in the first two cell set of the three set system.
For experimental purposes, it was determined to utilize the four non-
aerated and unused ponds in conjunction with the existing aerated
system to form a six cell, serially operated system. (Figure 4)
Accordingly, in May, 1973, 25,000 two to four inch channel catfish
were stocked in the third cell and an additional 25,000 into the
fourth cell. The fifth and sixth cells received 85 pounds (about
1500) golden shiner adults equally divided between the two cells. An
additional stocking of approximately 5 pounds of fathead minnows were
introduced into the third cell in July, 1973. Also in July, 175
three inch Tilapia nilotica were placed in the third cell.
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Problems arose in the system when black bullhead, green sunfish
and mosquitofish already present in the aerated cells, contaminated
the remainder of the system. However, the resulting polycultural
situvation lent itself to gleaning data on a wider food web than
originally intended.

Analytical Methods

Water sampling consisted of removing 2 liters of the raw
waste and effluent of each cell on a weekly basis. Standard labora-
tory analyse514 were conducted by the Oklahoma State Department of
Health and City of Oklahoma City. Bacteriological sampling consisted
of removing 100 ml of water from the raw waste and effluent of each
cell on alternate weeks. Fish population analyses consisted of a
preliminary food habits investigation and biomass estimates. Estimates
of biomass were made from seine hauls encompassing a closed known
area of each cell. Mean weights were taken for samples of 100 fish
and applied to estimated numbers. Food habit data were taken by
excising stomachs of various species at the isthmus and duodenal
sphincter. Identification of stomach contents was made in the labora-
tory utilizing standard methodology.

RESULTS AND DISCUSSION

Analysis of Water

A summary of water analyses are presented in Table 1 and are
the average of weekly samples from June 6, 19-3 to October 3, 1973.
The secondary treatment standard for BODS5 of 30 mg/l was met in the
effluent from the second cell and fell significantly throughout the
remainder of the system. The remaining secondary standards for
suspended solids of 30 mg/l1 and fecal coliform of 200/100 ml were
met in the effluent of the fifth cell.

With respect to suspended solids, it is important to note that
from the second cell through the remainder of the system approximately
half of the suspended solids were non-volatile. As the newly filled
lagoons have sustained considerable bank erosion due to wind action,
it is felt that this, when stabilized, will reduce suspended solids.
Turbidity data substantiate this contention. Since the volatile
portion of the suspended solids is primarily composed of algal cells,
a primary target of this research, it is anticipated that the volatile
fraction will decrease more rapidly as the system 1is optimized.

The nitrogen forms are of special interest due to the overall

removal efficiency by this system. Ammonia was reduced below 1.0 mg/l
N in effluent from the first cell. It is also significant that of
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Table 1 Mean Values of Weekly Analyses of Water Samples from the Quaill Creek Lagoon System.
Samples were Collected June 6, 1973 through October 3, 1973,

Parameters Raw 1 2 3 4 5 6

Biochemical Oxygen Demand

(5 day) 184 47 24 17 14 9 6
Suspended Solids 197 79 71 52 54 26 12
Volatile Suspended Solids 131 54 45 34 27 13 6
Total Nitrogen (as N) 18.94 10.50 7.04 6.65 3.97 3.13 2.74
Nitrite Nitrogen (as N) 0.07 454 0.96 0.86 0.34 0.34 0.16
Nitrate Nitrogen (as N) 0.20 1.00 2.3 1.79 0.79 0.31 0.29
Ammonia Nitrogen (i'!s N) 1267 0.91 0.40 0.31 0.28 0.10 0.12
Organic Nitrogen (as N) 6.10 4.05 337 2.69 2.56 2.28 2.17
Total Phosphorous

{as P) 9.01 9.87 7.97 5.80 3.66 3.01 2.11
Fecal Coliform/100 ml  3.05x106 10880 1380 322 15 15 20
Turbidity 55 15 23 25 42 17 9
pH (standard units) 7.3 7.8 8.2 8.6 8.9 8.4 8.3

*Data reported in mg/1 except where noted.



total nitrogen remaining in the system, the majority from the third
through sixth cell was organic nitrogen. This organic fraction was
likely present in algal cells. Thus with further refinement of the
system, this should ultimately be reduced to even lower levels.

Phosphorus showed good reduction throughout the system to a
low of 2.39 mg/1l in the final effluent. There were doubtless a
variety of factors involved in this reduction, including removal of
algal cells. It is likely that at least a part of this removal was
due to the formation of a calcium~magnesium-phosphate sludge under
the conditions of the high pH values in the third through sixth cell.

The overview of these data indicate a high grade effluent.
These preliminary efforts are not seen as maximum efficiency, however
further research efforts should attain greater removals.

Food Habits

The preliminary data on food habits allowed general classifica-
tion of the fishes according to position in the food web. A dia-
gramatic representation is presented in Figure 5.

Tilapia nilotica, fathead minnows and golden shiners were
found to consume phytoplankton directly and microcrustacea and insect
larvae to a lesser extent. Channel catfish were found to utilize
microcrustacea and insect larvae as their principal foods.

This analysis was intended to provide preliminary information
regarding the food niche of each species. Future studies should
substantiate these preliminary conclusions on food habits.

Biomass

Since no supplemental feeding of fishes occured during the
experiment, it follows that fish biomass must have been elaborated
from organic constituents present in the system. It is then rea-
sonable to assume that all biomass gained during the observation
period represents entrapment of elemental constituents that would
possibly have been discharged to receiving waters if the fish had
not been present. Thus, the increase in fish biomass was viewed
with special interest.

Tilapia nilotica biomass increased from the initial 4 pounds,
consisting of 175 individuals (averaging three inches stocked in
July 1973) to 163 pounds in October 1973. The harvest consisted of
2339 fish with some individuals attaining lengths of ten inches. It
was felt that their planktivorous food habits, the presence of abun-
dant algae, and rapid reproduction rate were the major reasons for
this increase. The total biomass of Tilapia was not determined due
to procedural difficulties coupled with a sudden temperature drop
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which resulted in a large mortality. The biomass reported was deter-
mined from Tilapia removed. It is likely that a significantly greater
amount of Tilapia were produced and not recovered.

The biomass of channel catfish increased from the initial 600
pounds to an estimated 4400 pounds. However, the channel catfish
were observed to gain the majority of this biomass in a six week
period from late May 1973 to mid July 1973. Slow growth followed
this initial rapid gain. Reasons for this phenomenon are unclear
but limited information suggests stunting due to limited food supply.
After the virtual stoppage of growth, the system was not operating
at maximum efficiency for either water quality improvement or pro-
duction of fish biomass.

From the initial stocking of 85 pounds of golden shiner minnows,
only an estimated 535 pounds were recovered probably due to bullhead
catfish predation. It should be noted that only the production of
golden shiners in cells five and six was estimated. However, this
species was found in moderate numbers in other cells.

Further studies in this area should be oriented toward and
include detailed niche identification and utilization to maximize
production and resultant upgraded effluent quality by varied species
at varied stocking rates.

COST EVALUATION

The replacement of the physical-chemical technology with a
biological system producing a marketable product can help defer the
cost of treating sewage. Using this concept, cost-benefit analyses
were a part of the overall project. Cost figures for the project
are presented in Table 2, The cost of additional operation and
equipment (line 2) can reasonably be expected to decrease after
initial purchases of durable equipment are made. Total estimated
cost is 15¢/1000 gallons of domestic sewage.

It is appreopriate to ncote that this comparatively low figure
is for an effluent of high quality, surpassing secondary standards
usually attainable only through mechanical advanced waste treatment
technology. Costs of 40¢ to 45¢/1000 gallons have been reported in
mechanical separation.6 If no monitary recovery at all were made
from the fish in tuie system, this would remain an excellent effluent
at a comparatively low price.

The calculations in the lower body of the table project possible
cost recovery based on local market value. However, the production
estimates are based both on our data and literature sources which
suggest the average yield in fertilized systems.l>
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TABLE 2
ESTIMATES OF PROJECTED COSTS & INCOME
FROM AN ADVANCED BIOLOGICAL TREATMENT SYSTEM

Costs

180 X 106 gallons/six months X .08¢/1000 gallons = 14,400.00
Additional operational & equipment costs @ rate

of $20,000.00/year = 10,000.00
Fish 50,000 channels at 4¢ apiece = 2,000.00
50 gallons minnows at $15.00/gallon = 750.00
250 Tilapia at $1,00 each = 250,00
$27,400./180 X 106 = 15¢/1,000 gallons $ 27,400.00

Income
50,000 channel catfish at .25¢ each = 12,500.00
* 1,200 gallons minnows at $15.00/gallon = 18,000.00

* 18,000 pounds of Tilapia & bullheads at 6¢/pound 1,000.00
31,500./180 X 106 = 17¢/1,000 gallons $ 31,500.00

$ 31,500.00
$ 27,400.00

$ 4,100.00/180 X 106 = +2.3¢/1,000 gallons

* Estimated production potential.
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Using these figures, a return of 2.3¢/1000 gallons is possible.

However, even if these figures are high, any sale will be of benefit
to the community involved.

As the project proceeds, data will be obtained to more accurately
determine the benefits accured from such a biological system operating
toward maximum efficiency. The next phase of the project will be to
repeat the experiment with no fish present throughout the system.
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AN EXPERIMENT IN THE EUTROPHICATION OF TERRESTRIAL ECOSYSTEMS
WITH SEWAGE: EVIDENCE OF NITRIFICATION IN A
LATE SUCCESSIONAI, FOREST

by

* * *
G. M. Woodwell ,*i. Ballard , J. Clinton
M. Small™ and E. V. Pecan”™

?

INTRODUCTION

Present practice in treatment of sewage is to release partially
treated effluents into water bodies and to rely on natural pro-
cesses for completion of the treatment. This system of disposal is
reaching clear limits as water supplies are exhausted and inland

and coastal waters become increasingly polluted. One alternative to
this "tertiary" treatment is to use natural or lightly managed
terrestrial and aquatic ecosystems singly or in combination as
living filters to remove nutrients and release potable water to
either ground or surface water channels. The system has the poten-
tial for enabling reuse of both water and nutrients,

A series of experiments has been designed at Brookhaven National
laboratory to explore the potential of terrestrial and aquatic
systems for recovery of water and nutrients in effluents from primary
and secondary sewage treatment plants. Aquatic systems are a pond,

a freshyater marsh, a pond-marsh complex and two Phalaris arundinacea
meadows . The terrestrial research has been designed around the
field-to~forest sere of central Long Islandl-3. The questions are
superficially simple: what is the potential for each of the major
communities of the sere for absorption of the solids and nutrient
elements in sewage and for the release of '"clean'" water? How can
terrestrial and aquatic systems be manipulated to offer the greatest
degree of treatment with the least commitment of fossil fuel energy
and the least management?

x :
Biology Department, Brookhaven National Laboratory, Upton, New

York 11973.

