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INTRODUCTION

Statement of Purpose

The need for rigid control of environmental stresses (both actual
and potential) has generated many new approaches to monitoring the physical,
chemical, and biological fluxes in aquatic ecosystems. One of these
approaches that is currently being used is the algal bioassay. This
technique has been used primarily in predicting the algal growth potentials
of waters from a variety of sources. It also has been used to identify
the algal growth-limiting nutrient in these waters. The purpose of this
investigation was to examine the suitability of algal growth potential
techniques for toxicity studies. Studies of this type are very useful
since they may establish criteria by which environmental standards may
be set for many toxicants. The toxicants which I studied included two
anionic surfactants, a nonionic surfactant, and zinc. The goals of the
surfactant studies were different from those of the zinc study, but both
studies were related in that algal bioassay techniques were used in each.
The intent was to demonstrate the versatility and practicality of the
techniques for toxicity studies.

More specifically, the purpose of the surfactant studies was to
determine the effects of biodegradation on the toxicity of three surfactants
to an algal test organism. The surfactants were biodegraded in bench-scale
activated sludge units, and the effluents were bioassayed. Both static
and continuous-flow bioassay techniques were used.

The purpose of the zinc studies was to determine the levels of zinc

required to inhibit algal growth under defined experimental conditions



and to study the effects of temperature on the toxicity of these zinc
levels. Static algal bioassay techniques were used. Standing crop levels
and oxygen production rates were measured to study the toxic effects of

zinc and its possible mechanism of action.

Literature Review of Algal Bioassay Theory and Use

General Considerations

Krock and Mason (1971) defined algal bioassays as tests of the
ability of chemicals to affect the processing of energy by algae. This
definition is applicable whether the bioassays are to test for toxicity
or for algal growth potential. Mackenthun (1969) stated that the bioassay,
in general, is an important tool for investigating toxic wastes because
results can indicate the degree of hazard to aquatic life of a particular
discharge. Recommendations can then be made concerning the level of
discharge that can be tolerated by aquatic organisms. Hutchinson and
Stokes (1973) stressed the importance of bioassays in that living organisms
provide a sensitive index of their environment, and their responses can
be intelligently interpreted. Voluminous literature exists on many types
of bioassay studies, and much of it describes work done with various
species of fish. However, a justifiable need exists for the use of algal
bioassay data in evaluating environmental stresses. Hutchinson (1973)
stated that the phytoplankton are important to study since they are the
major food source for grazing zooplankton (and ultimately for fish).
Kauss et al. (1973) agreed with the importance of studying algae since
any deleterious effects on algal species are likely to be detrimental to

higher trophic levels. Krock and Mason (1971) stated that fish are



usually the aquatic organisms of greatest economic importance to man,
but fish must depend on the energy processing action of the producers,
decomposers, and herbivores. Thus, we are justified in studying the
lower trophic level organisms because the stability of the entire system
is important for the livelihood of any single component of the system
(e.g. fish).

This need for standard algal bioassay procedures resulted in an
attempt by industry and government (Joint Industry/Government Task Force
on Eutrophication 1969) to develop a standardized algal assay procedure
(primarily for nutrient level assessment). Toerien et al. (1971) made
several comments on this procedure and its potential for practical use.
He said that the Provisional Algal Assay Procedures (PAAP) could be used
in the solution of eutrophication problems by identifying growth-limiting
nutrients in receiving water and wastewater. Only then can one determine
which nutrients (if any) need to be reduced in concentration. The amount
of needed reduction can only be determined from algal growth kinetics
information. He also indicated that the procedures could be used with
practical applicability in studies of toxicity evaluation. The criteria
used by the task force in selecting algal assay procedures were as
follows: 1) methods should be simple, convenient, and capable of being
carried out by technicians, 2) equipment requirements should be simple
and economical, 3) results should be accurate and precise, 4) geographic
variation in the methods should be minimal, and 5) results should be
applicable (with judgment) to the natural environment. These procedures
(with a few modifications) have been widely used for algal growth potential

and toxicological assessment. Krock and Mason (1971) said that the main



advantages of using algae instead of fish as bioassay organisms were
1) short generation time, 2) fast metabolic rate, and 3) no known detox-
ification mechanisms.

