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PREFACE

These Proceedings resulted from a Workshop entitled "Algal Management and
Control" held at the Asilomar Conference Center, Pacific Grove, California.
The objectives of the Workshop were:

a. To review state-of-the-art techniques for the management and control
of lacustrine algal populations.

b. To establish the functional availability and limits of various algal
management and control techniques.

c. To determine research needs in relation to the further development of
algal management and control techniques.

The Algal Management and Control Workshop was conducted by the U, S.
Environmental Protection Agency's Environmental Monitoring Systems Laboratory,
Las Vegas, Nevada, and was sponsored by the U. S. Army Corps of Engineers
Waterways Experiment Station's (WES) Environmental and Water Quality Opera-
tional Studies (EWQOS) Program under Interagency Agreement No. EPA-1AG-78-R-
X0383. EWQOS is sponsured by the Office, Chief of Engineers, U. S. Army.

The Workshop consisted of formal reviews of approaches or perspectives
to be considered in the management and control of algal populations; plenary
discussions; and formal panel deliberations. The participants also spent
many hours of their time participating in informal discussions of algal
management and control. These contributed greatly to the success of the
Workshop.

The Workshop Proceedings were edited and compiled by William D. Taylor,
University of Nevada, Las Vegas, and V. W. Lambou, U. S. Environmental Pro-
tection Agency. Stephen C. Hern, U. S. Environmental Protection Agency,

Las Vegas, and Jeffrey J. Janik, Linda S. Blakey, and Marsha K. Morris,
University of Nevada, Las Vegas, assisted Lambou and Taylor in making arrange-
ments for the Workshop and summarizing the Proceedings. Workshop planning

and coordination were provided by V. W. Lambou, W. D. Taylor, and John W.
Barko of the WES. Dr. Jerome L. Mahloch was Project Manager for EWQOS,

and Dr. John Harrison was Chief of the Environmental Laboratory, WES.

The Commander and Director of WES during the conduct of the Workshop
was Col. Nelson P. Conover, CE. Technical Director of WES was Mr. Fred R.

Brown.
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A REVIEW OF CONTROL MEASURES FOR OBJECTIONAL ALGAL "BLOOMS"

Gerald W. Prescott

Emeritus Professor of Botany
University of Montana
Missoula, Montana 59801

The history of algicides and algistatic control for lakes and reservoirs,
as is true for the history of almost any evolution, is interlocked with or
paralleled by others. For example, the development of algal control and espe-
cially of algicide applications has come to be what it is today partly through
the slow, historical realization that water is a carrier of disease and that
water quality merits concerned attention. Today it seems almost curious that
illness and disease were scarcely associated with biological contamination
over such a long period of time. That there was some notion that microorgan-
isms might be responsible for or related to disease is illustrated by a belief
that granules in desmids were the cause of swamp fever or malaria in Italy
(Ref. Fischer 1884).

The history of algicides is related to the slowly evolving demand for
better tastes and odor in drinking water, at the same time that it should be
sterile. The changing and perhaps evolution of aesthetic notions concerning
the appearance of lakes, and their use for recreation is collateral with algi-
cide development. 0Objectionable eutrophication, proceeding logarithmically as
it does, has led to the desirability to control algal bloams. Such blooms,
especially of blue-green algae,came to be recognized as a reflection of and a
contribution to eutrophication. Hence some of the facets of 1imnology have
evolved with efforts to explain and to control superabundant growths of algae.

The recurrent and widespread deaths of fish, aquatic birds and of land
animals using algal-infested waters have given impetus to the search for algi-
cides and the development of algal control measures. In many ways, the history
of the industrial age, with its attending proliferation of factories and water
supply reservoirs, involves the progress of algal control. Further, the history
of chemical compound syntheses and of laboratory techniques are interrelated
with efforts to provide insecticides, weedicides and algicides.

Methods of algal control have been and still are principally chemical,
but there are other procedures, some promising, some possibly useful but as
yet impractical. Depending on circumstances, satisfactory control of super-
abundant growths of algae can be achieved by physical means. Rarely, blooms
can be reduced hy laboriously dragging and harvesting, involving screening and
skimming.
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As we realized early in the history of chemical control, enriched waters
induce objectionable algal growths, especially of blue-green genera. There-
fore water blooms have been controlled by the reduction or elimination of
growth-promcting nutrients. This has been done mostly by diverting nutrient-
bearing inlets and sewage plant effluents. But some success may be achieved
by chemically modifying water chemistry of algal habitats.

Another class of control measures is biological, involving several tech-
nicalities and processes, largely experimental but with possibilities. It has
been suggested that voracious plankton predators such as the fish Gizzard Shad
be introduced to troubled habitats to act as a natural deterrent to algal
blooms. Other efforts involve modifications of fish populations and of micro-
fauna which possibly might impose restrictions of algae by changing the food
chain. Further, the development of cyanophages, viruses and antibiotics have

been considered as measures to be used in conjunction with chemical treatments.

It is beyond imagination what the users of domestic water endured before
the days of purification and control of tastes and odors. Judging from the
literature, no complaints are registered in western countries in recent cen-
turies, and yet the occurrence of algal blooms and disagreeable tastes were
prevalent. Recognition of water blooms and water discoloration dates from
early times, especially as judged from references in British literature. Per-
haps the earliest written record of water blooms, however, is that of Pliny
(Bostock & Riley Transl. 1855). Cf passing historical interest is a reference
dating from the 12th Century by Giraldus Cambrensis (Ref. Mosheim 1863).

J. E. Smith (1894) describes a bloom of "Conferva" in an Anglessy 1ake and
Griffiths (1938) and Cooke (1890) report blooms dating from 1823, It is of
interest also to note that sudden appearances of discolored water were attri-
buted to forebodings or as responses to infamous acts, involving "miraculous
powers" (Ref. Maxwell 1896 and Murray 1910). "Bloody" waters are frequently
described in older literature, caused probably by blue-green algae or possibly
by surface blooms of Euglena spp.

Apparently the urban populace of the civilized world was resigned to what
in this day would be regarded as unacceptable drinking water. However, the
algae involved in water bloams and in disagreeable tastes became taxonomically
jdentified during the early 19th century, but attention to them was mostly
lTimited to naming and to classification. It was not until much later that a
causal relationship between algae and bad water tastes was established. In
this country the role of algae was pointed out in 1876 by W. G. Farlow of
Harvard University in his report on algae in the Boston water supply to the
Cochituate Water Board.

Whatever bad tastes and odors algae may have contributed to water sup-
plies, only charcoal and filters were employed prior to the 1800's. Rut dur-
ing the 18th and 19th centuries literature indicates that algae must have been
a considerable nuisance. In England blooms were referred to as "breaking of
the meeres"; in France as "fleur d'eau"; in Germany as "Wasserbluthe." In
this country conspicuous algal growths were and are called variously by "frog
spittle," "water moss," or even insect excreta.




Efforts to improve water quality by algicides possibly might be said to
have grown out of early aeration processes, and later by sterilization,
although as S. H. Hutner wrote one time,"The electric light was not invented
by attempts *to improve on the cardle. MNdgeli {cir. 1842 and Ref. Anonymous
1925) was perhars the first bioloqist to descrite the cidal effects of copper
on algae resulting from his culture experiments wherein he drew water from
copper coil spigots that killed his plants. He calculated that 1 part per
50 million of copper in the water was algicidal.

The German Krbhnke later {1893) is credited with being the first to sug-
gest that copper be used to purify water of bacteria. But during the greater
part of the 19th century aeration, along with filtration. was the common and
apparently the only method of improving water taste and odor. Whereas czera-
tion was helpful, it obviously was not effective in eradication of algal
tastes.

In 1883 potassium permanganate was used to purify water, and later, 1898,
as a coagulant, whereas in 1902 it was applied as a cidal agent against both
bacteria and algae. Again, in modern times Fitzgerald (1964) found potassium
permanganate to be of limited value as an algicide because it is corrosive and
because it leaves objectionable precipitants.

Ozone was suggested for sterilization of water as early as 1873, and 20
years later was used to neutralize tastes and odors. Chlorination for puri-
fication was used in Belgium in 1902 and then in England (1905-1908) where it
was found to he also effective as an algicide, but with objectionable after-
effects. Disagreeable tastes and odors remain and many species of algae be-
come jmmune. In this country F. E. Hale (1925, 1926, and 1927) of New York
investigated and experimented with chlorine as an algicide and described
results in his well-known papers.