Kk .
Department of Applied Sciences, Brookhaven National Laboratory,

Upton, New York 11973,

Fokk .
Research carried out at Brookhaven National Laboratory under

the auspices of the U. S. Atomic Energy Commission with partial
financial support from the Town of Brookhaven, Long Island, New
York.,
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THE BROOKHAVEN PROGRAM

DESIGN

The design of the experiments was based on the assumption that the
hydrologic cycle for Long Island can be evaluated continuously if
precipitation and solar radiation are knownl. Porous cup lysimeters
were used to sample the quality of the percolate that moves below
the rooting zone into the ground water; these data will ultimately
be used to appraise the water and nutrient budgets of the various
plant communities. We are reporting here on the design of the
terrestrial segment of the experiment and the early results, some of
which have been reported elsewherel,

The experiments were established in a section of the Brookhaven
National Laboratory site called the Biology Farm (Fig. 1). The
terrain is flat throughout the area., Soils are thin, well-to-
excessively drained, coarse textured, and podzolic. They have been
derived from Wisconsin glacial outwash, Depth to the water table
ranges from 5-8 meters. The ground water flows southeastward at a
rate of about 13.4 cm/dayl,

Terrestrial plots included an agricultural field, and three commun-
ities that together span the field-to-forest sere of central Long
Island. The agricultural field was planted in the spring of 1973
with timothy (Phleum pratense). The sere was represented by old
field, pine forest, and oak-pine forest. The o0ld field community
was abandoned after harrowing in the fall of 1972, Most of the
field had lain fallow for several years previously. The pine forest
was a naturally seeded stand of pitch pine (Pinus rigida) that was
about 25 years old in 1972. The late successional forest was
representative of oak-pine (Quercus alba, Q. coccinea, P. rigida)
stands on Long Island®-7,

Each of these plant communities was divided into three plots, a
control and two experimental. The agricultural control plot was
fertilized with 1680 kg/ha of commercial 5-10-10 fertilizer. No
other control plot received any treatment. The irrigated plots
received either primary or secondary sewage at the rate of about
5 cm/week supplementing the normal rainfall.

COMPOSITION OF SEWAGE

The sewage was a mixture of cesspool pumpings (scavenger wastes)
obtained from the Town of Brookhaven and sewage from Brookhaven
National Laboratory. Two blends were used: one to approximate

the effluent from a primary treatment plant; the second, from a
secondary treatment plant. A comparison of these blends with other
sewage appears in Tables 1 and 21
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Table 1.

Primary Treatment Plants in Various Locations,

Comparison of Brookhaven National Laboratory Primary Sewage Blend with Sewage from

BNL Muskegan TLancaster Allentown Port Jeff, Holbrook Selden
"primary" Mich. calif. Pa. N.Y, N.Y. x Domestic  N.Y.
Reference (8) (9) (10) (11) (11) (12) (13)
MBAS 0.368 1.0
BOD 372 45 84 73 180 130 240
COD 813 392
S. Solids 506 90 88 54 75 120
D. Solids 210 553 482 256 482 560
Total Solids 716 643 570 310 557 680 228
NH3-N 10.91 17.21 27 13.5 11.50 15
NO,-N 0 0 0.09 0.32
NO5-N 0.516 0.89 0.1 0.60 0
c1® 38.1 92.0 92
Fe 1.97 0.99 1.0
Mn 0,08 0.15 0.04
PO, 4,23 3.04
SO, 14.08 22 60
Kkt 8.23 9.63
NaTt 33.9 65.6
cal*t 16.2 85.05 32
Mg2+ 4,13 3
Cu 0,47 0.93 0 0.15
Zn 1.33 1.18 2.4
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Table 2, Comparison of Brookhaven National Laboratory Secondary Sewage Blend with Sewage from
Secondary Treatment Plants in Various Locations.

BNL Muskegan Average Phoenix Bay Park Penn State Allentown Holbrook Hauppauge

"Secondary" Mich. municipal Ariz, N.Y. Pa. Pa, N.Y. N.Y.
Reference (8) (14) (15) (16) (17) (10) (11) (11)
MBAS 0.512 6 0.77 0.5
BOD 131 25 15 35 60 20
CoD 280 45 69.9
S. Solids 168 5-20 54 30 1
D. Solids 172 730 489 490 399
Total Solids 340 384 543 520 400
NH;-N 5.29 27.4 15,5 24 34 12.8 1.23 25.0 3.0
NO,-N 0 0.3 0.045 0.47 0.06 0.3
NO,-N 0.931 0.12 3.5 0.2 0.06 5.1 5.12 0 0.5
Cl~ 33.9 122 130 213 101 4,44 93
Fe 1.08 0.73 0.22
Mn 0.03 0.04 0.03 0.10
PO4 1,93 3.32 8.3 13 6.2
50, 10.59 . 29.6 33.3 35.7 165.3
Kt 5.27 12 15 8 13.8
Nat 28.46 80 135 200 52.8
calt 12.35 129.6 60 82  11.2 32.0
Mgt 3.37 25 36 16.3
Cu 0.24 0.08 0.02 0.15
Zn 0.70 0.11




The two blends differed appreciably from one another and from other
sewage. Concentrations of phesphorus, sodium, potassium, calcium,
magnesium, chlorine, sulfate, and inorganic nitrogen (NH,, NO,, NO3)
were slightly lower than in other sewage. BOD and COD loadings were
high in both blends used in the Brookhaven work. Sediment content
was also high. The ratio of dissolved to suspended solids was very
much lower than in municipal effluents. Suspended sediments con-
tained approximately 6% nitrogen and 1% phosphorus., Of the dissolved

and suspended sediments, 40 and 807 were combustible and presumably
organic.

OPERATION

Two types of spray irrigation equipment were used. In the Primary
Agricultural Field sewage was applied by a rotating Aquatower con-
structed by MacDowell Corporation, DuBois, Pennsylvania. The tower
was designed to spray sewage under low pressure close to the surface
of the ground. The area covered was 4087 m2. This equipment has
the advantages that the land is not cluttered with piping and is
easily accessible to farm machinery, and the low pressure application
reduces aerosols. The tower has the disadvantage that it is complex
and easily disabled. Conventional aluminum irrigation pipe and
fittings were used in all other sprayed plots. Sprinklers were
standard Rainbird equipment,

The application rate was about 1 cm (40.4 m3/ha or 10,691 gal/acre)
per day; plots were sprayed Monday through Friday to apply about

5 em (2 in.) per week, These operations required no more than

75 min/plot/day. Spray operations were conducted throughout the
year. In the first winter of operation difficulties encountered
during freezing weather prevented operation for several weeks, but
improved design will probably allow operation at temperatures well
below freezing.

The annual application rates for the chemical and sedimentary
constituents of sewage can be approximated from the following
relationship:

R=KSC
where R = the application rate in kg/ha/yr or 1b/acre/yr; K = a
constant (5.2 for kg/ha/yr and 4.6 for 1b/acre/yr); S = spray rate
in cm/week; C = concentration of the substance in question in
mg/liter.

Applications rates in the Brookhaven study for N, P and K were 2100,
240, and 215 kg/ha/yr for primary plots and 425, 95, and 140 kg/ha/yr
for secondary plots. The total sediment deposit was approximately
3700 and 1750 kg/ha/yr for primary and secondary plots for the
spraying regime in use through 1973-74. Spraying was.begun in the
pine forest and oak-pine forest on July 16, 1973 and in the old
field and timothy plots on October 2, 1973.
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SAMPLING

Sewage was sampled for chemical composition from the irrigation pipes
at the time of application. Amounts applied were measured with
buckets distributed in the treated plotsl. Ground water was sampled
for data reported here using 16 wells that tap the upper segments of
the ground waterl. Well pipes were plastic and slotted. A dye
study showed that the water moves through the wells with the flow of
the ground water,

Percolate was sampled with porous cup lysimeters placed in each plot,
A central vacuum system maintained about 1/10 atmosphere tension on
each lysimeter continuously, Difficulties with suction equipment
caused occasional increases in tension to as much as 6/10 atmosphere.

RESULTS AND DISCUSSION
GROUND WATER

The quality of the ground water varied greatly among the series of
ecosystems examined before spray irrigation was started. The most
important variation was in nitrate-nitrogen and calcium contents
(Fig. 2). Although there was appreciable change in the nutrient
concentrations in the ground water through the year of sampling
before irrigation, the greatest differences were between the differ-
ent communities. The mean concentration of nitrate-nitrogen under
the forest was about 1/1000 that under the agricultural community;
the concentrations of nitrate-nitrogen under the intermediate
successional stands were intermediate. The data for calcium followed
a similar pattern (Fig. 2). The forest was clearly less of a source
of both calcium and nitrogen than the less mature communities,
Similar relationships were shown by other major nutrient elements,
although in lesser degree.

PERCOLATE

The data on percolation through the first six months of the experi-
ment corroboratedthe data from the wells. The forest appeared less
leaky for most elements than the successional communities. The
exceptionwas total nitrogen (Fig. 3), whose concentration in the
percolate of the primary plots after five months rose abruptly to
the concentration in the spray. A similar pattern was shown in the
plots treated with secondary effluent (Fig. 4), but the concen-
trations reached a maximum after three months and did not match

the concentration in the spray. Examination of the relationship
between the three forms of nitrogen (Fig. 5) shows that nitrogen
in the percolate is in the nitrate form and that the total removed
in percolation is approximately the total nitrogen applied.
Apparently there is nitrification within the more mature forest
during the fall and winter. Whether the nitrification was triggered
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by the treatment remains to be seen. It did not occur in the pine
forest (Figs. 3,4) in either the primary or secondary treated plots.
This relationship simply emphasizes the complexity of the nitrogen
cycle and the need for greater emphasis on this type of study.

CONCLUSTIONS

1. The quality of ground water on Long Island is affected profoundly
by the vegetation. The more mature, late successional forest pro-
duces percolation into the ground water that is normally low in the
ma jor nutrients, especially nitrate-nitrogen. Agricultural commun-
ities and plant communities of early succession are leaky by
comparison.

2. The conversion of ammonium-ion nitrogen to nitrate appears

to occur in the irrigated stands of oak-pine forest during winter
but not in the pine stands. The question of whether irrigation has
triggered nitrification is unresolved.

3, There is little question that natural and agricultural commun-
ities can be used to treat sewage. There is need, however, to
examine how harvest of nutrients is to be accomplished most effect-
ively to avoid the accumulation of salts to the point where losses
equal inputs., The assumption seems justified that any treatment
system will require more than one plant community but there is little
basis at present for speculation as to the combinations that will
prove most useful,
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FIGURE LEGENDS

Fig. 1. The Brookhaven National Laboratory site, The experiment
is at the Biology Farm in the southeastern corner of the site.
Sewage is prepared from scavenger wastes and untreated Laboratory
sewage and pumped to holding ponds at the experiment.