Most advocates of using algal bioassays have stressed that assays
should not be substitutes but supplements for chemical data (e.g. Maloney
et al. 1973). Aubert (1972) pointed out that mere analysis of the chemical
composition of water is inadequate for evaluating pollution. The bioassay
technique provides a more comprehensive account of the dangers to different
levels of the food chain. 1In discussing the control of sewage effluents,
Forsberg and Forsberg (1972) stated that the use of algal assays to test
chemical treatment efficiency gives a more comprehensive picture of effluent
quality than chemical tests alone. Johnson et al. (1970) said that
chemical analyses do not show the relation of chemical concentration to
phytoplankton growth. Certain combinations of these chemicals may react
synergistically or antagonistically. Skulberg (1964, 1966) felt that
physical and chemical data alone are inadequate to characterize the
biology of a lake. Chemical analyses give information on plant nutrient
concentrations but give no indication of their availability to algae.
Assays do not duplicate environmental conditions, thus they must supplement
rather than substitute for physical and chemical data. In algal growth
potential studies, algal assays may be better than chemical tests in
determining levels of assimilable nitrogen and phosphorus (Cullimore and
McCann 1972). Wang et al. (1973) generalized that the most direct
evaluation of eutrophication is to study living algal organisms. They
are the most immediate biotic reflection of the nutrient status of their
environment, and their short life cycle and facility for rapid adaptation

make them ideal organisms for laboratory examination.



The results of algal bioassay studies should be applicable, to some
extent, to the natural environment. However, this must be done with a
degree of caution. Lee and Veith (1971) stated that although bioassays
provide essential information for evaluating the significance of hazardous
chemicals in the environment and for establishing control measures for
their use, the accuracy with which bioassay results can be extrapolated
to environmental conditions depends largely on the knowledge of the state
of the chemical in the environment and the ability to reproduce this
chemical state under test conditions of a bioassay procedure. Because
few studies successfully do this, Lee and Veith were relatively critical
of the PAAP as an algal growth potential test. However, many researchers
believe that laboratory data can be successfully applied to the natural
environment if it is done with care (Foree and Wade 1972, Provasoli 1958
as cited by Clesceri 1973, Ukeles 1965). Kolata (1974) said that by
isolating the key components of a system and treating them as much as
possible in isolation, ecologists éttempt to produce models that describe
broad clqsses of phenomena. In discussing algal bioassay static tests,
Middlebrooks et al. (1971) stated that results can never be interpreted
directly in terms of outdoor ecosystems involved in eutrophication, but,
like the BOD test, algal assays can be useful as basic water quality
parameters. Warnick and Bell (1969) did toxicity studies with aquatic
insects, but their justification for the applicability of acute bioassay
results also applies to algal tests. They said that acute toxicity
tests indicate relative species sensitivity and lethal concentrations.
This information can be used for long-term tests to establish necessary

requirements for healthy aquatic life. The discussion by Toerien et al.



(1971) concerning the application of algal assay results to the environment
is very constructive. They pointed out that the standing crop attained
in static assays is far removed from that attained in nature. Static
assays always have higher standing crops since maximum standing crops
are rarely attained in nature. This is due to environmental limiting
factors such as predation, settling of cells, etc. As soon as a water
sample is removed from its normal environmment, factors have been introduced
which make it nonrepresentative. Thus, one can only analyze for those
properties that are intrinsically part of the sample (i.e. chemical
content, organisms, and detritus). Further treatment such as filtration
only makes extrapolation of the results to nature more difficult.

As was mentioned earlier, algal bioassays have been used primarily
in two ways: for algal growth potential tests and for toxicity tests.
Much more literature is available concerning algal growth potential tests
than toxicity tests. The following researchers have used algal assays
for algal growth potential purposes: Berland et al. (1972), Brown 1972a,
Clasen and Bernhardt 1974, Clesceri 1973, Cullimore and McCann 1972,
Eyster 1958, Forsberg and Forsberg 1972, Forsberg and Hokervall 1972,
Johnson et al. 1970, Krock and Mason 1971, Lange 1971, Lindahl 1973,
Maloney et al. 1972, Miller and Maloney 1971, Moss 1973, Skulberg 1964,
Skulberg 1966, and Toerien et al. 1971. Only a few authors have published
papers in which algal assay techniques were used to test for toxicity.
Some of those include Brown 1972, Hall 1973, Krock and Mason 1971, and
Toerien et al. 1971. Several others have indicated that algal growth
potential techniques could be used in toxicity studies (Forsberg and

Forsberg 1972, Johnson et al. 1970, and Weber 1973).



I have stated that algal bioassays can be used for two basic purposes.
There are also several types of bioassay techniques from which to choose
for a given purpose (i.e. static, continuous-flow, and in situ tests).
Each has its advantages and disadvantages which will be discussed in more
detail. Very little work has been done with standard procedures for
in situ assays; therefore, they will not be considered here. The static
and continuous-flow techniques are the most commonly encountered, and

they were the ones utilized in this study.

