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FOREWORD

The limited number of publicly owned high
quality freshwater lakes in the United States
combined with a growing population has resulted in
a pressing need for sound management programs
designed to protect and enhance the quality of the
Nation's lakes.

The Federal Water Pollution Control Act
Amendments of 1972 require the Administrator of
the Environmental Protection Agency to issue
information on methods, procedures and processes
as may be appropriate to restore and enhance the
quality of the Nation's publicly owned freshwater
lakes [ subsection 304(i), PL 92-500]. This report
is prepared pursuant to that legislative mandate.

7977/

Robert W, Iri
Acting Administrator
Environmental Protection Agency
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Section I

SUMMAPRY

The increasing rate of deterioration of the Nation's
public waters has resulted in passage of the Federal Water
Pollution Control Act Amendments of 1972, PL 92-500.
Included within this legislation is the requirement that the
Administrator of the United States Environmental Protection
Agency issue such information on methods, processes and
procedures as may be appropriate to restore and enhance the
quality of the Nation's publicly owned lakes [ Ssuhsection
304 (i) ]} This report is prepared pursuant to that
legislative mandate. It contains state-of-the-art
information only and the methods have not been subjected to

cost analyses.

Lakes vary tremendously in their chemical, physical and
biological characteristics depending upon their mode of
origin, their location, the characteristics of their
watersheds and their uses. Consequently, lake problems also

vary, and most must be dealt with on a case-by-case hasis.

Contaminants may impact upon lake environments in
various ways depending upon the nature of the substance.
Nutrient rich plant growth stimulators such as domestic
sewage and cormmercial fertilizers cause accelerated

eutrophication: sedimentation may add to the eutrophication



problems or create unique problems in the absence ot
eutrophication: toxic substances may poison water supplies,
interfere with normal biological activity or render
commercial and sports tish and crustaceous species unfit for
consumption. Heated water released to lakes may alter tne
natural thermal structure and upset the composition of lake

communities.

Llake restoration measures are not well developed, with
much of the technology still in experimental stages in
laboratories or in small pilot lakes. Certain tecnniguas
have met with varying degrees of success on individual
lakes, but their applicability to cther lakes is unknown.

At this point in time it is impossikle to recommend remedial
measures which will prove eftective for all lakes oOr even
particular classes of lakes. 1It is the responsibility ot
lake managers to define the problems and to implement
rehabilitation or enhancement programs which are best fitted
to the requirements of particular lakes on a case-by-case

basise.

The approach to the rehabilitation of degraded lakes is
twofold: (1) restricting the input of undesirable materials

and (2) providing in-lake treatment for the removal or



inactivation of undesirable materials. Reducina or
eliminating the sources of waste loading is the only
restorative measure needed to achieve the desired level of
improvement in certain lakes in which natural flushing
results in substantial improvements in quality. However, in
many lakes, particularly those with slow flushing rates, in-
lake treatment schemes may also be required before

significant improvements will be realized.

Pemedial measures which restrict the input of
contaminants include advanced wastewater treatment, nutrient

diversion and allochthonous sediment control.

Advanced wastewater treatment (AWT) probably represents
the best method currently available for curbing nitrogen and
phosphorus input to waterways at moderate costs. Phosphorus
removal efficiency of 80-95 percent can be achieved by
chemical precipitation with alum, lime or ferric salts.
Removal of ammonia and other nitrogen species can be
acconmplished by ion exchange, ammonia stripping, breakpoint
chlorination or bacterial denitrification. Although to date
there has not been documentation evaluating AWT as a means
of restoring a lake, preliminary results both in this

country and in Europe have been encouraging.



Nutrient diversion offers a pcssible restoration
technique in situations where the incoming nutrient loaa is
entering from point sources. This technigue has been used
successfully in Lake Washington and has resulted in some
improvement in the Madison Lakes. Preliminary stuaies on
several lakes indicate that the effects of diversion may not
be readily apparent in small, shallow, highly eutropnic
lakes, due to the remobilization of nutrients from the
sediment pool and the continued influx cf nutrients from

non-point sources.

The useful existence of a lake or reservoir can
sometimes be prolonged by irplemerting control measures to
reduce the rate of sedimentation. Prudential land use
management practices within the watershed which minimize
erosion associated with construction, farming, road building
and forestry activities tend to reduce the volume of
sediment input to lakes. Filter dams and desilting basins
are effective sediment traps under certain conditions.
Sediment control measures not only reduce the rate at which
a lake basin is filled, but also restrict the input of

nutrients adsorbed to sediment particles.



In-lake treatment measures which have been useua 1in lake
restoration programs or which are now being investigated
include dredging, nutrient inactivation, dilution ana
displacement, covering of sediments, artiticial

destratification and hypolimnetic aeration and drawuaowna.

Lake dredqging not only removes sediment buildup, but
also serves to remove a potential nutrient source. Little
information is available on the chemical and rioloyical
effects of dredging, but projects are now under wdy waich
will evaluate the total environmental effects. The
relatively high costs of dredging make this technigue
prohibitively expensive on most large lakes, but uaredging as
a restorative method has been used successfully for years on

small lakes and ponds.

Nutrient inactivation in lakes is accomplishea by adding
some type of material to the water that will bond witn,
adsorb or otherwise render nutrients uravailable to aquatic
plants. Alum, sodium aluminate, fly ash and various other
materials have been investigated as nutrient inactivation
agents. Although some pilot lake results with this

technique have been encouraging, its applicability on a

large scale has -not been determined.



Under certain conditions the water quality of lakes can
ke improved by diluting or replacing the existing lake water
with water of a higher quality. This technique has been
used successfully in Green Lake, Washington and a tew
others. Its applicability is limited to lakes with reaay

access to a large supply of high quality water.

Covering of bottom sediments with sheeting materials or
particulate matter is being investigated as a means ort
preventing nutrient exchange and retarding rooted plant
growth. Limited experiences with this technique have
encountered problems with ballooning of sheeting and
rupturing seals of particulate matter when gas is produced
within the sediments. Investigations of this tecnnique in

pilot lakes are continuing.

It is sometimes possible to replenish the oxygen supply
of anaerobic bottom waters of eutrophic lakes by disrupting
the thermal stratification or by aerating the hypolimnion
directly without disturbing the thermal regimen. Detinite
improvements in water quality and in the biota have occurrea
as a result of artificial destratification and hypolimnetic
aeration. Although the response of a given lake to these

treatment measures is unpredictable, destratirication and



hypolimnetic aeration are potential mechanisms for improving

the water quality of certain lakes.

Lake drawdown has been investigated as a control measure
for rooted aquatic vegetation, as a means of retarding
nutrient release from the sediments and as a lake deepening
mechanism through sediment consolidation. Drawdown nas
shown promise as a successful remedial method in Florida,
but results in Wisconsin are inconclusive. Lake drawdown

studies are continuing.

In many lakes in advanced stages of eutrophication
attempts have been made to control nuisance organisms
through mechanical, biological and chemical means.
Mechanical harvesting can be an effective technique for
removing excess aquatic plants, but it generally is not
economically feasible on a self supporting basis due to the
limited market for the product. Biological control agents
for algae and macrophytes range from the viruses to the
manatee. Although certain organisms have proved to be
useful control agents, much work with biological control,
particularly with the viruses, needs to be undertaken betore
it will have universal application. Various chemicals have

long been utilized to control or eliminate undesired aguatic



flora and fauna. Chemical agents, however, offer only
temporary, symptom suppressing relief, and often the

treatment must be repeated to achieve the desired results.,

Contamination of lakes with various hazardous substances
is an ever present threat. In order to avoid major
catastrophies resulting from spills, industrial accidents
etc., measures for the control and removal of hazardous

materials must be implemented.

Decontamination of lakes polluted with toxic substances
has been accomplished by filtering the lake water through
activated charcoal filters. Several means of removing
mercury from waters and sediments have been proposed and

used in the laboratory, but few have been demonstrated in

field situations.

Several state and local governments have established
statutes dealing with various aspects of lake management and
rehabilitation as a means of protecting inland lake
environments, but explicit statutes authorizing specific
state or local programs are often badly fragmented among

state agencies and local units of government.



Section II

INTROCUCTION

LEGISLATIVE AUTHORITY

An ever increasing rate of deterioration in tne .juality
of the Nations's waterways combined with increasea puvlic
need for clean water, has resulted in a public awareness of
the Nation's water quality problems and a demand tnat action

be taken to alleviate the problems.

The pressing need fcr sound water quality management
programs has resulted in the enactment of the Federal water
Pollution Control Act Amendments of 1972 designed to restore
and maintain the chemical, physical and biological integrity
of the Nation's waters. Included within this Act is tune
requirement that *...The Administrator[of the Environmental
Protection Agency] shall, within 270 days after the
effective date of this subsection (and from time to time
thereafter) issue such information on methods, procedures

and processes as may be appropriate to restore ana enhance
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the quality of the Nation's publicly owned tresh water

lakes" - Subsection 304({i), PL 92-500.

This report, prepared pursuant to subsection 304 (i),
PL 92-500, provides background intormation on lake
environments followed by state-of-the-art information on
remedial measures for enhancing and restoring the quality ot
lakes, ponds and reservoirs as required by the legislation.
Discussion of major lake problems is included in an
appendix. Since most lake restoration techniques are
presently in experimental stages, it is impossible to
provide a thorough evaluation and complete cost-
effectiveness analysis at this time. However, as the
experimental programs now underway are evaluated and as new
technology becomes available, subsequent reports aocumenting
the latest technological and scientific achievements

relating to lake restoration will be forthcoming.
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SCOPE OF THE PROBLEM

The limited number of publicly owned ftresh water laxes
in the United States combined with increasing population and
industrial pressures are major ftactors contributing to tneir
unique and widespread water quality problems. Discnarygyes ot
organic and inorganic wastes resulting from urbanization,
cultural and technoloagical advancement, and new water
dependent industries have caused noticeable degrauation ot
lake environments in many areas. The proktlem, in National
perspective, presents a complex interrelationship of urban
development, industrial growth, potalkle water supply
demands, recreational needs and maintenance of virgin drea

resources.

Aesthetic and environmental considerations aside, tne
demand for clean lakes for private, public, and commercial
use is of vital economic concern. Design of a successfuil
water management program depends upon an understanding ot
the impact of man's activities upon fresh water environments

and the means of ameliorating harmful processes.

Effects of waste discharges on the quality of tne

aquatic environment may be manifested as subtle long term
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changes in the fauna and flora or dramatic and seemingly
immediate as in the sudden appearance ct algal bloons,
aquatic weeds or dead fish. Along with the alterations ot
the species composition of the animal or plant lite, snitts
occur in population densities with the ascendence or larye
populations of often undesiratble species. Sports tisn are
replaced by "trash" fish, clean water associated bentuaic
organisms are replaced by sludge worms and other pollution
tolerant forms, and the normal phytoplankton crops are
replaced by larqge populations of scum formina blue-green
algae. In addition, human health becomes threatenea aue to
the establishment of pathcgenic microorgarisms assocliated

with fecal and other waste discharge.

Reduction of water related activities follows altcration
of aquatic life. Boating, swimming, and water skiiny
activities must be halted as lakes become choked with
aquatic weeds and as surface algal scums develop. Economic
losses result from a decline of commercially important
aquatic species and with the curtailment of water related

recreational activities.

Industrial and municigal water suprlies are also

aftected by water quality degradation. Industrial raw water
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often must be treated to the desired quality. If water is
uncontaminated, costs of water processing decrease, possibly
affecting final consumer cost. Toxic materials ana
pathogenic microorganisms in municipal raw water supplies
can affect health and increase the costs of processing. Tue
taste, color and odor of water often make people reluctant
to draw water from contaminated sources. In effect, tnis

limits water supply and increases the costs to the consumer.
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Section III

LAKE ENVIRONMENTS

Lakes are temporary features of the landscape, nearly
all of which are very young on the geological, but very oid
on the human, time scale. Wwith the passage of time, all
lakes presumably would cease to exist as a consequenc=2 of
natural physical and hiological processes. Under natural
conditions these processes would require several hundreds or
thousands of years. With the appearance of man on the scene
and as a result of his activities, however, these processes
have been accelerated dramatically, and the maturation or

aging rates of many lakes have been signiticantly increased.

In the discussion which follows, the limnological
aspects of lake environments including chemical, pnysical
and biological phenomena are briefly explored. A generdl
understanding of the lake as an ecosystem is prereguisite to

an appreciation of lake problems.
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LAKE TYPES

Often lakes are formed by some geological event suchn as
subsidence, faulting, damming of river valleys or by tne
eroding and damming action of glaciers. Natural lakes are
usually formed in infertile basins with low potential ror
biological productivity. Thus they are generally poor with
respect to dissolved nutrients and biological production in
their early history, becoming more fertile with time as
nutrients are carried in from the drainage basin. Mdn-made
lakes (reservoirs) are frequently created by the inundation
of highly fertile river valleys rich in nutrients necessary
for biological production. Such reservoirs which have been
created in fertile areas will usually exhibit an immediate
high degree of bhiological activity which, if nutrients are
not constantly carried in via tributary streams or other
runoff, will decline after a few years as nutrients are
accumulated in the bottom sediments or otherwise become
biologically unavailable. Many reservoirs, however, are
created by the confinement of rivers with very hign nutrient
concentrations which, through contaminated inflow, mdintain

the fertility and productivity of the impoundment.
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In glaciated North America, nutrient-poor melt waters
filled ice-formed basins, creatina lales of various sizes,
shapes, and depths. !Many of these lakes, particularly
larce, deep ones, have chanced relatively little since their
formation and still retain their nutrient-poor
characteristics. Such lakes, low in dissolved nutrient
content and biological production are of the tyre classified
as. "oligotrophic". Oligotrorhic lakes are characterized Ly
deep Lasins with larce volumes of deep (hyrolirnetic)
waters, low organic and nutrient content, hiach dissolved
oxygen concentration at all depths throuchout the year, and
low biological productivity. Phytoplankton crops are
guantitatively restricted, represented kv many species of
diatoms and qgreen algae. The deer lottom fauna is
characteristically sparse and is represented by such forms
as fingernhail clams, crustaceans, insect larvae and
seqnented worms. Cold water fishes such as the salmnonids

and whitefish are typical of olicotrorhic lakes.

liany other lakes, usually smaller and shallower, are
rich in dissolved nutrients and are hichly productive.
These are "eutrorhic" lakes. In eutrophic lakes organic
content of the sediments and the water colurmn is high and

nutrients are abundant. Oxygen derletion may occur
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scasonally in the deerer rortions. Diatoms, green, and
Llue-green algaec are the major rhytorlankton typres, with
seasonal shifts in dominarce usuvally aprarent. Durirng the
surer, 'lue-creen algae kloors may occur regularly, often
in rnuisance cuantities. The benthic organisrs of the deeper
vvaters consist of srecies which are al:le to survive in the
lov: dissolved oxvaen concentrations which occur
periodically. Tul:iificid worns and ridace larvae may be very
akuncant. Fish rorulations usually consist of warr water
species such as perch, nike, bass, panfish, ancd hullheads.
These lales eventually succced into ponds, marshes or

svarps, and thence to dry lard (Fic. 1).

The distinctions between oligotrorhic and eutrorhic
lakes is sormetimes not sharrly celineated, and the temm
"mesotrorhic" is often used to describe lakes which have
chiaracteristics of botl. !tany of the l!llation's lLectter
recreational lales are in a state of mesotroriy, havina
evolved through their olicotrorhic state to the roint vhere
they are roderately rroductive lut have not vet develored

nuisance conéitions.



Ollgotrophic Lake

Mesotrophic Lake

. )
.\'-.':sﬂév:"/

/ \ 3 O
Pond,Marsh or Swamp : 2

Figure 1 .--Eutrophication ~ the process of aging
by ecological succession.

Source(1)

81
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THERMAL REGIMENS OF LAKES AND RESERVOIRS

The thermal regimens of lakes exert a protound eftect
upon overall lake ecology, primarily because of tne

associated phenomenon of thermal stratification.

Seasonal changes in air temperature induce changes in
water temperature resulting in a cycle ot events of mixing
and stratification which controls the dispersion of
nutrients and dissolved gasses throughout the water column
thereby affecting the biological activity in the lake

(Fig. 2).

During the winter, surface water under ice cover ana
frequently open water are very near OOC. Since water
reaches its maximum density at u°c, the warmer, denser
waters will occur at the bottom of the lake. This is
inverse stratification. With the gradual warming ot surtace
waters in the spring of the year, the lake becomes
homothermous throughout at a temperature of 4%. Under
these conditions, winds generate mixing action whicn may be
complete from top to bottom even in very deep lakes,
distributing nutrients, dissolved oxygen and other materials

throughout the water. As spring progresses into summer,
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surface waters continue to warm, and a layer of rapidliy
decreasing temperature called the “thermocline! or
"metalimnion" is formed, acting as a barrier which prevents
the warm upper "epilimnetic" waters from mixing with the
cool, deeper, heavier "hypolimnetic" waters. The
hypolimnetic waters are effectively isolated from tne
overlying layers and the atmosphere, and if the volume of
the hypolimnion is small and the oxygen consumption rate is
high, these bottom waters may Lkecome depleted of oxyyene.
This tends to be the case in many eutrophic lakes. This
condition will persist until the entire lake once again
becomes homothermous in the fall as the surface waters cool.
Mixing from top to bottom then occurs, and the bottom waters
are reoxygenated. As winter progresses, surface water
temperatures again approach 0°C, and the inverse

stratification patterns are again established.

Reservoirs are affected by all of the processes tnat
influence natural lakes, and in addition, are strongly
influenced by the hydraulic effects of both the inflow and
discharge. Reservoirs with high discharge to volume ratios
are often completely mixed during the summer due to the
rapid movement of water. Deep reservoirs with a low

discharge to volume ratio often exhibit the classical lake
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stratification cycle. Operation of the reservoir Jdiscnarge
can have a major influence on the thermal structure. I[nue
use of multiple outlet structures at various deptns cCan
provide pre-selected discharge temperatures when
stratification exists, which in turn provides moditication

of the thermal regimen.
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Figure 2

Diagramatic sketch showing thermal
characteristics of -temperate lakes
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NUTRIENT CYCLING

Development of successtul water management programs and
restoration planning depends upon as complete a knowicdge as
possible of both the physical and bioloagical processes
working within a particular system. The turnover rates and
exchange of nutrients with the sediments are in fpart

governed by biological communities.

Before procereding, the term "nutrients" must ce uerined,
because the definition of "nutrient" depends upon tne
individual involved. "Nutrients" refer tc not only organic
material, simple and complex, ktut to trace elements,
vitamins, and also the major inorganic elements: pnospnorus,
sulfur, nitrogen and carbon. For the sake of krevity, oniy

these four major nutrients are discussed.

One nutrient which has received widesyrread attention 1s
phosphorus. It is known that phosghorus can e liiniting to
phytoplankton and other organisms. Most of the pnospnorus
in the aquatic environment is bound in the seaiments as an
insoluble phosphate salt with availability of insoliuole
salts being influenced by both the physical-chemical

factors (2) and bacterial metabolism (3). As seen in
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Fig. 3, loss or precipitation ot phosphates to the sealments
and solublization of insoluble phosphates from the sediments
and exchange among the various tiologic communities, is
mediated in part by the bacterial community (4 - 10). Three
general processes involved in phosphate solubility are the
direct metabolic processes involving enzymes, carpon dioxide
production leading to a lower pH, and organic acida
production (11 - 13). 1Inorganic rhosphate is, in turn, used
by higher aquatic plants, zooplankton, and phytoplankton.

As with phosphorus, sulfur is cycled by the microbial
populations in the aquatic environment and has been linked

to decreased productivity of fish (see Fig. 4).



FIGURE 3
PHOSPHORUS CYCLE

SOURCE (14)
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Sulfate can be stoichiometrically reduced to nydrogen
sulfide, which in turn can be oxidized chemically, in the
presence of oxygen, to elemental sultur. Elemental sulrur
in turn, can be oxidized to sulfate. A specitic class ot
bacteria, the anaerohic dissimilatory sulfate reducers, also
leads to the stoichiometric production of hydrogen sultide
and consequent anaerobic environments. On the other side
the oxidation of elemental sulfur by Thiobacilli leads to
t+he production ot sulfuric acid and their metabolic activity
is evident in the acid mine drainage in certain areuas or the

country.

Biological nitrogen cycling involves, as does tne
cycling of sulfur and rhosphorus, the transition of an
elemental nutrient througn various chemical states. Fige 5
is a schematic representation of the cycling of nitrogen.

It is convenient to iritiate the consideration of the
nitrogen cycle at a point where fixation of gaseous nitrogen
occurs. Relatively few species ¢t microorganisms populating
the earth are capable of metabolizing nitrogen from tne air
(16 - 19). Once fixed from the atmosrhere nitrogen 1§
converted by a relatively few species of bacteria ana bilue-

green algae to organic nitrcgenous compounds.
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Subsequent to fixation the relative concentrations ot
the inorganic nitrogen compounds in water, i.e., nicrate,
nitrite, and ammonia, depend, in part, on the amount ot
oxygen available and the oxygen concentrations are depenaent
upon the organic carbon load and seasonal variations in
solubility of oxygen in winter. Attempts to develop a
nitrogen balance in lakes and other aquatic environments are
hampered by the fact that there are several possible sources
for loss of nitrogen. For examrle, fixed nitrogen can be
lost via: (1) lake effluents; (2) loss of volatile nitrogen
such as ammonia and nitrogen gas; (3) denitrification by
certain microbes; (4) precipitation of nitrogenous compounas
into either permanent or semipermanent sediments; anu (5)
removal of organisms by fishing, weed harvesting or otner

methods of fauna and flora depletion.

The biochemical mechanisms invclved in denitrification
have only recently been elucidated in significant detail
(20 - 23). These reactions result in the conversion of
nitrate to, ultimately, nitrogen gas and are apparently

unique to a limited group of microorganisms.
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The carbon cycle is composed of an integrated network ot
physically and biologically mediated pathways encompassing
the synthesis, degradation, and transformation of
innumerable simple and complex organic molecules (Fig. 6).
Superimposed on the carbon cycle are the controls exerted by
nutrient availability, and the fixation and evolution of
carbon dioxide. Various aspects of the organic carbon cycle
in the aguatic environment have been examined witn the
emergent principle that an overall balance between the
production, or synthesis, and decomposition of naturally

occurring substances exists in nature (24, 25).

Photosynthetic carbon dioxide fixation by green plants
is a major route by which carton enters the organic carbon
cycle. However, fixation by autotrophic bacteria adds to
the total carbon budget in the ecosystem (26, 27). Once
organic material has been introduced into the aquatic
environment the endcgenous flora and fauna can either
utilize or contribute to, depending upon caonditions, an
existing reservoir of grqanic material (28). Some of tne
ecological questions relating to carkon arise when
considering the microbe's direct relationship to carbon
cycling are: what effect does microbial synthesis of

complex molecules such as vitamins, amino acids,
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carbohydrates, and lipids have on the aquatic biota; what is
the contribution of bacterial biomass, a food source for
zooplankton; and what is the significance of microbial
degradation of suspended solukle or sedimented organic

compounds?

Direct and complex relationships between diverse
organisms have evolved based on the needs for various growth
factors. Examples of these relationships are seen in tne
association of various algae and kacteria in the marine and
fresh water environments (29 - 32). Also, the degradation
of complex, naturally occurring organic compounds such as

chitin are affected by the microtial species.

Microbial metabolic activity aftfects the cycling ot tne
four major inorganic nutrients under consideration. T[he
cycling of each of these nutrients - phosphorus, sulfur,
nitrogen, and carbon - is interrelated in that any
perturbation in one cycle has tar reaching effects in tie
other cycles. For example, it has been shown that the
sulfate reducing bacteria are capalkle, not only ot nitrogen
fixation, but of degradation of carbon compounds to carbon
dioxide and also of effecting a solukilization of ghosphate

as a consequence of precipitation of insoluble iron sulfide
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precipitates. This is but one example. There are many
examples of these interrelationshirs of microbial
communities with higher faunal and floral communities and

with water Juality.
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MICROBIAL CYCLING OF CARBON

co
2
FIXATION
BACTERIAL

DECOMPOSITION GREEN PLANTS
\ CERTAIN BACTERIAL SPECIES
COMPLEX /
MOLECULES
BACTERIAL
SYNTHESIS

ALGAE g VITAMINS

(%%



34

Section 1V

POSSIBLE REMEDIAL MEASURES FOKR RESTORING ANo
ENHANCING THE QUALITY OF THE NATION'S PUBLICLY

CWNED LAKES

‘Lake restoration technology is in its infancy. only a
few lake renewal programs have prcved successful, anu these
only on individual lakes. A method of lake rehabilitation
which may be highly successtul on a given lake, may pe
totally impractical or unworkakle on another. Each lake nas
its own peculiar characteristics, differing from all others
geographically, morphologically, chemically and biologically
as well as in the nature of its proklems. Consequentiy, it
is impossible at this point in time to recommend remeuial
measures which will rrove to ke effective for all lakes or
even particular classes of lakes. It is the responsibility
of lake managers to define the problems and to implement
rehabilitation or enhancement proqrams which are ovest tittea
to the requirements of particular lakes on a case-by-case

basise.
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This section presents information on possible renedias
measures which have been cr are presently being appliea 1in
lake rehabilitation programs or in some cases are peiny
evaluated in the laboratory. Many techniques are currently
in experimental stages on small lakes, and the results are
inconclusive at this time. Other techniques have met with
varying deqgrees of success on inaividual lakes, but tneir

applicability to other lakes is unknown.