Fig. 2. Nitrate-N and Ca content of ground water under major plant
communities of the field-to-forest sere, Brookhaven, New York.

The ground water flows laterally at about 13 cm/day. Each curve
represents a single well.

Fig. 3. Total nitrogen concentrations in primary sewage and in
soll percolate under the plant communities of the sere.

Fig. 4. Total nitrogen concentrations in secondary sewage and in
s0il percolate under the plant communities of the sere.

Fig. 5. Concentrations of ammonium-nitrogen, nitrate-nitrogen and
total nitrogen in primary sewage applied to terrestrial communities
and in percolate leaving the rooting zone, Key: S = sewage, P =
pine forest percolate, F = oak-pine forest percolate, A = agri-
cultural field percolate, 0 = old field percolate.
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IRRIGATION WITH WASTEWATER AT BAKERSFIELD, CALIFORNIA

by . *
Ronald W. Crites

INTRODUCTION

Wastewater has been used to irrigate cropland at Bakers-
field, which is located at the southern end of the San
Joaquin Valley in the central part of California, for more
than 60 years. The purpose of this paper is to document
the principal features of this successful operation by
tracing its historical development, current operation, and
environmental effects. Crop yields are related to the
characteristics of the effluent applied and compared to
typical yields in Kern County. Future plans are discussed
and the applicability of the data and experience gained
from this long-established operation to other similar
operations 1s delineated.

Normal annual precipitation in the Bakersfield area is
about 6 inches. Because it occurs mostly from December to
February, irrigation is necessary for summer crop produc-
tion. Since irrigation began in the area, agriculture has
been a major industry.

HISTORICAL DEVELOPMENT

Although the city has three wastewater treatment plants,
most of the domestic wastewater from the city is treated
at Plants No. 1 and No. 2, located southeast of the city.
The farmland adjacent to these two plants has received
wastewater since 1912, when the first portlon of the
city's sewerage system was constructed. The outfall
sewers ended in an open ditch from which untreated waste-
water was taken for irrigation,.

In 1933, the California Department of Health conducted a
state-wide survey of wastewater irrigation systems.Z2 The
report for Bakersfield was that 58 acres of cotton, 480
acres of wild grass, and an unspecified acreage of pasture
were being irrigated with untreated wastewater.

*Project Engineer, Metcalf § Eddy, Inc., Palo Alto,
California
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In 1939, a 9.0 mgd primary treatment plant (Plant No. 1)
was constructed. In 1952 the plant was severely damaged
by an earthquake and the effective capacity was reduced

to 4 mgd.3> In the same year, a 16 mgd primary plant
(Plant No. 2) was constructed approximately 2 miles to the
south. The city continued to dispose of the effluent from
both plants on adjacent farmland, now owned by the city
and leased to a grower. 1In 1948, a secondary treatment
plant was built adjacent to city Plant No. 1 by the Mount
Vernon Sanitation District. Although the effluent is

also used nearby to irrigate crops (pasture, alfalfa, and
barley), the Mount Vernon operation will not be discussed
further.

In 1956, Merz* made a field visit and reported corn,

cotton, alfalfa, sorghum and grass being grown on 2,000
acres. In 1959, Scottd> reported cotton, field corn,

milo maize, sugar beets, barley, and permanent pasture as
crops on the 2,500 acre farm. Finally in 1973, the crops
grown were cotton, corn, barley, alfalfa, and pasture
grass.® Although the total farm acreage is 2,500 acres,
only about 2,400 acres can be irrigated for crop production.

CURRENT OPERATION

Presently the city of Bakersfield leases the farmland to
Mr. Joe Garone for $40,000.00 annually or $16.00 per acre.
Mr. Garone takes all the 13 mgd of effluent from the two
primary plants throughout the year. He rotates his crops,
maintains ditches, and controls the tailwater from
irrigation. The major summer crops are field corn and
cotton, with only 80 acres being planted to alfalfa. Mr.
Garone is in his fourth year as leasee; consequently, he
is still releveling certain areas and leaving some plots
fallow to reduce weed problems that he inherited.

Wastewater Characteristics

The wastewater is primarily domestic in nature, with only
a few poultry-processing plants discharging high-BOD
wastes to Plant No. 1. The characteristics of effluents
from Plant No. 1 (3.5 mgd) and Plant No. 2 (9.5 mgd) have
been combined and a typical blend of constituents that
would be found in the irrigation water is given in Table 1.

The domestic water supply for Bakersfield is obtained from

deep groundwater wells. Nitrate concentrations up to 18
and 19 mg/1 as nitrate are found in some of these wells.
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Table 1. Characteristics of Treated Effluent
at Bakersfield

Values in mg/1l

Characteristic except as noted
Flow, mgd 13.0
BOD 150
Suspended solids 48
Total nitrogen as N 28
Ammonia nitrogen as N 25
Organic nitrogen as N 3
Nitrate nitrogen as N 0
Phosphorus as P 6.2
pH, units 7.2
Total dissolved solids 380
Chloride 60
Sulfate 90
Bicarbonate 220
Calcium 15
Magnesium 18
Sodium 112
Potassium 12
Percent sodium 65
Sodium adsorption ratio 4.4
Boron 0.5

The mineral quality of the combined primary effluent is
quite suitable for irrigation. The total nitrogen level
of 28 mg/1 causes some problems in the growing of cotton,
as will be discussed later. The percent of sodium is
relatively high at 65 percent; however, it is not critical.
The total dissolved solids (TDS) concentration is not a
problem for any of the crops grown.

Site Characteristics

The topography is very flat, with the fields graded for
surface irrigation. General drainage is from north to

south with sump pumps along the southern end to return

tailwater to storage ponds (See Figure 1). Soils range
from fine sandy loams to clay loam. The soils are
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generally alkaline and poorly drained with dense clay
lenses at depths ranging from 10 to 15 feet below the
surface. This clay barrier produces perched water in
areas where it is continuous and reduced percolation in
areas where it is not.

Permanent groundwater aquifers exist at approximate depths
of 100 to 200 feet and at 300 feet. The two are separated
by a clay barrier, and the confined lower aquifer is used

for water supply. The deep wells on the farm, as shown in
Figure 1, produce water for supplemental irrigation water.
The quality, however, is inadequate for potable uses as a

result of high TDS and nitrate content.

Crop Irrigation

All crops are irrigated by surface methods. Corn and
cotton are irrigated using the ridge and furrow method;
and pasture, barley, and alfalfa using the border strip
method.

The nitrogen needs of the crops, the usual amounts added
by commercial fertilizer in Kern County, and the actual
nitrogen loading rates are given in Table 2. -As can be
seen, the nitrogen applied more than meets the nitrogen
uptake of all crops. For both cotton and alfalfa, the
nitrogen loading is more than twice that which can be
utilized. Because alfalfa is a legume, it is not usually
fertilized with nitrogen. For cotton, excess nitrogen
fertilizer results in excess vegetative growth at the
expense of fruitive growth, and subsequent yields are
descreased.

Table 2. Nitrogen Loadings at Bakersfield Compared to
Typical Fertilizer and Uptake Rates

Actual

Nitrogen Typical

loading commercial

rate from fertilizer

effluent, rate, Nitrogen uptake,

Crop 1b/acre/yr 1b/acre/yr 1b/acre/yr

Alfalfa 371 --b 100-150
Barley 139 80-90 75
Corn 252 200-250 150
Cotton 277 100 100
Pasture grass 371 100+ 150-250

a. Average for Kern County.

b. 50 1b/acre/yr of P,0g added by some growers.
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Liquid loading rates and loadings of BOD, potassium, and
phosphorus are listed in Table 3. The irrigation and
agricultural practices will be discussed individually for
each crop.

Table 3. Loading Rates for Primary
Effluent at Bakersfield

Liquid BOD Potassium Phosphorus
loading loading loading loading
rate, rate, rate, rate,
Crop ft/yr 1b/acre/yr lb/acre/yr 1b/acre/yr
Alfalfa 4.9 1,98% 159 B2
Barley 1.8 730 58 30
Corn 3.3 1,300 107 S5
Cotton 3.7 1,500 120 62
Pasture grass 4.9 1,988 159 82

Alfalfa - Alfalfa is a perennial crop that is irrigated
from March to October at about 2-week intervals. Cuttings
are made approximately monthly during this period. As
noted in Table 2, some growers 1in Kern County fertilize
with 50 pounds of P205 per acre, which is equivalent to
about 11 pounds of elemental phosphorus.

Alfalfa will take up to 21 pounds annually of phosphorus
and 110 pounds of potassium.7 Both uptakes are more than
met by the application of effluent.

Barley - Planted in mid-December, barley can be harvested
for grain in mid-May or early June, or it can be grazed.
Mr. Garone allows his cattle to graze about 160 acres of
barley in rotation with other pastureland and the feed lot.
Barley is pre-irrigated in November, and then irrigated
once every 2 weeks from mid-March to harvesting. Barley
that is grazed is generally disced under by June 1 to
allow the field to be prepared for planting of corn.

Corn - Planted in early June or late May, corn requires a
great deal of water during its 90 to 100 days of growth.
Corn is generally irrigated at a rate of nearly 3 in./wk.
Mr. Garone harvests his field corn in September for
ensilage and hauls it to his feed lot.

Cotton - Cotton is an annual crop, planted in mid-March
and harvested in mid-October. Land to be planted is
pre-irrigated with about 15 inches of effluent in
February. Irrigation of the cotton begins in June and is
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ceased by September 1. Mr. Garone has problems growing
cotton because irrigation with 3.7 feet of effluent adds
nearly 3 times as much nitrogen as needed. This results
in excessive plant growth and reduced yields. To com-
pensate, careful management is required, including steps
to (1) thin the cotton more than usual, (2) stress the
plants between irrigation periods to stimulate fruitive
growth, and (3) blend effluent with well water to reduce
the total nitrogen concentration. Despite the use of
these techniques, cotton yields are generally 20 percent
less than the county-wide average.

Pasture - Mr. Garone raises pasture grass on the remaining
portions of the farm. These 750 to 800 acres represent

the poorest s0ils and also receive the tailwater from

other areas. Pumps and small sumps exist at the south

side of the pastureland to return tailwater to a storage
pond. The pastureland supports between 1.5 and 2 animal
units per acre. The land is irrigated every 10 to 14 days
throughout the year. In the past, excessive irrigation has
led to ponding in the southern portion of the pastureland,
with problems from odors and mosquito propagation resulting.

Crop Yields

Yields resulting from irrigation with primary effluent,
typical prices commanded by each crop in 1973, and the
economic return per acre are presented in Table 4. The
double-cropping practice of barley followed by field corn
will yield the highest gross economic return but will also
require the most field preparation, cultivation, and
management.