Static Algal Bioassays

In outlining the procedures for the static algal bioassay, Weber (1973)
listed the following uses for the test: 1) identification of algal
growth-limiting nutrients, 2) biological determination of the availability
of algal growth-limiting nutrients, and 3) determination of the toxic
or inhibitory effects to algae of various compounds or water samples.
As is the case in most discussions of the uses of algal assays, its primary
purpose was presented as an algal growth potential test. However, more
recently, authors have made provisions for the techniques to be used for
toxicity tests. Even though the procedures are essentially identical
regardless of the purpose of the test, the basic theory is quite different
for each of the intended purposes. If the purpose of the bioassay is a
nutrient study, then the limiting nutrient concept is the most important
consideration in the test. Weber (1973) described this concept'by stating
that algal growth is limited by the nutrient present in shortest supply
with respect to the needs of the organism. Miller and Maloney (1971)

said that a nutrient is limiting if growth is stimulated by adding it.



If, however, the bioassay test is intended for toxicity purposes,
the limiting nutrient concept is not the most important consideration.

The concentration of the toxicant, the time of exposure, and the mechanism
of response are the most important factors to consider (Krock and Mason
1971). Even if the purpose of the test is a nutrient study, the presence
of toxic substances in natural water samples to be bioassayed may severely
alter results.

The static algal bioassay is basically a closed system (except for
gas exchange) in which the chemical composition of the medium is controlled
only until the time of inoculation. Then the metabolic activities of the
inoculated algae continuously alter the environmental conditions in the
enclosed system. The system of dynamic equlibrium which exists in nature
is certainly abbreviated in a culture vessel. It is for this reason that
many researchers are critical of results generated by this method.

However, as was stated earlier, there are many proponents of the test
and its potential for useful results.

Many authors have presented detailed discussions of the kinetic
theory of the algal bioassay static test (Joint Industry/Government Task
Force on Eutrophication 1969, McGauhey 1969, McGauhey 1970b, Toerien et al.
1971, Tunzi 1972, Weiss and Helms 1971). I will not discuss the details of
kinetic theory since extensive monographs are available on the topic
and since most of the mathematical relationships are not applicable to
toxicity studies (but rather to nutrient studies).

The static algal bioassay test, whether used for toxicity or nutrient
study purposes, is not a standard procedure (Environmental Protection

Agency 1971, Weber 1973). Extensive testing and evaluation of the static



methods have yielded acceptable levels of precision and accuracy for
practical use (Weiss and Helms 1971). Some of the uses of the static
test will now be discussed.

When the static algal bioassay has been used as an algal growth
potential test, the source of the water to be tested has been either natural
waters from lakes, reservoirs, and streams, or wastewaters from industries
and domestic sewage facilities. Allen and Nelson (1910), Maloney et al.
(1973), McGauhey (1969), McGauhey (1970a), McGauhey (1970b), Toerien et al.
(1971), and Wang et al. (1973) tested natural water samples for algal
growth potential using the static test. Wastewaters have been tested by
Clesceri (1973), Forsberg (1972), Goldman et al. (1974), and Middlebrooks
et al. (1971). All algal bioassays for algal growth potential purposes
are conducted in one of two basic ways (Cullimore and McCann 1972). The
water or waste sample may be diluted to a series of strengths, and assays
may be run on each dilution, or the sample may be spiked with one or more
chemicals, and assays may be run for each different spike. Spiking
studies are usually run to determine tha algal growth-~limiting nutrient.
Dilution studies are usually run to assess the algal growth potential of
the sample. For both types of tests, the parameters of interest are the
maximum standing crop and/or the maximum specific growth rate for the
test period. The measurements of these parameters are then used to evaluate
the limiting nutrient or algal growth potential characteristics of the
sample.

The static test has been used much less frequently for toxicity
studies. Those who have used it for toxicity test purposes include

Bartlett et al. (1974), the Environmental Protection Agency (1971),



10

and Toerien et al. (1971). There are several reasons that the test has

not been used extensively for toxicity purposes. First, toxicity tests
have classically been run primarily with fish. Secondly, interest in the
lower trophic level organisms for water quality monitoring purposes is

a relatively recent development. Thirdly, the static test procedures

have been publicized primarily as algal growth potential tests. The

static test procedures are certainly not more difficult to use for toxicity
tests. As was true for algal growth potential studies, toxicity studies
are usually run on either natural water or wastewater samples. Samples

may be spiked with toxicants before bioassaying, or the concentration of
toxicants present in the sample may be reduced by dilution before testing.
Standing crop and/or growth rate are also the parameters of importance in
toxicity tests. These measurements are used to evaluate either the toxicity
of a number of chemicals to the test organism (spiking studies) or the

strength of toxicants already present in the sample (dilution studies).