The combination of chlorine and ammonia, known as chloramine, was discov-
ered to be highly efficient as bactericidal agent in 1904, hut curiously
was not put into practical application until 1915. In this country cupri-
chloramine (chlorine & copper sulphate) was introduced later (1937).

The effectiveness of copper as an algicide, discovered by Ndgeli was
finally given practical application in France and Germmany during the last
years of the 19th century. Its success in Europe quickly spread to the United
States where, according to literature, it was used by various sanitary engi-
neers in the early 1900's. It was finally becoming realized that much of the
objectionable qualities in drinking water were produced by algae, hence the
drive to eradicate the cause rather than the effects. During the last part
of the 19th century algal blooms had become more and more obnoxious. By 1878,
according to Moore & Kellerman (1905), then of the U.S. Department of Agricul-
ture, over 60 cities had registered troubles with algae in water supplies.

The use of copper sulphate by individual water supply engineers came to
the attention of the Department of Agriculture, and by an act of Congress
G. T. Moore and K. F. Kellerman were directed to experiment with and to test
copper sulphate as an algicide and fungicide. For their work the Massachusetts
Board of Health provided facilities and biological material. Results of sci-
entific tests were presented and discussed at a symposium held by the New




England Water Works Assonciation in New York wherein the ability of copper sul-
phate to ki1l microorganisms was described. Suhsequently, the cidal value of
copper sulphate, together with methods, dosage recommendations, and methods of
application were presented in the papers of Moore (1902 and 1204}, Moore and
Kellerman (1904 and 1905), Moore and Goodnnugh et al. (1905),

Thus, having been publicized and given official recognition, copper sul-
phate became the standard algicide for general use, esnecially since it met all
the requirements:

1. Successful 1y toxic to a great variety of alaal species and at Tow
concentrations.

2. Relatively easily applied.
3. Safe for fish and cther aquatic animals.
4, Safe for human beings.

5. No objectionable side~ or aftereffects {(«t jeast after the first day
following treatment, none that cannot be ¢liminated b, activated
carbon).

For 25 years following its acceptance copper sulphate was used generally,
having been regulated by a directive that its application should he conducted
by authorized persons, and by permit. Apparently the first use of copper sul-
phate in Wisconsin occurred in 1913, but its application became popular and
highly effective by the work of B. Domogalla. Here in the Madison lakes he
carried on what might be called classic applications during the late 1920's,
and later became internationally known throuqh his patented copper alkanola-
mine salts or cutrine which he used both in this country and abread.

The continued search for even better and cheaper algicides was implemented
during and immediately after World War II by the United States biolegical and
chemical research laboratories in Marvland. Many new chemicals were developed
and synthesized, including pesticides and weedicides. Perhaps the war period
marks the beginning of intensive search for algicides and of the development
of means other than chemical for algal control.

e are indebted to C. M. Palmer, T. £. Maloney, and to G, P. Fitzaerald
and coworkers who screened and tested many of these and other chemicals for
algicidal properties. Fitzgerald (1959 and 1962) screened some 300 chemicals
and results have been usefully summarized in a bulletin (Fitzgerald 1971) from
the University of Wisconsin Water Resources {enter. Further, Fitzaerald and
coworkers have carried on exhaustive studies to test biodegeneration of copper
sulphate and other algicides, and also their detoxification through absorption
and/or precipitation. Methyl! mercuric chloride, for example, was found to be
not biodegradablie whereas pheny! mercuric chloride was (is). Also, signifi-
cant studies were made on the specificity of several algicices, providing use-
ful information in determining appropriate concentrations. Fitzgerald found a
large number of redox compounds to be effective against blue-green algae at
concentrations varying fran 1 to 20 ppm, but guinone compounds were found to
be non-toxic. Perhaps the most promising of the agents tested proved to be




2,3-dichloronaphthaquinone which killed algal cells in 10 minutes at concen-
trations of 10 ng/1. This agent, known as Dichlone, was found to be non-toxic
to green algae and aquatic weeds, however. But when applied as a spray it

was found to be effective against blue-greens in concentrations of 30 to 35
ppb, even when blooms were extremely dense. Although Dichlone is effective at
concentrations less than required for copper sulphate, it is, however, more
selective and is not as overall effective against a variety of algae. An-
other chemical found to be highly selective against blue-green algae is phen-
anthraquinone.

Following the development and availability of post-war chemicals, Palmer
and Maloney (1955) and Palmer (1957) screened some 56 for algicidal possibil-
ities. Their reports divide the chemicals (including antibiotics) into 10
categories. E

1. Inorganic salts, including mercuric chloride which is significantly
not detoxified after application.

2. Organic salts, including natrium pentachl orophenate which is very ;
jrritating to the skin when used as an algicide in swimming pools;
triethronolamine of copper; algimycin.

3. Organic acids.

4,  Alcohol-ketones.

5. Substituted hydrocarbons.

6. Phenols.

7. Quaternary ammonium.

8. Amines and derivatives.

9. Rosin amine compounds. Rada; Monuron (used in Russia).
10. Antibiotics.

It is not appropriate to present herein a detailed review of numerous
results of tests, but in summary, all the exhaustive experiments performed by
Fitzgerald, Palmer, Maloney and others yielded a tremendous amount of informa-
tion regarding the control of algae by chemical means during this period of
algicidal history (1950's and 1960's).

Immediately after the war and during the last 25 years, chemical com-
panies, through their own research or by using already tested substances, have
prepared algicides for commercial dispensing urnder trade names. Perhaps the
majority of these have been designed for swimming pools and aquaria--such as
Algimycin-400; but Algimycin-PLLC is effective against pond and reservoir
algae. After all these more recent studies, reports and developments, most of
the chemicals are economically prohibitive for the treatment of blooms in

lakes and large reservoirs.




But during recent times there has been increased attention toward the
control of algae by means other than chemical. The sciences of limnology and
phycology have came to provide many analyses which have emphasized biological-
chemical interrelationships and ecological concepts. Accordingly, the prob-
lem of algal control has been subjected to highly sophisticated attentions.

As mentioned earlier, attempts to develop algistatic methods, if not algicidal,
have been recommended. Experimentally these show some promise, but are over-
shadowed by inabilities to receive financial support or official acceptance
for civic purposes. Consequently many of the suggested or experimental con-
trol measures are mostly confined to private or individual research exercises,
and include both physical and biological operations.

One aspect of biological control involves the use of phages. As long
ago as 1963 parasitic phages of blue-green algae were discovered, first by
Safferman and Morris and named LPP-1, so called because of the first initial
of the generic names of the algae parasitized. Cyanophages have been found to ;
occur rather generally and to be widely distributed, especially in sewage i
lagoons. Shilo (1971), Safferman et al. (1969 and b}, Daft et al. (1970), 7
Padan et al. (1967), as well as other workers have added much to our know!edge
of the biology of phages and their specificity as parasites. Results of their
work offer many possibilities and it is likely that future research may yield
some effective, natural means for treating objectionable algae. Thus far the
high selectivity of phages and the ability of some species to develop immunity
are problems which must be overcome if they are to became suitable algicides.
Unfortunately, thus far no phages are known which will attack toxic species of
blue-agreen algae. Since phages are so widespread in nature it is obvious,
nevertheless, that they do not exert any appreciable control over algal blooms.
This suggests that another problem is that of mass production of cyanophages
for successful applications against algal blooms.

e

Another area of research into algicides which until now offered Tittle
application is that of bacterial parasitism and antibiotics. More and more is
being learned about the antagonism of one species of algae toward others
through extrametabolites. D. 0. Harris (1970, 1971a and b) and Harris and
Parekh (1974), among others, have made exhaustive tests of the inhibitory
properties of several species of algae. LlLike cyanophages, antibiotic reac-
tions are highly specific.

Piological control through the radical modification of the aquatic envi-
romment such as changing the biota, the food chain, or by starvation have been
suggested. Many recent and current studies have pointed up the successes of
these rather involved measures--measures mostly experimental and without any
sound basis for judgement as to their long-range performance.

A method of algal control which is practical and which has been tried
lies within what might be termed starvation. The diversion of nutrient-bear-
ing inlets and sewage plant effluents has had positive results in such places
as the Madison, Wisconsin lakes, in Iowa lakes, Lake Washington at Seattle,
and lakes in Sweden. The reduction, especially of phosphorus and nitrogen
eventually reduces the development of superabundant algal floras. And the re-
duction of nutrients through tertiary treatments in sewage plants has had suc-
cessful, practical results in algal control.
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Recently, May (1974) and May and Baker (1978) found that by using ferric
alum the available phosphorus was depleted to the extent that populations of
Anacystis cyanea were significantly reduced.