Table 4. Crop Yields and Economic Return

Typical
Yield, price, a Economic return,
Crop 1b/acre $ per pound $ per acre
Alfalfa 16,000 0.025 400
Barley 3,000-5,000 0.045 135-225
Corn 36,000-60,000 0.0075 270-450
Cotton 600-800 0.35 210-280

a. Based on 1973 prices.
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Alfalfa yield is equal to, if not slightly higher than, the
county-wide average of 6 to 8 tons per acre. Barley yield
is also approximately the same as the county-wide average.
Corn yields on a county-wide basis are 20 tons per acre.
Mr. Garone8 finds that up to 30 tons per acre are possible
on the heavier loam soils, while 18 tons per acre is a
typical yield on the sandy alkali loam soil.

Yields for cotton are typically 20 percent less than
county-wide averages as a result of the excess nitrogen
and the compensatory measures required, and because of

the relatively poor quality alkali soil. To increase
yields, Mr. Garone is applying gypsum to areas that are
strongly alkaline. When Merz visited in 1956, he reported
that gypsum was applied at 4 tons per acre.4 He also
reported a cotton yield of 1.82 bales per acre for 1955
compared to the current yield of approximately 1.5 bales
per acre.

Economic Considerations

Although the original cost of the land was probably less
than $100.00 per acre because of the poor quality of the
soil, it is now worth close to $1,000.00 per acre. Mr.
Garone's lease from the city amounts to about 20 percent
of the operation and maintenance costs for the two treat-
ment plants, which are approximately 5 cents per thousand
gallons.’ Thus the city's property has appreciated in
value, while 20 percent of their annual budget for two of
their plants is repayed from the farming operation.

The cost of irrigation water from the local canal is

about $5.00 per acre-foot at the canal side, and the

cost of pumping groundwater is typically $15.00 to $20.00
per acre-foot. If the $40,000 lease applied only to the
14,500 acre-feet of effluent supplied, the cost of
effluent would be $2.76 per acre-foot. This economical
price must be balanced against the requirement of managing
excess flows in the winter.

HEALTH EFFECTS

Merz4 reported that no diseases have been traced to
effluent use, although there have been problems with flies
and mosquitoes. The current Superintendent of the city's
treatment plants, Mr. James Groves,” reiterated that no
diseases have been associated with the operation.
Mosquitoes are a problem wherever water is allowed to pond
and stagnate, so that keeping the excess water moving is a
major management problem. The two equalizing reservoirs
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(5 and 10 acres in size) and the storage pond for tail-
water are periodically sprayed to control mosquito
propagation.

Current public health regulations for irrigation of fodder,
fiber, and seed crops are that the quality of reclaimed
water shall be equivalent to primary effluent.l0 No
disinfection of the effluent is required, and none is
provided at the two plants. Dairy cows are not allowed

to graze pastures irrigated with nondisinfected effluent;
however, beef cattle are not restricted.

ENVIRONMENTAL EFFECTS

A complaint by the Regional Water Quality Control Board
that the irrigation operation was contaminating the
groundwater with nitrates led to an investigation of the
groundwater quality by Metcalf § Eddy.® Six shallow wells
were drilled and sampled in late 1972, Perched water was
found at the 11- to 12-foot depth in 3 wells and not at
all in the other 3 wells (drilled 30 feet deep). Nitrate
concentrations ranged from 4 mg/l as nitrate in the center
of the farm to more than 600 mg/l nitrate directly beneath
the old site of the sludge drying beds at the Mount Vernon
plant.

The Regional Board conducted a sampling program in
September 1971 and found nitrate concentrations ranging
from 0.4 mg/l to 68 mg/l as nitrate. These wells were
along the western edge of the farm, which is in the
direction of flow of the unconfined aquifer. These wells
were sampled at depths of 80 to 170 feet.

No firm conclusions relating effluent irrigation to
groundwater nitrate levels could be drawn from either
investigation. The confined aquifer below the farm

(300 feet deep) has nitrate concentrations of 50 to

60 mg/1l as nitrate.® However, many wells, both deep and
shallow throughout the Bakersfield area have high nitrate
and TDS concentrations. The graundwater hydrology of the
area is complex and groundwater quality is influenced not
only by irrigation practices, but also by oilfield well
injections, natural occurrences of salt, and cattle feed-
lots. A more detailed investigation of groundwater
quality is in the planning stage for 1975.

FUTURE PLANS

Because of the problems with mosquitoes, the ponding of
excess irrigation water in the winter, and the poor
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quality of effluent from Plant No. 1, the state has
required that the city investigate alternative treatment
and reuse systems. Metcalf § Eddy conducted this investi-
gation and prepared a project report.3 Treatment and reuse
alternatives included (1) overland flow treatment and dis-
infection with effluent discharge to an irrigation canal,
(2) treatment and continued irrigation using more land,

(3) treatment and reuse in recreational lakes, (4) treat-
ment and groundwater recharge followed by withdrawal for
discharge to irrigation canals, and (5) advanced waste-
water treatment with discharge to the irrigation canal.

It should be noted that for Alternative 2 the Regional
Water Quality Control Board proposed a requirement of
secondary treatment prior to irrigation, which is more
restrictive than the State Department of Health regulations
require. Although all alternatives would involve benefi-
cial reuse, Alternative 1 was the most cost-effective.

Current plans (provided the regulatory agencies approve
the concept) are to consolidate Plant No. 1 and No. 2 and
construct a pilot overland flow (spray-runoff) system.
The design of this first stage could begin as early as
July 1974.

SUMMARY

Much can be gained by studying the successful operation of
wastewater irrigation at Bakersfield. Storage of effluent,
control of tailwater, and circulation of water to avoid
shallow ponding are successful management techniques that
have been developed. Control of the farming operation by
an experienced grower who applies proper amounts of water
for crop needs, adds soil amendments as needed, and com-
pensates for excess nitrogen (in the case of cotton) is
another lesson.

Crop yields vary from slightly below to well above the
county-wide average. These ylelds are greatly affected
by the so0il characteristics as well as the effluent
characteristics. The alkaline soil is still being
reclaimed by additions of gypsum in certain areas.
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NUTRITIVE VALUE OF AEROBICALLY TREATED
LIVESTOCK AND MUNICIPAL WASTES *
by
D. L. Day and B. G. Harmon **

Numerous methods of utilizing livestock wastes (manure) have been
studied, including spreading it on the land as a fertilizer; using it
to produce fuels, make building materials; composting it for a soil
ammendment ; and various methods of processing for refeeding. Using
livestock wastes to produce feedstuffs offers two obvious advantages:
minimizing environmental pollutants and realizing a new source of
nutrients.

The acceptance of procedures that utilize treated wastes as nutrients
requires some explanation and education. However, refeeding animal
excrement, either inadvertently or intentionally, has been practiced
to some extent since the domestication of animals.

Before vitamins and amino acids were understood, livestock producers
knew that the fastest-growing and most-efficient hogs were those that
"followed" the cattle. The hogs gleaned the cattle manure for un-
digested grain, but they also utilized the vitamins and monocellular
protein. Also, young pigs needed more iron than they received from
sow's milk. Access to the sow's feces containing high levels of
biologically available iron prevented anemia in the pigs. Modern
livestock rations are nutritionally balanced to avoid such problems;
however, processed wastes can supply some of the nutrients and thus
help resolve the waste-management problem.

This paper deals with the aerobic treatment of metabolic wastes for
utilization in diets of livestock as a source of various nutrients but
especially protein as amino acids. Aerobic treatment of sewage is a
long~known process by which microbial activity is intensified (Arden
and Lockett, 1914)., By its nature, this is a low-odor process; but it
requires external power for the aeration. In recent years, the aerobic

*Paper prepared for presentation at the conference on Use of Waste-
water in the Production of Food and Fiber, March 6-8, 1974 Oklahoma
City, Okla.

**Departments of Agricultural Engineering and Animal Science,
University of Illinois at Urbana~Champaign.

*%%This project is presently supported in large part by the Illinois
Agricultural Experiment Station.
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treatment of livestock wastes has gained popularity mainly because of
its low-odor characteristic (Jones et al., 1971). The power require-
ment for continuous aeration is the main disadvantage.

NUTRIENTS IN MUNICIPAL ACTIVATED SLUDGE

Hurwitz (1957) reported the amino-acid, vitamin, and mineral content of
dried activated sludge from the Metropolitan Sanitary District of
Greater Chicago, Table 1. This product was successfully used as a feed
additive for swine, poultry, and sheep and beef cattle in experiments

at the University of Illinois in the 1950's (Schendel and Johnson,

1954; Firth and Johnson, 1955; and Hackler et al., 1957). These studies
established the value of vitamin B.,, nitrdEZhT_énd unidentified growth
factors in the activated sludge. %gere were, however, some severe
diarrhea problems with steers and lambs (Hackler, 1958).

Work conducted at Bangalore, India in the 1960's showed that half of
the vegetable and animal protein supplements in the diet for chicks can
be supplied by activated sludge (Pillai et al., 1967). Table 2 shows
an analysis of the sludge. The experiment was carried through the egg-
laying period, and significantly more eggs were laid by the birds on
the sludge-supplemented diet than by those being fed a typical diet.
Pillai et al. (1952) also reported that the purification processes
inherent in the aerobically treated activated sludge eliminated patho-
genic bacteria causing typhoid, cholera, and dysentery.

A method of producing organic molasses by the hydrolysis of activated
sewage sludge 1s reported by Bouthilet and Dean (1970). The molasses
had an amino-acid content favorable for animal feeds, Table 3; and it
was successfully fed to weanling rats at the 5- and 10-percent level;
feeding at the 25-percent level produced detrimental results.

An analysis of grab samples of activated sludge from the Urbana,
I1linois Municipal Waste-Treatment Plant is given in Table 4.

NUTRIENTS IN AEROBICALLY TREATED LIVESTOCK WASTES,
UNIVERSITY OF ILLINOIS PROJECTS

Since 1963, a research project has been underway at the University of
I1linois at Urbana-Champaign on managing livestock wastes by means of
aerobic treatment in oxidation ditches beneath slotted floors in live-
stock buildings, a modified form of the Pasveer oxidation ditch (see
Figure 1). The original emphasis was on odor control and low-labor
waste management; but in recent years, the microbially enhanced
oxidation ditch mixed liquor (ODML) has been studied as a source of
nutrients for livestock.