Since eutrophication poses the greatest threat to the
Nation's lakes, this report focuses primarily upon those
remedial measures which may be applicabkle to certain lakes
displaying symptoms of accelerated or man-induced
eutrophication. Possible remedial measures for laxes
contaminated with industrial wastes including toxic
substances and hazardous materials are only briefly
discussed. Subsequent reports will deal with these problems
in greater detail. Solutions to problems associated with
.thermal discharges to lakes are not addressed in tainis
report. Thermal discharge control technology is to be
addressed in a forthcoming EPA puklication as required by
Section 104 {t) of the Federal Water Pollution Control Act

Amendments of 1972.
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The approach to the rehawilitation of Jegraieu laxcs 13
two-fcld: (1) by restricting the input of undesiratle
materials and (2) by providing in-lake treatmert ror the
removal or inactivation of undesirable materials.
Ohviously, the only means of maintaining the juality; or a
lake once d2sired conditicns are achieved, is5 Ly riglaly,
restricting tre input of undesiralble materials. 1In some
lakes reducina or eliminatinao the rrimary sources Or waste
loading is the only restorative measure neeaeu to dacilave
the desired level of improvement. Onrce tihe Source ot
pollution is aha+24, natural flushing and dilution wit.
uncontaminated water may result in substantial improvements
in the quality of the lake. However, ir many lakes,
particularly in hypereutrcphic lakes with slow flusting
rates, in-lake treatment schemes may also ne requirea becroure
significant imorovements will Le realizea. In-lake
treatment alone without ccntrolling pollutional intiows
cannot be termed a restorative measure as only thc symptoms
or products of eutrophication and pollution are tredtad aund
no permanent improvements in quality are achieved. Iu any
lake restoration program, ccntrolling the input of !
undesirable meterials is the initial step towards permanent
lake rehahilitation; all cther remedial measures are

supplementary to this action.
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In the following discussion, measures which may be

effective in the restoration and enhancement of tne Juality

of lakes are addressed under four mrajor headings as roliows:

RESTRICTING NUTRIENT ANLC SECIMENT INPUT

A.

B.

C.

Point source nutrient removal and control
Nutrient diversion

Control of allocthoncus seaiments

IN-LAKE TREATMENT AND CCNTROL MEASURES

A.

e

Dredqing

Nutrient inactivation

Dilution and dispersion

Covering of sediments

Artificial destratification and
hypolimnetic aeration

Drawdown

Harvesting nuisance organisms

Biological control of nuisance organisums

Chemical control of nuisance organisms
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3. CONTROL AND REMOVAL CF HAZARDOUS SUESTANCES

u, POSSIRLE IAKE PROTECTION MANAGEMENT CONSIDERALIONS

RESTRICTING THE NUTPIENT ANLC SEDIMENT INPUT

Point_Sourc2_ Nutrient Removal and_Control

Dcmestic wastewater represents a sigrifticant source ot
aquatic plant nutrients and therefore is the source tndt 1s

often considered first for control.

Conventional waste tfreatment systems using sedimentation
and activated sludge or trickling filters remove only
suspended and dissolved solias and a portion of tne
nutrients. Although these systems serve to reduce tne BuD
load to receiving waters, they generally remove less than 5U

percent of the phosphorus and nitrogen (33).

The technology is presently availakle to remove Lotn
phosphorus and nitrogen from wastewater at a moderate cost.
Phosphorus removal efticiency of 80 to 95 percent can be

achieved by cherical precipitation with alum, lime or ferric
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salts. Removal of ammonia and other nitrogen species cCan be
accomplished by ion exchange, ammonia stripping at nijyn pi
in a gas stripping tower, breakpoint chlorination or

bacterial denitrification.

Advanced wastewater treatment (AWT) for nutrient removal
probably represents the best method currently avaiiaole Lor
curbing nitrogen and phosphorus input to waterways. Au
obvious limitation of advanced waste treatment is 1its
inapplicability to the treatment of most wastes from non-
point sources. However, under certain circumstances entire
rivers which receive their nutrient loads from ditfuse
sources may be treated prior to their entry into a lake. In
Germany, it has keen proposed to treat the entire Wannoacu
River using iron to precipitate the phosphorus. Tne
Wahnbach, which forms the Wahnbach Reservoir, receives its

wastes primarily from agricultural runoff.

The storage and disposal of waste materials extracted inu
advanced wastewater treatment rlants add to the total
treatment costs. The concentrated sludge and liduid inust be
disposed of in such a manner that the nutrients 4o not re-
enter a waterway. The practice of depositing sludge in

marsh areas and along waterways is ecologically unsound.
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However, the application of the sludge to cropland to

increase production is one beneficial means of disposal.

Information on the cost and efficiency of varicus
advanced waste treatment processes currently in use in the
United States is presented in Tables 1 and 2. Table 1
compares total costs and removal efficiency for various
nitrogen control processes. Takle 2 presents information on
average costs of phosphorus removal based upon 1971 data
compiled by Cecil (34). From an examination of these data
it is apparent that although some rrocesses are more
expensive than others, in most instances for comparable
levels of nutrient removal efficiency, the cost ranges
overlap. The characteristics of the particular situation at
hand which influence the cost of the treatment process
include: (1) the existing treatment facility, (2) required
water quality standards, (3) use and character of the
receiving water, and (4) climatic conditions. Since
nutrient removal treatment systems are usually built as
modifications of existing plants, the most important single
factor influencing the selection of treatment processes is

the existing treatment facility (35).



TABLE 1

Comparison of Hitrogen Removal

1 rocess Class
Armonia stripping Physical chemical
Ion exchanée Physical chemical
(Clinoptilolite)

Breakpoint chlorination Chemical
Nitrification-Denitrification Biological

Removal Efficiency
$

64-80

90-95

99

90

Processes 2/

Cstimated Cost
¢/3.785 m3
(¢/1,000 cal.)

3.8-10

5.7-13-6

10.8-20,6

512-17.3

Wastes to bhe
Disposed of

liquid

liquid

None

Sludge

Remarks

Efficiency based on
ammonia nitrogen only

Ffficiency and costs
depend on degree of
pretreatment

Recuires strict
process control

Requires some chemical
addition and large
land disposal area

@/ Data supplied by the Advanced Waste Treatment Laboratory, National Environmental Research Center, Cincinnati, Ohio
and the Municipal Technology Branch, Technology Division, Office of Research and Monitoring, Washington, D.C.

v
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TABLE 2
Treatment Plant, Operatinq and Maintenance Costs for Phosrhorus Removal
Treatment Plant Costs g_/g/
Plant Size 3,785 m3/day 37,854 m3/dav 378,540 m3/dav
(1 mgd) (10 maad) (100 mad)

Capital Investment Costs in Dollars

Building and Structures 15,000 40,000 90,000
Process Equipment
Installed
Lime 45,000 150,000 410,000
Aluminum salts 35,000 96,000 300,000
Iron salts 35,000 85,000 250,000
Operatina and lNaintenance Costs in Dollars/cday
Labor
Operating 35 100 200
Maintenance 18 90 225
Amortization
Lime 13.20 41.80 109,15
Aluminum salts 10.90 29,80 86.50
Iron salts 10.95 29.48 74.80

Chemicals b/ and Sludge c/
Disposal Costs

80% P Removal

Lime 36.50 329.45 3,293.20

Aluminum salts 40.45 382.65 3,643.20

Iron salts 43,05 389.15 3,888.75
90% P Reroval

Lime 6G,.35 584,75 5,3n3.20

Aluminum salts 53.70 509,30 4,933,20

Iron salts 56,10 508,75 4,998,20

.+ Total Daily Operating
and Maintenance Costs

80% P Removal

Lime‘ 102.70 $61.25 3,827.35

Aluminum salts 104,35 602.45 4,154.70

Iron salts 100.45 €08.€3 4,338.55
90% P.Removal

Lirme 132.55 816.55 4,837.35

Aluminum salts 117.60 729.10 5,444.70

Iron salts 120,05 728,23 5,498,00

a/ Sourxce: (34)

57 The use of polymers for improved coaculation is included in cherical costs
q/ Land disposal is assumed
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In this country there are currently akout 1200
wastewater treatment plants, planned or in operation, wnich
incorporate some degreee or AWT technology. However, to
date thera has not bheen documentation evaluating AWT as a
means of restoring a lake. The EPA program at Shdagawd Lake
(36) will possibly be the tirst thorough evaluation
documenting restoration of a lake by nutrient removal
through AWT of municipal wastewater. Lake Tahoe and tae AwT
nlant there have been studied for a number ot years,
however, the plant etfluent does not enter Lake Tanove but 1is

diverted to a reservoir outside the watershed.

Several advanced wastewater treatment plants are in
operation in Furope hut ddta documentina the effects on lake
restoration are incomplete. Preliminary Qata on tue
Groifensee in Central Europe indicate that the phospnorus
content stopped its upward climb after an AWT plant was
huilt to remove 90 percent of the phosphorus fror the Uster

municipal wastewater (37).

Other possibilities for removing nutrients from a point-
source include spray irrigation, scil infiltration ana
culturing and harvesting algae or aguatic plants. Spray

irrigation of wastewater on land to facilitate the growiug
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ot crops result+s in two methods of nutrient removal. 1t
ties up nutrients, particularly phosphorus, in the souil, ana
it allows nutrients to be incorporated into a cro; tidat can

pe harvested and removed trom the watershred.

This technique is presently Lkeina evaluated as a

nutrient removal technique through an EPA grant at Muskegyon,

Michigan.

Pennsylvania State University has shown that crops that
have heen irricated by wastewater effluent can suostdantially
remove nutrients contained in the effluent (38). 1In tne
upper 30.5 cm of soil the concentration of nitrate was

reduced up to 82 percent and gphosphorus up to 939 percent.

Studies in Oklahoma showed that grasses grown in
hydroponic culture tanks removed arpreciable nitroygen but
only slight amounts of phcsgphcrus from secondary wastewdter
(39) . One drawback to the spray irrigation technigue 1is
that long term irrigation with water high in sodium or other
metals could render a soil unproductive it these materials

reach an undesirable concentration.



45

Soil infiltration, whereby wastewater is allowed to move
through the soil, removes or greatly reduces suspenued
solids, biochemical oxygen demand, microorganisms,
phosphorus, fluorides, heavy metals and other substances,
including nitrogen if the recharge system is properly
managed (40). Peat is particularly good tor removing
phosphorus. In an EPA study (41) it was shown to remove Y5

to 99 percent of the phosphorus from secondary wastewater.

Species of the bulrush, Scirpus, have been used in the
biological purification of wastewater (42). Phosphorus and
nitrogen are readily taken up by these plants and periodic
harvesting of Scirpus will remove the nutrients from tne
system. The use of Scirpus to facilitate wastewater

treatment is being evaluated in Germany.

The culturing and harvesting ot algae for nutrient
removal have been evaluated. EPA is presently evaluatinyg
this technique at Firebaugh, Califcrnia, to remove nitroygen
from agricultural return canals that enter San Francisco
Bay. In South Africa (43) culturing and harvesting algae
have been studied as a method of producing water suitable

for reuse from wastewater.
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Hutrient Diversion

Diversion ofters a pcssitle restoration technijue 1in
situations where the majority ot the incoming nutrienc load
is enterina from specitic point sources. It has obeen used
AS a techniagque to control nutrient input from municipalities

located around the perireter of lakes.
The major disadvartages include the tollowinag:

1) Monetary costs - the expense of installing tne
necessary collection system for many lakes may be

prohibitive.

2) Environmental costs - diversion ot untreatea sewage
from a lake to another waterway may result in the
deqgradation ot that waterway and the substitution ot one

problem for another.

3) Lake morphometry - If the lake basin is snal}ow,
'
nutrient exchange hetween sediment and water may recycle

nutrients to the extent that no recovery is discernible.
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4) Ground water - If the ground water inflow 1is
significant with respect to tctal hydrologic budget anu it
is high in nutrients, recovery will ke very slcw or no

recovery may oOcCccur.

5) Hydraulic residence time - The rate at wnicu nigia

nutrient water leaves the basin will affect eventual

recovery.

Case Studies:

1. Lake_Washington - Seattle, Washinqgton, USA_(44 - _u47)

Lake Washington at Seattle is a former oligotropnic lake
which rapidly deteriorated to a state of eutrophy, but wuicn

in recent years has shown definite signs ot recovery.

The lake lies in an elongate, steer-sided glacial trougn
with a maximum depth of 65.2 m, mean depth of 32.9 m anu d

surface area ot 6768 hectares (21,650 acres).

Prior to 1963, Lake Washington received heavy nutrient

loading from eleven sewage treatment plants discharging
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directly into the lake. It is estimated that in 1957, So
percent of the phosphorus and 12 percent ot the nitroyen
entering the lake was from sewaqe effluent. Extensive

Oscillatoria rubescens blooms were olkserved in 1955

indicating considerable deqradation of water quality. Tne
abundance of algae was approximately 15 times greater in
1962'than in 1950. Secchi disc measurements had been
reduced from 3 meters in 1950 to akout 1 meter in 1903,
1964, and 1965. Nutrient concentrations increas=d
Aramatically. Phosphorus increased from 0.008 mg/1 in 1933
to 0.475 mg/1 in the 1960's, and nitrate from 0.170 mg/1l in
1933 to 0.475 mg/1 in the 19b0's. Dissolved oxygen
concentrations reached zero in the deeper water strata ror

the first time in 1957.

A series of steps was instituted by Metro (Municipality
of Metropolitan Seattle) in the late 1950's to divert tne
sewage from Lake Washington and to build a series of new
treatment facilities which would discharge into Puyget Sound.
Estimated cost for the project was about $120,000,000. Tne
first phase of the diversion was completed in 1963, at wnicn
time approximately 25 percent of the effluent bypassea tne
lake. In 1965, the effluent volume entering the lake was

reduced to approximately 55 percent of the original lovagq,

y
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and by 1968, the project was complete with approximately 100

nercent of the effluent diverted.

Imprcvement in water quality has been dramatic since
diversion was completec. Phosphorus concentrations in 1909
were 28 percent of the 1963 values and nitrogen
concentrations were 80 percent of the 1963 levels. Secchi
disc measurements have increased trom 1.0 m to 2.8 m.
Chlorovhyll levels have decreased to approximately 15
vercent of the mean winter values tor 1963, and noxious

hlooms of blue-qgreens have Lkeen eliminated.

Lake Washington has shown a siqgnrnificant improvement with
the diversion of sewaaqe. A reduction of 50 percent in tae
nhosphorus loading has greatly decreased the algal growth
and a signiticant increase in transparency has occurred.
Dara indicate that phosphorus is the controlling c¢lement
with respect to algal growth in Lake washingtcn ana thne
results of the diversion illustrate this in a dramatic

manner.
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2. Lake_Sammamish, Seattle, Washington, USA (uB)

The outlet of Lake Sammamish forms the inlet to tne
north end of Lake Washington. In 1968 the sewage was
diverted from Lake Sammamish, but recovery has not been
observed. Approximately 65 percent of the total phousphorus
and 22 percent of the nitrate-nitrogen were diverted wita
the.interception system. Surface nutrient concentrations,
algal activity, light penetration ana hypolimnetic oxygen

deficits have not changed.

Although Lake Washington has shown a dramatic recovery.
Lake Sammamish has not. Proposed reasons for this include:
(1) a greater exposure of epilimnetic waters to sediment in
Lake Sammamish (65 percent more than Lake Washinatcn), (<)
the lesser state of eutrophication of Lake Sammamisih at the
time of diversion, (3) the possikility ot funqgi
(actinomycetes) complexing phosthates and removin:gy tnem from
the system, and (4) ground water infiltration from urbanizeu
areas of the lake. No experimental work has been conuducted
on the first three proposals but the fourth alternative 1is
unlikely because intensive monitoring of the tributaries nas

failed to detect ahnormally hiqgh phosphorus concentrations.



51

3. Madison Lakes, Wisconsin, USA (45, 46, 49, 50)

The city of Madison, Wisconsin is located between Lakes
Mendota and Monona, the first and second lakes in a series

of four on the Yahara River.

All of the Madison Lakes have a long history of algal
problems, but Mendota has heen the least troublesome. Lakes
in this region are naturally productive, but the problems in

the Madison Lakes were attributed to urbanization.

In the early history of the city, Lake Monona received
the sewage from the city of Madison. As a consequence in
1912 algal growths had become so prolific that copper
sulfate was used to kill the algae, and in 1925 a regqular
program of treatment with copper sulfate was established.
The condition of the lake deteriorated steadily. In 1928
the Nine~Springs plant was placed in operation and the
effluent from this operation was carried via Nine-Springas

Creek to the Yahara River downstream from Lake Monona.

Algal productivity in Lake Monona was not measured

directly, but the quantities of copper sulfate used to
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control algal growths may be indicative of the intensity of
algal crops. Since relocation of the plant, the amount of
copper sulfate needed to prevent obnoxious blooms has
decreased dramatically. A total of 1,579 kg (3,481 pounds)
was used from 1955 to 1963 as compared to 45,587 kg (100,500
pounds) used in 1934 only. A change in species composition
has also occurred. The algae presently inhabiting the lake

do not cause surface scums, thus the need for copper sulfate

has diminished. -

The relocation of the sewage treatment plant did not end
the Madison Lakes' problems. Shortly after the effluent was
moved downstream from Lake Monona, the symptoms of
overenrichment in Lakes Waubesa and Kegonsa began to

intensify and copper sulfate treatment in large doses was

required.

The community eventually adopted a plan by which the
effluent was diverted from the Madison Lakes via the Badfish
River to the Yahara River downstream from the lakes. The

!
diversion project was completed in 1958, Since diversion,
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the condition of the lakes appears to have improved, out tne

rpadfish River has deteriorated considerably.

It is difficult to relate the Madison Lake diversion
project to the Lake washigton cas€, Fecause the Mauison aread
is much richer in dissolved minerals than is the Lake
Washington area, and consequently the Madison Lakes are
naturally more productive. 1In addition the Madison Lakes
are much smaller and much shallower than Lake Wasningyton

(see Table 3).

TABLE 3

PHYSICAL CHARACTERISTICS CF THE MADISON LAKES

Max Mean

Length Wwidth 2Area, 2 deptn, deptu,
Lake km (miles) km__(miles) _km (mi) __m m
Mendota 9.5 (5.9) 7.4 (4.6) 39.4 (15.2) 25.62 12.1
Monona 6.7 (4.2) 3.9 (2.4) 14.1  (5.4) 22.517 Be 4
Waubesa 6.8 (4.2) 2.3 (1.4) 8.2 (3.2) 11. 10 4.9
Regonsa 4.8 {3.0) 3.6 (2.3) 12.7 (4.9) J.58 4.7
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4. Red_Lake_ (Rotsee), Lucerne, Switzerland_(45)

Sewage was diverted from Red Lake (Rotsee) in 1933, but
the lake continued to produce nuisance quantities of algae.
The reasons for the lack of improvement in Red Lake
following diversion are attributed to the lake's small size
and the considerable drainage it receives from fertilized

and cultivated cropland.

S. Lyngby-So, Copenhagen, Denmark (45)

The sewage was diverted from Lyngby-So in 1959 and
productivity, as measu;ed by the rate of photosynthesis,
decreased markedly for the next four years. The submerged
rooted agquatic vegetation disappeared from the lake after
1956 presumably from shading ky algae, but the aquatic
macrophytes are now becoming reestablished. It appears in

this case that recovery began immediately.



6. Stone Lake, Michigan, USA_(51)

Stone Lake which has a surface area of 56.6 hectares
(140 acres) began to receive secondary sewaqge in 1939. T[he
treatment plant was replaced in 1965 and the tredated wastes
since then have been dispcsed ot outside the drainagye pbdsine
The only remaining sources ot pollution are a few nousenold
septic tanks located on the periphery of the lake. The lake
has shown little response to the cessation of nutrient

influx from the treatment plant.

Several reasons are suggested for the failure or tne
remedial technique. Although over 95 percent of tne
phosphorus and 50-75 percent of the nitrogen were removed,
some pollution is still entering the lake (organic
materials). Because of the relatively shallow morpholoygy
(mean depth 6.1 m.) sediment-water nutrient interchange may
be responsible for recycling previcusly deposited materials.
Further, hydraulic retention time is of such a magnituae (11
vyears) that insufficient time has elapsed to observe

significant improvement in water quality.
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7. Lake_Annecy, France, {52)

Lake Annecy was classified in 1937 as "becomiag
eutrophic". CcConditions kecame more pronounced with time
hecause of human waste disposal to the lake. Low aissolveu
oxygen became the norm and species composition of tae
phytoplankton indicat~d an advanced eutrophic state during
the 1960's. In 1961, a diversion system was begun. By 1971
approximately 44 percent ct the pcpulation around tne

periphery of the lake was using the system.

Changes in algal composition indicate that the water
quality ot the lake is imprcving, but the studies nave not
been carried on long enough to determine the lonq term

effect.

8. Diamond Lake, Oreqon, USA (53)

A sewage interceptor system has been installea around
one-half the periphery of 1,944 hectare (4,800 acre) bDiamona
Lake. The lake is primarily used for trout fishing, and
extensive camping, lodge and summer home tacilities are

located around the circumference. The U. S. FoOrest Scervice
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installed a waste collection system to replace existing
septic tank systems in 1971, bkut it is not as yet tully
operational. Studies have been made to obtain background
data on the chemical, physical and tiological
characteristics of the lake. These will be monitored in tne

future to determine changes in water quality.

9. _Lakes _Tegernsee_and _Schliersee_ (54)

Sewage diversion (finished 1964/65) frcm two Bavdrian
lakes (Tegernsee and Schliersee) resulted in a reduction or
the phosphate load to the lakes to about 10-20 percent ot
the former amount while nitrogen income was diminished to
about 25-40 percent. 1In 1967 improvement was observed,
especially with better hypolimnetic oxygen conditions at
summer stratification. Subsequent years, however, showed a
relapse in the highly eutrorphicated Schliersee to oxygen-
free hypolimnion again, while improvement at the Tegernsec
was more or less maintained. Intensive remobilization ot
nitrogen and phosphorus from lake deposits permanently
increased nutrient levels in the Schliersee up to 1970. A
partially meromictic (permanent stratitication) situation

seems to he mainly responsible for this process. Ditferent
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circumstances which may promote or restrain improvement

af ter sewaage diversion include hydrological and climatic
conditions, progress of eutrophication at the moment of
sanitation, and intensity of nutrient-turnover.
Notwithstanding eutrophication parameters, sewage diversion
has removed primary pollution of the lakes and their
tributaries which is cf great importarce for their

recreational function.

Control of Allochthonous_Sediments

Sedimentation of lakes and reservoirs is a major tdctor
restricting the availakle acreage of the Nation's
recreational waters. In terms of volume, sediments are the

greatest pollutant.

Sedimentation rates in lakes and reservoirs can
freguently ke retarded by prudential land use management
practices within the watershed. Construction and lo3jging
activities should shun the steepest slopes, and projects
which denude the landscape shoula ke timed to avoid seasonal
rainy periods. Agricultural gpractices such as strip

cropping, contour plowing, and proper grazing practices
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prevent rural erosion ané consequent sedirentetior in
strcams and lales. Terraced hillsicdes and har!''s of
watercourses stalhilized hy riprap or gabions are also

-t

effective erosion prevertive reasures.

Sedirert Traps

Sedirents ray sonetires he trarped before they enter
lakes and rescrvoirs bv filter dams and desiltinc basirs
installed cdownstrear: fror: all larae clearecC areas anc other
sources of silt. Detailec¢ descrirtions of sedirent trars
and their use as well as other effective sedirert ceontrels
ray le found in the pul'licetions hy Throrson (55) and the

llational Association of Counties Research Toundation (5€).

Analysis of Sedirent Transrort

The rechanics of secdirent transport have lreen
extensively studiecd and hydraulic ané mathemratical rocel
studies of bedload ancd susrendecd load transrort are

descriked by Rocaréi (57). Three staces of statistical
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analysis can be recognized in sedimentology (58). The first
stage is descriptive statistics in which the sample is the
object of interest. The second stage is analytical
statistics in which the population is the object of
interest. The third stage is the application of stocnastic
process models in which the okjective is to discern the
probabilistic elements in sedimentary processes. Krumbein's
paper, as abstracted in Selected Water Resources Abstracts
by the U.S. Department of the Interior, states (58),
"Stochastic process models thus provide one way of examining
sedimentary processes through time or over an area. In
conjunction with deterministic models they provide a
framework for exploring the underlying physical, chemical,
and biological controls on sedimentary processes and
deposSitS...." Using turbulent diffusion theory (59) a non-

steady-state model was developed for sediment transport.