Continuous-Flow Algal Bioassays

Like the static test, the continuous-flow test was developed primarily
for measuring algal growth potential but can be used for toxicity studies.
Continuous-flow techniques are more complicated than static test procedures,
and they require more time, expense, and trained personnel for operation
(Tunzi 1972). The theory of chemostat operation has been discussed
extensively by Foree and Wade (1972), Joint Industry/Government Task Force
on Eutrophication (1969), McGauhey (1969), Toerien et al. (1971), and
Tunzi (1972). The mathematical expressions describing continuous-flow

growth kinetics will not be described here. The equations are basically
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those outlined by Michaelis and Menten (1913) (as cited by Toerien et al.
1971) in describing enzyme kinteics, but they are applicable only for
limiting nutrient studies. The continuous-flow bioassay is an open system
in which fresh sample to be bioassayed is constantly being fed into the
chemostat. This continuous addition of sample allows the maintenance

of relatively constant chemical conditions in the medium. As the algae
grow, their metabolic activities do tend to change the chemical constituency
of the medium, but the constant flow of fresh feed tends to hold the
conditions constant. Assuming that algal growth is not inhibited by a
toxicant in the sample, the steady state level of growth attained by the
algae is a function of the limiting nutrient concentration and the rate

at which the sample is fed into the chemostat. These two parameters can
be varied at will while other parameters such as lighting, agitation,

and temperature are held constant. If toxicants are present in the
sample, the limiting nutrient concentration is no longer a primary factor
in determining the steady state level of growth. A certain concentration
of toxicant might reduce growth, halt growth altogether, or kill the

cells regardless of the limiting nutrient concentration. If growth is
completely halted or if the cells are killed, the chemostat will eventually
be flushed of all algal cells, and steady state levels of growth are
impossible to attain. If growth is only reduced by the toxicant, then
steady state growth may be achieved but at a lower level than if no
toxicant were present. Thus, for a nutrient study, higher steady state
levels of growth indicate greater algal growth potential due to a greater
concentration of limiting nutrient. For toxicity studies, reduced steady

state levels of growth indicate the presence of toxicants in sufficient
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concentrations to inhibit (to some degree) the normal metabolic growth

rate of the algae under the specified conditions. Like the static tests,
co;tinuous—flow algal bioassays may be spiking tests or dilution tests
depending on the purpose of the assay. 1In any case, it is vitally important
that the following parameters be held constant: flow rate, medium
composition, culture volume, pH, temperature, aeration, and adequate

mixing (Hamilton and Preslan 1970).

Unlike the static test, the continuous-flow assay has not yet been
recommended as a standard procedure. It has not been tested as extensively
as the static test because it is a complicated procedure to perfect,
and many more variables must be controlled. There have been very few
examples of successful chemostat studies (Tunzi 1972).

The continuous-flow algal bioassay was used for algal growth potential
studies by Dunstan and Menzel (1971), Foree and Wade (1972), Foree and
Scroggin (1972), Fuhs (1972), McGauhey (1969), McGauhey (1970b), Scherfig
and Dixon (1973), and Toerien et al; (1971). Most of these studies involved
evaluation of the algal growth potential of wastewaters. They were carried
out essentially by diluting the samples or by determining the limiting
nutrient and spiking with a range of concentrations of that nutrient.

For a given flow rate, the steady state levels of growth for each set of
dilutions or for each series of spikes was compared to controls. This
indicated the capacity of the samples to support various levels of algal
growth under the experimental conditions used. The results were primarily
used to indicate the efficiency of tertiary sewage treatment (in removing
nitrogen and/or phosphorus) or to evaluate the algal growth potential of
the receiving water after mixing with the effluent. In most cases, these

continuous-flow assays were carried out in addition to static assays.
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Very little use has been made of the continuous-flow test for toxicity
studies. Two toxicity studies in which these procedures have been used
include Toerien et al. (1971) and Reynolds et al. (1973). Perhaps one
of the main reasons that this test has not been used for toxicity purposes
is the length of time required to achieve steady state and thus to obtain
results. In most instances, results of toxicity tests are needed quickly
so that corrective actions may be taken. Time however is not a factor
in instances where the test is used in the laboratory to study the effects
of various levels of different toxicants. Theoretically, these results
could be used to determine critical levels of toxicants in the environment.
Routine chemical monitoring could then be used regularly to insure that
the critical levels (or standards) are not exceeded. Unfortunately,
the lack of use of the continuous-flow test for toxicity studies has
left many unanswered questions concerning its accuracy, precision, and
its response to physical and chemical variables. Much more interlaboratory
testing must be carried out to elevate continuous-flow techniques to

standard procedures.