An analysis of a sample of swine ODML in 1967 showed a high potential
for a protein supplement, Table 5. The refeeding implications are
obvious. Methods of isolating and concentrating the amino acids were
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Table 1. Amino Acid and Vitamin Content
of Activated Sludge (Hurwitz, 1957)

Amino Acids, per cent (dry basis) Vitamins # gm/gm (dry basis)
Total Protein pgm/gm
(N x 6.25)....ccoceceeeee 30-35 per cent  Riboflavin (Bs) oo 12.7-29.0

Cobalamine (Bu) e 2.4- 40

Arginine 1.0+1.26  Pantothenic acid ...
Cystine 0.18 Niacine eeeeeercens
Histidine 0.41-0.50 Coline ..
Isoleusine . 091-220 *Pyridorine ..o
Leusine ... 1.58-2.03  *Biotin e,
Lysine 0.92-1.33  *JRosito] .o
Methionine ... 0.45-0.65 *Kibi. Vitamin 10,433
Phenylanine ..ocviceieees 1.20-2.00

Threonine . oveeeveeeeeen.. 1.15-2.20

Tryptophane 0.22-0.34

Vahine oo 1.18-2.77

TYrosine .c....cccviecerercnnes 0.70

Glycine 1.55-1.71

Glutamic acid ....ccoeveeceeeneee.. 2.89

Ions and Metals

Common ions Trace Metals
(Spectrometric Analysis)
per cent (dry basis)
Aluminvm .eeoeeeee... 3 -dpercent Boronm o 0.002 per cent
Caleium oo 2 -3 " Chromium ... 001 oo
Iron .. ee 56« *© Copper .o 0.1 o
Magmesium e 051 0 ® Lead .....cooei 0.1 .o
Silicon ... rrreeretase e rien 5 6 ¢ Manganese ... 01 oo
Suifate {(SO.) ... 1 oo Nickel .. . 01 oo
Phosphate (FPu0s) ... 56" *~ Potassium .o 01 0 %
Silver ... e 01 “ oo
Tin s e 001 “oo"
Titanium 0.1 o
ZINC e 01 v

Cobalt s . 8-1vppm
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Table 2. Analysis of Municipal Activated Sludge
(Pillai et al., 1967)

{The 1esuits, except vitamin By,, ar2 expressed as parcanizge on
oven dry basis).

Organic matter (loss on ignition) 61.8
Nitrogen (M) 6.c
Crud=2 protein 318
Fatly matter (Petroleum ether extraciakle) 6.0
Crude fibre LR
Minzral matter {residuc on ignition) 32z
Silica (SiOs) )
Calcium (Cz) 154
Phosphorus {P) 129

Vitamin Byz:
Total activity j:9/160 9 75.8
True actlivity (a!krali labiiz) /1009 735

Table 3. Amino Acid Analysis of Organic
Molasses (Bouthilet and Dean, 1970)

Amino Acid Percent dry basis
Arginine 0.79
Cystine 0.17
Glycine 1.88
Higtidine 0.37
Isoleucine 1.08
Leuclne 1.01
Lysine 0.87
Methionine 0.36
Phenylalanine 0.74
Threonine 1.13
Valine 1.37
Crude protein 2
(Nx6.25)
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Table 4. Amino Acid and Mineral Content of
Activated Sludge From Urbana Waste Treatment Plant

a Percent b Percent

Amino Acids dry matter Minerals dry matter
Arginine 1.20 Ash 32.12
Histidine 0.56 Calcium 3.36
Isoleusine 0.93 Iron 0.80
Leusine 1.8% Magnesium 1.32
Lysine 1,37 Phosphorus 3.24
Mathionine 0.48

Threonine 1.3%

a. Averags of two gradb samples, 1971.
b. Grab ssmple, 1974.

reported by Holmes et al., (1971). These studies verified that the
major portion of protein was in the very small-sized particles and
could be passes through a 200-mesh sieve (74 micron openings),
supporting the theory that it is monocellular protein produced by
microbial enhancement, Table 5. Screening was not a practical method
of concentrating the high proteinaceous fraction of ODML, but the size-
analysis studies were of interest because they showed a definite
relation between particle size and protein content-the smaller the size,
the higher the protein.

Other methods of concentrating the proteinaceous fraction were also
tested, including settling and centrifugation. Using a centrifuge was
the most effective method. An amino-acid analysis of swine ODML
centrifuge cake is given in Table 6. The protein concentration varied
with the depth into the centrifuge cake, the farther intoc the cake,
the more the G force, and the less the amino-acid content. Clarified
ODML centrate was also analyzed for its amino-acid content, but none
was detected.

Most of the nutrition attention has been given to amino-acid content,
partly because amino acids are the most obvious constituent of the
single cells and partly because they are the costliest of the nutrients
needed to supplement corn. Lysine is one of the most used indicators
of amino acid quality because of the low lysine in corn. ODML also
contains vitamins and minerals, but these have less economic value
than the amino acids at the present time.

The nutritional value of swine ODML was first tested by including a
dried product in the diets of growing rats to provide the protein of up
to half the soybean meal. Satisfactory gains and efficiency values
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Table 5.

Amino Acid Contents of Aerobically Treated

Livestock Wastes Compared to Corn, Soybean Meal,
Swine Feces, and Pig Requirements

(Percent dry matter)

Beef Poultry  Swine Suine Swine Pig Corn8 Soybean

obee® O b  oDMS  ODML 9 Feces Req't.f Meal
Arginine 1.85 1.43 3.49 1.73 0.44 0.28 0.46 3.09
Cystine 0.56 0.43 0.51 1.30 — 0.12 0.42
Glycine 1.49 1.69 3.70 2.15 — — —
Bistidine 1.03 0.80 1.39 0.45 0.14 0.24 0.22 1.00
Isoleusine 1.19 1.40 2.96 1.66 0.52 0.27 0.31 2.21
Leusine 2.28 2.48 4.53 2.91 0.92 C.74 1.04 3.69
Lysine 1.68 1.76 3.46 1.64 0.60 0.79 0.26 2.69
Methionine 0.62 0.69 1.38 1.41 -—— 0.53 0.18 0.63
Phenylalanine 1.34 1.34 3.58 1.62 0.81 0.58 0.42 2.3
Threonine 1.3% 1.54 3.13 1.86 0.53 C.49 0.3 1.9}
Trypotophan -— - et — - 0.13 0.058 0.69
Tyrosine 0.9 1.15 1.96 1.36 —— -—- 0.36 1.73
Valine 1.72 2.11 3.30 2.26 0.58 0.50 0.45 2.36
Aspartic acid 2.75 3.15 5.35 3.82 — -— 0.61 5.82
Clutanic acid 3.79 3.61 9.56 5.37 — — 1.61 1.74
Crude protein — -— —— 45.6 — 16 8.69 45.7

(Nx6.25)

a,b Grab samples passed through a 200 mesh screen, 1971.
c Avg. of two grab samples passed through a 200 mesh screen, 1971.
d Grab sample, 1967. .
e Fresh swine feces (Gowsns, 1966).
f Weenling pig (Becker gt at., 1966)
g.h (Harmon et al.,1969).

Table 6.

Screened and Centrifugeda

Amino Acid Analysis of Swine ODML

(Holmes, 1971)

(Percent dry

matter)

Cen

trifuge Cake

(Composite)

Varying Radial
Distance Into Cake

Contained on
20 Mesh Screen

Arginine
Cystine
Glycine
Aistidine
Isoleusine
Leusine
Lysine
Methionine

Phenylalanine

Threonine

Tyrosine
Valine
Aspartic Acid
Clutamic Acid

NWWN O N

. Ml

grur-w-qrovvup-aas
NSO

2.52 - - - 1.15

1.70 - - - 0.77

2.85 - - -1.70

0.566

0.177

0.432

Sharpes Mark III Centrifuge
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ODML HOLDING TANK
{ MIXED AND AERATED)

FEEDER WATERER

PUMP

\f

OXICAT/ION COITCH ~ -~

- g -

Figure 2 ODML is pumped from the oxidation ditch into a holding
tank where it is kept mixed and aerated between feedings to pre-
vent the possibility of feeding any unprocessed wastes. The ODML
is fed by adding it to a regular ration in the ratio of 2 parts
ODML to 1 part dry diet. Regular water is provided. (Day and
Harmon, 1972).

FEEDER

OXIDAT/ON ~DITCH ~ =<

Figure 3 ODML is pumped from the oxidation ditch directly into
a watering trough. No other water is provided, (Day and Harmon

1972).
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Table 7. Nutrient Content of Swine ODML April-August, 1971
[The oxidation ditch had been in operation
since spring, 1969, without emptying.]

Percent / Percent b/
dry matter— dry matter—

Phenylalanine 1.48 Calcium 3.33
Lysine 1.42 Phosphorus 3.83
Histidine .47 Magnesium 1.49
Arginine 1.28 Sodium 2.75
Threonine 1.96 Potsssium 4.14
Valine 2.06 Iron .5507
Methionine 77 Copper .0071
Isoleucine 1.49 Zinc .1148
Leucine 2.79

Aspartic 3.73

Serine 2.5

Glutamic 5.06

Proline 1.29

Glycine 2.29

Alanine 2.83

Tyrosing 1.17

Tryptophan 0.28

a/ Neans of 13 weekly analyses of amino acids except for tryptophan (1 analysis).
EI Mean of 6 weekly analyses of minerals.

Table 8. Summary of Weekly Samples, April-August, 1971
[The oxidation ditch had been in operation
since spring, 1969, without emptying.]

Parameter Mcan

Range
pH 7.7 6.0 - 8.0
Dissolved oxygen, Mg./1. 1.3 2.3 - 4‘3
Texperature, °C 27 17.5 - 37.0
Chenical oxygen cemand, mg./1. 29,423 18,425 - 55,300
Dry matter, pct. 3.4 2.1 - 4.0
Nitrcgen, pct. dry matter 7.9 5.1 - 10.0
Ash, pct. dry matter 41.7 36.1 - 48.7
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Table 9. Performance of 76 Finishing Swine Fed
ODML or Water Mixed with Feed (Harmon et al., 1973A)

Waterb/ oDMLY/
Average dizly gain
Replication
Y, 1.08 1.12
2 o, 1.0t 1.21
. 1.08 1.25
4 e e e e . 1.41 1.43
S ... 1.10 1.17
Average . . . . . .. ... 1.14 1.23
Gain por 1,000 poiwds o feel
Replication
1. ..., e e e s e . . 218 . 232
2 e e, 213 b 249
3. . 275 276
4. ... “ e e s . 283 302
R 256 270
Average . . . ., ... .. 245 266

Source: Harwon et al., 1973.
8/ Initial weight, approximately 110 pounds.
=/ Liquid added to fecd, 2:1 ratio.

Table 10. Performance of 120 Finishing Swine Receiving
ODML or Water (Harmon et al., 1973)

Datly gain Gain per 1,000 pounds of feed
Tap H20 OOML Tap H2Q 0DML

pounds
Replication

1 .... LM 1.39 303 308
2 .... 1.4 1.54 296 297
3 .... 189 1.98 244 343
4 . ... L3 1.58 230 278
5 . ... 1.28 1.45 . 260 263
6 . ... 1.56 1.74 309 338

Average 1.35 1.61 278 304

Source: Harmon et a@l., 1973. Each value represents 10 pigs.