Cost Effectiveness Models

The economic benefits to be gained by controlling
erosion and sedimentation are compared to the control costs
in a cost effectiveness study. Such a study on the sSeneca

Creek watershed, near Washington, D.C. (60) compared cost to
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effectiveness and damage values for many sediment control
methods. Present control practice includes sediment pasins,
diversion basins, level spreaders, grade stabilization
structures, sodded ditches, seeding, and straw mulcn tacked
with asphalt or disked. The average conventional system 1s
estimated to cost $2780/hectare and to control 914 of tne
potential erosion. Control systems incorporating large
sediment basins can boost control to 96% at less total cost.
Economic aspects ot sedimentation are also discussed Dby

Maddock (61).

IN-LAKE TREATMENT AND CONTRCL MEASURES

Many lakes have suffered the ccnsequences of tilling and
nutrient enrichment as the result of allochthonous materiais
entering from the watershed. Highly eutrophic laxkes also
receive large amounts of autochthonous materials resulcting
from massive algal populations. Much of the organic
material entering the system will not be decomposea because

of the low oxygen conditions in bLottom waters associated
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with increased productivity. The eventual result is an

accelerating rate of sedimentation and a fillina or tae liake

basin.

Dredging has thus keen rroposed as a possibtle remeaial
technique. This would serve to remove the sediment builla-
up, thus increasing the depth of the lake, and removiny a
potential nutrient source. A large number of lakes nave
been dredged but no information is available on the cnemical

or biological effects.

A number of disadvantages are obvious with respect to

this technique:

1) The relatively high costs c¢f dredqing operations
may make this technique prohikitively expensive on large

lakes.

2) The dredging operation may release nutrients from
the sediments, making them availakle for reinvolvement in
the food web. The nutrient content of many sediments may
remain high at considerable depths, making it impossible to

reach a low nutrient level in the sediment.
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3) The elimination of shallow zones which maintain
large macrophyte beds, may result in a considerable increase
in the algal populations. The nutrients formerly tiea up 1n
macrophyte biomass could kecome availakle for algal growt!i.

The result may be the sukstitution of one problem for a

second.

4) Turbidity resulting from the dredging process may
persist for a considerable time during and following

dredging.

5) Disposal of the dredged spoils economically is
often impossible. Sediments may fprove unsuitable for
agricultural purposes and in such a case, could be used tor

land fill only.

6) Interstitial waters contained in sediments are
frequently high in nutrients, consequently, disposal of tne
sediments must be in such a manner that leeching of nutrient

rich waters back to the lake is rrevented.
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Case Studies:

1. lLake_Trummen, Vajko, Sweden_(62)

Lake Trummen is a shallow (1.1m mean depth) small (1.0
kmz) lake located in central south Sweden. The lake 1s one
of a series of oligotrophic lakes, indicating that Lake
Trummen was also once oligotrophic. Waste water has enterea
the lake since the turn ot the century resulting in a nignly
eutrophic conaition for many years. Studies indicate that a
20 cm layer of black, highly organic gyttja has bheen

deposited since human habitation Legan around the lake.

Plans were instituted in 1966-67 to develop some type of
restoration program. The final decision has been to dredge
to a depth sufticient to remove the recent gyttja deposits,
and to dispose of these materials in bay areas of tne lake.

An estimated 600,000 m2

of sediment will re removeua. Tne
water released from the sediments ugpcn their deposition on
land will be treated with aluminum sulfate to remove
phosphorus before it is allcwed to reenter the lake.

The Lake Trummen study is extremely comprehensive,

involving individuals from at least sixteen disciplines

7
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relating to water quality management. Data have bLecn
collected for two years prior to the stuay, and wilii he
collected during the 2-year adredging ojeration. Jhiv 13Ke
will be monitored for 8 years after corpletion or tie
dredging. Dredyging operations were to begin in 1470, out no

information is yet availakle.

2. Lake_Herman, South Dakota, USA_(63)

A suction type dreaqge was used to remove silt rrom
eutrophic Lake Herman. Analytical results inuaicated tnac
water from the dreilc=d material when 1t returned tu t.c ilaxe
was lower in pH and total phosphates, and almost as clear us
the lake water. To*tal orthophosrhate-ghosphorus i1ncreasea
dramatically in the lake water (arproximately dou.ield)
during dredging, but the concentrations of the oruer

nutrients remairied at approximately the same lev-i,

The following synopsis is taken frcm Technical Rutietrin
Numher 46, Inland Lake Dredging Evaluation, Departicit oOf
Natural Resources, Madison, Wiscornsin (6l). Very genzrai

data are presented and none ot the lakes apredar to have oveern
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investigated to determine water gquality changes associated

with the dredging operations.

3. Wazeecha Lake, Wood County, Wisconsin_USA

The upstream end of Lake wazeecha, a 60 hectare (1438
acré) impoundment of Buena Vista Creek, was dredged by tue
County over a four to five-year period. The dredgea area
was deepened by 1.2 to 1.5 m ky the removal of 133,530 m3 of
sediment. The total cost of the operation, incluaing tue
purchase price of a second-hand 19.6 cm hydraulic cutternead
dredge was $66,859, at a unit price of $0.50/m> (s0.38/ydd).
The dredged spoil was pumped onto the shoreline, inproving
the conditions of the shoreline. One area was dixed off aund

filled, and a new park was created on the fill.

4. North Twin_Lake, Calhoun County, Iowa_USA

North Twin Lake, a 207 hectare (510 acre) lake in the
predominately agricultural plains country of west central
Iowa, had undergone rapid sedimentation resulting trom

severe bank erosion and sheet erosion trom the surrounding
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farmland. The lake had Leen tilled with as much as four
meters of sediment, reducing the lake depth to 0.6 to 0.9 .
nredging first began in 1940 when 55 hectares (135 acres)
were dredged to a depth ot 4.3 +to 5.5 m. Dredaging was tnen
discontinued until 1960 when five dredging contracts were
let to private contractors. During the 1960's the entire
lake beyond 45 m from the high water line was dredyged to a

3 of scdaiment.

depth of 3.7 to 4.3 m, removing 1,523,498 m
The project was completed in 1969 at a cost of $934,931.

The dredging was done hy two contractors, one using a 30.5
cm and the other a 35.6 cm cutterhead. The contractor using
the larger cutterhead excavated arproximately 0.6 as wmuch
material in a period of 4 months as the other contractor did
in six years. His total unit costs, including dike work,
were estimated at $O.52/m3 ($0.60/yd3) of excavated
material, whereas combined unit costs for coth contractocs
averaged $0.61/m3 ($0.u7/yd3). Trhe unit costs do not

include administrative and engineering expenses.

benefits to the lake, other than increased water aeptis,

have not been defined as yet.
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5. Lake George and Lalke Sisseton, Fairmont, Mirnesota USA

Lake Georce and Lalke Sisseton arc in a chain of five
lakes located within Fairront, Ilinnesota. "The city dravs
its municipal water frorm these lales, and their eutronhic
conditon was contributory to hich water treatrment nlant
operating costs and a varm municipral supply. In 19f6 the
cit? of rairmont purchased a 30.5 cr portahle hydraulic
cutterhead dredae andé arpurtenant ecuipment at a cost of
about $175,000 for the purrose of dredaina the entire chain
of lakes. To date only Lakes Ceorge an¢ Sisseton have been

aredged.,

Prior to dredoing, water derths in the lakes averaqgecd
1.8 to 2.0 m, The lales vere dredoed in all areas hevond 46
n from the high water line, slorinc dowr to a maxirur derth

of 7.6 1 or until a haré sul strata vas reachecd.

Dredged materials from Lale Sisseton were derosited on
an adjacent city-ovred 69 hectare (170 acre) farr. The
disrosal site is sufficientlyv larae to rermit adecnate
settlinc so that the dredged water vhich returns to the lalke

has a verv low susrendecd sclids content. The natericl
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dredged from Lake George was pumped to a different disposal

site which is presently being develored into a park.

It is estimated that 382,328 m3 of sediment are dredyed
yearly at a cost of $35,000 to $50,000. Unit costs ot
dredged materials including engineering and administrative
costs, but excluding disposal site costs are estimated at

about $0.13 to $0.16/m3 ($.10 to $.12/ydd).

Dredging is part of an overall lake improvement progyram
being undertaken in these lakes. A complete sanitary sewer
system was also installed, and the combined effects have
reportedly been a marked improvement in water quality
although no quantitative data are available to support this
contention. The benefits derived from the total project
include: greater water depths and volume, lower water
temperatures, habitat improvement for fish and desiraole
aquatic organisms, a general increase in recreational value

and reduced water treatment costse.

Additional information is given for several otner lakes
which have been dredged, kut the akove examples are
representative of hydraulic cutting head dredging

experiences in the Great Lakes Region. A survey of 49
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inland lakes and ponds indicated that contract unit costs
will usually vary between $0.59 and $0.98/m3 ($0.45 and
$0.75/yd3) When all costs are considered. The major factors
determining costs are : 1) the project size, 2) the type of
material to be excavated, 3) distance to disposal sites, and
4) the availability of properly equipped dredging
contractors. Such factors as obstructions in the lakes such
as tree stumps and boulders, purchase cost of disposai site
{(if necessary) and experience of the contractor can also

influence total costs.

There is no information availakle on the total
ecological effects of dredging upon lake environments or on
the water quality. Complete kiological, physical and
chemical assessments of pre and post dredqing conditions
need to be made on several lakes with varying
characteristics before the benefits derived from dredging

can be thoroughly evaluated.
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Nutrient Inactivation

It has become apparent after some nutrient diversion
studies that nutrients may remain in the water tor several
years ani noticeable improvement in water quality iay be
delayed. This seems to be particularly true of lakes which
have practically no water tlow- through tc replace tnat
which is high in nutrients. A possikle alternative to
simply allowing the lake to remain in a highly eutrophic
state, is to attempt some method ot nutrient inactivation.
This process can ke defined as the adding ot some type of
material that will bond with, adscrb, or otherwise
immobilize necessary algal nutrients, thus preventing tnem

from being utilized by these organisms tor their growtn.

Present studies have been directed toward the most
common growth limiting nutrients, phosphorus and nitrogen.
Phosphorus removal has been used in tield studies on tnree
occasions, and some work has been done on a laboratory scale

using ammonia ion exchange resins.
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Many problems remain to ke answered before this
technique can be considered operational. A few of tne more

obvious potential problems are listed below:

1) The relatively high expense of treating the pboay of
water may be prohibitive. Materials may not in themselves
be overly expensive, but manpower necessary for application

and transportation costs may ke considerable.

2) Possible toxic effects ty the introduction of an
excess of a metal used as a preciritant may have toxic

eftects on the biota.

3) Adverse biological effects may result from tne
formation of a floc. The material used may bhe non-toxic,
but the floc could conceivably suffocate aquatic oryanisms
by interfering with their respiratcry mechanisms. It is
also possible that the floc material resting on tne
sediments could interfere with the kenthic ecology or the

system.
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) In order to obtain maximun effectiveness, it may be
necessary to either raise or lower the pli of the system,

which could have serious biological consequences.

5) The aldition of certain salts, such as sulfates and
chlorides, may increase the conductivity of the water to an
unacceptable level. 1In the case ct sulfate, if tae
hypolimnetic waters should become anaerobic after treatment,
reduction of the sultate wculd lead to the release ot

hydrogen sulfide.

6) Little information is availabkle on the etfective
duration of the treatment. Wind action, continued intlow of
nutrients, bacteriological and benthic organism activity are
a few of the phenomena which could possible influence the

longevity of treatment effects.

7) The time of application of the inactivent may be
critical; it may be necessary to apply the material when the

maximum nutrient content is present in the water.
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Case Studies:

1. Lake_Langsijon, Stockholm, Sweden_(65, 66)

Lake Langsjon is a shallow (max. 3 m depth), 35 nectare
(86.5 acre) lake which has received municipal waste. .Jear
the end of April 1968, 30 metric tcns of aluminum sultate
were added in an attempt to inactivate rhosphorus. The
final aluminum concentration was akout 50 mg/1 of lake
water. Immediate results included an increase in seccni’
disc measurements from 50-60 to 250 cm, a reduction in total
phosphorus by approximately 50 percent ana a reduction in
phosphate phosphorus by a factor of 12 (60 to less than 5
ug/l). Total phosphorus increased during 1968, but a
concomitant increase in "“thero-stalle" coliform bacteria
indicated that municipal sewage was enterina the lake.
During 1969-1970, there was an increase in rhosphorus levels

during winter stagnatiorn.

In May 1970, the lake was again treated with 32 metric
tons of aluminum sulfate. Total phosphorus values were
reduced by approximately two-thirds (170 uq/l to 50 ug/l).

During the summer of 1970, the phosphate phosphorus remainea
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about 30 ug/1l, slightly akove the levels encounterea the

previous summer.

The investigators concluded that the aluminum sulrate
was effective with respect to total rhosphorus reauction.
There was also a slight irprovement in dissolved oxygen
conditions during winter stagnation: The period between tne
formation of the ice cover and the development of anaerowoic
conditions was extended. They concluded, however, that the
effects of aluminum sulfate are nct long lasting. A
substantial increase in both phosphate phosphorus and total
phosphorus concentrations occurrea during the period ot

winter anaerokic conditions.

Following treatment, phytoplankton remained aovout tne
same with respect to total number of organisms but tuere was
a change in species composition, with a general reduction in
the proportion of blue-greens. No adverse effect was noted
on the other biota, although little quantitative woOrxk was

done to verify this.
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2. Horseshoe_ Lake, Manitowoc_Country, Wisconsin USA_(67)

Horseshoe Lake, an 8.9 hectare (22 acre), 16.7 m deep,
eutrophic lake in east-central wisconsin was selected ror
treatment and evaluation. The Lake was treated in May 1970,
by distributing 10 metric tcns of slurried alum in tne top
60 cm of water. Alum concentrations in the treated voiume
were ahout 200 mgs/1 (18 mg Al/l), which, based on lavoratory
testing, resulted in maximum gphosphorus removal with minimal
ecologic risk. The results of the treatment incluae: (1) a
decrease in total phosrhorus in the lake, during the summer
following treatment, (2) no large increase in total
rhosphorus in the hypolimnion during the following two
summer stratifications, (3) scme increase in the
transparency of the water during the summer following
treatment, (4) a short-term decrease in color, (5) an
absence of the nuisance planktonic algal blooms that nad
teen common in previous years, (6) marked improvement in
dissolved oxyaen conditions, especially during the rollowing
two winters, and (7) no okservations of adverse ecological
conseguences. Manpower, equipment and cost informationldre

summarizad in Table 4.
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TABLF 4

Surmary of Manpower, Basic Equiprent and Costs for Alur
Treatment of llorseshoe Lake, Wisconsin. 1/

Iter Costs 2/
Sarplina 8 man hours per trip @ $5.00/hour S 40.00
270 miles rouné trip @ $3.00 Aday S 19.20
+ $0.6/mi,
Analyses 12 samples per trip @ $30/sarnle S 360,00
Staff 1 professional $13,000.00
overhead $ 7,3n0.90
Chericals 10,88 Metric Ton Alum @ $ 720.00
$66.18/metric ton (12 ton @$60/ton)
Delivery to site s 180.00
Labor for Treatmnent 12 man days @$40/day S 480,00
+ expenses S 100,00
Equirrent List '+ 2=18 ft. workhoats essentially all
2-10 ft.x20 ft. barces eaquiprent was
4-outboard motors, 18-25 hp on loan
l-amphibious truck, 21/2 ton,
DUKW=-353

4-casoline driven pumps

1-4,000 watt generator

2-electric pumps

3-electric mixers

4-55 gallon slurry tanks

2-200 gallon slurry tanks

Piping, valves, hose, plastic
tubing, marker flags, gasoline,
plastic tarp, rore, dust masks

1/ Source: (67)

2/ Many of the costs associated with this treatmenrt are entirely
dependent on local salary levels, distances to site, samrpling plan,
magnitude of treatment, and local availability of eauiprent.

In essence, treatment costs must be estimated for a srecified
situation.
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3. _Clines_Point--Oregon_ USA_(68)

A 0.4 hectare (1 acre) tarm pond with an average deptn
of 2.4 m was treated with a neutralized solution ot sodium
aluminate. A concentration of 10 mg Al/1 (3 mg/1l NaA 105)
was achieved by the adoption of 227 kg of sodium aluminate.
The aluminum compound was neutralized with hydrochloric acid

prior to its application to form an aluminum hydroxiae flioc.

The first year's results were encouraging. Total
phosphate, ammonia, total kjeldahl nitrogen, iron and
manganese remained lower than in previous years, dand tue
algal standing crop was reduced. A shift in dominance from
blue-green to green algae was noted. Dissolved oxygen,
transparency and pH also indicated a significant improvement

in water quality.

Costs excluding labor were $100 for 227 kq of soaium
aluminate and $60.00 for the hydrochloric acid. It reguired

five people one full day to treat the pond.
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4. ITwin_Lakes, Ohio; Stone Lake, Michigan_ USA

There are presently two demonstration grants funded by
EPA which anticipate the use of nutrient inactivation as a
lake restoration tool. The one project at Twin Lakes, Ohio
will combine nutrient diversion and nutrient inactivatione.
Nutrient diversion is presently keing undertaken and pians
are to treat the lakes with alum {(aluminum sulfate). The
other project at Stone Lake, in scuthern Michigan, will
probably utilize fly ash and lime, in an'attempt to
precipitate the phosphorus as well as seal the bottom (5 cm
layer of fly ash in the deeper areas). Laboratory studies
have been encouraging using this technique, but the possible
hazards must be weighed against anticipated benefits when

considering the application of fly ash to lakes.

Many metals have been suggested as possible nutrient
inactivation materials. Lanthanium and zirconium have been
investigated in the laboratory by the National
Eutrophication Research Program, EPA, with varying degrees
of success. Other suggested metals include iron, calcium,
activated aluminum, bauxite and several of the rare eartns.
Clays which would serve as adsorption sites for the

phosphate and bottom sediments have also been suggested.
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These would include such substances as bentonite,
montmorillonite and kaolinite. Polyelectrolytes are also
feasible but their cost is so great that it may be
prohibitive. Materials such as straw and sawdust have also
been used but the eventual decomposition of these materials
would be expected to create severe proklems. Their use
would be highly questionable. Another possibility is the
resuspension of low nutrient kottomr sediment whicn would

absorb phosphorus as it resettled through the water column.

Nutrient inactivation would have to be evdluated on a
lake-to~lake basis. NoO universally acceptable substance has
been discovered which could be acceptakle under all
environmental conditions. Because the technique represents
the addition of a foreign material to the water it should be
used very carefully. Long term effects on the biota or
water chemistry have not teen determined tor any oi the

substances listed above.
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Dilution_and_PDisplacement

The water quality of some lakes can bte improved Ly
diluting or replacing the existing water with water ot a
higher quality. In using this method the replaceiment watcr
must be readily availalle and there must be a convenient and
acceptable means of discharging lower quality watcr. water
replacement can bie done in cne of two ways: (1) vy
introducing high quality water directly into the laxe, tius
displacing an equal volume ct lower quality water or (2) by
removing a given volume of the existing water and replacinyg

it with water of higher guality.

Case Studies

1. Green Lake, Seattle, Washington_ USA_(69)

The displacement technique has keen successfully
employed in Green Lake, located in Seattle, Washington.

Green Lake is a 104 hectare (256 acre), naturally
eutrophic lake, with an average water depth of 3.8 m.
Sedimentation has been rapid in Green Lake, with an

estimated two-thirds of the volume of the basin filled with
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sediment by the early 1900's. The present rate ot
sedimentation is about 0.9 cm per year, practically all of
which is autochthonous organic matter. During the summer,
mixing of the entire lake is complete except for a very
small portion within the confines of the 6 m contours, at

which depth thermal stratification persists.

It is estimated that Green Lake has been eutrophic tor
7,000 years. The blue-green algae production is very hign,
and rooted aquatic plants are akundant throughout the
littoral zone which comprises much of the total area.
Herbicides are applied periodically to control rooted

vegetation.

In 1962 water was diverted to the lake from tne city's
municipal supply for the first time. Between 1962 and 1908,

the equivalent of approximately eight lake volumes of water

have been flushed through the lake.

A comparison of pre and post flushing data indicates
that substantial changes in water quality have occurred
following the addition of dilution water. Phosphate levels
have dropped considerably, particularly during August and

September when blue-green algae growths reach their peaks.
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pPecreases in nitrate nitrocen were even rore pronounced,

with the maxinum discrerancies occurrira Adurirqg ridsurmer.

Sirce dilution cdefinite chances in the species
cormposition of the phytorlankton have Leen okservecd. The
blue-oreen alcae wkich, in 1959, were dorinarnt cdurinc all
ronths of the year, were the rcst prorinant form durina only
S or 6 ronths during 19¢5 and 1966. There has also leen a
shift arionast the lLlue-creen alecae to those species wlich
are able to fi:x gaseous nitrocen. Tor e:xarmle,

Aphanizonmenon flos-acuae vhich was the major nuisance aloa

n—

cdurincg 1951 has all but disapreared frorm the lale, ard

Anabaena cirinalis and CGleotrichia echinulata have increased

in abuncance.

Further investication of the Green Lale situation is
continuing, and atterpts are leina rade to develor a linetic
rocel that can Le used in cevelorinc similar proorans

elsevhere.



84

2. Snake_Lake, Wisonsin_USA_(70)

The water removals/refill technique has been carried out
at Snake Lake, Wisconsin. In the summer of 1970 about tunree
lake volumes of water were pumped and deposited on land
above the lake. Nutrient-poor water from contigquous grounu
water aquifers and precipitation were allowed to repidce the
removed water. In the fall phosphorus concentration was
half that of the previous years. The lake nutrients and

other effects continue to ke monitored.

Additional dilution and dispersion experiments have been
proposed at Moses Lake (71) and Vancouver Lake (72),

Washington, and at Lake Rled, Yugoslavia (73).

Covering of_ Sediments

Covering of bottom sediments with sheeting material
(plastic, rubber, etc.) or particulate material (clay, fly
ash, etc.) can theoretically perfcrm two functions in
restoring eutrophic lakes. First it can prevent the

exchange of nutrients from the sediments to the overlying
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water, and second, it can prevent or retard the

establishment of rooted aquatic plants.

One problem encountered when covering sediments is the
ballooning of sheeting, or rupturing the seal of particulate

material, when gas is produced in the underlying sediments.

For particulate material, the small sizes whicn have
relatively low effective specific gravity (i.e. clays, tly
ash) appear to be best suited for sediment covering.
Materials of larger size (sand and silts) tend to sink below
flocculant sediments. Sands and silts, however, can pe
effective in areas where the sediments are more
consolidated. Materials such as Kaolinite and fly asn,
which have a high water soluble lime content, have tne adaea
advantage that they will remove phosrhate from the water and

carry it to the bottom in a relatively insoluble torm.

Covering of sediment to improve lake conditions has been
done at Marion Millpond, Wisconsin (70). About 1.Z.1
hectares (29.9 acres) of this 44.5 hectare (69.9 acres) iaxke
were physically treated by (a) sand klanketing, (b) scraping

of overburden to a sand substrate, and (c) covering the
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sediments with black plastic sheeting anchored with Sand and

qravel.

The University of Notre Dame is evaluating fly ash to
cover and prevent sediment nutrients from entering the
overlying waters (74). This appears to have promise not
only as a barrier between sediment and water but also as a
material to remove phosphate from the lake during

application.

The possible consequences resulting from the application
of fly ash to lakes as a sediment covering agent snould be
thoroughly evaluated prior to agrplication. Fly ash
frequently contains numerous impurities including several
heavy metals, phosphorus, boron, radioactive wastes ana many
others. The damage resulting frcm "treatment" with fly ash

could conceivably offset any benefits.

Artificial Destratification and_Hypolimnetic Aeration

Possible techniques for altering the water quality inm
eutrophic lakes include artificial destratification ana

hypolimnetic aeration. These methods are of particular
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value in improving the water quality of lakes in whicn tne
hypolimnion is void of dissolved oxygen and thus
uninhabitable by aerobic organisms. The effective actions
of both of these processes are to increase oxygen
concentrations in the water, promote the oxidation of
reduced organic and inorganic sukstances and enhance biotic
distribution. It must be emphasized, however, that tnese
techniques are palliative in nature, i.e., they will not, in
themselves, restore a lake. Aeration techniques generally
treat the symptoms of over fertilization rather than tne
source. Permanent restoration will ke accomplished only be
removing or significantly reducing the primary nutrient
inputs to a lake. Following such a reduction aeration

methods may be effective in increasing the rate or recovery.

Artificial destratification of a thermally stratitied
lake is most often accomplished Ly injecting air into tue
water at the deepest point. As the bubbles rise to tne
surface vertical water currents are generated. Tiie colder
and denser bottom water mixes with the warmer surtace water,
sinks to a level of equal density and spreads out
horizontally. Oxygen is added to the water directly from
the compressed air as well as Ly contact with the atmosphere

and by photosynthesis of aquatic plants. As the mixing
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process continues, complete circulation is achieved and the
lake approaches an isothermal condition in which the water
temperature and dissolved oxygen level are approximately
equal from top to bottom. Likewise, with elimination ot
distinct epilimnion, metalimnion and hypolimnion zones, the
whole watermass becomes inhabitakle by the biota. The time
required to reach this condition degends on the time of
year, size of the lake, degree of stratification and method

of air injection.