Thus, the progress of algal control methods has reached a stage in which a
variety of techniques are being explored. But at present chemical methods are
still the most successful and practical, and among these copper sulphate appli-
cations in lakes and reservoirs are the most reliable and the least expensive.
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SELECTIVE ALGICIDES

by

George P. Fitzgerald
ALGAE ACRES

3644 Rivercrest Rd.

McFarland, Wis. 53558

ABSTRACT

The various problems caused by algae are presented
and evaluations made of the chemicals most suited for their
control in fish ponds, water reservoirs, lakes, small ponds,
and swimming pools. The advantages of chelated copper
products over inorganic copper sulfate are discussed and
results of tests of the comparative effectiveness of various
commercial products are presented. Emphasis is on the
evaluation of various algicides for particular algal problems
by simple testing procedures. The need for biodegradation
studies of chemicals used to control algae is also pointed
out.
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INTRODUCTION

The use of selective algicides to control obnoxious
growths of algae makes multiple uses of bodies of water
possible. Although it would be preferable to prevent algae
problems by control of nutrients or environmental manipulations,
we must control the problem first while other solutions are
developed. However, the mere presence of algae should not be
looked upon as a problem requiring solution. It should be
remembered that in order to get the greatest growth of desirable
fishes in fish ponds, as well as make it easier to harvest the
fish, fish farmers are instructed to maintain an algal bloom
such that their fingers cannot be seen through 30 cm of water.
Therefore all algal growths are not undesirable just because
they are present. Obviously algae do cause problems in fish
ponds such as when filamentous forms predoriinate and nets
used to harvest the fish crop become fouled. This has also
occurred in fertile bays of Lake Superior where growths of
filamentcus diatoms made fishing nets so heavy they could
hardly be raised. The desirable species of algae for fish
ponds seems to vary depending upon the area of the world and
fish species raised but the preferred algae are palatable
species which produce readily available organic matter for
fish food organisms and remain suspended throughout the water
column to produce oxygen at all levels. Thus blooms of
floating planktonic blue-green algae usually require contcol
because they do not appear to be very palatable and produce
oxygen only in the surface waters, allowing bottom waters to
become oxygen-deficient and cause fish kills. 1In some areas
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of the world enough information is available so the proper
kinds and amounts of fertilizers can be used to control the
species of algae in fish ponds. 1In this country copper
sulfate and other selective chemicals have been used success-
fully to get rid of undesirable kinds of algae.

Relatively light growths of certain types of algae,
such as Synura, can cause lardge problems in water reservoirs
because of the production of obnoxious tastes and odors. 1In
addition, mucilaginous coated algae can clog water treatment
plant filters. The problems of massive growths in lakes of
planktonic bloom-producing algae are obvious when one
considers that they are 50% protein and may concentrate
downwind in decomposing layers 10 to 20 cm thick.

Historically, copper sulfate has been successfully
used to control or prevent such obnoxious growths of algae.
In fertile waters the consequence of treatments with copper
sulfate is that sometimes green algae more resistant to
copper replace the original bloom organisms (Kocurovad, 1966). ¢
This shift in algal species may be beneficial or it may ;
create new problems, such as when a filamentous green alga,
Hydrodictyon {(waternet), develops in vast floating patches.
Thus, highly specific algicides applied to fertile waters
may be used to cause an algal species change. This is a
natural shift because when the original bloom organisms are
killed, there would be an increase in available organic
matter which results in increased bacterial numbers and a
consequential increase in CO; generation. Algae favored by
higher COj concentrations or lower pH values would be the
most likely organisms to develop under these conditions.

The uncontrolled growth of filamentous g ‘een algae
in lakes, ponds or canals can cause problems rangi..g from
unesthetic repugnant green scums, such as caused by Spircgyra
(frog spittle), to cause the closing of beaches because of
extensive accumulations and subsequent decay of growths of
Cladophora or impeding navigation on rivers or canals when
massive growths of Pithophora accumulate. There has been
some success in the control of such obnoxious algae in
smaller ponds and lakes by encouraging balanced growths of
aquatic weeds and desirable amounts of algae, but on larger
bodies of water the physical collecting and hauling away of
accumulated algal debris has been necessary. Toxic organic
chemicals such as rosin amines, triazine derivatives, and
acrolein as well as inorganic copper sulfate have been used
to control these algae but there appears to be much more
successful potential control by the use of chelated copper
algicides.

The control of algae in swimming pools probably
represents one of the main areas where copper products are
not successful. The presence of algae in swimming pools




indicates that bactericidal conditions have not been
continuously maintained. This may cause esthetic problems
due tc algal growths in the water or on the floor and sides
of pools as well as real problems of lack of visibility in
deeper portions of pools and slippery floors or walks.
Although copper products have been shown to prevent the
growth of swimming pool algae, they do not kill these algae
and we must use toxic organic compounds for their kill and
control when toxic concentrations of the halides, chlorine
or bromine, cannot be maintained.

Although we have methods for evaluating the efficacy
of chemicals toxic to problem~causing algae,we must remember
that the algae probably would not be a problem if the essential
algal nutrients could be controlled. 1In infertile waters when
an occasional algal bloom does appear and is killed with a toxic
chemical, the nutrients that supported that algal growth will be
released from the killed algae (Fitzgerald, 1970; Fitzgerald
and Faust, 1967) and will be available for the growth of
another crop of algae. In fertile environments where nutrients
are not limiting when a bloom of algae is killed by toxic
chemicals, the net result usually is that a new species or
group of algae replaces the former problem algae (Muracova,
1967; Guseva, 1952; Fitzgerald and Skoog, 1954). With enough
experience we may eventually be able to destroy obnoxious
algal growths and encourage desirable algal species by the
proper use of selective algicides.

The fact that when the presently used algicides are
applied to control obnoxious algae the algae controlled or
new forms of algae grow back in the treated water indicates
that these products are removed from the water or are detox-
ified (biodegraded) by the algae controlled. The biodegrad-
ation of algicides or pesticides in general is a study of
prime importance to anyone interested in protecting aquatic
environments for normal multiple uses without interference
from obnoxious growths of plants or animals. There is a
definite need to demonstrate that chemicals used for the
control of algae are safe for use in the environment.

EXPERIMENTAL METHODS FOR SELECTING ALGICIDES

The testing of chemicals for the control of algae
should be designed to evaluate the effectiveness of the
chemicals in killing or preventing the growth of algae and
not to keeping laboratory or field personnel busy. It is
essential to use simple procedures that can be readily
repeated in order to evaluate the effects of different
environmental factors without wasting time or laboratory
space. The tests should be related directly to a particular
field problem and therefore, the kinds of algae to be tested
should represent those causing that problem. The medium in
which the tests are carried out should have the general
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characteristics of pH, hardness and alkalinity that reflect
the conditions under which the problem algae grow,

The algae causing problems in lakes and ponds have
been found to be particularily sensitive to the toxicity of
copper, whereas closely related species that do not normally
become obnoxious under these conditions appear to be more
resistant to copper. Thus, to evaluate potential algicides,
the strains of algae used should be carefully chosen so they
truly represent those actually causing the problem. Suitable
species for testing are the planktonic bloom=forming cultures
listed in Table la and filamentous green algae cultures listed
in Table 1lb. Stock cultures of these algae can be ygrown in
Gorham's dilute alkaline medium (Hughes, et al., 1958), or in
this medium plus 10% secondary sewage effluent. Gorham's
medium consists of, in mg/L, NaNo3, 496; K,HPO,, 39; MgS0,-7-
Hp0, 75; CaCly-2H0, 36; NapSi03-9H0, 58; Na,CO3, 20; Ferric
citrate, 6; Citric acid, 6; EDTA, 1. 1In tests of the toxicity
of copper the last 3 nutrients should be replaced with FeClj
(3 mg/L) since they affect the solubility of copper and EDTA
reduces the toxicity of copper (Fitzgerald and Faust, 1963).
The algae can be cultured in test tubes or 50 ml Erlenmeyer
flasks at room temperature without shaking. Light intensities
of 100 ft. C. or less are suitable. Consistently good growth
can be attained when these algae are added to test media to
give a final concentration equivalent to 1,000,000 cells/ml.
This concentration of algae is such that the bottom of a lake
would not be visible thrcugh 1 meter of water. Optical
densities can be used instead of cell counts to measure
concentrations of algae in stock cultures. Using 1 cm cells
at 600 or 750 mu,an O.D. or absorbance of 0.3 is about
equivalent to 25,000,000 cells/ml. Clumped or filamentous
algae can be finely suspended for uniform measurements and
inoculation by mixing in sterile Waring blenders for 1/2 to
1 min. Consistency must be maintained in the amount of algae
used in comparing different algae or chemicals because the
amount of toxic chemical required to prevent the growth of
algae 1s related to the amount of algae present (Table 2) and
not to the volume in which the algae are suspended (Fitzgerald,
1964).

