
S3-"

Joint Action of Toxicant Mixtures on Daphnids
Literature Review

by

Cynthia A. Parks
Research Assistant

August 1987



December 1987
Env. Eng. Report No. 100-87-8

Technical Report

Joint Action of Toxicant Mixtures on Daphnids
Literature Review

by

Cynthia A. Parks
Research Assistant

Environmental Engineering Program
Department of Civil Engineering

University of Massachusetts
Amherst, MA 01003

Submitted to the

Massachusetts Department of Environmental Quality Engineering
Division of Water Pollution Control

S. Russell Sylva, Commissioner
Thomas C. McMahon, Director



ACKNOWLEDGEMENTS

Appreciation is expressed to the Massachusetts Division of Water

Pollution Control (MDWPC) for providing support through the Research and

Demonstration Program for this literature review (Project Number 83-31).

The following individuals are also extended a special thanks: James W.

Male and Daniel J. Wagner for reviewing the report; Rebecca Scherer for

drafting; and Karen Thatcher of Words-Worth for word processing.



EXECUTIVE SUMMARY

Most wastewater discharges and natural waters contain mixtures of

toxicants. The national water quality criteria, however, are based on

laboratory data derived for single toxicants. A pollutant's toxicity can

be altered by its interaction with other toxicants and abiotic factors

including pH, temperature, hardness, and dissolved oxygen. Both the United

States Environmental Protection Agency and the European Inland Fisheries

Advisory Commission are conducting research to develop water quality

criteria for combined pollutants.

The types of joint effects which may occur when chemicals are mixed

can usually be described by the concentration-addition or response-addition

models. With the concentration-addition model, the toxicants produce simi-

lar yet independent effects. If the relative proportions of the constitu-

ent toxicants are known, the toxicity of the mixture can be predicted di-

rectly. Common indices used in this model include the toxic unit and the

Marking Additive Index. The concentration-addition model is widely used

for water quality pollution studies.

The response-addition model describes mixtures where the toxicants

act independently, but contribute to a common response. The correlations

between the susceptibilities of individual test organisms to each component

toxicant determine the toxicity of a mixture. The response-addition model

has been used extensively in pesticide development, in which the prime

concern is maximum lethality.

Experimental design and data analysis are important factors which

cannot be ignored in toxicity studies. The appropriate choice of trans-
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formation for dose and response data and careful analysis of variance are

two aspects of data analysis often overlooked. Multi-factorial designs

are recommended for determining the importance of biotic and abiotic fac-

tors which may influence mixture Coxicity.

Joint effects of a number of toxicant mixtures on species of fish,

invertebrates, plants, and bacteria are presented. For common constituents

of sewage and industrial wastes, the concentration-addition model appeared

to be additive in acute Coxicity tests with fish and invertebrates. Pesti-

cide mixtures exhibited more-than-additive effects on both organism groups.

With plants and bacteria, the interactions were variable. This was ob-

served with mixtures of heavy metals where the results varied according to

the species tested. Data from chronic studies were contradictory regarding

joint interactions for all groups of organisms tested,

A small number of studies have been conducted using daphnids Co assess

the joint action of various chemical mixtures. A chelating agent complexed

with copper and zinc greatly reduced the toxicity of the two metals and may

have application in the attenuation of accidental spills. An antagonistic

interaction was observed with Che effects of copper and zinc mixtures on

Lake Michigan zooplarikton, which included several daphnid species. Binary

mixtures of metal salts caused significanC decreases in daphnid reproduc-

Cive success at concentrations which showed no effect when the single

metals were tested. Using metals mixed at multiples of the LC50 values,

joint action was additive in boch acute and chronic tests with daphnids.

Daphnids have been used as test organisms in toxicity tests with coal

conversion effluents and landfill leachate. A systematic procedure for

the hazard evaluation of coal conversion effluents using daphnids has been
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developed. Because of Che considerable variation in the chemical composi-

tion of effluents, the results obtained in one study may not be typical

for all coal conversion effluents. Toxicity tests with daphnids proved to

be good indicators of landfill leachate toxicity and compared favorably

with parallel tests using the standard static 96-h fish bioassay. The use

of toxicity tests with organisms from different trophic levels should be

considered when assessing the potential impact of a pollutant discharge on

an aquatic ecosystem.