Artificial destratification may also be accomplished by
utilizing a mechanical pump to move the bottom water to the
surface. Although this technique does effect complete
mixing, it does not afford the advantage of oxygenation
directly from the air bubkles produced by air diffusion

systems.

In contrast to artificial destratitication, the process
of hypolimnetic aeration does not disrupt the thermal
stratification of a lake. The aerator consists of a large
diameter pipe which extends from the lake bottom to apuve
the water surface. Water inlet ports are locagéd near the
bottom of the pipe and outlet ports are located below the

metalimnion. The top of the pipe is open to the atmospnere.
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Air is released through a diffusor near the bottom of tne
pipe. As ailr rises in the pipe, water is drawn in tnrougn
the bottom ports. Oxygen diffusicn occurs as the water
rises to the surface with the air bubbles. At the top of
the pipe the air escapes into the atmosphere. The water
sinks to the outlet port where it flows back into the
hypolimnion. After the establishment of a hydraulic head in
the pipe, water flows directly from the inlet to the outiet
ports without rising to the surface. Hypolimnetic water,
therefore, is aerated but not significantly heated or mixed
with epilimnion or metalimnion water. Thus, the dissolved
oxygen level ot the bottom waters is increased, but the
intearity of the thermal strata is maintained, witn tne warm
water of the epilimnion overlying the cold water of tne

hypolimnion.

Advantaqges

The benefits of artificial destratification and
hypolimnetic aeration are most prcnounced on eutropnic lakes
which undergo oxygen depletion in the hypolimnion, in

contrast to oligotrophic lakes which never become oxygen
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deficient. The changes in water quality which are induced

by these techniques include the following:

1. Due to the increased oxygen levels in the
hypolimnion, there is a reduction in the anaerobic release
of nutrients from bottom sediments (75). This results in a

general decrease in productivity of the body of water.

Also due to higher hypolimnetic oxygern levels, ouxiuation
of reduced organic and inorganic mraterials occurs in tne
water (77). This is particularly important when the lake
serves as a raw water supply. In such cases, the need for
specialized water treatment processes to remove taste and

odor carrying materials such as iron and manganese is

obviated.

2. The range of kenthic populations is extended into
areas which were once anaerobic (75). An increase in the
number of fish and a shift to more favorable species could

result due to the greater availability of food organisms

(75, 78).

3. Favorable changes in algal populations occur with a

decrease in undesirable klue-green species and an increase
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in green algae species (79). This is a result of the
continued movement ot the algae from the aphotic to the
euphotic zones (76), the lowering of water temperature ot
the epilimnion, and the modificaiton of the nutrient
availability. The decrease in blue-green algae could result
in a reduction in raw water taste and odor problemns. Tnere
also appears to be a reduction in actinomycete population

which could improve water taste (80).

4. Artificial destratification increases the neat
budget of a lake by inducing comglete circulation (75). An
increased rate of productivity results. This is of

particular importance in oligotrcphic bodies of watere.

5. Artificial destratification reduces evaporation
rates by slightly reducing surface temgeratures during the
summer (81). 1In areas such as the southwest United States
where water is in short supply and is expensive, significant

savings can be achieved Ly reducing the rate of evaporation.
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6. Artificial destratitication often results in
increased water clarity (75). This appears to be dassociated

with reduced algal populations.
7. Wwinter fish kills may ke prevented by artificial
destratification due to the maintenance of high oxygen

levels under ice (82).

Nisadvantages

Problem areas associated with these two methods may

include the following phenomena:

1. The increased heat budget produced by artificial
destratification may be deleterious to cold water faishes,
particularly in shallow lakes in which the temperature is
increasel excessively at all depths (81). Also, warmer lake
waters may reduce a lake's usefulness as a source ot cooling
water for industry and, if the lake is a public water

supply, the attractiveness of drinking water derived from

the destratified lake (77). '

2. Both artificial destratification and hypolimnetic

aeration may increase water turktidity due to the
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resuspension of tottom sediments (80). This is otten a
temporary problem, however, and may ke resolved i, continueu

mixing or a change in the location of aerators.

3. In most investigations these methods have prouauced
a reduction in klue-green algae pogulations with a
subsequent increase in green algae sucl that totai
productivity remains about the same (7¢, Rf3). In otuer
instances there has been no okservakle effect on ovlue-green
algae populations with the result that problems assouciated

with these organisms have remained (84).

4. If oxygenation is insufficient to increase tie
hypolimnetic oxygen concentration rarpialy enough during

destratification, fish kills may occur (85).

5. The artificial destratificaticn procedure may
induce foaming, an aesthetically undesirakle | hencrenon

(76) -

6. The oxyaen demand of resuspended anaerolbic nud may
result in a decrease in oxygen concentrations to tne extent
that fish kills occur (77). 1his is particularly true of

small, very eutrophic lakes.
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costs

The costs of applying artiticial destratification
techniques depend on such considerations as systems desigan,
length of operation, power cost, degree of stratification
and oxygen deficit in the lake to ke destratiiied. Tne
findings of a survey of water-utility managers who nave
applied these techniques in an eftfort to improve oOr mdintain
the water quality of impounded water supplies reveal that
although costs vary, certain generalities may be maue (86).
It was found, for example, that both the initial cost per
unit volume and the operating cost per unit volume declined
as the volume of the reservoir increased. No clear trena
emerged with regard to the costs associated with the type of
equipment (homemade or commercial) and the operating
schedule used (continuous, continuous all summer, or
intermittant). It should be noted that 89 percent ot the
,respondents utilized aeration devices and only 4 percent
used mechanical pumps. Other less widely used techni jues
were employed by the remaining 7 percent The majority ot the
operators (83%) used electrical power. One third of the
respondents employed continuous operation, one third
continuous during the summer and one third intermittant

operation. The concensus costs of all the survey



responaents are nresented in Tables 5 and €. Thesec data

conLine all tvres of ccuirrent and oreration.

Tahle 5

Initial Costs Ter Unit Volure
(Prurchase ard Installation)

[laxirurm lean Minirum
$16.00/1000 r-3 $3.54 /1000 13 50.04/1000 r3
($60.50/ril cal) ($13.40/ril aal) ($0.15/ril cal)

1.6¢/13 50,003 /m3 $0.0054/m3
($0.051/1000 cal) ($.,013/1000 cral)
$159.70/ha~-r $35.59/ha-r $0.41/ha-r
($19.70/acre-£ft) (S4.39/acrn=£t) ($0.05/acre-ft)
mal:le 6

Gperatina Costs Per Unit Volure and "ire
(Ineray and ‘lainterarce)

Haxirum 'ear Minirur
€3.67/1000 r3/vr $0.77/1000 m3/yr -
($13.90/1ril aal/yr) ($2.90/mil cal/vr) ($0,01/nil gal/vr)
50.37/n3/yr - _—
($50,014/1000 aal/vr) (50.003/1000 cal/yr) -
$37.4G/ha=r/vr $7.€2/ha-r/yr $0.02/ha-r/vr

(54.62/acre-ft/yr) ($0.94/acre-£ft/vr) ($0.002/acre-<t/yr)
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These costs represent the actual costs incurred in.past
applications of aeration devices. It should be noted,
however, that cost estimates for future applications must be
generated on a case-by-case basis. It will be ditticult to
determine precise cost estimates, however, as there remaius
a lack of information on the exact amount of mixing nceded
to improve water quality in a given circumstance ana on now
mixing can be maximized with a given power input, thereby
minimizing cost so the the highest benefit/cost ratio can be

obtained (86).

Case Studies

1. El1 Ccapitan Reservoir, California, USA (78, 81, 87)

The El1 Capitan Reservoir is an impoundment on the San
Diego River. This body of water typically experiences one
annual period of thermal stratification usually lasting trom
March or April to November or Decemker. The reservoir was
continuously aerated by diffuse air injection during tne
summers of 1966 and 1967. The chemistry and bioloygy ot tne
lake were investigated during these periods as weli as

during the summers of 1964 and 1967 when normal
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stratification was allowed to occur. During the course of

the study the depth of the lake rose from 24.8 m in 1964 to
33.3 m in 1967 and the total volume increased from 1,136 na-
m (9,200 acre-ft) in 1964 to 2,698 ha-m (21,845 acre-ft) in

1967.

The total cost of equipment, materials and lavor to
install the system was approximately $6,010. At 6 percent
interest, the 10-year amortization cost will be $82%
annually. With continuous operation on a 6-month basis eacn
year, total power consumption was approximately $1,674.
Monthly electrical service charges totaled an additional
$177. Including the amortization and power costs, plius an
estimated $250 per year for maintenance and repair, tne
estimated annual cost of operating the destratification

system on E1 Capitan Reservoir was $2,926.

Changes in the chemistry and bkiology of the lake were
quite evident following artificial destratification. The
lake became isothermal frcm tcp tc bottom. The heat budget
increased. For example, the maximum heat content ot the
lake in 1966 during destratification was 25,116.0 cal/m3

above 0.0% as compared with the maximum of 22,5438.4 cai/m3
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above 0.0°C oktserved during the thermal stratified condition

of 1967.

During destratification dissolved oxygen was distributed
to all depths and was essentially uniform from top to
bottom. It was observed, however, that the surface oxygen
concentration of about 5 mgs/1l fcund during 1965 was
significantly lower than the 8 mqs1 which occurred ia 1904
under stratified conditions. This indicates that an
accelerated oxidation rate may have occcurred during torced

circulation.

Phosphorus concentrations in the hypolimnion decreased
from as high as 1.4 mg/1 during stratified conditons to 0.1
- 0.2 mg/1 during destratification. During destratitication

the phosphorus level was uniform frcm top to bottom.

Prior to destratification the combined concentrations of
iron and manganese were 0.65 and 1.46 mgs/l at 7 and 17
meters respectively. These values exceed the level of 0.3
mq/1 recommended for potakle water by the U.S. Puolic Healtn
Service. Following destratification, the combinea

concentrations of iron and manganese were below 0.3 mys/l at

all depths.
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Benthic organisms such as midge larvae and vupae,
oligochaete worms, nematode worms and freshwater clams were
absent from the hypolimnion prior to destratificatioun.
During destratification these organisms invaded tne deepest
part of the lake and increased in total numbers.
Zooplankton populations were also affected by
destratification. For example, over 85 percent o: the
zooplankton were found below 10 meters on June 17, 1905,
under destratified conditions, whereas less tnhan 10 percent
were observed below this depth the previous year undger
stratified conditions. Destratification, therefore, allowed

a greater depth distribution of these organisms.

Although no data have been reported on the efrect ot
destratification on algal populations in El Capitan
Reservoir, the results presented indicate that artiticial
destratification did produce a significant improvement 1in

water quality in this Lody of water.

2. Wahnbach Reservoir, Germany (77)

Wahnbach Reservoir is used as a water supply ana as a

source of industrial cooling water. It contains 4,168 ha-m
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(33,740 acre-ft), has a maximum deprth of 42.9 m and an
average depth of 19.2 m. The lake is rapidly becciming more
eutrophic due to the introduction of domestic sewage ana
agricultural runoff. During periods of thermal
stratification, a complete lack of dissolved oxygen exists

in the hypolimnion.

The reservoir was aerated by diffused air injection
during the summer of 1964. Oxygen was maintainea tnroughout
the lake. Unlike previous years, the oxygen content dia not
decrease to below 30 percent saturation at the mud-water
interface at any time during 1964. Compared to previous
years without aeration when manganese concentrations of up
to 20 mg/l were observed, aeration generally reduced tne
concentration of manganese throughcut the lake to less than
1.0 mg/l. Some increase in dissolved phosphorus lievels in
the surface water was evident during aeration although this
had occurred previously when there was no aeration. No
increase in production occurred during the destratified
period. A decrease in the population of the blue-green

algae Oscillatoria sp. was observed, however.

Although improvements in many aspects of the water

quality of Wahnbach Reservoir were produced by artificial
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destratification, a detrimental effect occurred. Increases
in water temperatures rendered the water unsuitable for
drinking and for industrial coolinag water purposes. To
overcome this disadvagtaqe, a system of hypolimnetic
aeration was employed to raise oxygen levels without

increasing water temperature.

Hypolimnetic aeration of the reservoir was employed from
July to November, 1966. Thermal stratitication was
maintained and the lake tecame aerobic throughout.

Manganese concentrations fell to telow 0.1 ma/l. Phnospnorus
concentrations declined from 80 ug/l1l prior to aeration to 20
ug/l after aeration. Hypolimnetic aeration, therefore,
produced water quality changes similar to artiticial
destratification without adversely affecting the temperature

regime of the lake.

The installation cost for the diffused air injection
apparatus was $3,750. This includes $2,500 for the purcanase
of a 36.5-kw compressor and $1,250 for the air distribution
pipe. The operational costs, primarily electrical power
costs, for approximately 5 months of continual aeration were

$2,250 in 1964. The annual operating cost was $0.15/1000 m3
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{$.57/mil gal) of drinking water withdrawn from tne

reservoir - 14.8 million m3/yr (3,900/mil gal/yr) .

The hypolimnetic aeration equipment required a nigher
capital investment - $8,250. In addition, $4,500 was
required for a raft with an overhead crane used tor
assembling the apparatus. The comgressors and rlastic pipe
cost $3,750. Total installation cost, therefore, eyualea
$16,500. The operational costs for hypolimnetic aeratiou
were only slightly less than for artificial

destratification.

3. Hemlock Lake, Cheboygan County, Michigan, USA (7¢)

Hemlock Lake is a 1.8 hectare marl lake having a maximuin
depth of 18.6 meters. Hypolimnetic aeration was agplied to

the lake continuously frcm June 14 to September 7, 1970.

Aeration increased hypolimnetic oxygen levels trom zero
to over 11 mg/l. The temperature cf the hypolimnetic water:
increased more than 12°c above its normal level. This was
due in part to heat conduction through the aeration tower

and can be minimized by using insulation.
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After an initial increase in ghytoplankton cell numbers
immediately after initiating aeration (attributed to tne
leakage of nutrient rich hypolimnetic water through tine
tower into the epilimnion), the standing crop decreaseda from
over 30,000 cells/ml to less than 500 cells/ml.
concomitantly, Secchi disk measurements increased tou over 9
meters, the deepest ever recorded for Hemlock Lake.

Aeration did not appear to affect the periphyton standing
crop. Following aeration, zooplankton inhabited the lower
lake waters and their numkters increased until preaation
stress by fish caused zooplankton numbers to decline. Tue
total number of zoobenthos was increased by aeratiou
although the biomass remained the same. The zoobentnos were
able to inhabit the deep water during aeration as were

rainbow trout.

The results of this study indicate that hypolimnetic
aeration may be an effective method ot alleviating the

eutrophic condition of a kody of water.
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4. Boltz and Falmouth Lakes, Kentucky, USA (79, 83, 8Y)

Boltz Lake and Falmouth Lake were artificially
destratified by diffused air injection during the summer of
1966. Bullock Pen Lake, also in Kentucky, was not
destratified and acted as a ccntrol. The morphologicai

characteristics of the lakes are given in Table 7.

Table 7

Morphological Characteristics of Bullock Pen,
Boltz and Falmouth Lakes

Maximum Average Surface

Volgme Depth Depth Area
__m- m m hectares
Bullock 3.95x10° 14. 6 7.0 56. 5
Pen
Boltz 3.58x108 18. 9 9.1 38.4
Falmouth 5.69x10° 12.8 6.1 90.0

Intermittant aeration was used. Boltz Lake was
destratified four times during the period June to September

and Falmouth Lake five timese.
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In both lakes, the temperature of the bottom water
increased during the aeration periods and decreasea or
leveled off between aeration periods. The net effect ot
intermittant aeration was to increase the bottom
temperatures by over 20°C during the course of the sumner.
Likewise, hypolimnetic oxygen concentrations increased
during the mixing process and decreased between periods ot
artificial destratification. The net effect throuyn the
summer was to increase the oxygen levels of the deeper water
and decrease the concentrations ot reduced materiadals such as

iron and manganese.

The sum of the ammonia and nitrate nitrogen
concentrations at the 1.5 m depth in the unmixed laxe
remained at about 0.2 - 0.3 mg/1 throughout 1966. boltz
Lake exhibited concentrations in alkout the same range at the
1.5 m depth except for the last mixing period. During tnis
period the concentration of NH3-N plus NO3-N increaseu to
between 1.0 and 1.5 ma/l after which it leveled oft ana
subsequently declined to tormer levels. Smaller increases
in the concentration of ammonia and nitrate nitrogen
occurred during two of the mixing periods in Falmouth Lake.

In each case, the concentration declined atter aeration

stopped.
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The soluble phosphorus concentration at the 1.5 m depth
in the unmixed lake varied ketween 20 and 50 ug/1l in 1966.
Concentrations at the 1.5 m depth in Boltz Lake, however,
exhibited an increase from S - 10 ug/l1l in May to
approximately 100 ug/1 in September. Falmouth Lake
exhibited a net decrease in phosphorus concentration at the
1.5 m level from May to September although the

concentrations increased during most of the mixing periods.

The surface plankton counts in the unmixed lake were
between 1,000 and 3,000 per ml from June to mid-September.
Boltz Lake exhibited declines in plankton counts during
three of the four mixing periods and Falmouth Lake during
two of the five. When these declines took place they
occurred at all depths. In most cases, an increase in
plankton counts took place after mixing stopped. These
increases were not of "bloom" proportions, however, and
despite periodic increases in nitrogen and phosphorus caused
by mixing, excessive algal growth never occurred during any
of the artificial destratification experiments. Wnereas the
unmixed lake exhibited the predominance of blue-green algae
characteristic of the geographical area, a shift to green
algae occurred during several of the mixing periods in both

test lakes.



107

It ray l.e concluded fror this studv that artificiel

destratification elir:inates therral stratification, adds
dissolved oxveen to the vater, causes oxidetinon of recduced

substances ard can preduce a shift in aleal »recderinarcr
frori hlue-creer to areen srecies, The results alsco incicate
that artificial destratification should be initiated in the
spring or early surmer and should e contirued, at least
periodically, throuchout the surnrer for Lest irrroverert of
vater cuality,

-

5. Parvin Lake, Colorade, USH (00)

Parvin Lalic vas artificiallyv destratifiec frer loverl.er,
19¢9, to lhecerler, 1970, in an effort to irrrove the reorral
vinter hyyolirnctic oxyveaer deficit and surrer Y'lue=creen
alagae l'looms., Continuous air diffusion was ermnloyed.

Parvin Lalke has a surface area of 19 la, raxirur dertlh of 1n
r. and a 1can ceyth of 4.4 rr. It is located at ar clevatior

of 2,500 ri in the Pocky !lountains of Coloracdo,

Total phvtoplanlton alundance cdecreased ir Parvin Lale
during artificial destratification, but the decrease wvas not
uniforr among all phvla. Creen algae declined durina

destratification. This may have heen due to the colcder than
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normal winter water temperatures and warmer than normdl
summer temperatures. Planktonic diatoms decreased in
population size during the winter when they normally
dominate. Several hklue-green algal species increased in
number during the summer over previous, untreated years,

namely Anabaena flos-aguae, Aphanizomenon flos-agqude and

Gomphosphaeria lacustris.

These results indicate that complete understanding of
the response of eutrophic lakes tc artificial
destratification is lacking. Whereas other investigators
observed decreases in klue-green algal populations cduring
mixing periods, this study found that several of these
species increased in number. Because of this difterence in
observed response, it is evident that the potential efrccts
of artificial destratification should be evaluated on a

case-by-case basis.

Drawdown

Water level manipulation exists as a potential mechanism
for enhancing the quality of certain lakes and reservoirs.
Lake drawdown has been investigated as a control measure for

submersed rooted aquatic vegetation, as a means to retard
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nutrient release from the sediment nutrient pool, dnd as a

mechanism for lake deepening tnrougn sediment consoliuatiod.

Observations from natural drawdown and subsequent
exposure Ot the bottom sediments have indicated marked
improvement. in the water quality of two Florida lakes.
Before drawdown the lakes produced heavy algal crops. Atter
drawdown and sediment drying, rooted aquatic plants replaced
the algal community making the lakes more amenable to yame

fish.

Experiments with sediments fror Lake Apopka, Floriaa, in
196 7-68 showed that when the sedimrents were dried and
reflooded a balance of aquatic weed and shoreline (emergeat)
vegetation grew (91). Further, the sediments oxidizea ana
would not resuspend upon flooding. It was concluded trom
these studies that drawdown for 6 to 8 weeks auring the dry

season should result in a suitable aquatic weed crop.

Drawdown has been carried out in three Wisconsin lakes:
Marion Millpond, Snake Lake (70) and Jyme Lake (92). At
Marion Millpond many manipulations besides sediment exposure
were made: bottom stumps and logs were removed; some

sediment was removed and sand and plastic were pldced in
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some of the littoral areas. Therefore, the effects of
sediment drying were masked by these other rehabilitation

techniques.

At Snake Lake the primary objective was to restore tne
lake by pumping nutrient-rich water trom the lake and
allowing it to be replaced with nutrient-poor agrounudwatere.
In loweriné the water level by 3.35 meters the seuiments
were exposed to air which resulted in extensive comnpaction
and likely chemical alterations Ly oxidaticn. The
phosphorus concentration decreased Ly half after tne lake
refilled but this likely was mainly attrikutable to the

dilution water.

Jyme Lake is a 0.45 hectare, 3.7 m deep acid-boy seepage
lake in Oneida County, Wisconsin. Beginning in October 1971
water was pumped intermittantly for a 10-day perivd to a
nearby low-lyina cattail marsh in an effort to drain tne
lake to allow investigation of sediment consolidation 4as a
lake deepening technique. Attempts to completely drain the
lake were unsuccessful due to the flow of low-solids mud anu
peat on the lake bottom and from keneath the vegetative mat
of the bog, and a subsequent suksidence of the level of tne

bog. The wood fragments in the mud clogged the pump
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impeller forcing termination of the project prior to winter

freeze-up. The Jyme Lake experience indicates that aithough

lake drainage and sediment consolidation is a potentiai

physical deepening technique,
be completely drained and the
below the surface of the lake

possible pumping problems and

to ke effective the lake must
water table must be maintained
sediment surtace. secause ot

slumgpino difficulties

encountered during the draining of bog lakes, this techniygue

may be more applicable to lakes with a greater percentage ot

inorganic sedimentary fill.

In the Tennessee Valley Authority lakes it was observed

that lowering the water level

1.83 meters for a period of 21

to 25 days during the winter provided a 90 percent reduction

in the acreage infected with Myriophyllum spicatum (93).

Studies on drained marsh areas have shown that water

removed during the drainage period would carry with it much

of its total burden of nutrients (94). It was concluded

that frequent drainage could heavily deplete the fertility

of marsh environments.
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Harvesting Nuisance_QOrganisms

Algae

Algal harvest is particularly difficult because tne
algae are normally in dilute suspensions and of small
physical size. For these reasons most attempts at algal
harvest have been conducted on lagoon waste water efrluents
which have a relatively high concentration of algal cells.
Even at these concentrations Oswald and Golueke (95)
indicate that in order to oktain a usalkle, economically
feasible end product, the following three steps are
necessary: 1) initial concentration of the algal
suspension, 2) dewatering and concentrating the resulting
slurry, and 3) drying the dewatered algae for storage ana

handling.

Algal harvest may ke accomplished Ly centrifuging,
filtering, coagulation, microstraining, sonic vibration,
flotation, and changing of ionic characteristics ot the
algae with ion exchange resins (96). Coagulation of alyae
with aluminum sulfate, lime, and alum have been used in

combination with the above methods (97).
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A high grade end product is most cheaply obtained by
centrifugation, whereas a lower grade product is most
cheaply obtained by combining centrifugation with thne
coagulation or flocculaticn process (96). According to 1967
estimates one metric ton of dry algae (low grade) could be
produced at a cost of $66 to $88 ($60 to $80/ton). No firm
market value for the finished product could be establisaed
in 1968, but it was estimated to ke worth about $95 per
metric ton ($86/ton) with an additional $10.00 per 3785 m3
(mil. gal.) of high quality process water as a fringe
benefit. Products of the process would then yiela an income
of nearly $105 per metric ton of dry algae at a proauction
cost of $66 to $88 for a net protit of $17 to $39 per metric
ton of dry algae. According to Levin and Barnes (498) a
similar quality low grade product ray ke produced by tne
froth flotation process for approximately $52 per metric ton
($47 per ton). Assuming the same market value ftor the end
product this method might realize a net profit of nearly $55
per metric ton ($50 per ton). If these figures represent
real numbers a municipality or industry might be able to

economize significantly on wastewater treatment by harvest

of algae.
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Algal harvesting studies which utilized the ettluent
from wastewater lagoons have demonstrated that nearly 90
percent of the nitrogen can be removed in the form of algal
protein {99, 100). One field study demonstrated 50 to 70
percent inorganic nitrogen removal and 19 to 68 percent
phosphorus removal from wastewater with algal harvest (101).
Soluble phosphate has been reduced by 90 percent using nigh

rate algal culture techniques (102).