Advantages and Disadvantages of Static and Continuous-Flow Assays

Many of the assets and liabilities of the various algal bioassay
test procedures have already been referenced. Forsberg (1972) said that
it is necessary to develop algal assay methods that require small culture
volumes, small samples, and short incubation periods if they are to
become routine practices. This would certainly tend to support the use
of static rather than continuous-flow assays. Tunzi (1972) stated that

static assays are best for running a large number of samples very rapidly
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with good statistical reliability. Chemostat assays are best when time,
money, and trained personnel are ample. Toerien et al. (1971) defended
the continuous-flow test, but they considered only the evaluation of algal
growth potential. They said that static assays require less equipment

and are simpler to conduct, but continuous-flow assays are more versatile
and yield more valuable information with higher precision. Their studies
indicated that limiting nutrients were more easily identified with
continuous-flow tests. These tests allow for maintaining a culture for

a long period of time with a constant population, constant growth rate,
constant physiological state, and constant environmental conditionms.

In static tests, not all the cells are in the same physiological state.
Toerien et al. (1971) recommended that static tests be used for crude
screening énd routine monitoring and that continuous-flow tests be used
for quantitative assessment of algal growth-supporting properties of water,
limiting nutrient determination, and kinetic description of nuisance

algae. Tunzi's objections to continuous-flow procedures were mainly that
cultures were difficult to keep clean if not pure over long periods of
time and that good statistical reliability of results was difficult to
attain since replication is usually low. Neither author addressed themselves

specifically to toxicity tests in discussing advantages and disadvantages.

Selection of Assay Organisms

The algal bioassay procedures that have been developed by the Environ-
mental Protection Agency recommend that single algal species be used as
test organisms. There has been substantial disagreement with this recommen-

dation from many researchers who argue that natural populations rather
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than single species should be used. Dunstan and Menzel (1971), Krock
and Mason (1971), and Wang et al. (1973) have carried out algal bioassays
using natural populations. Wang et al. stated that the advantage of using
a mixed population rather than a single species is the adaptability to
different aquatic environments where more than one species is available
for potential growth dominance. Skulberg (1964) agreed with this saying
that single species grown in the laboratory differ to some degree in
cell physiology from natural organisms. Single species may not respond
in a manner representative of the natural organisms in question. Also,
the effects of important biotic factors for the development of algae in
nature are excluded when single species are used.

However, a strong case can be made for the use of single species.
The key to the argument is the intended purpose of the test. If the purpose
of the test is to describe quantitatively and qualitatively exactly what
happens in nature under specified nutrient or toxicity conditions, then
perhaps the use of natural populations is advisable. But single species
canlalso provide valuable information concerning the behavior of natural
organisms. No one species is a perfect representative of all other
species and their individual characteristics, but organisms that are
representative in many ways can indicate how many organisms will respond
to various stimuli. Use of single species allows emphasis on the specific
response of an organism to a nutrient or toxicant without having to
consider the effect of community interactions. This is not to say that
community interactions are not important, for certainly they are. But
sometimes the individual components of a complex response must be analyzed

in isolation before the significance of the overall response is understood.
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Several authors have described some of the characteristics of an
algal organism that make it desirable for bioassay use. Toerien et al.
(1971) listed the following characteristics: 1) have a broad nutrient
response, 2) have a distinct shape, 3) have a uniform size, 4) divide
distinctly, 5) not attach to glass and surfaces, 6) stay in suspension
with slight agitation, 7) should not clump, 8) grow at maximum rate in a
medium that is simple to constitute, 9) be nonauxotrophic, 10) should not
excrete toxic substances, and 11) should normally be associated with
oligotrophic waters. Johnson et al. (1970) also listed many of these
characteristics. Skulberg (1964) added that the organism should be sensitive
enough to exhibit variations in growth response when the change in the
growth conditions is small. The need for an organism with these character-

istics lead to the selection of Selenastrum capricornutum Printz as a

representative species. The organism was originally secured from O.
Skulberg of Oslo, Norway (Toerien et al. 1971), and has since been extensively

used by algal bioassay investigators as their test organism.

Literature Review of Surfactant Toxicity

Sawyer and McCarty (1967) stated that synthetic detergents have been
widely accepted as substitutes for soap, especially since 1945. Use of
synthetic detergents is desirable since they do not form insoluble
precipitates with the ions causing hardness. Most detergents contain
20-30% surfactant and 70-80% builders. The surfactant is responsible for
micelle formation with dirt and grease and is the actual cleansing agent
in the synthetic detergent mixture. The builders enhance the cleansing