The algae causing problems in swimming pools are
usually blue-green algae, such as the "black algae" of
California pools, Phormidium inundatum (Wis. 1093), but
some green algae have also been isolated from problem pools,

represented by Chlorella pyrencidosa (Wis. 2005). These algae
grow well in Allen's neutral medium (mg/L): NHy4Cl, 50; NaNOj3,

1,000; KoHPO4, 250; MgSO4'7H20, 513; CaCljy-2H20, 66; FeCl3, 3.
Algae can be cultured and tested in test tubes or 50 ml Erlen-
meyer flasks at room temperature without shaking. Light
intensities of 100 ft C. or more are suitable. Inoculations
of these algae to final concentrations equivalent to 300,000
cells/ml are standard. Such concentrations in a swimming pool
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Table 1. Lake and pond algae found suitable for algicide testing

A. Planktonic Algae

Gleotrichia echinulata (Wis. 1052)

Anabaena circinalis (Wis. 1038)

Microcystis aeruginosa (Wis. 1036)

Oscillatoria rubescens (Wis. 2000)

Dictyosphaerium pullchellum (Ind. 70)

B. Filamentous Algae

Hydrodictyon reticulatum (Ind. 515)

Cladophora glomerata (Ind. 1484)

Spirogyra sp. (Ind. 918)

Ulothrix acuminata (Ind. 1178)

Table 2. The effect of cell Jdensity on the concentration of
a copper product required to prevent the growth of
Selenastrum capricornutum. AAM Medium, 18 days

incubation (Fitzgerald, 1975).

Cell Density Concentration of Algimycin PLL-C1
(cells/ml) To be Algistatic (mg/L)
10,000 0.05
50,000 0.15
300,000 0.50
1,000,000 2.5

1. Algimycin PLL~C - 5% Cu ~ Great Lakes Biochemical Co., Milwaukee, Wis.
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would make the bottom invisible through 2 m of water.

Toxicity tests using laboratory cultures of algae
are carried out by adding 6 to 8 increasing amounts of a
toxic product to inoculated tubes or flasks and incubating
the cultures in light. Usually after 2 or 4 days the untreated
control cultures will show definite signs of growth and inhibited
cultures can be distinguished visually. Therefore, at this time
re-testing of selected concentrations of the products and vari-
ations in environmental factors can be started without waiting
for the normal 7 to 10 days' incubation when final results are
recorded. Concentrations of the tested chemicals should be
reported that 1) cause no visible effects compared to untreated
control cultures, 2) partially inhibit the growth of the alga,
such as 50, 75 and 90% inhibition, and 3) are algistatic or
prevent the growth of the alga. To be algicidal a treatment
should kill algae. To determine if treated algae are dead,
samples are removed to fresh sterile media and incubated for
7 to 10 days. If algae do not grow in the subculture, the
concentration used was algicidal. Treatment times should be
selected to represent the time a chemical could be expected to
be available to algae under field conditions. The time could
vary from a few minutes to 24 hours, but all competitive chem-
icals should be tested the same length of time.

The evaluation of the duration of the algistatic or
algicidal properties of swimming pool chemicals under field
conditions can be carried out by adding test alyae to samples
of swimming pool water collected at different times after the
swimming pool was treated (Fitzgerald, 1962). Prior to the
addition of the swimming pool chemical to be tested, a gquantity
of water is taken for later use in making dilutions. All water
samples should be dechlorinated and fertilized with 1 mg/L of
phosphorus as KpHPO4,1 mg/L of iron as FeCl3z+6 H0, and 10
mg/L of nitrogen as NaNO3. Swimming pool water samples of 5,
12.5, and 25 ml are tested for the presence of toxic chemicals,
after dechlorination, by making the samples up to 25 ml with
untreated pool water, adding the equivalent of 300,000 cells/ml
of either Chlorella or Phormidium, and incubating for 7 to 10
days. Water samples with the same growth as untreated control
samples would be considered to be nontoxic. Samples with no
increase in growth from the inoculation concentration would be
algistatic and samples with no algae would be algicidal.
Results with the different volumes of treated swimming pool
water give the efficacy of the swimming pool product at 25, 50,
and 100% after the duration times tested. Thus, these proce-
dures will test how long a product is effective under field
conditions and give quantitative data as to use dilutions at
which the product is still effective.

Specific algae causing problems in ponds or canals
can be used to evaluate the relative effectiveness of toxic
products even when laboratory cultures are not available.
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Field algae readily tested are Cladophora, Spirogyra, Ulothrix,

and Chara. Collections of algae can be made from the ponds to
be treated and sufficient pond water should be taken as media
for the tests. Algae can be stored in open beakers at room
temperature for a few days or in a refrigerator for a week or
more.,

A reasonably uniform inoculum is essential to compare
tests of all chemicals and concentrations. Samples of 10 mg
(dry weight) have been found to be optimum for these tests.
Preliminary dry weight measurements determine what 10 mg of the
alga look like and then 20-40 piles are made that appear to have
about this same amount of algae. These are added to treatment
vessels (tubes or 50 ml Erlenmeyer flasks) and the amounts of
products to be compared are added. All chemical stock solutions
should be made in the water to be treated so the effect of that
particular water on the efficacy of the products would be most
evident. Treatment times should be uniform and of short duration
(10 minutes for comparing the toxicity of sources of copper).
After the treatment period the algae can be collected by using
a forceps or pouring the water through a small plankton net.

The algae are washed in running tap water for about 5 sec and
transferred to tubes or flasks for incubation. After a few days
the algae that have been killed by the treatments can be visually
distinguished from unaffected algae by having turned from green
to brown or having sunk to the bottom of the vessel. The amount
of product required to kill 10 mg of a specific alga with a 10
min contact should be reported (Fitzgerald and Jackson, 1979).

Other methods can be used to determine if treated
algae are killed by toxic chemicals instead of waiting the few
days for the results to become visually obvious. One method
reguiring only overnight incubation and then testing whether
the algae can absorb POy4-P or the lcss of extractable POg-P
from the algae has been reportea iI.tzgerald, 1974). Any
method used to determine if the algae are dead should be made
after the algae have been removed from the treatment solutions
so toxic products will not interfere with the viability testing
procedure used. The viability test method used should also be
very simple and readily carried out because it is replacing
visual observations after only a few days' time.

Chemicals used to control algae can be tested for
detoxification (biodegradation) by simple modifications of
algicidal or algistatic test procedures. If a toxic chemical
added to an environment was not biodegraded by the action of
the organisms present, the addition of a single dose of the
chemical would be sufficient to maintain biocidal conditions.
Thus, by reinoculating flasks after an alga has been killed
by a toxic concentration of chemical and has had time to de-
compose, you can determine if the killed algae released the
chemical in a toxic form. 1If the second addition of algae
grow, that concentration of the chemical tested was biodegrad-
ed by the first algal inoculation. By testing different
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concentrations of chemicals with the second inoculation
procedure you can find out how much chemical will be
detoxified by a certain concentration of that alqgac.