Under highly favorabkle climatic conditions up to 70
percent of the nitrogen and 50 percent of the phosphates
have been removed from wastewater by algal action alone
(103). In laboratory cultures under controlled conditions
50 percent of the total inorganic nitrogen was removed by

algae in one day and 95 percent in four days (104).

It has been estimated (95) that .6 million hectares (1.5
million acres) of land devoted to algal culture would
satisfy the oxygen demand of all liquid-borne wastes in
1967. The need by the year 1990 is projected to be about
2.42 million hectares (6 million acres). The algae
recovered would meet approximately one-quarter of the
protein needs of the nation's livestock industry, and since

the U. S. has about 121.4 million hectares (300 million
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acres) devoted to protein production, the savings in water
resources normally used to produce protein could amount to
2.5 x 10”m3 (200 million acre-feet) each year (96). This
technique should be evaluated with regard to efficient land

use practices.

Data regarding algal harvest from lakes are severely
lacking, probably owing to the relatively sparse algal
nopulations found in lakes. Levin and Barnes (98) noted
that the efficiency of harvest was inversely proportional to
culture density. Another probakle reason for lack of lake
data is that algal bloom porulations usually consist of
blue-green algae for which there is a limited market. Green
algae usually associated with the nutrient-rich wastewater
lagoons, on the other hand, are a potentially valuable

source of protein.

Despite the apparent success of some methods ot algal
harvest as a measure of nutrient removal, many problem areas
still remain. It appears now that there is little hope ot
developing an in situ lake-oriented method of harvesting

algae that would be economically feasikble.
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Macrophytes and Higher Organisms

Excessive macrophyte growths due to nutrient iwmbalances
in eutrophic situations pcse difficult proklems in control
from practical, economic, and aesthetic standpoints. Most
authors (106 - 113) encourage management via perioadic
mechanical harvesting, rather than eradication, as an
ecologically sound control method for macrophytes.
Individual species require specially develcped methods or
harvest because of basic physical differences in growth
form. For instance, water hyacinth (Eichornia crassipes),
an unrooted, floating plant, allows free flow of water
beneath even very large beds of the plant, so that control
may be accomplished by subsurface rowing. The harvested
parts could be processed for food supplements, such as
protein concentrates and pelletized roughage (107, 111).
Furthermore, existing industrial and agricultural equipment
such as alfalfa pelletizers and citrus pulp processors may
be used directly or modified to process the crop (1ue6, 108,

110, 113).

Rooted species, such as water milfoil (Myriophyllum) and
pondweed (Potamogeton), severely impede the flow of water

and trap large amounts of sediment. Devices have been
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designed to physically uprocot and destroy these plants
(107), but both types of plants have economic value ift
controlled; pondweed as the major cQuck food plant in tne U.

S (114), and milfoil as a feed supplement (115, 116).

Development of specialized cutting machines has
progressed to the point where relatively efficient cutrting
can be accomplished, but the major expense comes 1n
collecting the cut debris and removing it from the water.
Various devices for reduction of weight and volume ot the
crop have been designed, such as screw presses (117, 114,
110) , high pressure crusher-rollers (111, 117), brusn
chippers and crushers (106), as well as assorted etficiency

improving pretreatments (108, 117, 110, 111).

From a health related standpoint, especially with
reference to food production, Abou-El-Fadl et al (119)
observed no infectious stages ot helminths (schistosomes) in
harvested water hyacinth (this is a severe problem in
temperate, tropical, and subtropical countries), but noted

that the crop must be composted kefore use as an organic

manure.
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Various estimates ot nutrient removal efficiency nave
been made, but there is widespread disagreement. Lee (120)
is of the opinion that harvesting, in general, does not make
significant inroads in the nutrient lLalance of the lake,
although it does remove certain amcunts ot nitrogen and
phosphorus. Rogers (121), however, points out that 1
hectare of water hyacinth could aksorb in 6 months the
annual nitrogen and phosphorus wastes of about 550 people.
Livermore and Wunderlich (106), cite work (106, 122) that
indicates that the harvest of six species of plants in Lake
Mendota, and milfoil harvest in Caddo Lake, could yield up
to 202 kg/hectare/year (180 lk/acre/yr) ot nitrogen and 31.8
kg/hectare/year (28 lbs/acre/yr) of phosphorus, which would
represent substantial nutrient removal in many lakes. Yount
and Grossman (107) indicate that primary production is
reduced by harvesting, but only if the intact plants are
removed from the area but, "if tco much vegetation is
removed, the availability of these pollutants to other
organisms (such as algae) is increased....the problem is

resolved by managing a population on a sustained yield

basis." See also (123).

Steward (124) indicates that emergent macrophytes are

substantially more productive (in terms of dry weight) than
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submerged rooted species, and cites the work ot tne urangye
County Pollution Contrcl Department, Orlando, Fioriada, wiere
the nutrient balance of a small eutrophic lake has beecu
successfully restored hy growing water hyacinths in a tenced
area in the center of the lake. Atter one year the lake was

clear and supporting fish.

In studies of two full scale treatment plants uscd ia
processing citrus pulp waste (113), the perforrance Ot water
hyacinth in the removal of nutrients in aeratecd lagoons ana
oxidation ponds has been evaluated. It was determinea tnat
a minimum of 5 days retention time was requirec to attaln
substantial nutrient removal, and the hyacintis were inost
efticient at D.O. concentrations helow 0.5 mg/l, ana turtner
that the microhbiota attached to the roots of the nydcintu
were responsible for substantial reduction ot EOD (70
percent) and COD {47 percent). A considerakle amount ot
nutrients (contained in the presswater) were releasea during
squeezing in a drying process, i.€e., .4 hectare (1 acre) ot
hyacinths at 33é metric ton/hectare (150 ton/acre), woula

3 (34,000 gal) of pressea liquor containing o3

yield 128.7 m
mg/1l PO4-P and 335 mg/1 total N). Analysis showea an animal
feed value of the processed hyacinth ccmparakle to aitalta

hay.
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Steward (124) further calculates that water hyacintnh has
rhe highest nutrient reduction potential of eight species
compared. Taylor, Bates, and Rokkins (125) assayeu the
protein content of water hyacinth finding that, "altnough
the gquantity of the protein extracted was low, it appeared
to be of good nutritional quality as evidenced by tne
proportions of essential amino acids." The crude protein
concentrate (33.6% recovery by alkali) ranged from a4 summer
low of 4.7 percent (dry weight) tc 5.8 percent in winter.to

9.2 percent in the spring.

There has been considerable work done in Germany over

the past 10 years with the bulrush, Scirpus_lacustris L., as

a biological filter for use in pond reclamation and sewaye
treatment (126 - 128). This rush, which has worlawide
natural distribution, can grow in an astonishing variety ot
situations, including saline water and highly contaminatea
freshwater. Scirpus has been shown to have the ability to
penetrate and kreak chemically precirpitated hardpans in
holding ponds, allowing percolation to the ground water.
Before the introduction ot the rush, the water stagnated.
Scirpus, by virtue of a root exudate termed a "phytonaice",
is able to lyse (kill) ccmmon sewage bacteria (F. coisi,

Salmonellae, etc.) completely, rectify the pH of the
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entering sewage effluent to 7 + 0.5, and is capable ot
removing large amounts ot organic and inorganic nutrients,
storirq these nutrients in its “phyllosphere" or leaf blaae
which 1s harvested periodically and utilized in a number ot
ways, e.4g. fuel, cattle feed roughaae, paperboard tiover. in
pilot plant operations, flow-througn channels of scirpus
have shown the ability to reduce RCLC by 96 percent, vrten to
less than 5 mq/l, phosphate by 50+ percer.t, and amsmonia by
more than 99 vercent (22 mg/l to 0.1 mas/l). The process
improves the activated sludge process, is capable ot gV
percent reduction of total nitrogen, and its metabolisum 1s
reduced by only 40 percent under ice cover. The aesigns are
suitable for small cities in the 20,000 to 40,000 population
range. There are an increasing number of installations in
European countries, treating both domestic and industriail
effluents. Steward (124) reports that an industrial
installation in Germany treats 5 rillion cubic meters ot
eftluent per day by passage through 20 kasins, 400 meters

long by 50 meters wide, planted with Scirpus.

The other area of possikle interest in nutrient removal
is that of vegetation consumers, such as fish and shellfish.
Some research seems promising. Greer and Ziebell (1.2yv)

tested various fish and shelltish, and found the oriental
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clam, Corbicula fluminea was most effective; at
concentrations ot 5.0, 10.0, and 15.0 mg/1 POy, this system
can remove the PO4 ion to below 0.30 mg/1 in 16 days or
less, yielding a clear effluent. This process occurs pdartly
by sedimentation of psuedo-feces (mucous bound undiyested
pellets of algae) which are not resuspended. X-rdy
diffraction of sediments showed that PCy had been
precipitated in the form of hydroxyl-apatite. They

that where algal blooms could ke controlled, removal ot
nutrients via sport fishery could ke feasible (algal blooms

generally result in massive fish kills).

Corey et al (129) estimated trat fish harvest, on a
sustained yield basis, would result in catches of 337 kg per
hectare (300 lb/acre) of water surface annually (sport
fishing about 1/3 of the total), which would represent
removal of about 7.8 kg of nitroger and 0.67 kg of

phosphorus per hectare (7 1k N/acre and 0.6 lb P/acre).

There has heen recent work in this country concerning

the use of Ctenopharygodon idella Vval., the white amur or

grass carp, in controlling aquatic plants. Claims nave been

made that experiments in Arkansas have proven the wnite amur
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to be one of the best control agents for aquatic vegetation

(130).

The state of Arkansas has released the white amur into a
number of waterways including some which will proviae the
fish access to the Mississippi River Basin tributaries. The
neighboring states of Texas and Missouri, however, have

banned the importation of the grass carp.

Results from studies in Europe and Asia on the use of
this fish for weed control rurposes are less encouraging
than those from the Arkansas studies. Opuszynski (131)
reported that grass carp fry eat only animal food such as
zooplankton and Chironomidae larvae until they reacn a
weiqght of 1.8 g and a length of 36-43 mm, and that the use
of macrophytes in their diets increases with increases in
size., It was also reported that aniral protein apparently
is a necessary addition to the diet for normal growtn ana
development of these fish (131). When given a choice the
grass carp seemed to prefer macrophytes to algae. Accoraing
to the Sport Fishing Institute Bulletin (132) a recent
release from the Missouri Department of Conservation

provides preliminary evidence that the white amur prererred
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amphipods over weeds when given a choice, and ate weeds only

in the tank deprived of amphipods.

In summary, it appears that although the technical
methods for nutrient removal via harvesting are becoming
increasingly diverse and sophisticated, none is economically
feasible on self-supporting basis, although the costs appear
to be within reason for some situations. Increased research
indicates that markets will develop for products created.by
these harvesting procedures. There is substantial agreement
among authors that complete eradication of any species of
plant is undesirable, and management, especially by

biological means, is the ultimate goal.

Algae

Hasler and Jones (133) rerorted that dense growths ot
aquatic macrophytes were inhikitory to the growth of
phytoplankton, both by direct cémpetition for nutrients and
by shading. On the other hand, Mulligan (114) reported that

the technique (used primarily by fish culturists) of massive
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fertilization stimulates klcoms cf greer algde, whicu shauc
submerqged macrophytes and prevent their develojment.
Neither technique really solves anything, excrnanaing one

problem for another.

Porter (134) reported on the efrfect of qrazing vy
Daphnia and related zooplankton on natural phytoplankton
populations in a mesotrophic kettle lake experimentdi in
situ set up. Selective reduction and significant
suppression of numbers ot phytogplankton are accomplisnca vy

Daphnia.

Mattox, Stewart, and Floyd (135) reported the presence
of virus particles in four genera of Ulotrichalean (Jreen)
algae (viruses were previously urnknown in eukdryotic alyae).
These findings greatly increase the chances of developiny
viral control procedures 1or green algae. Satferman ana
Morris (136) reported the first isolation of Llue-green
algal virus, which was found to he highly speciric tor
several closely related hlue-green alqde, Lyngbya,
Plectonema, and Phormidium, all of which are now classitied

by Drouet as Schizothrix calcicola.
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A significant amount of work has lkeen done to aevelop
the virus as a control measure (137, 138) in order to take
advantage of the observed natural phenomenon of acrupt
massive die-ofts of blue-green algal blooms caused by

viruses.

Broad-spectrum control ot klue-green algae is also

exhibited by a bacterium, Myxobacter sp., as reported by

Shilo (138). Bacteria and funqi apparently hold some
promise as control agents, but muchk work, as with viruses,

remains to be done.

Macrophytes

Cappelman (139) has developed a culture technique for
detached water hyacinth leaves that has allowed
demonstration of the pathogenicity of Alternaria sSp., an
aquatic funqus, to the hyacinth. The system holds
considerable promise for the demonstration of pathogenicity
of other organisms to the hyacinth, including viruses and
insects. Sculthorpe (140) reports African work on the

Fucalyptus trees nearkty reduces the qrowth of the sedyges.
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Also, work has been aone in Italy on the control or tne

showing promise as a control agent, has been introduced to
numerocus waterways in Florida by the Army Corps or mnjineers
(141) after extensive research in South America. Coulson
(142) reporting on the original research and future plans
for arthropvod control agents, kelieves that signiticanc
control of the hyacinth will result with widespreaa

distribution. One species cf mite, Crthogalumna terebrdantis

Wallwork, apparently introduced with the hyacinth, aiso
shows considerable control activity. Wwork is being

conducted in Uruquay on the cramkine moth Acigona intusella

(walkor), whose larvae are stem torers and althougn they may
feed on sugar cane and rice, are only able to complete tneir
development on water hyacinth (Eichornia) or Pontederia (a

closely related genus).
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The nymph of an acridid grasshopper, COrnors dagudticu

13

Bruner, has alsc shown consideralle akility to detoliate

water hyacinth.

The developmental work on these arthropods 1is uveliay aone
at the ARS Lakoratory in Albtany, California, and woriu-wide
under PL480 funds. Thrips, previously introduced, nave not

successfully controlled the hyacintkh.

During the period 1962 to 19€7 work was concentrataa on

alligator weed, Alternanthera philcxeroides. 1Its

introduction into prol:lem areas has resulteld in somewndt

successful control (114, 1642, 143).

Baloch, Khan, and Ghani (144) rerorted on the isovlation
and study of four insects which feed on water milzroil
(Myriophyllum spr.) in Pakistan, and their vossible use as
control agents. Frequent fluctuations in water levelis
prevent the builduvp of large enough populations or tuese
curculinoids to significantly affect the milfoil, oput it
such fluctuations were prevented, the introduction or tuese

insects, which damage both seea-learing ca%jacity anud
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control.

Attempts have been made (114, 140, 145) to take
advantage of the accidental introduction of the snail,

Marisa cornuarietis L., for the biological control ot

aquatic weeds. Although they are voracious consumers ot
agquatic weeds, they tend to disperse rather than wuild up
dense populations, and have not keen numerous enough to
significantly affect the standing crop. Cne approacn
suggested is to confine them to small lakes, rather tnan the

canals through which they have spread.

Potamogeton sp. is the primary food plant of numerous

wild fowl, such as ducks, kut these kiras apparently 10 not

have significant impact on aquatic weed populatious.

Only one mammal, the manatee, Trichechus manatus
latirostris, has been experimentally considered for control
purposes (140, 1u46), but despite the fact that it ccnsumes
tremendous quantities of aguatic weeds, it is a rare animal,
difficult to locate, catch, and transport, has not bred in
captivity or in freshwater, and simply does not e<ist in

large enough numbers to have a significant impact in terms
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ot overall programs. In individual exp.eriments, alithough
expensive to conduct, the manatee has proven to be a very

efficient weed control agent.

Chemical _Control of Nuisance _Crganisrs

Algae

Fitzagerald (147) has compiled an excellent review oOr
algiciaes, especially as they apply to lake management.
Althouah the most desired method of alleviating
sutrophication is to restrict nutrient input, many
situations have deteriorated to the pcint where direct
measures must bhe taken to ccntrol algyal growth, and one or

these is the use of algicidal chemicals.

Copper sultfate is rrocakly the most widely usea cnemical
against taste and odor causing algae, floating blue-green
algae and filter clogging algae. Over 11,000 metric tons ot
copper sulfate are used for this purpose per year (147) at
concentrations ranging trom less than 0.5 mg/l to more tunan
10 mgs1l, according to the density ot algae and relative

water guality. Application methods vary from spraying trom
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a boat, or dragging a sack c¢f crystals behind a skitt, to

aerial systems including helicopters.

Test tube experiments with potassium permanganate have
shown it to be more toxic to certain algal species tnan
copper sulfate (148). Because potassium permanganate nut
only kills algae, but also eliminates tastes and odors anu
removes iron and manganese sulfates, it may find usage in
the treatment ot raw water reservoirs (148). Altnougn
organic mercurial algicides are potent and very erfective,
they are more hazardous in the long term tc higher orjanisms
in the food chain, includinag man, and must be used with
extreme care. Other algicides of some use are the resin
amines, triazine derivatives (such as simazine), 4 mixture
of copper sulfate and silver nitrate, and ammorium
compounds. Since the resin amines and copper are toxic to
fish, they must be used with caution. Simazine, whicn has a
relatively low mammalian toxicity (114), controls planktonic
and filamentous algae thrcugh inhilbition of the Hill
reaction. Although it does not appear toxic to zooplankton
and fish at recommended levels, it 1is taken up and
concentrated in fish tissues. Mulligan (114) reports tndat a
30:5 weight ratio of copper sulfate and silver nitrate nas

been effective in Czechoslovakia. .
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Macrophytes

Timmons (149) and Mulligan (114) have reviewed the means
of chemical control thoroughly. The following herbicides
are the most widely utilized presently: 2, 4-D and other
phenoxy compounds, dalapon (2, 2 dichlcroproprionic acia),
digquat (6, 7-dihydrodipyrido (1, 2-a:2;1'-c) pyrozinedium
salts), paragquat (1, 1'*-dimethyl-4, 4'- bipyridinium salts),
acrolein, xylene, dichlobkenil (2, 6-dichlorobenzonitrile),

and diuron (3-(3,4-dichlorophenyl)-1, 1-dimethylureaq).

Diquat, paraquat, and dalapon are the most widely used
throughout Europe; but diuron is used almost exclusively tor
control of aquatic and bank weeds in the Netherlands,
3-amino-s-triazole (amitrole) and 3-amino—s-triazole +
ammonium thiocyanate (amitrole-T) are the most widely used
herbicides for aquatic and bank weeds in Australia. Tnese
latter compounds are restricted or banned in the U. s.

(149). Diquat, paraquat and dalapon are safe for tish;

dalapon and diuron are safe for hurans and livestock.

Mulligan (174) indicates that esters of 2, U4-D are much
more effective in killing aquatic plants than amides of

2, 4-D, although there is much controversy over 2, 4-D
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residues accumulating in food organisms such as snellfisn.
2, 4-D is reported to be photo-oxidizaktle and can pe broken
down by soil microorganisms in 4-6 weeks to humic acids.

The butoxyethanol ester of 2, 4-D was used to control

Myriophyllum in the TVA Lakes in 1967 and Trapa natdus
(water chestnut) in the Hudson and Mohawk Rivers.
Application of 2, 4-D usually results in temporary increases

in heterotrophic populations in the waters (114).

Silvex is a non-selective, slow acting herbicide whicn
remains in the water up to 5 weeks. Different tormulations
have differinqg toxicities to food chain organisms, tne least

toxic of which is the potassium salt (114)

Fenac (2, 3, 6-trichlcrophenylacetic acid) is a
persistent non-selective agent, reportedly cf low rood cnain

toxicity (114).

Endothal (3, 6 Endoxohexahydrcpthalic acid) is used to
control submergent plants, sometimes in combination with
silvex. There is substantial concern over its unknown mode

ot action and unpredictable toxicity to tish and other tood

chain organisms.
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Diquat-bromide (1, 1-ethylene-2, 3-dipyridylium
dibromide) kills submerged plants cn contact, has relatively
low toxicity, and can ke removed from the water by

adsorption onto clay particles and subsequent s2diinentation.

In summary, the followina okservations should ove maue:
inadequate information exists concerning alqgicide anu
herbicide residues, breakdown rates, and lona-terin etiects
on other organisms; when plants are killed chemicaily, .
oxygen levels quickly decline, often to levels toxic to
other organisms; plant-bound nutrients are released 1nto the
water; chemical agents offer only temporary, symgtom
suppressing relief; treatments must be repeated trequently,
often semiannually or more; chemical kills of macropaytes
are frequently followed Lty massive algal blooms; and some
herbicides, such as endothal and silvex, may damage crops if

the water is subsequently used for irrigation.

CONTROL AND REMOVAL OF HAZARDOUS MATERIALS

Contamination of lakes with various hazardous substances
is an everpresent threat. Industrial accidents, spills

occurring during transport, intentional dumping or plain
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carelessness may result in the release of a variety ot toxic
or noxious substances to the environment, with subseguent

transport to lakes and reservoirs.

The initial effort in combating the problems ot lake
contamination with hazardous substances must be the
establishment of sound preventive measures througn the
cooperative efforts of the public, industry and government.
Prevention, in order to be effective, must be a requirement
of law, with appropriate controls and guidance imposed by
the various levels of government. Secondly, industry must
meet its moral and legal cormitments to society ana tne
environment by implementing appropriate precautionary
measures including proper inhouse plant design, adeguate
safequard mechanisms and procedures, and conscientious

management policies and operational fgractices.

Precautionary_ Measures

Even with the best preventive methods in effect,
accidental and deliberate contamination of lakes with
hazardous substances will occur. A line of defense geared

for an immediate response to spilled substances is essential
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it major catastrophies are to be averted. The essential
comoonents of the response mechanism include capabilities
for the containment or confinement of the spilled suustances
and removal or inplace treatment (inactivation) while the

material is concentrated in 4 localized area.

Containment of spilled materials will not always be
possible, even though an efficient spill response system 1s
in operation. A percentage of the spills will not be
detected or rerorted until after the spilled materiai has
dispersed throughout the lake. Also, continuous or
intermittent discharges of toxic cr other hazardous
materials over a period of time may cause lake-wide
contamination which precludes the use of containment

devices.

Decontamination

In lakes where widespread contamination has occurred and
ecological damage has resulted, restoration programs wili
have to be initiated once the socurce of contamination nas
been curtailed. If ecological damage has been severe and

the contaminating material is present in the lake in
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sufficient quantitiecs to impede the natural recolonizatiou
of disturbed ecosystems or to hinder artificial ypropagativn
efforts, a proceaure tor treating or removing the

contaminant must be implerented.

Few in situ techniques for remcving or treatin:
hazardous materials in lakes have yroved eftective. Jiace
many toxic substances such as heavy metals and y=sticiacs
are readily sorbed onto particulate matter, incorj,cration ot
the material into the sediments and tiota cccurs very
rapidly. Consequently, such schemes as flushing, Jdiiution
and filtering of laxe water do not necessarily resove tno
contaminant from the system, as the materials are stiui
available for recycling from the sediment and rLiolougiCas

reservoirs.

Lambou (150) summariz2d existing experiences and
approaches which have been considered for dealina witn
mercury contamination in aquatic systems. Since mercury is
one of the most hazardous of the heavy metals in tue
environment, due to its tendency to be kiologically
methylated, procedures which are eftective in restoring

mercury contaminated lakes may possikly ke appliea to lakes
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contaminated by other toxic substances. The following is

taken from Lambou [150] :

"The continuing sugpply of mercury from
bottom sediments to the water and the slow
rates of excretion of mercury ky fish give
little hope for quick improvement in levels of
mercury residue in fish. The Swedish
experience confirms this. In Sweden mercury
in pike in most lakes has dropped little if at
all since mercury bans became eftective in
early 1966. These lakes where the fish
residues have not drorped tend to be
biologically poor and acid. Only about three
lakes apparently have had mercury levels in
pike drop to a demonstrable extent. Rivers
have a better chance due to ccntinual flushing
action.

"Jernelov (1969) [151] calculated that it
would take from 10 to 100 years for the
methylation process to remove the mercury from
the bottom of lakes. These calculations were
based on the yield over a period lasting from
1 week to 2 months of mono and dimethylmercury
from bottom sediments taken trcm contaminated
lakes and rivers and kert under natural
conditions. In Minamata Bay, Japan, once the
cause of the pollution was determined and
eliminated, mercury levels in shellfish
dropped from 35 ppm to 10 ppm over a two year
period and remained constant for at least a
five year period (Trukayama, 1966) [152].
Rivers should have a ketter chance of being
decontaminated because of the flushing action
of currents moving sediments downstream.
Mercury levels ot salmon placed in cages below
former sources of mercury in some Swedish
rivers showed considerable improvement within
€ yfars (Study Group on Mercury Hazards, 1970)
153].