properties of the surfactant by such actions as maintaining the proper
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pH for maximum cleansing efficiency. The widespread use of synthetic
detergents has resulted in substantial levels of methylene blue active
substances (MBAS) in receiving waters. Examples of typical MBAS levels in
raw domestic sewage and laundromat effluent were reported by the ORSANCO
Detergent Subcommittee (1963) (as cited by the U.S. Dept. of the Interior
1967). MBAS levels ranged 3.1-13.8 mg/l in raw sewage for four cities
and 50-90 mg/1 for laundromat effluent. Environmental problems arise
because the MBAS levels contributed by the surfactant can be toxic to
aquatic organisms. Also, nutrients such as phosphates contributed by the
builders can stimulate algal growth in receiving waters and ultimately
cause troublesome blooms. It is for these reasons that synthetic deter-
gents, their components, and their subsequent by-products have been more
intensively studied in recent years. Although increased emphasis has
been placed on the effects of surfactant components, very little research
has been done concerning surfactant toxicity to algae. Most of the
surfactant toxicity studies have been carried out using fish. As was
previously indicated, the toxic effects of different substances should be
evaluated at all trophic levels in the aquatic ecosystem since each level
is in dynamic equilibrium with each other level.

All surfactants have rather large polar molecules. One end is
readily soluble in water (hydrophilic) (Sawyer and McCarty 1967).
Synthetic surfactants are of three major types: anionic, nonionic, and
cationic. The classification of a specific surfactant depends on its
ionization properties. Anionic surfactants are sodium salts and ionize
to yield a Na+ cation and a surface-active anion. Sulfates and sulfonates

are the most common types. The principle sulfonates are derived from
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esters, amides, and alkyl benzenes. The anionic surfactants derived from
alkyl benzenes consist of a benzene ring with an attached alkyl group

and a sulfonate group in the para position. 1In the past the alkyl groups
were highly branched, and the surfactants were known as alkyl benzene
sulfonates (ABS). The branching made these compounds resistant to biological
degradation. Recently the branched groups have been replaced with
straight-chain groups, and these surfactants are called linear alkyl
sulfonates (LAS). LAS surfactants are much more biodegradable, and they

are the most widely used surfactants in syntheitc detergents today. This
makes them the greatest contributors of MBAS to wastes.

The nonionic surfactants do not ionize at all and depend upon groups
in the molecule to make them soluble. They depend on polymers of ethylene
oxide for this solubility. Nonionic surfactants are used in some liquid
detergents and low sudsing products and are more expensive to produce
than anionics.

The cationic surfactants are salts of quaternary ammonium hydroxide.
Upon ionization, the molecule splits into a small anion, such as Cl—,
and a large surface-active cation. Cationics are used widely as sanitizers
in laundering and dishwashing, but their overall commercial use is rather
limited. Only anionic and nonionic surfactants were tested in this study.

There have been very few reports of microbial growth stimulation by
surfactants. Kidder et al. (1954) reported that some surface-active

agents stimulated the growth of the ciliate Tetrahymena pyriformis.

Macleod et al. (1958) found that some surface-active agents stimulated
bacterial growth at low concentrations, but this was due to the surface-

active properties rather than use as a substrate. The wetting action of
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the surfactants on the cell surfaces may have altered the permeability
and consequently enhanced nutrient uptake across the membranes.

As for toxicity studies, Maloney (1966) stated that little attention
has been given to the effects of synthetic detergents on algae in spite
of their importance as primary producers in the aquatic environment.
Detailed studies have not been made to determine the role of synthetic
detergents and their individual ingredients on algal metabolism. Sililar
thoughts were expressed by Forsberg et al. (1967) and Hall (1973). Yet
several studies have been reported in which the effects of detergents on
algae were tested (Whitton 1967, Wurtz-Arlet 1959). Forsberg et al.
(1967) tested surfactant concentrations in the range of 0.13 to 10.0 mg/1.
Most surfactant concentrations in this range inhibited algal growth.
Maloney (1966) found that 3.6 mg/l ABS slightly inhibited growth of

Chlorella pyrenoidosa, while 10, 20, and 30 mg/l ABS reduced growth

41, 68, and 1007%, respectively. He pointed out that receiving waters
rarely have ABS levels of this magﬁitude (usually it is less than 0.2 mg/l).
Two of the best studies of surfactant toxicity to algae were done by

Hall (1973) and Ukeles (1965). Hall used static assays to test the
toxicity of an anionic surfactant (LAS) and a nonionic surfactant (linear

alkylethoxylate) along with several other compounds to S. capricornutum

and other species. He found that the concentration of LAS that slightly

inhibited the growth of S. capricornutum was 10 mg/l. The nonionic

surfactant inhibited the growth of S. capricornutum almost completely

at 50 mg/l and little to none at the next lowest concentration tested,
10 mg/1. Thus, threshold toxicity for the nonionic surfactant was between

10 and 50 mg/1l. For all surfactants tested, the levels causing any toxic
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effect at all were 10-100 times greater than the maximum predicted environ-
mental level (0.2 mg/l). Hall concluded that the surfactant levels
commonly found in the aquatic environment do not adversely affect aquatic
organisms.