LAKE ALGAE CONTROL

Historically copper sulfate (CuS04-5Hz0) has beon

a successful algicide in lakes and reservoirs, destroyvin:
blooms of planktonic blue-green algae and diatoms with
concentrations in reservoirs of 0.3 to 0.8 mg/L (Guseva,

Copper sulfate can be readily applied to water

bodies by methods ranging from dragging cloth bags of the
crystals to aerial applications. In the low alkalinity
waters of the Rocky Mountains copper sulfate is applied to
irrigation canals on a continuous treatment basis resulting
in the prevention of algae problems. However, many demands
for algae control in lakes develop after the algal growths
have become obnoxious and the amounts of algae present will
determine the amount of chemical that must be applied. The
chemistry of the water will also affect the effectiveness of
copper sulfate applications since copper readily precipitates
in alkaline waters. Thus any copper not immediately taken up
by the algae 1is rapidly lost to the bottom of the lake or

It is for this reason that organic chelates of copper
have been used to replace copper sulfate as an algicide.
With proper chelation the copper is kept in solution and
still toxic to the algae (Fitzgerald, 1963). Currently,

two types of chelation of copper are used in commercial
algicides, alkanolamines, such as triethylanolamine, and a

of citrate and gluconate of copper. All of these
of copper will prevent the growth of algae (alcistats)
are mailntained at toxic concentrations, but practical

selection of the commercial product of choice should be based

on which products will kill the algae the fastest with the
least amount of copper and thus reduce the chance of side
reactions with non-target organisms present in the environ-

ment.

Comparative tests are readily carried out to evaluate

which source of copper will be most effective in a particular

water.

Table 3 summarizes the results of laboratory tests to

determine how much copper (mg Cu/L) was required tc kill the
planktonic bloom=-forming blue-green alga, Microcystis aerua-

inosa,

amounts
such as
periods
as much

in an alkaline medium when 7 and 10 hour treatments
were used (Fitzgerald, 1¢75). Copper from Algimycin DLL—CI,

a mixture of copper citrate and gluconate, was effective at
lower concentrations than was copper fron copper sulfate or
CutrineZ, an alkanolamine of copper. In tests of the relative

of copper required to kill filamentous green algae,
Cladophora, Spirogyra and Zygnema with treatment

of 174 to 1/2 hours it was found that from 1/2 to 1106
copper was required when Algimycin PLL-C! was the

source of copper as compared to copper sulfate and four

1. Great Lakes Biochemical Co., Milwaukee, Wis.
2. Applied Biochemists, Inc., Mequon, Wis.
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Table 3.

The algicidal properties of different sources

of copper against the blue-gree alga, Microcytis

aeruginosa (Wis. 1036).
Gorham's Medium (-EDTA)

20 days' incubation.

1,000,000 cells/ml in

(Fitzgerald, 1975)

Percentage Inhibition of Growth of Subcultures

With Different Concentrations of Copper (mg Cu/L)

Treatment Copper Sulfatel Algimycin PLL-C3
Time
(hours) 0.1 0.2 0.05 0.05 0.087 0.1
7 0 75 0 90 1004 100
10 50  100° 50 100f 100 100
1. CuSO4 5H20 - 25% Cu

2. Cutrine - 7.1% Cu - Applied Biochemists, Inc., Mequon, Wis.

3. Algimycin PLL-C - 5% Cu - Great Lakes Biochemical Co., Milwaukee, Wis.

4., Minimum algicidal concentration
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commercial products (Fitzgerald, 1974; Fitzgerald and
Jackson, 1979). Thus, all sources of copper are not
equally effective against some problem-causing algae
and evaluations should be made to determine the most
effective product for a particular problem.

The need to use as little copper as necessary
to control algal problems is particularly important when
dealing with public-spirited ecology-minded persons. They
would probably prefer the use of an organic algicide, such
as 2,3-dichloronaphthoquinone, which was investigated as
an alternative to copper sulfate (Fitzgerald and Skoog, 1954).
This compound is very selective in that 5 species of planktonic
blue-green algae were killed by concentrations of less than
5 ug/L but 100 ug/L or more were required to kill 15 other
species of blue-green or yreen algae tested. Field tests
indicated it was effective in controlling heavy blooms of
blue-green algae, but it never became a popular algicide.

Another alternative to copper sulfate for the control
of algae 1n lakes and water reservoirs has been potassium
permanganate. This product is well known for its use in
water treatment plants for controlling taste and odor problems
in drinking waters. Although higher concentrations of
potassium permanganate are required to kill planktonic
blue-green algae (1/2 to 4 mg/L) than copper sulfate (0.05 to
0.1 my/L), potassium permanganate may have an advantage because
it kills some filter clogging green algae, such as Dictyosphaer-
ium which are not killed by copper (Fitzqgerald, 1966). Thus,
potassium permanganate could be used when copper sulfate
treatments caused a shift in algal species to obnoxinus forms
rather than those readily handled by normal water treatment
processes.

Up until recent times the relative costs of various
algicidal chemicals have favored the use of copper sulfate
over more expensive products. With potential increases in
the cost of copper it has become more c¢ssantial to use as
little copper as necessary for the control of algae and the
more cffective chelated forms of copper may be economic
alternatives even in large bodies of water. In smaller
bodies of water, such as ponds and canals, the cost of
chemicals is of less importance than safety, easc of appli-
cation and effectiveness of the products. Thus, some organic
algicides have been found to be practicai under certain
circumstances. When rosin amine D acetate is handled carefally,
i1t has had some success in the control of the filamentous dgrecen
alga, Ulothrix, 1n fish ponds. Simple continuous trcatments
with rosin amine D acetate have caused this obnoxious alga to
be replaced by a thin coating of diatoms which were a welcome
change because they did not interferc with fish pond manage-~
ment as did the Ulothrix (Johnson, 1955). Substituted triazines,
such as simazine, have been used for the control of the fila-
mentous algae Hydrodictyon (waternet) and Zygnema in fish ponds.
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With a concentration of simazine of 0.5 mg/L the undesirable
algae were replaced by planktonic algae, but if these were

also undesirable, a concentration of simazine of 2 mg/L

would control all algal growths without affecting the harvest

of bass-spawning ponds (Snow, 1963). Simazine is also used

in the products, Aquazine<, Algimycin GLB-X¢ and Algimycin 4002,
which have been found to be very effective in preventing the
growth of algae in small ponds, ornamental pools and swimming
pools. The substituted phenylureas, such as monuron and diuron,
have also been found to be of value in preventing algal growths
in fish aquaria and ornamental ponds. The triazines and phenyl-
ureas will probably increase in popularity when their algistatic
properties are linked with algicidal chemicals to form commercial
products that readily kill problem algae but also prevent
growths of algae over long periocds of time.

SWIMMING POOL ALGAE CONTROL

The bactericides, chlorine or bromine, can be used to
control the growth of algae in swimming pools if high enough
concentrations (0.5 mg/L) are maintained. The toxicity of
these halides to algae are well established, but some species
isolated from swimming pools have been shown to be relatively
resistant. Chlorine must be present at all times in order to
prevent the development of algal colonies on the walls or
apparatus in a swimming pool because once massive layers of
cells have developed the outer surfaces protect the inner
layers from the oxidizing powers of chlorine. If chlorination
is continuous but not uniformly distributed, colonies of
filamentous blue-green algae, such as Phormidium inundatum, are
selectively favored. When chlorination is only intermittent,
any fast-growing alga could develop. Frequently the water is
colored by growths of relatively resistant green algal species
which are protected by mucilaginous coatings, such as Chloro-
coccum. Therefore, unless the proper level and distribution of
chlorine is maintained throughout a swimming pool, the use of
algicidal chemicals will be necessary.

Chemicals for use in swimming pools must be either
algicides or long-lasting algistats. Because copper sulfate
is only an algistat for the types of algae found in swimming
pools and is readily lost from solution, this chemical is not
effective in swimming pools. Silver products are also very
effective as algistats but must be added frequently to maintain
their effectiveness. Recently silver has been added to swimming
pools by electrolytic processes or erosion feeders that continu-
ally replace silver lost by precipitation or detoxification.
These processes are effective in maintaining algistatic, and
bacteriostatic, levels in swimming pools, but weekly super
chlorination (5 to 10 mg chlorine/L) treatments must be made
to oxidize accumulated organic matter that can detoxify the
silver (Fitzgerald, 1967). A recent alternative to super
chlorination for removing organic matter is the use of a

1. Ciba-Geigy Corp., Greensboro, N. Car.

2. Great Lakes Biochemical Co., Milwaukee, Wis.
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commercial oxidizing product, Oxybritel, which can be
added to pools without requiring swimmers to remain out

of the water during the treatment. This product has also
been used to generate bromine in swimming pools as an
alternative to chlorination (Fitzgerald, Jackson and Stern,
in preparation).