249



Hogs slaughtered from each replication showed no evidence of liver or
lymphatic alteration due to feeding the single-cell protein source
(Harmon et al., 1973A).

As shown in Figure 3, ODML was pumped directly from the oxidation ditch
into troughs for 20 seconds out of every 10 minutes. The initial flow
flushed out the remaining liquid in the trough, while the flow as the
pump stopped remained in the trough. This provided fresh ODML at all
times. No other waterers were in the pens. Control swine had access
to regular water at all times. A corn-soybean meal diet (l2-percent
protein) was available in self-feeders in each pen. For three experi-
ments (two replications per experiment) with 120 finishing hogs, the
weight-gain and feed-efficiency values were greater for the hogs re-
ceiving the ODML, Table 10. (Harmon et al., 1973).

The scheme of Figure 3 uses the processed waste in situ to furnish
water requirements as well as other nutrients. With this scheme, there
is little if any surplus material for disposal. The levels of non-
biodegradable materials will build up, and eventually have to be re-
moved.

A brief energetic and economic analysis of the operation depicted in
Figure 3 is given in Table 11. The energetics show a slight loss and
the economics show a considerable gain based on the current price of
soybean meal. This analysis does not include expenses of initial
equipment and maintenance nor does it include savings from other
nutrients and reduced disposal.

Table 11. Energetic and Economic Analysis of Feeding
ODML to Swine?

Aeration Expenses b Protein Savings e Net
oE S K cal s9] xemf 8 K Cal s
19.8 17,050 0.40] 16,920 0.80 - 130 +0.40
Other expsuses: Other savings:
Initial equipment minerals
Maintenance and repair Vitamins
Water
Reduced disposal
Odor control

Finishing phase of production, 100 to 200 1lb. in 60 days.
Operating expenses only.

Rlectricity requirement, 0.33 KWH/Day (p.38 Jones et al., 1971).
Electricity at $0.02/XWH.

Based on the ODML supplying 1/5 of the 40 1b. of soybean meal.
Gross energy of soybesn meal, 4.66 K Cal/Gm (Diggs et al., 1963).
Soybean meal at $200.00/Ton

|redbonos
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Studies comparing samples of pork chops and roasts from hogs fed ODML
and from control hogs showed that the taste and odor were not influenced
by feeding the aerobically sustained product (Wax et al., 1972). Rep-

resentative samples of all tests have passed state meat inspection in
Illinois.,

There have, however, been some health problems and some unexpected pig
deaths. High nitrate levels in the ODML were suspected of causing
deaths in one experiment in which the mixed liquor had been aerated for
a considerable time without any hogs in the building. High nitrate
levels would be expected under this condition (no new feed for the
microorganisms). Another problem has been the survival of intestinal
worm eggs that are excreted into the oxidation ditch and are refed in
the ODML. No simple method of killing the worm eggs in the ODML has
been found. The problems of killing the parasites in biologically
treated sewage was discussed by Liebmann (1964). Heating to a temper-
ature of 144F. for a short time was the most successful method of kill-
ing worm eggs.

Other studies are underway at the University of Illinois to test the
nutrition of various forms of ODML for feeding to poultry and cattle,
as well as to swine. A new building for 200 beef cattle with an oxi-~
dation ditch beneath slotted floors is now available (Bauling et al.,
1973).

SOME OTHER PROJECTS UTILIZING AEROBICALLY
TREATED LIVESTOCK WASTES

Vetter et al. (1972) reported the use of beef cattle ODML in situ in
the diets for beef cattle. The results of that study suggest that
aerobically processed livestock wastes have an acceptable nutritional
value and can be effectively used as a partial protein and mineral
supplement. No animal health problems associated with feeding the
processed wastes or with meat quality were reported.

Studies at Purdue University have shown that aerobic micro-organisms
can convert the soluble organic matter in dairy cattle wastes into a
biomass containing 30 percent crude protein, Nye et al. (1972). This
biomass product was harvested and fed to laboratory rats for up to 20
percent of their diet with no dilatory effect. However, the rats could
not use the product as their only protein supplement.

Orr et al. (1972) reported amino-acid contents of swine ODML similar to
those in the University of Illinois studies. They also reported of
various schemes for refeeding the ODML from oxidation ditches that had
been in continuous operation for two years.

Diesch et al. (1971) reported a study at the University of Minnesota
for detecting and measuring the survival time of leptospires in aerated
beef cattle manure, using a model oxidation ditch. A maximum survival
time of 18 days was measured at a pH of 6.9.
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SUMMARY

The aerobic process of treating organic wastes produces a biomass with
a monocellular-type protein high in amino acids. This makes it of in-
terest as a protein supplement for animal diets that have a major pro-
portion of corn or other grain which is deficient in lysine and other
essential amino acids, The biomass also contains other nutrients, in-
cluding vitamins, minerals, and unidentified growth factors. The
health-related aspects of utilizing aerobically processed wastes are of
concern, but the aerobic method inherently retards pathogenic organisms.
The aerobic process is also a low-odor method of waste management that
is of interest to livestock producers. However, the amount of energy
required for aeration may be discouraging.

This paper reviews some of the major projects of analyzing the amino-
acid content of aerobically treated sewage and livestock wastes and of
evaluating the product as a protein supplement in the diets of live-
stock, Although the amino-acid content is similar for aerobically
treated municipal wastes and livestock wastes, extraneous materials can
be more closely controlled in livestock wastes than in municipal sewage.

A method developed at the University of Illinois in recent years
utilizes oxidation-ditch mixed liquor (ODML) in situ, supplying drink-
ing water as well as protein and other nutrients. Crude protein in the
ODML varies from 30 to 46 percent, the latter value is as high as in
soybean meal. Also, lysine and other amino acids essential to growth
can be as high in concentrated ODML as in soybean meal. This method
avoids the ordinary expenses generally associated with recycling. It
also offers two obvious advantages: minimizing pollution and realizing
a new source of nutrients. The present costs of soybean meal make the
method economically feasible and energetically attractive. However, a
more efficient method of oxidation is needed. Even so, the aerobic
process offers possibilities for a least-cost method of waste manage-
ment that has several advantages over alternate methods. Obviously,
the acceptance of the use of this monocellular protein product in the
diets of livestock will require some explanation and education.

252



10.

11.

12.

REFERENCES

Arden, E. and W. T. Lockett. 1914. Experiments on the oxidation of

sewage without the aid of filters. J. Soc. Chem. Ind. (London)
33:523-539.

Bauling, D. B., W. D. Boston, and D. L. Day. 1973. A beef confine-
ment building with an oxidation ditch. Amer. Soc. of Agri. Engin.
Paper 73-4544,

Becker, D. E., A. H. Jensen, and B. G. Harmon. 1966. Balancing
swine rations. Circular 866, Cooperative Extension Service, Uni-
versity of Illinois at Urbana-Champaign.

Bouthilet, R. J. and R. B. Dean, 1970. Hydrolysis of activated
sludge. Proc,, Fifth International Water Pollution Research Con-
ference. July-Aug.

Day, D. L. and B. G. Harmon. 1972. A recycled feed source from
aerobically processed swine wastes. Amer. Soc. of Agri. Engi.
Paper 72-954.

Diesch, S. L., B. S. Pomeroy and E. R. Allred. 1971. Survival and
detection of leptospires in aerated beef cattle manure. Proc.,
International Symposium on Livestock Wastes. Amer. Soc. of Agri.
Engin. Publication PROC 271:263-266.

Diggs, B. G., D. E. Becker, A. H. Jensen and W. H. Norton. 1965.
Energy value of various feeds for the young pig. J. Anim. Sci.,
24(2):555-558.

Firth, J. A. and B. C. Johnson. 1955. Sewage sludge as a feed in-
gredient for swine and poultry. Agr. and Food Chem. 3(9):795-796.

Gouwens, D. W. 1966. Influence of dietary protein and fiber on
fecal amino acid excretion. Unpublished M.S. Degree Thesis, Univ.
of 111, at Urbana-Champaign.

Hackler, L. R. 1958. Dried activated sewage sludge as a nitrogen
source for ruminants. Unpublished Ph.D. Thesis. Univ. of Ill. at
Urbana-Champaign.

Hackler, L. R., A. L. Neumann, E. E. Hatfield, and B. C. Johnson.
1957. Dried activated sewage sludge as a nitrogen source for
ruminants. Abstract in J. of Anim. Sci. 16(4):1090.

Harmon, B. G., D. E. Becker, A. H. Jensen, and D. H. Baker. 1969.
Nutrient composition of corn and soybean meal. J. of Anim, Sci.,
28(4):459-464.

253



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

REFERENCES (cont'd.)

Harmon, B. G., D. L. Day, A. H. Jensen, and D. H. Baker. 1972.
Nutritive value of aerobically sustained swine excrement. J. Anim.
Sci. 34(3):403-407.

Harmon, B. G., D. L. Day, D. H. Baker, and A. H. Jensen. 1973.
Oxidation-ditch mixed liquor as a source of water and nutrients.
Abstract in J. of Anim. Sci. 37(1):280.

Harmon, B. G., D. L. Day, D. H., Baker, and A. H. Jensen. 1973A.
Nutritive value of aerobically or anaerobically processed swine
waste. J. Anim. Sci. 37(2):510-513.

Holmes, L. W. J. 1968. Concentration of proteinaceous solids from
aerated swine manure. Unpublished M.S. Thesis, Univ. of Il1l. at
Urbana-Champaign.

Holmes, L. W. J., D. L. Day, and J. T. Pfeffer. 1971. Concen-
tration of proteinaceous solids from oxidation ditch mixed liquor.

Proc., International Symposium on livestock wastes, Amer. Soc. of
Agri. Engin. PROC-271:351-354.

Hurwitz, E. 1957. The use of activated sludge as an adjuvant to
animal feeds. Proc., Twelfth Industrial Waste Conference, Purdue
Univ. Engineering Bulletin Ser. 94:395-414.

Jones, D. D., D, L. Day, and A. C. Dale. 1971. Aerobic treatment
of livestock wastes. Univ. of Il1l. Agri. Exp. Sta. Bulletin 737 in
cooperation with Purdue Univ.

Liebmann, H, 1964. Parasites in sewage and the possibiiities of

their extinction. Proc., The Second International Conf., Advances
in Water Pollution Research, Edited by J. K. Baars, Pergamon Press.
Vol. 2:269-288.

Nye, J. C., A. C. Dale, T. Wayne Perry, and E. J. Kirsch. 1972,
Recovering protein from animal waste. Amer. Soc. of Agri. Engin.
Paper 72-955.

Orr, D. E., E. R. Miller, P. K. Ku, W. G. Bergen, D. E. Ullrey,
and E. C. Miller. Swine waste as a nutrient source for finishing
pigs. Mich. State Univ. Report of Swine Research 232:AH-SW-7319.