"Swedish workers have considered the
following approaches to the decontamination of
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mercury contaminated waterways: (1) introduce
oxyqgen-consuming materials to create
continuous anaerobic conditions in the
sediments, thereby reducing methylation, (2)
increase the pll of the sediments to favor
dimethylation and increas2d volatilization,
(3) cover the sediments with fresh finely
divided materials witnh high adsorptive
affinity (e.qg., quartz and silicates), (4)
cover the sediments with inorganic inert
materials ot any type, i.e., bury them, and
(5) remove mercury-bearing sediments by
dredginag or pumping (Study Groug on Mercury
lazards, 1970) [153]. The first +wo
approaches appear to ke impractical, hLowever
Sweden is evaluating the other apgproaches
(Study Group on Mercury Hazards, 1970) [153].

"Ixperiments have been conducted in
Swelen to evaluate covering sediments Ly
layers ot inorganic sediment of varying
thicknesses (0-20 cm), with and without
Tukificidae (oliaochaete worms) and Anodonta
(2 bivalve) (Study Group on Mercury lazards,
1970) [153] . These studies have revealed that:
(1) in the absence of Tulificidae,
methylmercury accumulated in fish only when
the sediments were uncovered, (2) in the
presence of large populations of these worms,
fish accumulated methylmercury when the

covering layer was less than 2 cm, and (3) 1in

sediments, leakage of methylmercury occurrei
it the covering layer was less than 9 cm.

"swedish workers have concucted tests to
evaluate the eftectiveness of grcund silicate,
on the uptake of mercury by fish from
sediments contaminated with mretallic mercury,
ionic mercury, and phenylmercury (Study Group
on Mercury Hazards, 1970) [153]. These tests
have revealed that there was no reduction in
uptake when the pollutant was phenylmercury;
however, a decrease in uptake ky a factor of
two occurred when inoraganic mercury was the

pollutant.
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"The removal of mercury contaminated
sediments by dredging appears to have some
serious shortcomings. For one thing, the cost
to dredge any extensive area may be excessive.
The dredginqg of a Finnish port increased the
soluble mercury concentration in the water
from a level of 0.5 to approximately 10 ug/1
{Stephan, 1971) [154] . This increase took
*some weeks! to reach a peak; however, it
returned to background in a !'few more weeks'
(Stephan, 1971) f154]l . swedish workers were
of the opinion that by dredging there was a
considerable risk of increasing the rate ot
methylation of mercury in the sediments
(Stephan, 1971) [154]. Measurements taken on
sludges dredged from mercury sludge banks in
Sweden indicated that while some 95 percent of
the suspended solids can fke retained in the
sludge, only 50-60 percent of the mercury will
remain in the sludge, the remaining 40-45
percent being discharged with the supernatant
(Stephan, 1971 [154].»

Additional information on the effects of sand and gravel
overlays on the release rates of mercury from mercury

enriched sediments is summarized frcm Bonger and Kndattak

[155] as follows:

It was found in lalkoratocry studies that overburaen
layers of sand or gravel 6 cm thick prevented the release ot
mercury from the underlying enriched sediments. Layers less
than 6.0 cm thick were less effective in preventing mercury
loss from the sediments. Little differences were owuserved
in the rate of release from organic or inorganic seaiments.

It was noted that Tubificidae worms when present in the
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sediments in large numbers apparently were responsible for
the vertical transfer of mercury. This suggests that
additional coverage of mercury enriched sediments may be

required in areas where sludgeworm activity is hign.

Although field tests were not conducted the approximate
cost of applying this abatement procedure in a
representative field situation were calculated. The area
selected for economic analysis was the Trenton Channel of
the Detroit River near Wyandotte. Cost estimates tor
treating .8, 10.1 and 20.2 hectares of mercury contaminated
sediment with 7.6 cm of sand overlay are listed in Taoles 8
and 9. This cost evaluation is preliminary, and such site-
dependent tactors as local transportation, sediment
characteristics, topography of the area, water currents and
depth, weather conditions and the availability of labor,

materials and hardware would affect the actual costse.
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Table 8

Lstimated fixed/variable costs of distributing sand in an
area south of Wyandotte. 1/

Fixed Costs ($):

Spreading Lquipment System 20,000,.00
(i.e. swivel piler, conveyor,
clan shell, fixtures, hopper, etc.)

Variable Costs:

Sand, dockside, per cubic meter 2.94
Tug boat and crew, per 32-hour day 1,900.00
Deck scow, 612 to 765 m> (500 - 1000 yd)

capacity per day 100.00
Equipment barge, per day 30.00
Labor, per day (2) 80.00
Equipment maintenance, per day 10.00

1/ Source: Donger and Khattak (155)
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Takle 9

Estimate of the cost involved in the aprlication or 7.0 cm
of sand to .8, 10.1 and 20.2 hectares of sediment
contaminated with mercury 1/.

Hectares 0.8 10.1 202
(Acres) (2) (25) (50)
Fixed Costs (%) 20,000 20,000 20,000
Variable Cost ($):
Sand 1,670 20,800 41,000
Tug Rental 1,900 24,700 47,500V
Scow Rental 100 1,300 £,495V00
Barge 30 390 750
Labor 80 1,040 2,000
Maintenance 10 130 250
S/Total 3,790 46,360 94,000
N%mber of Days 1 13 25
m- of Sand 566 7,037 14,145
(Yards of Sand) (740) (9,250) {16 ,500)

1/ From: Bonger and Khattak (155)

Suqqgs, Petersen and Middlekrook (156) conductea
laboratory investigations ot the effectiveness of several
agents in removing mercury from the water column dnu tne
.underlyinq sediments. It was found that toth elemental
sulfur and thio-organic compounds dispersed in recoverable
materials were capable of removing mercury. However,
elemental sulfur coated on a cotton meshwork was found to be
most effective, particularly in anaerobic sediments. It was

also found that the rate of removal of metallic mercury with
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elerental sulfur was proportional to the surface area of the

"mercury actter".

Other mercury cetters investicated were rolyvinyl
alcohol el systems, paraffin, sulfur dispersed in paraffin,
sulfur taklets, cotton and parer, plastics, paraffin-
thiourea, polyvinyl alcohol-cystene and iron oxides. Of
these only the polyvinvl alcohol ael svsters contairina
sulfur or phenvl thiourea were found to Le effective in
rerovina mercury from contarminated vater and sediments, but
were not considered applicable where sediment contanination
levels were below 25 to 59 ma/l. Cost for actual
application to fielcd situations were not previded, but a

research-cemonstration test plar has heenrn prorosed.

Vthen a spill of hazardous sul'stances occurs, the
contingency plan of the approrriate agencies must Le
irplemented irmediately, frecuertly under adverse
conditions. Such arn event occurred in Pond Licl Peservoir,
Ohio, in 1971. The following surmary of that ewperience is
condensed from reports prepared by Ryckman, Fdgerly,
Tomlinson and Associates, Inc. (157) and by Nye (158) of the

Ohio Department of Natural Resources.
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The Pond Lick Lake Incident - A Case Study

On June 2, 1971, Pond Lick Keservoir (known locally as
Shawnee Lake) near Portsmouth, Chio was maliciously poisoned
with about 4.54 liters of an endrin solution mixed with
strychnine treated corn. Pond Lick Lake is apout 30U meters
long and approximately 75 meters wide at its widest point,
with maximum and average depths ot 12 and 4.5 meters,
respectively., Fortunately at the time of the poisoning, the
lake was thermally stratified, thus restricting the toxic

substances primarily to the epilimnion.

The effects of the poison were immediately apparent.
The entire fish population was destroyed, and the only
aquatic vertelkrates surviving were tadpoles which were

apparently unaffected by the pesticide.

Pond Lick Lake discharges to the Ohio River via Pona
Lick Creek and Turkey Creek. The total distance separating
the lake from the Ohio River is less than 16 kilometers.
Cincinnati, on the Ohio River about 160 kilometers below the

confluence point, was vitally concerned about its water

supply.
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As a means of containing the pesticide withiin tue lake,
the spillway was sandbagged ana an earthen dam was bullt
upstream on the inflowing Pond Lick Creek. The creek was
then diverted around the lake via a 25.4 cm aluminum pipe
and two 13,620 liters per minute pumgps. Pags of activatea
carbon were added to the spillway to remove the pesticide

seeping through, and the seepage was pumped back into tne

lake.

At the time the spill was discovered endrin
concentrations of 9 mg/l were present in tne epilimnion
waters with lower concentrations kelow the thermocline.

Strychnine was not detectakle in the lake.

Since endrin is extremely toxic, even in concentrations
as low as 0.2 mgs/1l, is highly stakle and can he concentrateu
biologically by factors of 10,000, it was imperative that
essentially all the endrin ke removed as rapidly as
possible. A heavy rain wculd overload the by-pass system

releasing the contaminated lake water to the receiviug

stream.
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Suggestions considered for resolving the problem were as

follows:

1. Dilution
2. Spray irrigation

3. Adsorption - fkentonite, fly ash

4. Biological removal
d. Sewage
b. Fish

5. Chemical treatment

. Cracking

b. Oxidation with czone
6. Adsorption and filtration through activated carbon.
7. Physical removal ky use of tank trucks.

8. Filter through alfalfa hay.

Most of the suggestions were discarded as impractical or

ineffective,

An initial attempt was made to reduce the concentration
of endrin by tkroadcasting approximately 3,178 kg of 40 mesn
activated granular charcoal over the lake. This proved to

be ineffective as there was insufticient contact time before

the charcoal set;led out.
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A pilot plant was next constructed of a 45.7 cm uiameter
pipe, 2.4 meters high and filled with activated cnarcoal.
Water from the lake was run into the bottom and out the top
of the cylinder. This system proved to ke very etrective as
the endrin concentration of lake water which passea through

the column was reduced to near zero.

A large treatment plant was then designed bhased upon tne
success of the pilot plant. A channel filter was
constructed consisting of a 122x244x549 cm wooden box
containing qravel and a 1.8-meter deep charcoal bed. Water
was pumped through the kottcm. The filter was effective but
slow, with a flowthrough rate ot akout 304 liters per
minute. It was discovered that underground springs were
feeding the lake faster than it could ke filtered, so an
additional charcoal filter was constructed in the spililway
outlet, with the filtered water diverted into a stilling
flume and retained until analysis indicated that endrin

concentrations were below 0.1 mg/l.

Analysis of the lake sediments indicated that enarin was
being adsorked Ly sedimented organics. Since the laxe level
was not beinqg decreased as rapidly as desired, another

filtering device, constructed to hold 166 bales ot hay, was
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designed based upon another pilot plant study. This system
could handle approximately 5.7 m3 per minute with no
evidence of endrin detectable in the discharge. Wwhen the
lake was eventually drained, endrin concentrations in the
sediments along the bank were approximately 100 mg/ky.

Concentrations in the lake tottom sediments were much lower.

The bottom and sides of the lake were cleaned and
scraped, and the spoils disposed ot in a prepared dared
outside the watershed. Agproximately 4,940 cubic meters of
sediment were distributed over a .8 hectare spoil darea to a
depth of 45.7 cm and mixed with clay. Three months atter
the poisoning event, the lake was fertilized, the panks
reseeded, the lake refilled and tish restocked. Total

estimated costs were $100,000.

The Pond Lick Lake incident serves to demonstrate tnat
in the event of a hazardous sukstance spill, no matter now
hopeless the case appears to ke, a possibkle soluticn may
exist. In the Pond Lick Lake case the cooperative ertort ot
Federal, State and county governrents and various local

agencies, private consultants and industries rroviuea a

solution to the problem.
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The control of hazardous substances in the aquatic
environment has been the target of efforts by industry,
universities and governments. The various aspects ot tne
problems are discussed in the Proceedings of the 1972
National Conference on Control of Hazardous Materials Spills

(159).

POSSIBLE LAKE PROTECTION MANAGEMENT CONSIDERATIONS

Several state and local governments have established
statutes dealing with various aspects of lake management and
rehabilitation as a means of protecting inland lake
environments. Kusler (160) has summarized the state and
local statutes which estaklish preventive or remedial
programs, lists applicable statutes and sets out examples of
representative statutes. Kusler (160) points out that
explicit statutes authorizing specific state or local
programs for lake protection, management and rehabilitation
are rare, and that protection and ranagement estimates are
often badly fragmented among several state agencies ana

local units of government. This fragmentation of efforts

coupled with high costs and lack of technical expertise have
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discouraged comprehensive lake protection, management and

rehabilitation efforts (160).

Problems relating to lake shore development regulations,
shoreland management including economic impacts ot
artificial lake development and legal problems of property
owners associations are addressed in Various Inland Lake
Renewal and Shoreland Management Demonstration Project

Reports (161 - 165).
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APPENDIX

Section VI

LAK: PROBLFMS

SOURCES OF WATER QUALITY PKROBLEMS IN LAKES

Water quality problems have resulted as increasea
amounts of wastes have heen introduced to aquatic receiving
systems. Molecules of diverse chemical structures have peen
synthesized resulting in compounds which are refractory to
degradation. The ability of microorgarisms to metabolize
pollutants to carbon dioxide and water and thus to remove
them from the aquatic environment is the primary biological
method for "self purification" of waters. As organisms
advance evolutionally, the inherent ability to assimilate
and degrade new and diverse products is rapidly diminished.
Evidence of this is seen in the alarming levels ot certain
chlorinated hydrocarbons. Although contaminants may

originate from a variety of sources, they can usually be
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broadly classifiedi as industrial, municipal or aqgricuitural

wastes.

Industrial kastes

Industrial wastes often create urique probh.lems in tne
aquatic envirorment. They are frequently in the rorm or
liquid containing substances which are aifticult it not
impossilile to remove frcm drinking water. The magnitude ot
the problem is brought to light Ly the fact that thnere are
approximately 240,000 water using estalklishments in tae

United States which consume 75,700 m3

(20,090,000 gallons)
or more water (1). Industrial waste water efrluent has
three to four times more oxygen-deranding wastes than tue
total sewered population in America (2). As inllustrics
expand and diversify the attendant prollems ot inaustrial
effluents increase at a prorortional rate. Atmospheric

rain-out resulting from industrial stack and automobiie

emissions also contribkiute to the contamination ot wat¢rways.

No detailed inventcry of industrial wastes is avaiiauvle:
however, as seen in Table I, the amount of wa%ter usea dana

waste generated is enormous. Water and airborne wastes
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contain orqganic and inorganic solids, suspended material,

toxic substances, and biological orcwth stimulants.

The magnitude of industrial waste loading can be
illustrated by using therral pollution as an example of tne
total problem. The electric power industry, the single
largest producer of waste heat, and a contrilbutor of other
pollutants, is increasing at a rate of 7.2 per cent
annually, almost doubling every ten years (4). As seen in
Table II, this trend is expected to continue. Otner
industries also require water fcr cooling purposes (Tavle
III). The metal, chemical, petroleum and coal, paper, tood,
and various manufacturing industries are among those

requiring larqge quantities of cooling water.

It has been estimated that by 1980 electric power
cooling operations alone will require the equivalent of one-
fifth the total fresh water runoff to the United States (4).
However, the thermal loading associated with power
generation is only one example of water quality degradation

caused by industry. Other industries have effluents wnicn

can be more difficult to deal with.



Food and kindred products
Meat Products
Dairy Products
Canned & frozen food
Suqgar refining
All other
Textile mill products
Paper & allied products
Chemical & allied products
Petroleum & coal
Rubber & plastics
Primary metals
Blast furnaces &
Steel mills
All other
Machinery
Electrical cmachinery
Transportation equipment
- All other manufacturing

All manufacturing

For comparison: Sewered
population of the U.S.

Vaste Waste
Water Water
Volume Volume
(billion (billion

m3) gallons)
2.61 (690)
0.37 (99)
0.22 (58)
0.33 (87)
0.03 (220)
0.83 (220)
0,53 (140)
7.19 (1,900)
7.19 (3,700)
4,92 (1,300)
0.61 (160)
16.28 (4,300)
13,63 (3,600)
2,80 (740)
0.57 (150)
0.34 (91)
0.91 {(240)
1.70 (450)
49,58 (13,100)
20.06 (5,300)3/

TABLDE I

Fstimated Volume of Industrial Wastes

1/ Columns may not add, due to rounding.
2/ 120,000,000 persons times 0,452 m
%7 120,000,000 persons times 0.0757 ka (1/6 pound) times 365 days.
4/ 120,000,000 persons times 0.0808 kg (0.2 pound) times 365 days.

Source: (3)

Before Treatment, 19€4 l/

Process Process
Water Water
Intake Intake BOD
(billion (billion (million
m3) gallons) ka)
0.98 (260) 1952,2
0.20 (52) 290.6
0.05 (13) 18.2
0.20 (51) 544.8
0.42 (110) 685.6
0.16 (43) 304,2
0,42 (110) 404.,1
4,92 (1,300) 2678.6
2.12 (560) 4403.8
0.33 (88) 227.0
0.07 (19) 18,2
3.79 (1,000) 204.3
3.29 (870) 76.6
0.49 (130) 145.3
0.09 (23) 27.2
0.11 (28) 31.8
0.22 {(58) 54.5
0.72 (190) 177.1
14,00 (3,700) 9988,0
- - 3314.2

(120 gallons) times 365 days.

BOD
(million
pounds)

(4,300)
(640)
(400)

(1,200)

(1,400)
(670)
(890)

(5,900)

(9,700)
(500)

(40)
(450)

(160)
(320)
(60)
(70)
(120)
(390)

(22,000)

(7,300) 3/

Suspended
solids
(million
kg)

2996,.4
290.6
104.4

27.2

2270.0

49.9

1362,0
862.6
208,.8

22,7

2137.8

1952,2
195,2
22,7
9.1

422,2

8172

3995

Suspended
Solids

(million
pounds)

(6,600)
(640)
(230)
(600)

(5,000)
(110)

(3,000)

(1,900)
(460)

(50)

(4,700)

(4,300)
(430)
(50)
(20)

(930)
(18,000)

(8,800)4/

LT
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Table II

U.S. Electric Power - Past Use, Future Estimates

In billion
Year Kilowatt-hours
1912 cccmmccccmccc e 12
1960 =m=cmemcmmmec e e 753
1965 ==memccmmmccc e rcccm e 1,060
1970 =emmmc e e ccemcmcmc—— e 1,503
1975 =ecccccccrcccccrnccccmcencn - 2,022
1980 =--cmccccccccc e e e 2,754
1985 —eeemmcmccmcmcm e memc— e —————— 3,639

Source: (5)
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TABIL III

Use of Cooling Water hv U,S. Industry

Cooling
VVater Intale
m3 (billiors) (billions of DPercent
Industry gallons) of ™tal
Electric power 154.0 (40,680) 81,3
Primary metals 12.8 (3,387) 6.8
Cherical andéd allied products 11.8 (3,120) 6.2
Petroleun and coal products 4.6 (1,212) 2.4
Paper and allied products 2.3 (607) 1.2
Food and kindred procducts 1.5 (392) 0.8
Machinery 0.6 (164) o3
Rubber and plastics 0.5 (128) «3
Transportation equirment 0.4 (102) .2
All others 1.0 (273) .5
Total 189.5 (50,065) 100.0

Source: (5)
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Municipal Wastes

Municipal waste treatment accounts for the disposal of a
heterogeneous variety of liquid and solid material wnich
comes from domestic (55%) and industrial (45%) facilities
(4) . Added to this constant waste load is the periodic
storm sewer runoff, which in certain areas of the country
{Northeast, Midwest and Far West) may contain deicing
chemicals and organic and inorganic pollutants. Domestic
waste treatment sewers service approximately two-thirds of
the total population (4). Cf this sewered population,

approximately 60 per cent have adequate treatment facilities

(4).

A major contribution of phosphates and nitrates to lakes
and reservoirs comes from municipal plants (4). In addition
to the inorganic nutrients are various organic compounds,
such as detergents, which can act as a sukstrate for a
variety of microorganisms. The organically and chemically
rich effluents serve as an ideal millieu for the growtn of
the endogenous bacteria in the receiving waters. It is the
growth of these normal inhakitants which lowers tne

dissalved oxygen and is reflected as biochemical oxygen

demand (BOD).
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Agricultural wastes

Agricultural wastes in waters originate basically trom
either fertilizers and pesticides suprplied to growinyg crops
or as wastes from livestock. Fertilizers contain
predominately nitrogen and phosphorus, which when applied to
the land, can wash into the aguatic environment. These two
nutrients stimulate the growth of algae, bacteria and

aquatic weeds leading to a shift in the normal aquatic lite.

Pesticide runoff is another problem associated with, out
not exclusive to, agricultural activities. Productivity
reportedly has increased with the increased use ot
insecticides and the consequent reduction of plant pests.
However, in some areas, the cost ecologically has bpbeen
manifested in either the elimination of or decrease in
numbers and diversity of certain agquatic organisms. As tne
population increases with attendant demands for more food a

continued, if not increased, pesticide use will be reyuired.

Feedlot wastes are a potential contributor to tne
pollution of waters in various areas ot the country. Modern

methods for raising beef cattle, pcultry and swine, aiong
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with dairy farm operations produce concentrated waste
sources of potential water pollution. The animal wastes
produced today are estimated to te the equivalent ot tue
waste produced by 2 billion people (4). This tiqure does
not necessarily mean that a proportional amount ot animal
waste ends up in water, since much does not reach tne
aquatic ecosystem. However, it is a measure of tne

pollution potential.

Miscellaneous Sources

Mine drainage

Acid drainage ccmes from mines where the water and air
mix allowing the growth ot sulfur oxidizing bacterida. As a
consequence of this growth sulfuric acid is produced
resulting in a pH, in extreme cases, of less than one. It
has been estimated that in the Appalachia region, where 75
per cent of coal mine pollution occurs, about 168,000
kilometers of streams are polluted (4). Other mining
operations for phosphate, iron, corpe€r, gold and aluminum

also are responsible for acid mine discharge.
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0il and_Hazardous_Materials

Pollution of the aquatic envircnment due to oil dnua
hazardous materials spills has grown steadily in tne past
years. As seen in Table IV, the number of spills over
15,900 1 (100 barrels) increased dramatically in a period of
one year. The number of spills is expected to increase as
the flow of 0il to refineries increases to meet rising ruel
demands. Disposal of spent motor o0ils and lubricants also
presents a problem. It has been estimated that 1,330,000
kiloliters of used oil per year have to be disposed ot by

gas service stations (4).

TABLE IV - Number of Reported Oil Sgills in U.S. waters
over 15,900 1 (100 Barrels)

1968 1969
Vessels ====-e—ceccccccee——-- 347 532
Shore facilities ---==-=—v—e= 295 331
Unidentified ----—--=v-———- 72 144
Total ==-—-=-——eecee———cee—- 714 1,007

Source: {6)
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Pollution resulting from sewage discharged from
warercratt is primarily of health significance ratner thau
organic or oxygen depleting significance. It has been
suggested that the total potential sewaqge from vessels is
equal to a town of 500,000 people (4). However, sewage
waste disposal from vessels can present a problem in

confined areas such as hroat harktors and marinas.

IMPACT OF CONTAMINANTS ON LAKE ENVIRCNMENTS

Impairment of lakes can result from an isolateda instance
of the introduction of a contaminant, such as occurs auring
an accidental spill, through continuous or intermittent
industrial or municipal point source discharges, or through

surface runoff and contributions from tributary streams and

ground waters.

The nature of contaminants and their effects on lake
environments vary widely. In general, the various
contaminants can be grouped into categories based upon tne
manner in which they affect a lake ecosystem. The major
groups are the organic wastes, inorganic nutrients, silts

and sediments, toxic substances, and heated waters. Other
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contaminants include radicactive wastes, various non-toxic
salts, and many others which produce a wide ranue Or etirects
on lake environments. The impact of each of the major
groups of contaminants is discussed Lkelow under tune
respaective headings of eutrophication, sedimentation,
thermal problems and selected toxic sulstances. kadiodctive
wastes and non-toxic salts are triefly discussed unaer the

heading of miscellaneous groblems.

Eutrophication

Eutrophication may be kroadly definred as nutrient or
organic matter enrichment, or both, that results in nign
biological productivity and a decreased volume within a idke
ecosystem. Eutrophication is, therefore, a process by whnich
a lake gradually evolves from a condition of low
productivity (oligotrophic) to a highly productive coandition
(eutrophic). Organic matter and nutrients are carried into
the lake by runoff and leaching frcm the drainage rasin,
stimulating increased hiolcgical prcductivity of all kinds.
Products of erosion carried to the lake, ani excessive
quantities of organic matter, both plant and animal,

produced within the lake, lead to a aradual filling-in, and
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the lake becomes shallower and smaller. The waters
consequently become generally warmer. Rooted ajuatic plants
take over increasingly more space, their dead remains
accelerating the filling ot the basin. Eventually tne lake
becomes a marsh, upon which terrestrial vegetation
progressively encroaches until the lake ceases to exist,
being replaced by a dry-land environment. The lake tnen,
not only evolves from oligotrophy to eutrophy, but, it tne
aging process is permitted to proceed to completion,

eventually is subkjected to total extinction.