In contrast to the copper and siiver products,
quaternary ammonium compounds have been shown to be
algicidal towards swimming pool algae. In order to be
effective, though, these products must be present in
algicidal concentrations for sufficient periods of time
because they will not last long enough in swimming pool
waters to be effective algistats (Fitzgerald, 1962 and 1971).
The fact that the potential human pathoyen, Pseudomonas
aeruginosa, was found to increase in numbers in swimming
pools treated with quaternary ammonium algicides and that
this organism is resistant to relatively high concentrations
of quaternary ammonium compounds leaves some doubt as to the
advisability of using such products in swimming pools even
under conditions in which they could be effective algicides.

The successful combination of an algistat, simazine,
and an organic algicide in a commercial product, Algimycin
4001, has demonstrated how products can be formulated to kill
existing algal problems and to prevent algal growths in
swimming pools. Table 4 summarizes data obtained when three
types of swimming pool products were tested against the swim-
ming pool alga, Phormidium inundatum (Wis. 1093). Two products
contained copper, two products were quaternary ammonium compounds,
and one product was a combination of a polymeric cationic
compound and simazine. All but one of the products prevented
the growth of Phormidium at concentrations of 8 mg/L or less.
The copper-containing products were not algicidal at the
highest concentration these products were tested, 8 mg/L.
Related tests indicated that concentrations of 32 mg/L were
also not algicidal. The two quaternary ammonium products
were algicidal at concentrations 3 to 7 times those required
to be algistatic. The simazine-containing product was
algicidal at the same concentration required to prevent growth
of this alga, 2 mg/L (Fitzgerald and Jackson, 1979; Fitzgerald,
1968). Thus, one can see that practical formulations containing
both algistatic and algicidal chemicals are possible.

BIODEGRADATION OF ALGICIDES

There is a great need to determine if toxic chemicals
added to aquatic environments could be potential environmental
pollutants. In the case of algicides this can be readily tested
by re-inoculating test vessels with the algae used. The results
of different tests of this nature are summarized in Table 5
where different algae have been tested with incrcasing concen-

1. Great Lakes Biochemical Co., Milwaukee, Wis.
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Algistatic and algicidal properties of swimming pool
chemicals against Phormidium inundatum (Wis. 1093).
Inoculated at 300,000 cells/ml in Allen's medium.
(Fitzgerald, 1971; Fitzgerald and Jackson, 1979).

Concentration of Product {(mg/L)

To Prevent Growth

Product of Algae To Kill Algae
Swimfreel >86 >86
SWimtrine2 >86
Algistat’ 4 28
Armazide4 2

Algimycin 4005

1. Swimfree - 7.1% Cu - Hydrology Labs., Inc., Smithtown, N.Y.

2. Swimtrine - 7.4% Cu - Applied Biochemists, Inc., Mequon, Wis.

3. Algistat - 50% Quats - Sears Roebuck and Co., Chicago, Ill.

4. Armazide - 36% Quats - Armour Pharmaceutical Co., Kankakee, Ill.

5. Algimycin 400 - 34% Polymeric cationic plus simazine - Great Lakes
Biochemical Co., Milwaukee, Wis.

Highest concentration tested in these tests.
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Table 5. The biodegradation of algicides. (Fitzgerald, 1975
and Fitzgerald and Jackson, 1979).

Concentration of Product
to Kill (mg/L)
First Second
Algae Product Inoculation Inoculation
Spirogyra Algimycin PLL—Cl 1 4
. 2
" Swimfree 3 > 6
Selenastrum Algimycin PLL-Cl 0.5 5
Chlorella Algaedyne3 10 > 160
" 1% Silver Nitrate 7.5 > 160
1 " Mercuric chloride 0.5 2
" Phenyl mercuric acetate 0.1 0.25
L .4 !
Phormidium Cavco Algicide 1 2 i
. 1
" Black Algaetrlne5 4 |
|
\

Algimycin PLI~C - 5% Cu - Great Lakes Biochamical Co., Milwaukee, Wis.
2. Swimfree - 7.1% Cu - Hydrology Labs., Inc., Smithtown, N.Y.
3. Algaedyne - 0.8% Ag - U.S. Movidyne Corp., Chicago, I1l.
4. Cavco Algicide - 50% Quat. - Cavedon Chemical Co., Woonsocket, R.I.
5. Black Algaetrine - 53% Quat. - Applied Biochemists, Inc., Mejuon, Wis.
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trations of products to determine which concentration killed
the original inoculum and which conccui.ation was required
when the flasks were re-inoculated with the same alga
(Fitzgerald, 1975; Fitzgerald and Jackson, 1979). The two
copper products were tested against field collections of
Spirogyra and a laboratory culture of the green alga,
Selenastrum. The silver, mercuric, and quaternary ammonium
products were tested against the algae used to test swimming
pool algicides. The toxicity of all of these chemicals and
products was reduced by reactions with the target algae. The
algae in some cases were also able to detoxify considerably
more chemical than was required to kill the original inoculum.
This has also been found when organic extracts of mud or dead
algae were found to reduce the toxicity of practical algicides.
Thus, the toxicity of the current algicidal chemicals is
reduced by reactions with the algae they are used against.

These results contrast with the fact that algal nutrients are
released in available forms when algae are killed (Fitzgerald,
1970) and that one chemical, methyl mercuric chloride, has

been found that was not detoxified by algae or fish (Fitzgerald,
1975). Therefore, all chemicals to be added to aquat’c
environments should be evaluated to determine if they will be
biodegraded or remain in toxic condition to pollute the
environment.
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INTRODUCTION

Long-term control of or reduction in algal bilomass in
lakes can be achieved by slgnificantly lowering the concen-
tration of an essential nutrient. This can be accomplished
by nutrient diversion, particularly 1if the lake is deep and
flushes rapidly with water low in nutrients. The oft-cited
cise of Lake Washinegton (Edmondson, 1970) illustrates this
arpreoach. However in many eutrophic lakes, particularly
tnose which are shallower, with extended periods of anoxic
hypolimnia and well-developed littoral areas, extensive
internal cycling of nutrients from sediments to the water
column may occur. This process maintains concentrations of
essential nutrients at levels sufficient to stimulate con-
tinued algal blooms, even after nutrient diversion (Cooke
et al., 1977). Shagawa Lake, Minnesota (Larsen et al., 1975)
is an illustration of this problem.

Most eutrophic lakes are small with the productive and
regenerative portions in close proximity. Slow response to
diversion may be the rule in these lakes and a second step,
the control of some internal release, is required in order
to achieve nutrient limitation. The addition of alumir.um
sulfate and/or sodium aluminate, 1s a lake restoration tech-
nique often called nutrient inactivation or precipitation.
The purpose of this lake restoration procedure is to control

lake phosphorus (P) concentration and thus accelerate
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improvement 1in lake trophic state after nutrient diversion.

This paper briefly reviews this technique emphasizing repre-
sentative case histories. A more detailed and complete

review is found in Cooke and Kennedy (1980, in press).

ALUMINUM CHEMISTRY

Advanced wastewater treatment emphasizes nutrient
removal. Here, iron, calcium, and aluminum salts have been
considered for the precipitation of P. In lakes, only
aluminum has received serious attention because aluminum com-
plexes and polymers are inert to redox changes (in contrast
to iron), are effective in entrapment and removal of inor-
ganic and particulate P, and are of apparent low toxicity at
the pH and dose needed to bring about lake improvement. Cal-
cium additions are most effective at pH values above those
found in natural waters (Stumm and Morgan, 1970).

When aluminum salts are added to water a series of pH-
dependent hydrolyses ultimately form colloidal aluminum
hydroxide, an amphoteric molecule which forms complex ions
with other molecules and which polymerizes. A decrease in
pH and total alkalinity oeccurs. The distribution of hydro-

lyzed aluminum srecles 1s pH-dependent, with polyvmerized

Al(‘H‘% flo» predominating between pH 6 and 8, aluminate ion
+ .

At osye o te vanee s and Al 3 below pH 4 (Figure 1). Reactions

witho oo oveoras include the formation of AlPOu, sorption of

toosrtogtees 0 the surfrice of aluminum hydroxide floc or
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rolyrers, and by entrapment/sedimentation of particulsate

mattiter by the floce. Further details are found in Elsenreich
et al. (1877), Burrows (1977), and Cooke and Kennedy (1940,
in press).