Pillai, S. C., M. I. Gurbaxani, and K. P. Menon. 1952. Influence

of activated sludge on certain pathogenic bacteria. Indian Med.
Gaz. 87:117-119.

254



24'

25.

26.

27.

REFERENCES (cont'd)

Pillei, S. C., E. G. Srinath, and M. L. Mathur. 1967. Activated

gludge as a feed supplement for poultry. Water and Waste Treatment,
May-June.

Schendel, H, E. and B. C. Johnson. 1954. Activated sewage sludge
as a source of vitamin B12 for the pig. Agri. and Food Chem.
2(9) :23-24.

Vetter, R. L., R. D. Christensen, G. Frankl, and W. R. Masch. 1972.
Feeding value of animal waste nutrients from a cattle confinement
oxidation ditch system. Leaflet R170, Anim. Sci. Dept., Iowa State
Univ.

Wax, J. E., B. G. Harmon, and G. R. Schmidt. 1972. Effect of liquid

feeding oxidation ditch mixed liquor on the palatability of pork.
Abstract in J. Anim. Sci. 35(5):1100.

255



Grass Filtration for Final Treatment of Wastewater*

by
R. M. Butler, J. V., Husted and J. N. Walter*%*

INTRODUCTION

Grass filtration is one of three systems for land treatment of waste-
waterl»2,3, The other land treatment systems, spray irrigation and
rapid infiltration, utilize the plant root zone and the soil profile
as a filter medium to renovate wastewater. Grass filtration waste-
water treatment systems are designed to utilize the soil surface and
plant cover as the filter medium. The treatment mechanisms in the
grass filtration system may include physical removal of particulate
matter from the water, chemical adsorption of ions in solution on the
surface of soil particles, uptake of nutrients in solution by plant
roots, and biological treatment by microorganisms. In grass filtra-
tion systems, wastewater is applied along the top of a sloping site
and flows through the soil-plant filter with subsequent runoff. The
runoff from the grass filtration systems can be returned to a stream,
held in a pond or reservoir for reuse, or used for ground water re-
charge. The quality of the runoff water must be compatable with the
quality standards of the receiving stream. The runoff water quality
depends on the nature of the wastewater, the characteristics of the
site, the type of vegetation, and the operating methods of the system.

ADVANTAGES

Grass filtration systems require less extensive wastewater piping
systems and less land area than spray irrigation systems. If adequate
renovation can be attained by grass filtration, savings in terms of
wastewater application equipment and land can be obtained. If treat-
ment by overland flow is adequate, land with low infiltration capacities
can be used for wastewater treatment. An additional advantage of the

* Authorized for publication as paper no. 4635 in the journal series
of the Pennsylvania Agricultural Experiment Station.

This investigation was supported by funds provided by the United
States Department of Interior, Office of Water Resources Research,
as authorized under the Water Resources Research Act of 1964 through
the Institute for Research on Land and Water Resources, The Pennsyl-
vania State University and the Pennsylvania Agricultural Experiment
Station.

** Department of Agricultural Engineering, The Pennsylvania State
University, University Park, Pa.
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grass filtration system is that the treated water remains on the soil

surface. This facilitates sampling and monitoring of treatment effec-
tiveness, and the treated effluent is readily available for recycling

or reuse.

EXAMPLES

The grass filtration system has been successfully used to treat food
industry wastewater. A comprehensive study of an overland flow system
for cannery wastewater treatment was conducted for the Campbell Soup
Company at Paris, Texas%. The results of the study indicate 92 to 99
percent removal of volatile solids, 86 to 93 percent removal of nitro-
gen and 50 to 60 percent removal or phosphorus. Preliminary tests of a
grass filtration treatment system for beef feedlot runoff water have
been successful”.

A spray-runoff treatment system for raw municipal sewage is being test-
ed by scientists at the Robert S. Kerr Environmental Research Labora-
tory®?. The experimental system produced an effluent that is of terti-
ary treatment quality without sludge production.

Only limited information is available on the feasibility of using grass
filtration for final treatment of municipal effluent. 1In a study con-
ducted by Wilson and Lehman7, municipal sewage effluent from an oxida-
tion pond was applied to grassed plots 1000 feet long for final polish-
ing prior to artifical recharge. During one trial, nitrogen and phos-
phate concentrations were reduced by approximately 4 and 6 percent,
respectively, during flow over the plot. They concluded from these
tests that the quality of the effluent obtained from their systems was
not suitable for recharge.

PROJECT OBJECTIVES

The primary purpose of the research, summarized in this paper, was to
determine if grass filtration can be used to remove nitrate and phos-—
phate from secondary treated municipal sewage effluent. 1In addition,
the effects of various hydrologic parameters on the treatment process
were investigated. Factors studied in field and laboratory tests
included; detention time, flow rate, flow distance, application fre-
quency, and seasonal effects.
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PROCEDURE

Iwo sets of field tests and a laboratory study were conducted. 1In the
field studies, the effects of hydrologic variables and application fre-
quency on nitrate and phosphate removal were investigated. The effects
of detention time on nitrate removal were investigated in the labora-
tory.

HYDROLOGIC STUDY

Three plots 150 feet long by 20 feet wide were established on a 6 per-
cent slope in the Summer of 1972. A stand of reed canarygrass was
established and maintained on the plot area. Stations were installed
at 50-foot intervals on each plot to intercept the overland flow for
water quality samples and to monitor the flow rate. At each station
runoff was intercepted in 4-inch deep plastic lined trenches and di-
rected to an "H.S." flume equipped with a water level recorder to give
a continuous record of flow rate. Runoff water quality samples were
taken periodically from the outfall of the flume. Three-inch diameter
aluminum pipes perforated with 3/4-inch diameter holes spaced 6 inches
on center were used to apply the water at the top of each plot and to
redistribute the effluent below the monitoring stations 50 and 100 feet
down the plot. Water meters were used to monitor the amount of water
applied to each plot.

The chemical composition of the municipal effluent illustrated in Table
1 is based on samples collected during 1971 and reported by Sopper and
Kardos8. The effluent is from the treatment plant which serves The
Pennsylvania State University and the borough of State College, Penn-
sylvania. Secondary treatment includes standard and highrate trickling
filters and a modified activated sludge process followed by final set-
tling.

Secondary treated municipal effluent was applied to the plots once each
week for six to eight consecutive weeks during the Winter, Spring, Sum-
mer, and Fall of 1973. Three wastewater application rates were com—
pared. The same application rate was applied to a plot during the
entire study. In the Winter of 1973, 10, 20, and 40 gpm were applied
for 8 hours each week. The results of the winter runs indicated that
the infiltration capacity of the soil was higher than anticipated.

For subsequent trials, the application rates were increased to 15, 30
and 60 gpm and the operating time reduced to 6 hours.

Water samples were taken from the inflow and from the outfall of each
flume at 1 1/2 to 2-hour intervals during each run. The nitrate and
phosphate concentrations and the pH were determined for all samples.
Total Kjeldahl nitrogen determinations were made on selected samples.
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Table 1.

Chemical composition of the secondary treated
municipal sewage effluent used in the study.

Constituent Minimum Maximum Average
pH 7.4 8.9 8.1
mg/1 mg/1 mg/1
Nitrate-N 2.6 17.5 8.6
Organic-N 0.0 7.0 2.4
NH,-N 0.0 5.0 0.9
Phosphorus 0.250 4.750 2,651
Calcium 23.1 27.8 25.2
Mégnesium 9.1 15.1 12.9
Sodium 18.8 35.9 28.1
Boron 0.14 0.27 0.21
Manganese 0.01 0.04 0.02
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APPLICATION FREQUENCY STUDY

Three parallel plots, each 20 feet wide by 150 feet long were installed
on a grassed slope. The plots had an uneven slope of 6 to 8 percent,
with the greater slope occurring near the lower end of each plot. Each
plot was seeded with a mixture of 3 parts of a commercial quick cover
seed mixture, 2 parts annual ryegrass, and 2 parts reed canarygrass.
The faster germinating ryegrass dominated the growth on each plot dur-
ing all runs. Effluent was distributed at the head of each plot with
perforated pipes similar to those used in the hydraulic study. Efflu-
ent collection and monitoring stations similar to those used on the
hydrologic study plots were installed at the bottom of each plot.

Three run sequences were conducted during the period from mid-June to
early November, 1973. During the first run sequence from June 13 to
July 20, effluent was applied to each plot at an approximate rate of
100 gpm. The second run sequence was a continuous flow study in which
effluent was applied 24 hours a day for 70 hours at a rate of 40-50
gpm. This run was conducted from August 13-16 on the plot which had
received effluent 2 times per week in the first run sequence. A third
run sequence, similar to the first, was conducted from September 17
through November 2 with an effluent inflow rate of 50 gpm.

Application frequencies during the first and third run sequences were
2, 3, and 6 times per week with duratiomns of 3, 2, and 1 hours per
application, respectively. Each plot received approximately the same
total amount of effluent per week. The same application frequency was
used on a plot during an entire run sequence.

During the first few weeks of operation, the grass crop was in the
development stage. Grass height was maintained at 4 to 8 inches by
weekly or semi-weekly cuttings throughout the study. A rotary mower
was used and clippings were retained on the plot.

Samples of inflow and outflow were taken for all runs. During certain
runs, surface water samples were taken at five additional locatioms,
spaced 25 feet apart, down the plot. Water quality analyses conducted
on all samples included nitrate, phosphate, and pH. Total Kjeldahl
nitrogen determinations were made on selected samples.

LABORATORY STUDY

A laboratory study was conducted to determine the rate of nitrate re-
moval from secondary treated sewage effluent on the surface of reed
canarygrass sod. Three treatments were compared in the study: grow-
ing sod, dead sod, and bare subsoil. The sod and the subsoil were from
the grass filtration field test site. The dead sod was obtained by
drying a sample of growing sod for several weeks. Galvanized steel
containers 10 inches wide, 30 inches long and 6 inches deep were used.
To drain the containers, a l-inch diameter perforated conduit was in-
serted across each end and a l-inch deep bed of crushed limestone was
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placed on the bottom. Approximately 4 inches of sod or soil was placed
on top of the crushed stone.

The experiments were conducted in a controlled environment chamber with
a daytime temperature of B80°F and a nighttime temperature of 65°F. The
chamber was lighted by fluorescent and incandescent lighting approxi-
mately 14 hours per day. To simulate water flowing down a sloping plot,
the containers were placed on a frame that oscillated with an amplitude
of 1 inch and a frequency of 15 cycles per minute.

Effluent was applied to the treatments until there was 1/2 inch of free
water on the surface. Each day the effluent was drained from the con-
tainers and more effluent was applied. Samples of the effluent were
taken periodically from the surface water layer during the day for
nitrate-nitrogen analysis.