Water quality parameters can interact with pollutants and modify their

toxicity. These parameters include temperature, pH, dissolved oxygen,

carbon dioxide, hardness, and organic ligands. Toxicity has been shown to

be inversely related to hardness.

The applicability of laboratory toxicity data to field conditions is

not well understood. The selection of test species and dilution water is

critical in influencing the relevance of laboratory results to natural con-

ditions. Nutrition, acclimation, and genetic selection of the test organ-

isms influence the accuracy of predictions based on laboratory data. If

test parameters are appropriately chosen, the laboratory and field data

will provide good agreement.

IV
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1. INTRODUCTION

National water quality criteria have been prepared to allow state and

federal agencies to meet their responsibilities in evaluating the potential

effects of chemical substances discharged into receiving waters in accor-

dance with the Federal Water Pollution Control Act Amendment of 1972 and

the Clean Water Act of 1981. Environmental testing guidelines have been

promulgated under the Toxic Substances Control Act and the Federal Insecti-

cide, Fungicide, and Rodenticide Act (Doherty, 1983). Most of the data

used in the development of the national water quality criteria are from

standard toxicity tests of single chemical compounds. Several physical and

chemical factors including temperature, pH, dissolved oxygen, carbon diox-

ide, and hardness can modify the toxicity of a pollutant. Interaction with

other chemicals in a complex effluent can also alter a pollutant's toxicity

to aquatic organisms. These interactions have generally not been consid-

ered in the development of water quality criteria, despite the fact that

pollutants in the natural environment rarely occur in. the absence of other

pollutants.

A working party of the European Inland Fisheries Advisory Commission

(EIFAC, a regional commission of the United Nations Food and Agriculture

Organization) has proposed water quality standards based on the critical

review of all pertinent data on the toxicity of selected chemicals to fish

(Lloyd, 1986). It has been suggested that the proposed standard for each

chemical may need to be made more stringent if other pollutants are pres-

ent. One of the main objectives of toxicity research in Europe is to de-

termine the extent to which water quality standards set for single chemical



compounds are valid when other toxic substances are present (Lloyd, 1986).

Daphnids are used extensively in toxicity tests because of their high

sensitivity to chemical pollutants and the simplicity of their breeding

and use (Leeuwangh, 1978). The purpose of this literature review is to

compile information available on the joint action of toxicant mixtures

tested with daphnids. The various models employed in evaluating the ef-

fects of mixtures of toxicants are presented in Section 2. A compilation

of the results of multiple toxicity studies using aquatic organisms other

than daphnids is contained in Section 3. A discussion of the limited

number of joint action studies using daphnids is presented in Section 4.

The subjects of interacting physical and chemical factors and the appli-

cability of laboratory results to field conditions are discussed in

Sections 5 and 6.



2. MODELS AND TERMINOLOGY

2.1 Mechanisms of Interaction

When a potentially toxic substance is present in water, several pro-

cesses may be involved before an aquatic organism exhibits a response.

These mechanisms may be categorized into three groupings as follows (EIFAC,

1980):

1. Chemical and physicochemical processes, which involve the inter-
action of the toxic substance with constituents of the water, make the
toxic substance biologically available.

2. Physiological processes affect the amount of toxicant and its
metabolites present in the organism's fluids, tissues, and organs and
therefore, the quantity available at the site of action. Examples of
these processes include absorption through gills, gut, and skin; transport
and distribution by the circulatory system; metabolic transformation; and
excretion.

3. Interaction between different physiological processes within the
organism may occur when the organism is exposed to two or more potentially
toxic substances. The interactions contribute to the response o£ the whole
organism by affecting the chemicals' absorption; binding to plasma pro-
teins; distribution; transport to and release from tissues; action on re-
ceptor sites; metabolism; and elimination.

The group 1 processes occur within the environment. Group 2 interactions

occur within a kinetic phase while the group 3 interactions take place

during a dynamic phase (Connell and Miller, 1984).

2.2 Terminology

There are several important types of pollutant interactions. If two

or more pollutants in a mixture exert a combined toxic effect on an organ-

ism, the interaction is additive. When the overall effect on an organism

is greater than when either pollutant acts alone, the interaction is



labelled as synergism (Mason, 1981). Antagonism is the interaction result-

ing when the pollutants interfere with one another to lessen their impact.

Gonrvell and Miller (1984) outline several types of antagonism, including:

1. Competitive antagonism—antagonist displaces agonist from its
site of action, e.g. displacement action of additional oxygen uptake in
carbon monoxide intoxication.