Two approaches to the addition of aluminum salts to
lakes for the purpose of achieving phosphorus limitztion
have been attempted. VNineteen of the 28 published accounts
of aluminum treatment of lakes in North America, Europe, and
Australia have emphasized phosphorus remcval from the water
column (e.g., S. A. Peterson et al.,1974). Here dose is
determined in jar tests in which the aluminum salt is added
until the desired degree of P removal is achieved. Total
amount to be added to the lake is calculated from lake vol-
ume and ¢total P content. Usually additions of aluminum are
so small that little pH change and appearance of dissolved
aluminum occurs. With this approach, little regard is given
to control of P release from anoxic sediments, and in many

cases little long-term control of P concentration has been

The second arproach to lake treatmoent emphasizes the
agrpiication to the sediments of as much aluminum 23 pcssible

3

within limits iwreced by envirormental safety, in order to

w2hieve Ione=term control of the T released to the water
colurn during anoxice periods and when ~croundwater seers into

N

the lace.  This Syre of treatrment 16 exomplified by the work
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of Cooke et al. (1978) and Kennedy (1978). Dose is deter-

mined by pH and by changes in dissolved aluminum concentra-
tion. Aluminum sulfate (alum) is the most frequently
employed salt for lake treatment. When it 1s added, hydrox-
ide 1is formed and pH falls. 1In the range of pH 7.0-5.5%
dissolved aluminum concentration, a potentially harmful
metal, is minimal. As pE and alkalinity continue tc decrease
with further addition, dissolved aluminum increases exponen-
tially. Kennedy (1978), and later Cooke et al. (1973)
defined the maximum dose as that pH at which no more than 50
ug Al/1 was found, a concentration which “verhart and Freeman

(1973) found to be safe for rainbow trout (Salmo gairdnerii).

This dcse can also be defined as that amount which reduces
pH to 6.0 (R. I'. Kennedy and 3. D. Coolke, in prep.).

The anmount of aluminum which can be added is directly
related to lake alkalinity and thus varies from lake to lake.
For soft water lakes, exemplified by the work of Dominle
(197%), a mixture of aluminum sulfate and sodium aluminate
is added, calculating how much of each is needed to maintain

pH at which dissolved aluminum will not increase.

The addition of aluminum for the purpose of controlline
P release from sediments 1is the aprroach of choice for con-
trol of algal biomass, and P removal should be reserved for

special appllications.
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ALUMINUM APPLICATION PROCEDURES

Aluminum salts have been applied, In both surface and
hypolimnetic treatments ty barge. ''anks on the barge are
filled from shore by hoses and the material is mixed with
water, by an on-board pump, on its way to a wide (5-10 m)
manifold trailing behind or below the craft. Usually the
area to be treated 1s marked by buoys and divided intc areas.
The total amount for each area is rrovided to the operators
and gauges on the tank are used to estimate amount delivered.
Details of several delivery systems are described in Cooke
and Kennedy (1980, in press), and also in Kennedy (1978) and

Cooke et al. (1978).

SELECTED CASE HISTORIES

A great deal of variability 1n procedures exists among
the 28 reported cases (see Cooke and Kennedy, 1980, in press)
of phosphorus inactivatlon/precipitation. This reflects the
newness of this technique (1968-1980). Success has also
been highly variable, ranging from failure to 4 years
(longest reported monitoring period) of improved lake trophie
state. Five lake treatments are briefly reviewed b-leow,
illustrating the range of procedures.
HORSESHOE LAKE, WISCONSIN

Horseshoe Lake is a small (9 ha), deep ‘7 max = 1¢.7 nm;
Z = 4 m), dimictic lake in Manitowac Countv, Wisconsin.

This lake had the first reported rhosrhorus rrecipitation in
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the United States (J. 0. Peterson et al.,1873). Blue-green
algal blooms, dissolved oxygen depletions, and fish kills
were attributed to the loading to the lake from domestic,
agricultural, and industrial (dairy wastes) discharges. 1In
May, 1970, 10.2 metric tons of liquid aluminum sulfate were
applied by barge to the lake surface to precipitate phos-
phorus. Three barges were used, each with a holding tank
for mixing dry alum with water, a pump, and an application
manifold. Alum was pumped from the tank into the manifolqd,
a perforated pipe which trailed the barges and was oriented
perpendicular to the path of travel. The lake surface was
divided into areas marked with buoys, and a pre-determined
amount added to each area. This application plan has been
followed for nearly all subsequent applications, with the
exception that in most cases liquid alum is purchased rather
than mixed at the lake site.

After treatment hypolimnetic (Figure 2) and epilimnetic
total P concentrations were lower than before, although hypo-
limnetic P has increased slightly every year (up to 1978),
according to J. O. Peterson (personal communication). Trans-
parency increased, blue-green algal blooms in 1970 were
reduced and there were no fish kills through 1972. No detri-
mental effects to benthic insect larvae were observed in
surveys through 1978 (R. Narf, 1978).

This was a successful treatment despite the apparent

rather small dose.
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WEST TWIN AND DOLLAR LAKE, OHIO

The limnological features of these lakes and details of
their alum treatments have been described elsewhere (Cooke
et al. 1978; Cooke and Kennedy, 1978; Kennedy, 1978). Dol~
lar Lake 1is a small (2.2 ha), dimictic, eutrophic, alkaline
bog, located in the Twin Lakes (Portage Co., Ohio) Watershed.
The lake exhibits symptoms of severe cultural eutrophlcation,
including blue-green algal blooms and hypolimnetic dissolved
oxygen depletions. Carlson's (1977) TSI index was about 65 in
1973. In July 1974, 9 tons of liquid alum were added to the
hypolimnion and 1 ton to the surface. Dose was based upon
alkalinity and defined in accordance with procedures described
in the section on aluminum chemistry. Alum was pumped from an
on-shore tank through a hose floating on the lake surface to
an anchored platform. The barge returned to the platform,
filled a 275 gallon tank, proceeded to a previously marked
section of the lake over the hypolimnion and added the alum
to the 3 M contour via a 7 M wide manifold.

West Twin is a dimilctic, culturally eutrophic (macro-
phytes, blue-green algae, hypolimnetic oxygen depletions)
lake which 1is 35 ha in area, 4.3 M in mean depth, and with a
maximum depth of 11.5 M. West Twin was treated in July,
1975 with 100 tons of liquid alum, all added to the 5 M con-
tour in a dose which accorded with the definition for maxi-

mum dose (see aluminum chemistry). Final average dose for

11
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Dollar was 20.3 gms Al/M3, and 26 gms Al/M3 for West Twin.

sast Twin, a Jdownstream lake of 1dentical limnological 2and
cultural hilstory, and with very similar features to West
Twin, served as a reference lake. Application techniques
were identical to those of Dollar except that two barges
were used. The purpose of the treatments was control of P
release from anoxic hypolimnetic sediments.

Figures 3 and 4 illustrate the change in the P contents
of the lakes. In both, P content fell precipitously and has
remained low through 1978, although Dollar exhibited signc
of increasing P content in 1978. 1Internal P release in West
Twin, calculated by a nutrient budget method (Cooke et al.
1977) was not completely controlled. Earlier experiments
(Kennedy and Cooke, 1974; Kennedy, 1978) indicated that the
aluminum hydroxide floc was effective in controlling much of
the release, suggesting that tne small but continued inter-
nal P release after treatment was littoral in origin. 1In
both treated lakes, cell volume and blue-green domlnance
decreased and transpavency increased.

The Carlson (1Y77) Trophic State Index (TSI) was used

to evaluate the effect of the treatment in contrnlling algal

blomass. The index represents change in algal biomass, as
estimated from the relations between biomass and Secchi Disc
transparency, chlorophyll, and total P, with each change of

10 units (e.g., from 60 to 50) representing a halving or
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doubling of biomass. Carlson (1979) judged the boundaries
cf mesotrophy to be 41 to 51. The responses of the lakes
are listed in Table 1. Obvious and lasting (4 years)
improvements in trophic state occurred. 1In 1979 a much
greater than usual growth of rooted macrophytes took place.
This response seems to be associated with the improved water
clarity. The reference lake (East Twin) also improved after
1976 due to the influx (about 50-70% of water and P budget)
of water low in P from West Twin.
MEDICAL LAKE, WASHINGTON, AND ANNABESSACOOK LAKE, MAINE

These lakes are considered together because they repre-
sent very high (Medical) and low (Annabessacook) alkalinities
and thus significantly different approaches to aluminum dose.
Medical Lake is a eutrophic, dimictic, seepage lake (64 ha,
Z max 18 M, Z 10 M, with an alkalinity of about 750 mg/l as
CaCO3). A large dose was shown by jar tests to be needed for
P removal, and it was determined that multiple surface and
hypolimnetic treatments would be needed. 1In 41 days in sum-
mer 1977, 936 metric tons of liquid alum (12.2 gms Al/M3)
were appllied for P removal, including Y surface and 7 hypo-
limnetic applications. Dissolved oxygen conditions improved
after treatment to the point where the lake could support a
rainbow trout fishery. Total P fell from an average of
about 300 ug P/1 to about 60 ug P/1l, and algal biomass was

greatly lowered,thus improving transparency The treatment
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Table 1

Mean (May-September) Carlson Trophic State
Index (from surface measures; adapted from
Cooke, 1979), based on Total Phosphorus

West Twin East Twin Dollar
1971 57.58 53.68 no data
1972 62.75 58.91 no data
1973 61.36 56.48 64.31
1974 59.84 58.89 no data
1975 55.85 57.14 50.22 i
1976 52.36 56.62 50.65
: 1978 Ly 25 b7.27 47.79
[< 1971-1974 60.38 56.99 64.31
1976~1978 4g.31 51.95 49.55

decrease in
. algal bicmass 2.4 1.01 2.95
¢ 1971-74 vs. 1976-78
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at Medical Lake also shows that the period of treatment can

be extended over many days (Gasperino and Soltero, 1978).