RESULTS
HYDROLOGIC STUDY

Nitrate and phosphate were the nutrients studied in greatest detail.
Nitrate removal is possible from two sources; plant uptake and denitri-
fication. Results from a detention time study showed that 50-foot
plots with application rates of 15, 30 and 60 gpm had detention times
of 15, 10 and 8 minutes, respectively. These flow-through times were
too short for any significant plant uptake of nitrate during a run.

Tables 2 and 3 present the percentage of nitrate removed from the
wastewater for two different methods of calculation. The wvalues in
Table 2 come from a material balance in which the weight of the nitrate
applied was compared to the weight lost through infiltration and the
weight remaining in the runoff water. The result is a value for
nitrate removal that is corrected for dilution caused by melting snow
and rainfall. Table 3 is simply a comparison of inflow and outflow
nitrate concentrations. A comparison of the two tables shows to what
extent the melting snow in the winter and the rainfall in the spring
affect the reduction in nitrate concentration. The amount of precipi-
tation that occurred during the Summer and Fall runs was insignificant.

The amount of nitrate removal obtained in this study was quite low
compared to those reported for other overland flow studies. Informa-
tion reported by Law, et al?, provides a possible explaination for the
low nitrate removal. It was reported that a continuous flow for 5 days
or more was required before reductions in nitrate levels were obtained.
Since the system was operated only once a week for a relatively short
period of time, it is possible that anaerobic conditions were not
available for dentrification. In addition, the short detention times
may not have allowed adequate time for nitrate removal. The labora-~
tory study has shown that detention times of several hours are re-
quired for a high percentage of removal. Another factor that makes
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Table 2.

Effect of flow rate on the percent estimated nitrate loss
determined by a nitrate balance during four seasons.

Flow Rate@

SEASON Low Med ium High
Percent

Winter 8 5 3

Spring 4 2 2

Summer 3 1 4

Fall 0 1 -1 (gain)

4 Winter rates for Low, Medium and High were 10, 20 and 40 gpm

respectively, other seasons had rates of 15, 30 and 60 gpm.

Table 3. Effect of flow rate on the percent change in nitrate

concentration during four seasons.

Flow Rate?

SEASON Low Medium High
WinterDP 51 54 33
Spring? 17 12 13
Summer 7 4 2
Fall 2 1 -1 (gain)

4 yinter rates for Low, Medium and High were 10, 20 and 40 gpm

respectively, other seasons had rates of 15, 30 and 60 gpm.

b High reductions in concentration for Winter and Spring resulted
from melting snow and rainfall.
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this study different from overland flow studies reporting higher ni-
trate removals was the nature of the wastewater. The wastewater was
highly nitrified secondary municipal effluent and contained relatively

small amounts of organic matter. Denitrifying bacteria require organic
carbon for a source of energy.

Phosphate removal occurs by plant uptake or by adsorption on the soil
particles. Since the water was detained on the plots for such a short
period of time, plant removal of phosphate should not have been impor-
tant during a run. Soil adsorption was possible because of the contact
of the water with the surface of the soil. The amount of phosphate
removed was low with an average of about 17 percent.

A statistical analysis was performed to determine which parameters
significantly influenced nutrient removal. Each increase in flow rate
resulted in a significant decrease in phosphate removal efficiency.
This indicated that contact with the soil surface is important in phos-
phate removal. Nitrate removal was not significantly changed by chang-
ing the flow rate from 15 to 30 gpm, but switching from 30 to 60 gpm
resulted in a significant decrease in nitrate removals. The effects

of flow rate on nitrate reduction present a further indication that the
time spent on the plots was not long enough at the flow rates used in
the study.

The distance traveled by the water also was included in the statistical
investigations. Significant decreases in the concentrations of both
nitrate and phosphate occurred after each 50 feet of flow. This is a
further indication that the most important parameter for nutrient re-
moval is detention time which depends on the flow rate and flow dis-
tance as well as the percent slope and the characteristics of the
vegetation.

The analysis showed differences exist from season to season. These
differences were partly caused by dilution from melting snow and rain-
fall which can vary greatly from year to year. From a one

year study, however, it is difficult to assign much importance to the
seasonal effects.,

Grass yield data (Table 4) show the effects of the different applica-
tion rates. For the first 50 feet of the plot receiving 60 gpm, the
yield was 2.66 T/A (tons/acre) which was lower than all areas sampled
except the 50 to 100-foot section of the plot receiving 15 gpm. This
area received runoff from the first 50 feet of the 15 gpm plot which
was about 6 gpm. The maximum yield was 4.06 T/A for the 50 to 100-foot
section of the 60 gpm plot. The first 50 feet of the 30 gpm plot had a
yield of 3.27 T/A. The amount of infiltration is an important factor
in determining grass yield. The first 50 feet of the 60 gpm plot had a
lower yield because approximately 15 inches of water entered the plot
during each run. The first 50 feet of the 60 gpm plot and the first 50
feet of the 30 gpm plot each had 12 inches of water entering the soil

and produced the largest grass yields.
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Table 4. Grass yield for two harvests from 50-foot plot
sections receiving effluent at three flow rates.

Flow Yield - Tons per acre dry matter

Rate Distance Harvest

gpm Fe. I 11 Total
15 0-50 1.60 1.09 2.69
15 50-100 1.33 0.90 2.23
30 0-50 2.03 1.24 3.27
30 50-100 1.72 0.96 2.68
60 0-50 1.20 1.46 2.66
60 50-100 2.92 1.14 4.06

264



APPLICATION FREQUENCY STUDY

Results of the application frequency study were analyzed by comparing
nutrient reduction and flow rate relationships. First, mean nitrate-N
and PO,-P concentrations were compared for each of the 3 run sequences.
Second, the relationships between the rate of inflow and outflow were
examined for each run sequence. Both nutrient reduction and flow rate
relationships were examined for effects of application frequency.

First Run Sequence

Effluent was applied at 100 gpm to all plots during the first run se-
quence. Nitrate-N and PO,4-P reduction apparently had some dependence

on application frequency. Comparison of mean nutrient concentration

for inflow and outflow indicated that greater overall nutrient reduction
was achieved on the plot receiving effluent 2-times per week. An 8.5
percent reduction in PO,-P was observed on the 2-times per week plot
while a 1.6 percent reduction occurred on the 6-times per week plot.

The lowest PO4-P and nitrate-N reduction was observed on the plot re-
ceiving effluent 6-times per week. Tables 5 and 6 summarize the results
of the first run sequence.

Inflow - outflow effluent flow rate relationships for each plot were
similar during the first run sequence. Outflow rate was approximately
one-third of the inflow rate once the entire plot had been wetted and a
steady rate of infiltration was approached. This condition was achiev-
ed for most runs approximately 45 minutes after inflow had started.
Thus, two—thirds of the effluent applied was lost through infiltrationm.

Second Run Sequence — Continuous Flow Study

Results of data collected during the continuous flow run indicate that
somewhat greater reductions in nutrient concentration were achieved.
Comparison of mean nutrient concentrations of inflow and outflow show

a 10.5 percent and 4.9 percent reduction for nitrate-N and PO4-P, re-
spectively. Variation of nutrient removal with time was minimal during
the continuous flow run. Table 7 summarizes data from the continuous
flow run.

Inflow during the run varied between 40 and 50 gpm due to scheduled
irrigation valve changes elsewhere in the effluent distribution system.
Outflow during the entire 70-hour run was approximately one-third of
inflow which is an indication of the relatively pervious soil with an
infiltration capacity of approximately 1 inch per hour.

Third Run Sequence

Inflow was approximately 50 gpm during the third or late summer run
sequence. Application frequency effects for nitrate were similar to
those observed during the first run sequence and are shown in Tables 8
and 9. The results for phosphate were different. There was an increase
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Table 5. Effect of effluent application frequency on mean nitrate
reduction during the early summer run sequence.

Frequency of Application (per week)

2 3 6
Samples in mean 24 25 35
Inflow (mg/1) 11.0 11.8 10.1
Outflow (mg/l) 10.8 11.6 10.1
X Reduction 1.8 1.7 0

Table 6. Effect of effluent application frequency on mean phosphate
reduction during the early summer run sequence.

Frequency of Application (per week)

2 3 6
Samples in mean 21 23 35
Inflow (mg/1l) 5.11 5.03 5.05
Outflow (mg/l) 4.93 4,93 4,97
X Reduction A 8.5 2.0 1.6
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Table 7. Mean nutrient reduction during the 70-hour mid-summer
continuous flow run.

Nutrient
NO3-N PO,-P
Samples in mean 10 10
Inflow (mg/1) 13.3 4.67
Outflow (mg/1) 11.9 4.44
% Reduction 10.5 4.9
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Table 8. Effect of effluent application frequency on mean nitrate
reduction during the late summer run sequence.

Frequency of Application (per week)

2 3 6
Samples in Mean 34 45 74
Inflow (mg/l) 11.3 12.2 12.1
Outflow (mg/1) 11.0 12.1 12.1
% Reduction 2.7 0.8 0

Table 9. Effect of effluent application frequency on mean phosphate
reduction during the late summer run sequence.

Frequency of Application (per week)

2 3 6
Samples in Mean 34 45 74
Inflow (mg/1) 5.27 5.98 6.22
Outflow (mg/1) 5.19 6.06 6.27
% Reduction 1.5 -1,.3% -0.8%

* Minus denotes increase
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in PO,-P concentration on the plots receiving effluent 3 and € times
per week. This increase may have been caused by washout of soluble
phosphorus from the increasingly dense grass clipping layer at the soil
surface.

Inflow-outflow effluent flow rate relationships were more varied and
possibly frequency dependent during the third run sequence. OQutflow
rate was approximately one-tenth of inflow rate for the plot receiving
effluent 2 times per week, one-quarter of inflow rate for the 3-times
per week plot, and one-~third for the é-times per week plot. The varia-
tions observed appeared to be the result of antecedent soil moisture
conditions since the 2-times per week plot responded with an outflow
rate nearly one-third of the inflow rate when run immediately following
an all-night rain,

LABORATORY TESTS

During the first two days of the experiment, there were only slight
decreases in the nitrate content of the effluent on the dead sod. After
the second day, the daily results were relatively consistent., The ni-
trate concentration of each wastewater sample was converted to a ratio
of nitrate concentration of the sample to the nitrate concentration of
the effluent applied that day. The initial nitrate concentration ranged
from 12 to 14 mg/l nitrate-N. A set of curves for the data for the
third through ninth days of the experiment was obtained using an expo-
nential relationship and regression analysis (Figure 1).

The average reductions in nitrate concentration after 8 hours of incu-
bation were 95 and 72 percent for the growing sod and the dead sod,
regpectively. The difference in these values can probably be accounted
for by plant removal of nitrate. The effluent incubated on th