Ukeles reported the toxic responses of 12 marine phytoplankton
species (all Chlorophyceae) to anionic, nonionic, and cationic surfactants.
Static bioassay procedures were used. Results showed that responses
varied widely among the species tested, but tolerances of species of the
same family were similar. The surfactant concentrations tested ranged
from 10—1 to 10—5% (w/v) of whole product. ABS concentrations of 10 mg/1
were found to inhibit the growth of most of the species tested. Ukeles
stressed that an important variable that might affect toxic responses to
surfactants in the environment is the variety of impurities and fillers
included in detergent products by various manufacturers.

The details of the mechanisms by which surfactants are toxic to algae
are still speculation. Ukeles (1965) stated that the mechanisms of action
of surfactants must be understood in the laboratory for valid analyses
of natural situations. The early biological work with surface-active
agents of synthetic detergents was primarily concerned with evaluating the
detergents as bactericides (Hotchkiss 1946). One hypothesis which attempts
to explain the inhibitory effect of surfactants on microbial cells involves
protein denaturation. Jirgensons (1961) stated that the efficiency of
detergents in unfolding protein molecules at interfaces is due primarily to
the lipophilic hydrocarbon chain. The hydrocarbon tail of the surfactant
penetrates into the hydrophobic interior of the protein where it remains

bound by weak cohesive forces. Ukeles thought that ionic surfactants
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(anionic and cationic) may interact with protein by an electrostatic
attraction or repulsion of charged groups on the protein or lipoprotein
of the cell surface ultrastructure.

The hypothesis of altered membrane permeability was previously mentioned.
Maloney (1966) thought that an increase in Chlorella cell wall permeability
by ABS may have increased the respiratory rate. Smith et al. (1961)
found that various nonionic surfactants increased the wall permeability

of the fungus Ashbya gossypii. Sokolski et al. (1962) found similar

results in testing the flagellate Ochromonas danica with anionic detergents.

Ukeles (1965) found few reports of growth stimulation or inhibition
attributable directly to the surface-active properties of surfactants.
Indications are, however, that growth inhibition by anionic surfactants
probably depends on their surface-active properties. There is ample
evidence that lowering the interfacial tension between outer cell walls
and the watery medium so alters permeability as to increase the rate of
nutrients entering or leaving the cell. Surfactant ions might enter more
quickly in the same manner. Of the nonionic surfactants tested by
Ukeles, the more hydrophobic agents were more inhibitory to algal growth.
This tends to support the permeability change hypothesis.

Ukeles also discussed the cell wall structure as an important influence
on surfactant toxicity to algae. Since surface-active agents accumulate
at interfaces, the outer cell wall must be important in the response of
of the organism to surfactants. Thus, organisms with similar cell wall
characteristics respond similarly to specific surfactants. The thickness
of the wall may help protect against cell destruction. Ukeles found that

organisms with thick cell walls were more resistant to surfactants than
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those with thinner walls. But the cell wall thickness is not the only
important criterion in predicting tolerance. The chemical composition of
the wall could be very important. The absence of cellulose could cause a
toxic response even if the wall is thick. Also, high 1lipid and protein
contents in the wall and membrane could cause inhibition even in the
presence of thick walls. Lipids would allow penetration of hydrophobic
surfactants, and proteins would contribute to the destruction of the cell
wall. Protein molecules unfold at water-oil interfaces with consequent
destruction of structural and metabolically active protein elements.

Since .algal cells are microscopic, it is often difficult or impossible
to determine if toxicants cause morphological changes. With fish, this is
not as great a problem since detrimental morphological responses are
usually observable. Schmid and Mann (1961) observed the action of the
surfactant dodecyl benzene sulfonate (DBS) on the gills of trout. At
5 mg/1 DBS the epithelium was reduced, there was a loss of mucous cells
on the top of the gill lamina, andAthe respiratory folds of the lamina
were attached. At 20 mg/l DBS (after a l-hr exposure) the epithelium
was so destroyed that the position of the respiratory folds was marked
only by the presence of resistant pillar cells. Multiple haematomas
marked the destruction. Oxygen uptake by the cells was impeded, and
this ultimately caused death by suffocation. Possibly the types of chemical
reactions that occured in fish gill cells in response to surfactants are
similar to those that occur in algal cells. In any case, more studies
need to be done on the mechanisms of surfactant toxicity to aquatic

organisms, especially algae.
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Literature Review of Heavy Metal Toxicity

Whitton (1970a) discussed the toxicity of heavy metals to freshwater
algae in a review paper. He pointed out many anomalies that exist in the
literature concerning this topic. Davis et al. (1958) (as cited by
Williams and Mount 1965) reported that some metals were highly concentrated
by algae and consequently were readily transferred upward through the
food chain. Jones (1958) also stressed the persistence of heavy metal
pollution and pointed out that while organic pollutants may be removed
by oxidation (which facilitates recovery), heavy metals are not removed
but only diluted. The importance of algae in the aquatic food chain was
previously emphasized. Heavy metals represent another group of compounds
which can have severe effects on the ability of lower trophic level
organisms to process energy. Erickson (1972) pointed out the need for
environmental studies of synergistic and antagonistic effects of mixed
metals along with studies of the effects of nonmetallic pollutants on the
toxicity of metals.