Annabessacook Lake, a soft (20 mg/l as CaCO3) water,
eutrophic lgke, receives about 85% of its total P income
from seepage (Dominie, 1978). The objective of the treat-
ment was to control this source. In order to maintain pH at
near normal levels, and thus to minimize the appearance of
dissolved aluminum, while at the same time adding enough
aluminum to control P release, a mixture of aluminum sulfate
and sodium aluminate (1:1.6) was added to the hypolimnion
(121 ha) in August, 1978. The 8-10 M contour received a
dose of 25 gms Al/M3, and the 10 M contour and below a dose
of 35 gms Al/M3, using an application system similar to
earlier workers except that a segregated dual injection
system was employed to prevent precipitation of aluminum
salts in the manifold. Preliminary studies indicate lake
improvement.
BRAIDWOOD LAGOONS, NEW SOUTH WALES, AUSTRALIA

Ponds also have severe problems with nuisance algae.
May (1974) added liquid alum, along with suspended blocks of
ferrlic alum, to control toxic blue-pgreen algae in farm dams.
The objective of the treatment was to control P release from
sediments. A dose of 10.6 gms Al/M3 and 31 gms Fe+3/M3 was

added. Blooms of Ariacystis cyanea and Anabaena circinalils

were controlled, illustrating the effective use of P inacti-

vation in shallow, circulating ponds.
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TOXICITY OF ALUMINUM TREATMENTS

Burrows (1977) reviewed the toxicity of aluminum to
aquatic biota. The data are sparse, particularly because
many investigators failed to realize that the concentration
of dissolved aluminum in test waters is pH-dependent. Some
waters could recelive very large amounts of aluminum before
dissolved aluminum appeared at concentrations sufficient to
induce toxicity.

Three laboratory studles are of value. Biesinger and

Christensen (1972) found that Daphnia magna has a 16% repro-

ductive impairment at 320 ug Al/l. Freeman (1973) and
Everhart and Freeman (1973) report that a concentration of
5200 pug Al/1, whether at pH 9.0 where it is highly soluble
or at pH 7.0 where it is nearly insoluble, seriously dis-

turbed rainbow trout (Salmo gairdnerii) if present longer

than 6 weeks. At 52 ug Al/l, there were no obvious effects
on growth or behavior, leading Kennedy (1978) and Cooke et

al. (1978) to adopt this value as the upper safety limit for

dissolved aluminum in lake treatments. S. A. Peterson et al.
(1974) found that Chinook salmon survived a dissolved
aluminum concentration of 20 ug Al/1, and that D. magna did
not reach a 96 hr TLm with concentrations up to 80 ug Al/1.
In the field, several investigators report an apparent
absence of toxicity to fish (Cooke et al. 1978; Bandow, 1974;

Sanville et al. 1976) after lake treatments. Narf (1978)
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monltored Horseshoe, Pickerel, and Snake Lakes, Wisconsin,

the earliest aluminum treatments in the United States, and
found no negative impact to the benthic invertebrates living
in them.

Moffett (1979) found a significant decline in species
diversity of planktonic microcrustacea in West Twin Lake,
Ohio, when comparing post-treatment diversity to both pre-
treatment values and to the untreated reference lake. The

cause of this diversity change is unknown.

RESEARCH NEEDS

This technique for lowering P concentration to the
polnt of exerting control of algal biomass appears to be a
successful one. Because nearly all of the treatments have
been recent ones, almost no long-term monitoring of effects
is available. Thils is a general problem with all lake
restoration techniques and represents one of our most
serious gaps in support of lake restoration research.
Unless this type of support becomes available, meaningful
cost-benefit analyses, a second serious gap in our knowledg-~,
will be difficult or impossible. It is critical for the
lake manager or citizen association to know the duration of
effectiveness versus 1nitial cost.

Duration of effectiveness may be related to aluminum
dose, but this 1s not known. The difference betweer. a dose

for P removal and the "maximum" dose defined by Kennedy
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(1978) (see aluminum chemistry section), 1in terms of control-

ling P release from sediments, is clear. We do not know how
long that maximum dose will continue to sorb P, although it
appears that effectiveness at Dollar Lake (Figure 3) is
declining after 4 years. If both aluminum sulfate and sodium
aluminate were added simultaneously, pH would be kept in a
range in which very little dissolved aluminum would aprear.
In that case, one could presumably add as much aluminum as
affordable. Would duration of effectiveness in ccntrolling

P release be increased in proportion to dosc?

Application procedures with a barge are costly and can
be slow and awkward. Alternative means of application should
be sought, including consideration of the arolication by
high velocity hoses from shore to lake surface.

Toxicity problems, with the possible exceptiosn of the
diversity change in vlanktonic microcrustacean at West Twin
Lake, have not appeared. VYet, we know almost nothing of the
impact of the ftreatment upon the actual level of bioloesical
organization to which it is applied. Nearly all toxicity
studies have been to monospecific laboratory cultures. The
apparent success of the phosphorus inactivation procedure
may lead to widespread use, assuming aluminum costs remain
moderate, and it would seem important to have data on the

possible negative effects of it on lakes and lake organisms.
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CONCLUSIONS

The aluminum treatment of lake sediments to control P
release and to hasten P-limiting conditions following
nutrient diversion appears to be one of our more successful
means of improving lake and pond trophic state. Lakes which
have received sufficient dose exhibit reduced algal biomass
and improved transparency.

Methods of adding aluminum, primarily as aluminum sul-
fate thus far, have not varied greatly since the design of
the Horseshoe Lake, Wisconsin,application system. But dose
has varied widely among treatments, and in some cases there
was no basis at all for the amount added. This remains a

problem. As well, the possibility of long-term toxicity has

not been examined, nor do we know of longevity of effective-
ness.

This report has briefly summarized the state of our
knowledge regarding aluminum treatment of lakes and pools.
A larger, more detailed work was developed In 1979-1950 at
the Corvallis Enviromnmental Research Laboratory (USEPA)
under the direction of Dr. S. A. Peterson (Cooke and Kennedy,

1980, in press). We conclude that this lake and pond

restoration procedure can be successful and holds great
promlise of providing longevity of control of algal biomass.
We urge that support be given to those areas which we have
designated as 1important to developing this procedure as a

standard lake restoration technique.
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INTRODUCTION

] Artificial aeration or circulation of lakes is commmonly used
for managing the ecological consequences of eutrophication. Unlike
techniques that prevent nutrient influx from the watershed,
aeration/circulation affects nutrient cycling within the lake only.
It can be used to improve water quality by alleviating a variety of
problems which arise during thermal stratification and deoxygenation
of the hypolimnion. Aeration/circulation has proved beneficial in
management of domestic water supplies, downstream releases from
reservoirs, and industrial water systems. By inducing dramatic
changes in biological communities through influences on species
abundance and distribution, diversity, and trophic structure, the
technique has potential usefulness in control of algal blooms and
improvement of fisheries. 1In some instances, treatment has
aggravated already existing problems or caused new problems to arise,
but these results can usually be attributed to faulty design of the
aeration device, improper application of the technique, or inadequate

understanding of the biological community and its response
mechanisms.

The broad range of aeration/circulation techniques has been
divided into two major groups: artificial circulation and
hypolimnetic aeration. Procedures which are designed to either mix
the whole lake 