Natural and Accelerated (Cultural) Eutrophication

The gradual enrichment and aging of lakes is a natural
process which takes place under completely natural
conditions, in the absence of man, provided that a
sufficient nutrient supply is availakle from the arainage
basin. For lakes situated within a relatively sterile
drainage area, the aging process may span geologic time.
Other lakes, subject to heavy nutrient loading from
naturally fertile drainage basins apparently were hignly

eutrophic prior to their exposure to civilization.
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The role of man in the eutrophication process may
completely override natural forces. Many lakes have been
observed to become enriched and to age very rapidly trom uie
effects of domestic or industrial waste disposal, or trom
drainage basin disruptions or alterations resulting trom
man's activity. Nutrient flux to lakes can be increased
manyfold by, for example, the input of nutrient-containing
wastes, agricultural fertilizaticn, clearing of forest
lands, and roadruilding and other construction. Mahy lakes
exposed to increased nutrient input are currently exnibiting
symptoms of rapidly increased rates of eutrophication; tnis
condition is reterred to as accelerated or cultural
eutrophication, and it is an ever-qrowing problem in thne

United States and other countries.

Consequences of Eutrophication

The progressive eutrophication of a lake results in
distinct physical, chemical, and kiological changes,
qgenerally in the direction of impairment of the lake's
utility to man. Oligotrophic lakes have the highest quality

water (although perhaps nct the best tishing), and the water
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is well suited to a variety of uses. O0ligotrophic lakes are

good multi-purpose lakes.

Very definite changes in the quantity and quality or cne
biota occur as eutrophy froceeds. Vith the increased
productivity associated with accelerated rates of
eutrophication comes the filling of the basins with decaying
organic materials and sediments resulting in an increaseu
oxygen demand on the overlying waters. The increasea oxyyen
demand may result in total depletion of oxygen in the covuler
bottom waters during the summer, accompanied by an 1ncCrease
in the products of respiration and decomposition, namely
carbon dioxide, methane, and hydrogen sulfide. Tnese
developing anaerobic conditions result in replacement of
existing benthic organisms with less desirable types, anu
cold-water species of fish, such as trout and salimon, ar¢ no
longer able to exist; they dre rerlaced ty forms tclerant of
higher temperatures. TCuring the winter, under heavy 1ce ana
snow cover, shallcw eutrophic lakes may he subjected to
complete oxygen depletion. As a result entire fish
populations may be eliminated, as freguently happens in the

northern states.
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In addition to restricting fish populations, hignly
eutrophied lakes are undesirable aesthetically and with
respect to water use. Algal klooms produce taste and odor
problems, and create unsightly surface scums which
discourage water contact recreational activities. Dense
growths of rooted aquatic plants may accompany, Or OCCur in
place of, the nuisance algal klooms. Such intense glant
production greatly inhibits use of the water for swimnming,
fishing, or boating. Accumulation of algal mats ana dense
weed growths are most pronounced near shore, where man's
contact with the water is greatest. The accumulated algal
masses begin to decay in a short period of time, resulting
in extremely foul-smelling conditions. Fxcessive plant
production, then, can render a lake virtually unfit for

recreational purposes or shoreline development.

In addition to their deleterious effects on aestnetic
and recreational aspects of lakes, the excessive growth of
aquatic plants can seriously affect water quality. Large
quantities of planktonic algae frequently, and to a serious
extent, increase the rate of cloqging of sand filters at

water treatment plants.
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Probably even more serious is the increased frequency of
taste and odor problems resulting from algae in eutrophic
lakes. These can originate from either living or deaa
alqgae, or from the fungi which grow on algae remains.

Tastes and odors may be produced ky members of all the major
algal groups: the blue-greens, greens, diatoms, and

flagellates. NO one groug is responsitle.

Still other water quality protklems resulting trom
eutrophication are increased color in the water, resulting
from plant growth, and concentrations of iron, manganese,
and sulfide which may occur as the result of oxygen

depletion.

Certain blue-green algae have keen shown to have toxic
effects on animals. Domestic animals, such as cattle and
sheep, as well as fish and aquatic invertetrates, may be
susceptible to toxic substances excreted by algae of tnis
qroup. Water in which certain klue-green algae have bloomed
may produce death in mammals and fish even when tne algal
cells themselves are excluded. There is also evidence that
allergic reactions and gastrointestinal disturbances may
result in humans from contact and ingestion of laxe water 1in

which alqgae exist in blocm proportions.
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Sedimentation

Sediments are an integral part of lake ecosystems,
providing habitats for benthic organisms and serving das o
pool for nutrients necessary for aquatic plant growtn. Ion
exchanges and nutrient transport ketween the mud anu water
significantly affect the lake's productivity. Acceleratea
erosion and subsequent deposition of sediments in lakes can
result in a deqradation of these natural ecosystems. In
terms ot volume, sediment is today's greatest water
pollutant. It reduces the storage capacity of reservoirs,
fills lakes and ponds, clogs stream channels, buries ayuaticC

habitats and increases turbidity.

Sediments influence the physical, chemical ana
biological processes occurring in lakes. Perhaps one of the
most obvious is the filling of lakes and impoundmencs by
sedimentation thus restricting the useful life of tne water
body. A detailed survey of 148 artificial lakes (7)

revealed the average annual loss of water retaining volume
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which as shown in Table V, varies hetween 0.5 to 2 percent

annually.

Table V

ANNUAL LOSS OF RETAINING VCLUME FOR 148 LAKES

No. of Lakes % Annual Volume Loss
34 0.5
39 0.5 to 1.0
39 1.0 to 2.0
36 2.0

Source: (7)

Suspended sediments increase turkidity and reuduce the
depth to which light penetrates relow the water surrace thnus
restricting the growth of photosynthetic flora anu reuucing
the lake's productivity. Increased turbidity also aftects
aquatic food chains by impairing the sight and ftood
gathering efficiency of predators. The European f[nland
Fisheries Advisory Commission (8) reports the effect ot
inert suspended solids on freshwater fish as shown in Table

VI.
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Table VI

EFFECT OF INERT SUSPENDED SOLILCS CN FRESHWATER FiSH

Concentration, Eftect
mqg/1l
25 No evidence of harmful ettects
25-80 Gocd to moderate fisheries
80-400 Gecod fisheries unlikely
400 Poor fisheries

Source: (8)

High concentrations of suspended materials may 4lso wve
deleterious to aquatic vertelkrates by reducing thear
resistance to disease, preventing the successful deveiopment
of eggs and larvae, modifying natural migrations and
reducing the abundance of food. Buck (9) removed the fish
from 39 farm ponds having a wide range of turbidities, and

restocked the ponds with largemouth llack kass (Micropterus

salmoides), bluegill (Lepcmis macrochirus) and red-ear

sunfish (Lepomis microlophus). After two growing seasons,

the fish crop was harvested and the effects of various
turbidity levels on reproduction were compared as seen in

Table VII.
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TABLE VI

EFFECT OF TURBILITY ON FISH REPKCDUGCTION

Yield, kgs/ha (lhracre) Turbidity, mg/1l
181.2 (161.5) 25
105.5 (94.0) 15=-100
32.9 (29.3) 100

Source: (9)

Buck (9) also reported that largemouth black uass,
grew more slowly in a reservoir where the water had an
average turbidity of 130 mg/l1 than in arother reservoir

where the water was always clear.

Lake sediments provide hakitats for kenthic organisis
including bacteria, fungi, algae, flagellates, ciliates,
sponges, mussels, worms, insects and snails. Some Of taese
organisms have commercial value, and others are essential
links in food chains which sustain tish, water fowl anua
other wildlife. When accelerated erosion resulting fron
farming, timber harvest and other activities causes heavy
sediment inputs to a lake, the kenthic flora and tauna may

be blanketed with layers of silt. Feeding grounds and



192

spawning sites as well as entire populations may be

destroyed, causing radical changes in the lake ecosystems.

By the ion exchanqge process at the mud-water intecrtace,
nutrients are either released to the bottom water or are
removed from the water by the sediments. These ion
exchanges are caused by oxidation-reduction (redox)
reactions. The oxidation potential of a solution is
determined by the type and proportion of oxidized ana

reduced ions in the solution.

When oxygen is availakle to the lake Lbottom, the top
strata of its sediments are oxidized. This layer acts as a
barrier against diffusion from the mud to the water and
holds nutrients in the sediments. Bowever. when a lake's
benthos becomes anaerobic this layer becomes thinner anu may
disappear entirely. As the oxidized layer of sediments is
destroyed, nutrients in reduced torm (i.e., Fe++, Mn++, Nii3
and P) are released from the sediments into the water anud

are available for assimilation ky the biota.

Suspended solids entering a lake may adsorb botn
nutrients and toxic materials removing them from possible

involvement in the food web as depcsition of suspended
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particles occurs. Gumerman's (10) study of sterile
sediments from Lake =rie and Lake Superior demcnstratea tinat
the maximum phosphate adsorbing caracity of the seuiments is
in the top 3.5 mm, and is reduced to zero below 14 mn.
Gumerman (10) also found that the release of adsorbea
phosphorus from sediments will maintain sutficient
concentrations ot phosphates to sustain algal growths for
some time after rhosrhate input has ceased. Anotner study
on phosphate equilibrium letween reduced sediments and water
(11) revealed that sediments in a reduced state will adsorb
less phosphate than the same sedirent in an oxidized state.
Consequently, under low oxygen tensions at the muu water
interface, phosphates are released into the water vy
chemical reduction reactions and by a physical tenaency ot

the sediment particles to adsork fewer molecules and ions.
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Sources of Sediments

Lake sediments fall into two general categories,
depending upon their origin. Autochthonous seaiments are
generated within the lake itself, and are often composed
primarily of decomposed agquatic plants. A highly proauctive
eutrophic lake will have a larger proportion of
autochthonous sediments than an oligotrophic lake.
Allochthonous sediments are transported into the lake from
an outside source. Under natural conditions these sediments
are generally the result of three geolcgic processes -
erosion, transportation, and deposition. Human activities
associated with forestry, agriculture, mining, urban
development, highway construction, and channelization often
tend to accelerate the natural geclogic processes tnereby

increasing several fold the natural sedimentation rates ot

lakes.

Timber harvesting operations may be responsible tor
increased sedimentation. On a steep forested slope in
Oregon clear-cutting with no roads increased sedimentation
three times more than that of a control slope (12). Erosion
on patch-cut areas with forest rcads has reportedliy

increased sedimentation more than 100 fold.
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Runoff from cultivated land carries a heavier silt load
than that from either forest or grassland. However, soil
conservation practices, including contour gplowing and strip

cropping, have greatly reduced agricultural land erosion.

Strip mine runoff and erosion of mine tailings are a
major source of sediment in some areas. The annual sediment
vield from unmined areas of Cane Branch, Kentucky, averaged
about 8.8 metric tons per square kilometer (13). Erosion ot
mine spoil banks in this same drainage basin resulted in an
average annual yield ot 9,455 metric tons per square
kilometer, and erosion of abandoned coal haul roads at steep

grades was also severe.

Urban land development resulting in exposure of pare
soil at construction sites is also a cause of acceleratea
erosion. Yorke and Davis (14, 15) indicate that a direct
relation exists between the sediment yield of a basin ana
the area of land under construction, the season ot the year,
slope of the land, and proximity cf construction sites to
stream channels. Streamflow and sediment data were
collected at gauging stations on Bel Pre Creek in Montgomery
County, Maryland, between 1963 and 1967. Pasture and

woodland dominated the landscape pricr to March 1965,
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however, between March 1965 and August 1967, 15 percent of
the watershed was developed into garden apartment ana
townhouse complexes. Susrended sediment discharged
increased 14 times as a result of this construction (14,
15). A study on the effect of urkanization on seaiment
yield in New Jersey (16) also suggested that yields are
proportional to the degree of urlkanization. The low
population density pine barrens yielded 4 - 14 metric tons
of sediment per square kilometer per year, while the
urbanized Delaware River area yielded 9 - 35 metric tons per
square kilometer per year, and in the Philadelphia area, the
yield was up to 175 metric tons per square kilometer per
year. This corresponds to the 70 - 175 metric toas per
square kilometer per year sediment yield reported (17) for

the Washington and Baltimore urban and suburban areas.

Sediment transported by storm runoff was measured (18)
for 25 storm events on a 23.5 hectare watershed in
Kensington, Maryland. Between July 1952 and January 1962,
89 single family homes were built and 171 metric tons ot
sediment per acre were lost from this watershed. 1t is
apparent that sediment yield is controlled by the combined
effect of runoff and vegetaticn cover, both of which are

affected by human use of the land.
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The extent 0of erosion and transportation of suil exposed
by highway construction was studied (19) in a 11.8 syuare
kilometer watershed in Fairfax County, Virginia. Seaiment
vyield was measured at gauging stations and revealea tuat,
with average precipitation, erosion was 10 times that
normally expected for cultivated land and 200 times tnat
expected of ygrassland and 2,000 times that expected tfrom

forest land.

Eolian sediments are composed of material that was
borne, deposited, wvroduced, or eroded by the wind. Lakes in
evergreen forests are at times so covered with pine pollen
that their surface takes on a golden hue. This material 1s
eventually deposited as organic sediment. Lakes nearcy
industrial plants or construction sites also receive faliout
which may contain lead, mercury, and a host of otner

contaminants.

Thermal Pollution

With the settling of North America vast stands of torest

canopy and tall prairie grass were removed, exposing the

soil beneath to direct solar radiation. An obvious result
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was a general warming of the continent's streams ana lakes.
Today an urbanized society and an industrial economy, with
continually rising demands for power plants and factories,
many of which discharge thermal energy, contribute to tae

warming of our waterways.

Effects of Thermal Pollution

An increase in ambhient water temperature caused by
thermal effluents entering a lake may increase the metabolic
rate of aquatic organisms and cause a correspording increase
in the food required for maintenance of body weight with no
growth. Members of the freshwater family of fishes,
Centrarchidae, reportedly ate three times as much tooa at 20°

Cc as at 10°C (20) , and brown trout, Salmo trutta, showed a

constantly increasing feeding rate from 10°C to 19°C, above
which the rate declined akruptly. When water temperatures
rise, the swimming speeds of fish may also be affected.
Acclimated goldfish increased their swimming sreeds as
temperatures were increased from 5°Cc to 20°C (21). Cruising
speeds remained fairly constant until temperatures reachned

30°c and then dropped off rapidly with further temgerature

increases.
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The optimur temperature for maximum qrowth dependas on
available food. Young sockeye salmon raised in tanks with
surplus food grew lhiest at temreratures near 15°C (22) , ana
at higher or lower temperatures their growth rates ueclined
sharply. However, when given a small daily food ration
these fish grew kest at near 5°C and did not grow at all at
15°C. Increasing the temperature of a relatively barren
water bhody, resulting in increased food requirements or thne
fish populations, could conceivakle lower the fisn

supporting capacity of the lake or impoundment.

Increased water temperature reduces the solubility or
oxygen thus reducing the dissolved oxygen available to
aquatic fauna. This harmful effect is intensified because
the oxygen consumption of aquatic vertekrates is
approximately doubled for every ten degrees! C rise in

temperature (23).

Fishes will adapt to higher temperatures, but the
success ot this process depends cn the absolute temperature,
the length of exposure to high temperature and the rate of
temperature change. Gradually exposing fishes to higher and
higher temperatures acclimates them to these elevated

temperatures, but it lessens their aktility to survive at low
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temperatures (24). It follows that the thermal shock causeu
by a large reduction in thermal effluent, during a power
generating station's shutdown, could be more aamaging to
agquatic biota than the original water temperature 1ucredsce.
Meyer (25) points out that sulktrorical fishes are living
much closer to their thermal limit than are polar species.
Thus thermal pollution may ke more critical in soutuern

states than in northern states.

Elevated water temperatures may stimulate the activity
of parasites and disease. Hedgpeth and Gornar (26) noteu
that maintaining bkivalves in warm waters had the
disadvantage of increasing the predatory gastropoa activity,
since oyster and mussel rpests such as Lrosalpinx ana luais

thrive at warmer temfgperatures.

Many biological cycles are initiated l'y a temperature
stimulus. Such an impulse induces sexual activity in marine
animals (27). Salmon do nct spawn if the water temperature
is too high. The ability of a species to adapt to an
incremental temperature rise may ke different at various
ontogenic stayes. For example, fish eqgos and larvae may
have more sensitive temperature requirements than tae

adults. Trout eqgs do not hatch if they are incuvatea in
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water that is too warm. and some fish species reguire a
winter chill period tor successful reproduction. In the
vicinity ot a thermal outfall fish might hatch too eariy in
the spring before their natural food has Lecome plentitrul.
Insect nymphs in an artificially warmed water body migatc
emerge too early for mating tlight and be immobilized by tne

cold air.

Sublethal temperature effects are also important. For
example, the embryos of brown trout reared at hiah
temperatures (13°C) yielded significantly smaller embryos
than those hatched at+ 2.8°C (28, 29). A larger propcrtion
of the yolk is required rcr metakclism of embryoric tissues

at the higher temperature.

Temperature increases within the ranges toleratea by the
existing species tend to increase productivity, provided
that light and nutrients are not limiting. In northern
lakes added heat might make the water more attractive ror
swimmers, tut if this alsc resulted in extensive growtn of
filamentous algae or other types of noxious vegetation the
advantage may be offset. Increased algal productivity may
also reduce the ability of predatory fish to see their prey.

When temperature ranges of existing populations are
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exceeded, the species composition will chanqge. Below 30°C
diatoms are often represent2d ky the largest members of
species (30) with green algae hecoming more abundant at
temperatures from 30°c to 35°c. Above 35°C blue-green dlygae

frequently dominate the flora.

If a thermal discharqge tlows out over the surrace of the
lake, it will reinforce any tendency of the lake to stratify
into density layers. Such stratification inhibits mixing
hbetween the surface waters, which are generally rich in
dissolved oxygen, and the hypolimnetic waters, whicnh may

become oxygen depleted if not replenished.

Artificially induced temperature changes may triyyer the
spawning migration at the wrong time of year. Migratiny
tishes must be able to avoid zones of unfavorable
temperature, as such zones may klcck the migration, and

spawning may be thwarted.
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Sources of Thermal Polluticn

Power generating plants are the prime source ot thnermal
pollution. This trend may continu€e since, in the Unitea
States, power generation has doukled every ten yedrs since
1945, and indications are that future requirements will
demand an even higher rate of increase. Other sources of
thermal pollution are industrial effluents, sewauge
effluents, and exothermic reaction associated witn oxiaation

of organic matter.

Selected Toxic Substances

Historically, natural weathering of mineral rich roc«
formations was the primary mechanism for release uf toxic
substances to the aquatic environment. During the past tew
decades the man-induced release of naturally occurring toxic
materials combined with tlke discharge of synthetic toxic
compounds has far exceeded the input through ratural
weathering. As a consequence of the increasea rate Ot
input, low level residues of toxic substances are rouad

throughout the total kiosgphere.
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Pesticides

The most widely dispersed of all man-made toxic
materials in the environment are the pesticides. Inciuued
in this rather heterogeneous grougp of compounds are agents
designed to eliminate or control a variety of nuisance
organisms. Many of the compounds are toxic or potentially
toxic to most life forms while others are specific in their

killing. Both inorganic and organic compounds are used.

Increased and frequently indiscriminate use of
pesticides during the past 20 to 30 years has resulted in an
ubiquitous low level residue of certain classes of thnese
compounds in the total biosphere. Release of these agents
to the environment comes about not only as a consequence of
agricultural activity but also from manufacturing processes,
accidental spills, and disposal ot containers and unused or

outdated agents.

In the United States approximately 900 chemicals are
formulated into over 60,000 pesticidal preparations whicn
include the insecticides, fungicides, herbhicides and plant
growth requlators (31). The majority of the pesticides in

use today are synthetic organic compounds, however,
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inorganic pesticides and plant extracts are still used. The
inorganic pesticides include such compounds as leaa
arsenate, calcium arsenate, copper sulfate, mercuric
chloride and Paris Green. The advent of the more errective
organic pesticides has caused a decline in the use ot tne

inorganic pesticides.

Certain botanicals or plant extracts such as pyrethrum
and rotenone are still in demand, as they are relatively
sate to handle, are quite specific in their killing, and do
not persist very long in the environment. These pesticides
are widely used around livestock as they are relatively non-

toxic to mammals (31).

The synthetic orqganic pesticides include the familiar
chlorinated hydrocarbons or organochlorines such as 0DT,
dieldrin, chlordane and toxaphene. Also included are the
organic phosphates (malathion, parathion, etc.), and tne
carbamate insecticides such as carltaryl (Sevin) and several

fungicides, herbicides and defoliants.

In 1967 the United States production of all pesticides
totaled 476.3 x 106 kg (31). Between the years 1964 ana

1968 total pesticide production increased at the rate ot 9
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percent per year. However, recent data indicate tndat this
trend has reversed, as total sales of synthetic organic
pesticides were down 6.9 percent in 1971 from th= 1969 totail
(32) . Present trends suagest that the pesticide industry
may be on a three-year plateau, after which sales are
expected to increase at an unkncwn rate (32). The aomestic
use of DDT and other persistent pesticides has heen
declining in recent years, reflecting a shift to the use ot
the less persistent chlorinated frydrocarkbons and organic
phosphates. Between the years 1956 to 1970 dorestic
supplies of the chlorinated hydrocarkors dropped trom nearly
110.8 million kg (244 million 1lks) to about 14 million kg
{31 million 1lbs). Conversely, during the same veriod,
production of the organophosphates increased from 3.2
million kg (7 million 1lbs) to 25.9 million kaqa (57,000,000
1bs) (33). Recently the Administrator of the Unitea States
Environmental Protection Agency issued an order restricting
the use of DDT primarily to Puklic Healtl Officials and
physicians for the control ot disease vectors, lice and ror
health quarantine purposes (34). This order, which ovecame
effective on January 1, 1973, may result in substantially

increased use of other insecticides for insect control.
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The ma jor pathways of pesticides into the fresh water
environment are throuagh direct application on surtrace waters
and from surface runoff (31). Industrial and domestic
sewaqge, and fallout from atmospheric drift and precipitation
also contribute to the contamination of waterways by

pesticides.

Upon reaching a stream, downstream transport of
pesticides occurs through movement of the solubilized
fraction and residues sorbed onto suspended or saltated
particles. As a result of downstream transport, pesticide
concentrations in upstream reaches tend to diminish rapidly,
while levels in the downstream reaches and in receiving

lakes and reservoirs may be increased substantially.

Sediments of lakes and reservoirs, particularly those in
eutrophic water bodies rich in organics, have a hign
affinity for pesticides, and act as sinks or pools for tne
residues. Consequently, pesticides may be removea from the
water and incorporated into the kottom sediments tairly
rapidly. 1If siltation rates are high, pesticides in lake
sediments may be effectively isolated from the overlying
waters and removed from involvement in the food web. On tne

other hand in lakes with lower siltation rates, seaimented
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pesticides may be taken up by the Lenthic kiota, which 1is 1in
turn consumed by fish and cther predators and thus tne
pesticides are reintroduced into the food web. Pesticiue
entrapment in lake sediments may ke only temporary and
persist only during the period in which thke lake is
thermally stratified. Once turnover occurs, if mixing is
complete, the pesticides may ke released from the sediments

and redistributed throughout the water.

The recovery rates of lakes treated with pesticiaes were
studied in Oregon, where two mountain lakes were trceatea
with the organochlorine, Toxaphene (35). One lake was deep
and biologically unproductive and the other shallow and rich
in aquatic life. The shallow lake recovered rapidly and
trout were restocked within one year. Restocking of trout
in the deep lake, however, was delayed for 6 years aue to
toxic levels of Toxaphene in the water. The reasons given
tor the slower recovery of the deep lake were thermal
stratification, slower flow through time and reduced

biological activity (35).

All organic pesticides are sukject to degradation. Wwith
most pesticides, depending upon environmental conditions,

degradation may be complete in a few days to a few months.
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The orqanophosphates, for example, are readily hyurolizea in
alkaline water at high temperatures, however, at reaucea pil
and temperatures they persist for several months (36). ine
non-persistent pesticides, as with the organophosphates,
although acutely toxic, do not pose long term hazarus to
aquatic life and apparently are not accumulated throuyn the
food chain. The organochlorine ccmpounds, however, arc
highly resistent to degradation, or the degradation gproaucts
may be persistent. These compounds may ke accumulateua by
the biota directly from the water (37) or through tne rood
chain, resulting in concentrations in the tissues of hLigher
trophic level animals that may ke several thousand times

that found in the ambient waters.

That persistent pesticides are rapidly removea trom tne
water and concentrated in the sediments and biota was
demonstrated Ly Bridges et al (38) who descrihed the
dispersion and persistence of DDT in a farm pond.