Passow et al. (1961) (as cited by Antonovics 1971) defined heavy
metals as those metals which have a density greater than 5 g/cc. This
encompasses about 38 elements. Hutchinson (1973) listed the following
sources of metal pollutants in water: 1) domestic and municipal sewage,
2) industrial wastes, 3) organic wastes from food processing, 4) mineral
wastes from metal mining, 5) metal smelting and processing, 6) ore
extraction, 7) lumber processing, 8) soil erosion, 9) use of agricultural
pesticides, and 10) use of algicides in water.

The presence of many heavy metals in trace amounts is desirable since

all microbial organisms use a variety of them as micronutrients. Foree
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and Tapp (1970) described micronutrients as metal constituents of enzymes
which enter into biological reactions. Saunders (1957) stated that trace
metals are necessary as cofactors of enzyme systems and components of
biologically significant metallo-organic compounds. Eyster (1964) found
that in studying Chlorella, micronutrients were needed for both autotrophic
and heterotrophic growth as were macronutrients. But whereas the macronutrient
quantities required for both were about equal, the micronutrient quantities
required were much greater for autotrophic growth. This indicated the
importance of micronutrients in the photosynthetic process. Important as
micronutrients are, their presence in excess causes various degrees of
morphological damage or metabolic inhibition of aquatic organisms.

Zinc was arbitrarily selected for this study primarily because it
is a metal that has frequently caused problems in aquatic environments,
and its effect on aquatic organisms other than algae (such as fish) has
been well documented. Little (1973) described zinc as a very soluble
metal, and in his studies of heavy metal contamination on leaf surfaces,
zinc was found incorporated appreciably into leaf structure. Vallee (1959),
in discussing the roles of zinc in metabolism, stated that zinc is essential
to the mechanism of action of the enzyme carbonic anhydrase. This enzyme
catalizes the dehydration of carbonic acid and participates in the elimination
and incorporation of C02. Carbonic anhydrase activity is observed in
both plants and animals. Vallee pointed out that zinc has been found in
many enzymes, but progress has been slow in determining the occurrence
and function of the metal. The primary reason for this is the difficulty

involved in analyzing small concentrations of zinc in tissues and fluids.
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Several researchers have used algal assays to study heavy metal
toxicity. Studies by Whitton (1970b) on zinc, copper, and lead toxicity
to Chlorophytes showed that different algal species were highly variable
in their responses to different metals. This is one reason that finding
an algal indicator species for heavy metal pollution is difficult. Brown
(1972) and Krock and Mason (1971) studied metal toxicity to algae in
San Francisco Bay-Delta waters. Erickson (1972) studied the toxic effects

of copper on Thalassiosira pseudonana using static algal bioassays.

Maloney and Palmer (1956) studied the toxicity of several metals to a
variety of algal species. Mandelli (1969) studied the inhibitory effects
of copper on marine phytoplankton. He was interested primarily in the
nature of copper uptake by algal cells. Stokes et al. (1973) used the
algal assay static test to study metal tolerance of algae isolated from
contaminated lakes near Sudbury, Ontario. They found that elevated copper
concentrations affected colony formation in Scenedesmus. Bartlett et al.
(1974) used static algal bioassays in testing the effects of copper,

zinc, and cadmium on S. capricornutum. They were interested primarily in

the algistatic and algicidal effects of the toxicants. Algistatic effects
are those which halt cell growth. Algicidal effects are those which
result in cell fatality. Results showed that zinc first affected algal
growth at 0.03 mg/l Zn. Growth was completely inhibited by 0.12 mg/l Zn,
and the cells died at 0.7 mg/l Zn. Results also indicated that increasing
the metal concentration caused an extension of the lag phase growth period.
This indicated that the inhibitory effects of the metals occurred quickly
if the concentration was high enough. The cells apparently do not have

to be in the log growth phase (at their greatest metabolic rate) for the
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toxicants to exert an effect. Fitzgerald and Faust (1963) studied the
toxicity of copper to Chlorella. They found that copper toxicity was
independent of the copper source. They also indicated that precipitated
copper was just as toxic to the algae as soluble copper. Other algal
species tested had varying degrees of resistance to copper. Hutchinson
(1973) did static algal assays on metal toxicity using a variety of algal
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