Sufficient quantities of ODT were applied to a pona to yiela
a 0.02 mg/l concentration in the pond water. The
distribution of DDT in the water, sediments and biotd was
observed for about 18 months. OUDT had disappeareu frum tne
water after 3 weeks. Maximum concentrations in tne

sediments of 8.30 mg/kg were recorded one day atter
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treatment, but had declined nearly to pre-treatment levels
after 8 weeks. Vegetation samples revealed maximum
concentrations of 30.7 mg/kg one-half hour after treatment,
and after eight weeks contained 5.1 mg/kg. DDT
concentrations in the new vegetation crop, one year aiter
application corresponded to post treatment levels.
Accumulation in fish of DDT and its metabolites reacned 3 to
4 mg/kg within 1 month after treatment. <Concentrations in

excess of 2 mg/kg were still present in fish when the study

was terminated.

High level pesticide residues in lakes have posed
problems in recent years by interfering with the
reproductive patterns of fish or rendering them unfit for
consumption due to excessive contamination. Concentrations
ot NDDT exceeding 4.75 mgs/kg in the eqgs of 1ake trout
resulted in up to 100 percent mortality in developing try in
New York lakes whose watersheds had keen treated witn DDT

for gypsy moth control (39).

In Lake Michigan similar mortalities of coho salmon fry
were attributed to DDT, dieldrin and PBC concentrations in
the eggs (31). Reinert (41) found DDT and dieldrin in

fishes from all the Great lakes. Concentrations in Lake
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Michigan fishes were found to be 2 to 7 times as nigh as
those in tish from the other Great Lakes. Samples rrom
canned coho salmon had DDT and dieldrin concentrations of
7.10 and 0.09 mg/kg respectively. Concentrations in adult
salmon caught just prior to spawning exceeded 12 mg/kg uDT
and 0.14 mgs/kqg dieldrin. Levels in excess of those
established by the FDA have resulted in Lake Michigan conho,
and several other species, being removed from the interstate

market.

The behavior of pesticides in lake sediments ana their
availabkility for recycling back into the Iiota are not tully
understood. Studies on the rates of interchange across muu-
water interfaces and between the water and the biovta are
needed before the magnitude of the problem of pesticiae

pollution in lakes can ke thoroughly assessed.

Mercury

The problems of mercury contamination in Unitea States
waterways were drawn to public attention in April 1970, wnean

Canadian investigators reported mercury pollution in Lake
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St. Clair and other boundary waters (42). Subsequent
investigations by the United States Federal Water guality
Administration (now the Environmental Protection Agency)
revealed that the mercury pollution problem was not limited

to the Great lakes area, but was of national scope (42).

Mercury is a particularly hazardous contaminant in
aquatic systems, owing to its tendency to be transtormed
from a relatively immobile inorganic metal to a highly toxic
organic form by the biological prccess of methylation. The
methylation process is accomplished by certain aquatic
bacteria living in the bottom muds (43), and all inorganic
mercury introduced for aquatic systems is potepntially
subject to bacterial methylation, and subsequent uptake by
the biota. Aquatic organisms are able to concentrate
methylmercury directly from the water or through the tood
chain (42 - 47). In general mercury in fish food organisms
increases at each trophic level of the food chain (48). A
concentration factor of 5,000 or more from water to pike has
been reported (49) and methylmercury magnitication in brook
trout has been shown to exceed 10,000 after long term
exposure (50). Such factors as the metabolic rate, food

selection and the epithelial surface area of the inaividual
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fish have been implicated as parameters which affect the

rate at which mercury is concentrated by fish (44, 51).

The toxicity ot mercury compounds to aquatic organisms
has been summarized by various investigators with widely
differing results. 1t is established, however, that the
toxic level of mercury is affected by several aspects ot
water quality including termperature, pH, organic golliution
loading, hardness, alkalinity, heavy metal loadings ana

dissolved oxygen (50).

In respect to toxicity in natural waters, it is
methylmercury which is of primary concern. Experiments at
the National Water Quality Laboratory indicate that 0.2 mg/1
methylmercury will kill fathead minnows within 6 to 8 weeks
(50). Toxicity data from the same laboratory on
invertebrates, Gammarus and Daphnia, a top minnow and a
brook trout is said to indicate than none are more sensitive

that the fathead minnow (50).

Plankton is particularly sensitive to mercury poisoninge
Exposure of phytoplankton to concentrations of 0.1 ug/1l of

methylmercury compounds caused a significant reduction in
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photosynthesis, and at levels of 0.50 ug/1l photosynthesis

was stopped (52).

Sources of mercury release to the environment include
natural weathering, burning of fossil fuels, mining,
farming, industrial operations, hospitals, laboratories and
a host of others. Sources of mercury input to the
environment, both man made and natural, are summarized by
Lambou (42). The natural weathering process is said to
release a maximum of 230 metric tons of mercury to the
environment yearly, whereas the amount released by burning
coal is on the order of 3,000 tons annually, and anotner

3,000 tons are emitted as industrial wastes (53).

Mercury pollution in the nation's lakes and rivers poses
a serious public health threat and has restricted sports
fishing and commercial tisheries oferations in many areas.
Table VIII summarizes data compiled by the United States
Geological Survey on concentrations of total mercury found
in many U. S. lakes and rivers. Concentrations ot total
mercury above the minimum detection limit of 0.5 mg/l were

found in 140 of the 719 samples analyzed (42).
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The problem of mercury golluticn in lakes, particulariy
the Great Lakes, is of such a magnitude that nmany states
imposed ftishing restrictions or warnings ot some tyge
because of high levels of mercury in fish taken from
contaminated lakes. Table IX summarizes State restrictions
which were in effect as of Segptemker 1, 1970. Mercury
levels in fish from selected areas of the Great Lakes ar=
summarized in Table X. These data, lrased upon composite
homogenized samples collected by the U. S. Fish and Wildlite
Service (55) reveal relatively low total mercury resiaue
levels in the upper Great Lakes fishes, with increasing
concentrations in fishes taken in the lower Great iakes.
Average residue levels in the Lake Ontario fishes exce«ued
the 0.5 mg/kg level for edikle portions establishea by tae

Food and Drug Administration.
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TABLE VIII

Summary of total mercury measured in water samples from U.S.
rivers and lakes obtained during October and November, 1970. 1/

Number of samples with ug/l

State .5 2/ .5~.9 1.0 1.9 2.0-2.9 3.0-3,9 4,0-4,9 5.0~5.9 6.0-€,"
Alabama 18 - - - - - - -
Alaska 8 - 1 - - - - -
Arizona 10 - - 1l - - - -
Arkansas 10 3 - - - - = -
California 6 11 10 3 - 1 - 1
Colorado 17 2 - - - - - -
Connecticut 24 1 - - - - - -
Delaware 3 - - - - - - -
District of Columbia 1 - - - - - - -
Florida 8 4 3 1l - - - -
Georgia 17 - - - - - - -
Hawaii 4 2 2 - - - - -
Idaho 5 1 1 - - - - 1
Illinois 13 2 1 - - - - -
Indiana 19 2 - - - - - -
Iowa 8 1 2 - - - - -
Kansas - 4 4 2 1l l - -
Kentucky 3 3 1l - - - - -
Louisiana 11 1 1l - - - - -
Maine 6 1 - - - - - -
Maryland 13 - - - - - - -
Massachusetts 8 6 - - - - - -
Michigan 15 4 - - - - - -
Minnesota 12 1 - - - - - -
Mississippi 8 - - 1l 1 - - -
Missouri 9 - 2 1 h - - -
Montana 8 - - - - - - -
Nebraska 7 2 1 - - - - -
Nevada 3 4 1 - - - - -
New Hampshire 3 1 - - - - - -
New Jersey 18 - - - - - - -
New Mexico 15 - - - - - - -
New York 27 6 - - - - - -
North Carolina 21 - - - - - - -
Horth Dakota 5 1 - 1 - - - -
Ohio 9 8 7 - - - - -
Oklahoma 9 2 l - - - - -
Oregon 13 - - - - - - -
Pennsylvania 42 1 - - - - - -
Rhode Island 4 - - - - - - -
South Carclina 16 - - - - - - -
South Dakota 5 1 - - - - - -
Tennessee 10 2 - - - - - -
Texas 27 - 3 - - - - -
Utah 8 2 1 - - - - -
Vermont 3 - - - - - - -
Virginia 11 - - - - - _ -
washington 13 - 1 - - - - -
west Virginia 12 - - - - - - -
Wisconsin 15 - 1 - - - - -
hyomin - - - - - -
P?xertogkico 18 - - - - - - :
Total 579 79 a4

=S
w
~N
o
~

p74 Summarized from Durum et al, (1970).

g/ Below detection limit,

Source: (41)



State fishing restrictions because of mercury -- September 1,1970

Closure of

State sport fishery

Michigan So. L. Huron, West
L. Erie take no
walleye, drum,
white bass

Wisconsin

Ohio

New York L. Onondago

Vermont

Pennsylvaﬁia

Alabama

Mississippi

North Carolina

Tennessee

Source: (41)

TABLE IX

Closure of
commercial fishery

Detroit R., L. St.
Clair, St. Clair R.
closed. So, L., Huron,
West L. Erie closed
to walleye, drum,
white bass

L. Erie closed to
walleye

Tombigbee PR. closed
Mobile R., Tensaw R.,
Mobile~-Tensaw system,
Tennessee R, and
impoundments, closed

Pickwick L. closed

Pickwick L, closed

Warning or catch and
release for sport fishery

Detroit R., L. St. Clair,
St. Clair R, catch and
release only

Wisconsin R., catch and
release recommended; no
more than 1 meal per week

Lake Erie - warning
released via news

L. Champlain, Erie,
Ontario, Oswego R.,
Niagara R., St. Lawrence
R. danger warnings

L. Champlain, L. Memphre-
magoqg, danger warning

L. Frie, danger warning
for walleye, drum, small-
mouth bass, white bass

Torbigbee R, up to Jackson

Dam, warning

Mobile R,, Tensaw R.,
Mobile-Tensaw system
Tennessee R, and
impoundments, warning

Pickwick L., warning
Danger warning (general)

Pickwick L., warning,
catch and release

Embargo or warning
to commercial fishery

Embargo on species other
than walleye, drum,
white bass

Embargo on white bass

L. Champlain, L.
Memphremagog, embargo
on sales

L1c¢



Station Location

Genessee River
Scottsville,
N.Y.

St. Lawrence River
Massena, N,Y.

‘ake Ontario
Port Ontario
N.Y.

Lake Erie
Erie, Pa.

Lake Huron
Bay Port,
Mich.

Lake Michigan
Sheboygan,

Lake Superior

Bayfield,
Wis.
Source: (41)

Species

White sucker
Redhorse sucker
Rock bass
Walleye
Northern pike

White sucker
Yellow perch
Yellow perch (R)
Northern pike

Yellow perch
Yellow perch (R)
wWhite perch
Rock bass

White sucker
Freshwater drum
Yellow perch
Yellow perch (R)

Carp
Channel catfish
Yellow perch
Yellow perch (R)

Bloater
Bloater (R)
Yellow perch

Bloater
Lake whitefish

Lake whitefish (R)

Lake trout

TABLE X
Mercury residues in fish, 1969 and 1970

1970 1970
Average Size Average Size
Total th {aht
No. of Length Weight Mercury No. of Leng Weigh
Fish (cm) (kg) (mg/ka) Fish (cm) (kq)
GREAT LAKES DRAIMAGE
4 35.6 0.54 «15 5 38.4 0.68
{R) 4 33.5 0.41 .19 5 18,3 0.14
4 20.6 0.23 .39 2 43,7 0.73
2 43.7 0.73
4 35.0 0.32 .17 ’
Avg. .24
3 43.7 0.68 .22
5 17.8 0.09 .20
5 21.1 0.14 .18
4 52.3 0.95 .39
Avg, .27
5 21.6 0.18 «86 4 26.4 0.27
5 21.3 0.18 1.00
5 21.1 0.18 1.30 5 24.1 0.23
5 16.5 0.09 «30 3 21.8 0.27
Avg. .84
5 45.7 1.20 .31 3 37.6 0.68
5 35.8 0.59 .43 5 34.3 0.50
5 24.6 0.18 23 5 23.9 0.18
5 22.6 0.14 «15
Avg, .31
5 49.8 1.82 .07 5 41,1 0.95
S 41.1 0.64 .07 S 40.4 0.68
5 23,1 0.14 .08 5 25,1 0.23
5 9.1 0.3 .05
Avg. .07
5 28.4 0.27 .09 5 30.5 0.36
5 23.9 0.86 «10
5 27.9 0.27 .07 5 26.2 0.27
Avg. .09
5 26,1 0.14 15 5 28,5 0.18
5 44.7 0.77 .08 S 40.9 0.54
5 46.0 0.86 «06
5 59.4 1.82 «29 4 55.9 1,36
Avg. .17

Mercury

{mg/kq)

Avg.

Avg.

Avg.

Avg.

Avg.

Avg.

Total

.13
.22
«25
«25

.20

.48
.43
.65
.52
.10
.15
.13
.13
.05
.13
.09
.07
.09

«27
.18

.16
.05

.14
.10

8T¢
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Polychlorinated Biphenyls_ (PCBfs)

Recently, evidence has been compiled which indicates
that the PCB's are widely distrikuted throughout the
environment and that they can have adverse ecologicdl ana

toxicological effects (54).

An Interagency Governmental Task Force (54)
investigating the effects of PCB's in the environment
concluded that PCB's present a potential, but not an
imminent, health hazard, except for accidents which result
in high level exposure. They have, however, been tound in
fish and wildlife at levels which may adversely attect

aquatic organisms.

PCB's have been manufactured ccmmercially since 1929.
Historically PCB's in the United States were used in a
variety of applications including glasticizers, hydraulic
fluids and lubricants, surface coatings, inks, adnesives,
pesticide extenders, and microencapsulation of dyes for
carbonless duplicating paper. Beginning in 1971, however,

the Monsanto Company reportedly reduced its production
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volume, limiting its distribution to industries concerned

with the manufacture of electrical apparatus (54).

The water environment is thought to be the principal
sink and transport mechanism for PCB's, but there are tew
data on the removal, disappearance and sequestering or tne
substance in soils or rottom sediments of rivers, lakes,
estuaries or the ocean (54). Concentrations in fresu water
away from any immediate scurce of waste discharges contain
less than one ug/l; sediment samples contain up to several

hundred mg/kg near some industrial outfalls.

PCB's are fat soluble and tend to be concentrated at
succeedingly higher levels as they pass through the various
steps of the food chain. They have been shown to accumulate
in fish and aquatic invertekrates to levels of 75,000 times
the ambient water concentration, and to be accumulated trom

concentrations as low as 0.05 ua/l (54).

PCB's are lethally toxic to fish and aquatic
invertebrates in concentrations of a few ug/l. Metabolism
and excretion of PCB's by these organisms is very slow (54).
PCB's are only moderately toxic to birds and mammals and

have not resulted in sufficient mortalities to aftect
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populations, although they are thought to have countributea
to direct mortalities of some birds in the field. Tue
sublethal physiclogical eiffects on wild animals appear to be

of greater significance than the lethal toxicity.

Phthalate Esters

Phthalate ester residues have Lkeen discovered in various
segments of the aquatic environment in North America,
occurring principally in water, sediment and aquatic
organisms in industrial aﬂd populated areas (55). Pntnalate
esters are widely used as plasticizers particularly ia
polyvinyl chloride (PVC) plastics (50). They have aliso been
used as insect repellents and in gpesticide formulatioun to
retard volatilization.

The acute toxicity of phthalate esters appears
relatively significant. However, these comrpounds may be
detrimental to aquatic drqanisms at low chronic
concentrations. Daphnia magna, exposed to 10 mg/l ot ]4C
di-n-butyl phthalate showed a magnification ot 6000 rold.

Upon transfer of' the organisms tCc uncontaminated water,
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however, approximately 50 percent of the material was

excreted within three days (49).

Arsenic

Arsenic compounds in the lake environments pose
potential hazards to aquatic life and wildlife and even to
man. Arsenic enters waterways through various routes
including industrial and municipal waste discharges, mine
drainaqe, pesticides, lead shot, cocal burning and smelting
of ores (55). Many detergents and laundry products contain
arsenic and their discharge in waste effluents contriputes
substantially to arsenic contamination of waterways as most

sewage treatment plants do not remove arsenic (56).

Arsenic was frequently applied to lakes and ponds for
the control of submerged aquatic vegetation. In the perioud
trom 1950 through 1962, over 4.54 x 105 kg (1 million
pounds) of arsenic trioxide were applied to Wisconsin lakes
for weed control (57). In Minnesota nearly 4.31 x 104 kg
(95,000 pounds) of arsenic trioxide were applied for

submerged aquatic plant control in 1958 (57). Michigan and
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other states also reported using arsenic trioxide as a weed

control agent, but in unknown quantaities.

It is known that arsenic can ke biologically
concentrated and magnified in the food web (58) as well as
accumulated in lake bottom muds (59). Some concentration
factors for certain marine organisms were given by Lowman
(58) as follows: Benthic algae, 2000; mollusc muscle, 650;
crustacean muscle, 400; and fish muscle, 700. Conceutration
in bottom samples taken in a treated lake ranged rrom 10 to
82 mg/kg (60). Dupree (59) studied the arsenic content of
the water, soil and bhiota of lakes which had been treated
with soil arsenite and subsequently drained and retilled ¢
to 3 times. The following year after treatment tne sodium
arsenate content of the water ranged up to 0.3 mgs/l1l, in
plankton up to 7.4 mg/kg, and in kcttom soil up to V.38
mg/kg. These data suggested that arsenic could he released
from bottom muds providing a source to the water and opiota

for a considerable period after agrlication (59).

The literature on the toxicity of arsenic is rather
confusing. Arsenic is toxic to all animals with a central
nervous system and to most higher plants, but may not be

toxic to lower organisms (56). The toxicity of arsenicals
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is influenced by the form in which it is accumulated. Tue
organic compounds which may reside in bottom sediments are
less toxic to man than the inorganic compounds, and the
pentavalent compounds (arsenates) are generally much liess

toxic than the trivalent arsenicals (arsenites).

Arsenic trioxide, a common aquatic weed control aygent,
has been found to be harmtul to fish fcod organisms in
concentrations as low as 2.0 mg/l over an unspecitiea lenyth
of time (56). Conversely, concentrations as high as 17.1
mg/1l have been tolerated by minnows for one hour witn no
harmful effects, and 10.0-20.0 mg/1 were tolerated by insect
larvae for an unspecified period of time without agpparent

damage (56).

Sodium arsenite applied to experimental ponds in
concentrations of 4 mg/1l substantially reduced the numbers
of bottom organisms and reduced kluegill production. A 4
mg/1l application also killed microcrustacea and greatly

reduced the rotifer population (56).

Because the relatively insolukle arsenicals are present
in many waterways, potential hazards tc those forms whicn

accumulate arsenic, exist. Arsenic kuilds up slowly in the
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body and, according to some medical sources, long term
arsenosis may not be detectable for two to six years or more

(56) .

Ammonia and Sulfides

Both ammonia and sulfides are rotentially toxic
substances which are discharged from a wide variety of

industrial processes as well as municipal sewers.

In unpolluted lakes ammonia and sulfides are usualljy
present in low concentrations. However, in lakes receiving
decaying organic waste loads or with high natural organic
sediment content, the biological production of ammonia and
hydrogen sulfide in unusually high concentrations may pose

potential toxicity problems.

During the summer stagnation periods the concentration
of free ammonia and hydrogen sulfide in lakes generally
increases with depth. The bottom ooze may contain many
times the concentrations found in the overlying waters. The
development of isothermal conditions and subsequent mixing

tends to distribute the dissolved gases throughout the water
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column. Consequently ammonia and hydrogen sulfide
concentrations in the bottom waters are usually lowest

during the periods of spring and fall overturn.

The toxicity of both ammonia and sulfide is determined
to a large extent by the pH of the water. Gaseous ammonia
is readily soluble in water forming ammonium hydroxide which
dissociates into ammonium and hydroxide ions in a EH
dependent reaction. The toxic component of ammonia solution
is non-ionized ammonia. Since the percentage of non-ionized
ammonia increases with increased pH, the toxicity of the
solution does also (50). Sultides derive their toxicity
from hydrogen sulfide which is formed by reaction with tne
hydrogen ion when added to water. Hydrogen sulfide
dissociates in solution yielding the HS and H ions, and
the higher the pH the more complete the dissociation
reaction, therefore at higher pH values toxicity is reduced.
Numerous other factors such as temgerature, dissolvea oxygen
tensions and free carbon dioxide concentration also
influence the rate of the reactions involving these

substances, hence influencing the toxicity.

Toxicity problems arising frcr excessive concentrations

of ammonia and hydrogen sulfide are more common in streams,
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particularly those with a heavy industrial or municipal
water loading, than in lakes. The potential tor toxic
problems exists in lakes, however, particularly in tanose
with high organic content in the sediments. In snallow
northern lakes toxic levels of ammonia may develop under
heavy ice cover, and in comkination with low Oxygen tensions
contribute to stress conditions fcr aquatic life and in some

cases result in heavy fish mortalities.

Miscellaneous Problems

Non-Toxic Salts

In the northern United States the practice ot applying
salts to streets and roads to control ice accumulations has
become increasingly common. During the past few decades the
amount of salt (mostly sodium chloride) used for deicing
purposes has increased exponentially, nearly doubling every
five years (61). During the winter of 1969-70 an estimated
7,700,000 metric tons of salt were used for deicing purpouses

(61, 62).
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Much of the salt used fcr deicing purposes is carriea
off in melt waters and transported to lakes via storm
sewers, ground and surface waters. As a conseguence o0f the
salt influx, the physical and chemical characteristics ot
the lakes may be changed substantially resulting in
significant ecological alterations and impairing tne lake's
utility as a resource. Such is the case in Trondeqguoit Bay,

near Rochester, New Yorke.

The 435 km2 Irondequoit Bay drainage basin, with a 1970
population of 206,000 receives approximately 1 percent
(77,000 metric tons) of the deicing salt used in the United
States (61, 62). Irondequoit Bay is connected to Lake
Oontario by a shallow channel, but little exchange of the
deeper bay water with the lake cccurs. The surface drea ot

the Bay is 6.7 km2 and maximum depth is 23 m (61).

During the winter of 1969-70, approximately 10 metric
tons of salt were stored in the Bay, while 11,000 metric
tons went out the outlet. Approximately one half of the
77,000 metric tons applied to the roads were stored in soil
and ground water, part of which will eventually reach the

Bay (61).
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The winter influx ct salt resulted in the development of
a vertical density gradient sufficient to prevent the Bdy
from mixing during the 1970 and 1971 spring seasons. It
also prolongeda the period of summer stratification oy aoout
one month in the fall seasons ot 1969 and 1970 (as ccmpared

to the tall of 1939) (61, 62).

The full ecological consequences of the artificial
disruption of the circulation patterns due to salt influx
are not known. One effect is to rrolorng the anaerobic
conditions of the bottom waters. In a normal dimectic lake
anoxic bottom waters are replenished with oxygen during both
the spring and fall turnover. Due to the lack of a complete
spring mixing period, the hypclimnetic water of Irondeyuoit

Bay remain anaerobic for about 9 months ot each year.

It is not presently known how many of the Nation's
northern lakes are similarly affected by salt runoff, as the
problem has received little attention until recent years.
Present trends in uses of deicing salts suggest that tne

potential for serious rroblems may ke developing.
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Radioactive Wastces

The developrent of the nuclear nower generatinc plart,
with its dependence uvon larce volures of coolinc water, has
introduced vet arnother form of contamninart to the lale
environrent - radioactive material. As the nurber of
nuclear generatina stations increases, the nurler of nuclear

fuel reprocessine plants will also increase, sore irractinc

Ao

on lakes. The narallel develorment of these faci

=

ities 17111

increase the potential for radionuclicde contariration of

freshwater lalkes.

Radioactive vastes create a unicue envireonrental rrobler-
in the form of ionizing radiations of varvina eneraies, but
the primary consiceration is the poterntial for huran
exposure to thesc radiations. In this reaard, radioruclicdes
of concern ir the acgueous environrent include cesiun,

cokalt, iodine, strontiun, tritium, ané rlutoniur,

Consccuences of Release of Radioactive lastes

Thile many radioactive wastes are of very short half-

life and low enercqy, others present rrobklers recause of
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their persistence in the agquatic environment (e.a., 1291,

137¢g), reconcentration potential in aquatic food chains
leading to man, and subsequent toxicity to man.
Bioconcentration of radioiodine (1311) is of special concern
in this respect since it is readily metabolized and
concentrated in the thyroid, and may hecome a sionificant
hazard via the cow-milk-child pathway. In addition to
presenting a potential threat to the biota itself,
bioconcentrated radionuclides could render food sources such
as fish unsafe for human consumption. Significant
quantities of soluble radioactive materials would also
endanger lakes used as municipal water supplies.

Discussions concerning bioconcentration of radionuclides,
and their transfer through aquatic food chains are contained
in respective publications of the Lawrence Livermore

Laboratory (63) and the National Academy of Sciences (64).

The virtual non-removability of radioactive materials in
the aqueous environment coupled with the problem of
radionuclide reconcentration in the biota necessitates
careful control of nuclear facilities which release

radioactive wastes in the vicinity of freshwater lakes.
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