2. Chemical antagonism—antagonist inactivates agonist through
chemical interactions, e.g. chelation of metals.

3. Noncompetitive antagonism—antagonist interferes with induction
of the effect by the agonist without reacting directly with the agonist or
with specific agonist receptors, e.g. atropine blocks specific receptors
of acetycholine which accumulates after the inactivation of acetyl-
cholinesterase by organophosphorus compounds.

4. Functional antagonism—two agonists act on the same cell system,
but contribute in opposite ways to the response of the cell.

5. Physiological antagonism—agonists act on different cell systems
and produce opposing effects in these systems.

Figure 1 illustrates the types of interactions discussed above which may

occur when an active substance (A.) is combined with substance (B), which

is inactive when applied alone.

2.3 Models

Various models and methods of data analysis have been suggested for

describing the types of combined effects that occur when chemicals are

present simultaneously. A model should ideally describe (Calamari and

Alabaster, 1980):

1. Whether the effect of the mixture of chemicals is additive,
synergistic or antagonistic.

2. The extent to which synergism and antagonism exist.
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3. Whether the observed response is valid for a wide range of con-
centrations and for different proportions of chemicals in a mixture.

4. Whether the threshold of action for independent components is
affected and to what extent.

5. The minimum concentration or proportion of a chemical in a mix-
ture that produces an effect in the presence of a given quantity of another
chemical.

Concentration-Addition Model

There are two deterministic models commonly used for assessing the

type of interaction in multiple toxicity studies: the concentration-

addition and response-addition models. Additive joint effects of toxicant

mixtures have qualitatively identical raodes-of-actions for each toxicant,

even though an effect of the same magnitude is produced by a different

concentration of each. Bliss (1939) referred to this type of interaction

as "similar-joint-effect" where the toxicants produce identical, but inde-

pendent effects allowing one toxicant to be substituted at a constant

proportion for the other. The toxicity of the mixture can be predicted

directly from that of the constituents if their relative proportions are

known (Bliss, 1939). Anderson and Weber (1975) renamed Bliss' empirical

model the "concentration-addition" model.

In the concentration-addition model, the concentration of the indi-

vidual mixture components is expressed as a proportion (p) of the respec-

tive median lethal concentration (LC50), approximate to either a threshold

time (t) or fixed time exposure (e.g., 48 or 96 h) (Alabaster, 1981).

Concentrations of mixtures can be expressed as the summation of the pro-

portions of the median lethal concentration multiplied by the associated

threshold or fixed time, e.g. ZptLC50 or 2p48hLC50. The concentrations



for other quantal responses and graded responses can be expressed in

this manner as well (Alabaster, 1981). Sprague and Ramsay (1965) coined

the term toxic unit (TU), which is used in the concentration-addition

model. A toxic unit is equal to the concentration of pollutant which

produces 50 percent mortality of test organisms within a specified time

(usually 48 to 96 hours)- The strength of a given toxicant expressed in

toxic units is calculated as the proportion of its LC50 value. The

joint action of a two-component mixture (A + B) can be expressed as

1 TU(A + B) = X TUA + Y TUg where TU(A + , is the LC50 of the mixture

multiplied by the specified time over which the mortality occurs. The

coefficients X and Y represent the strengths of toxicants A and B, which

are calculated as the proportion of their respective LC50 values. As

summarized in Alabaster (1981), the joint action of the mixture can be

defined as:

1. antagonistic if X or Y > 1.0

2. less than additive where X < 1.0 and Y < 1.0 and X + Y > 1.0

3. additive where X + Y = 1.0

4. more than additive when X + Y < 1.0

Marking has developed a similar additive toxicity index based on the

empirical toxic unit method (EIFAC, 1980). Additive toxicity is indicated

by the value of zero with synergism expressed by positive values and antag*

onism by negative values. The Marking Additive Index (MAI) is calculated

with the following equation (Flickinger, 1984):

Am/Ai + Bm/Bi = S.



where Am, Bm = LC50 for A and B in the mixture

Ai, Bi = LC5U for A and B individually

S = sum of biological effects

If S < 1.0, then MAI = Cl/S) - 1.0 and if S > 1.0,. MAI = 1.0 - S.

The empirical toxic unit method and the Marking Additive Index method

have been subject to criticism. The predictive value of these indices has

been limited by the difficulty of determining effective toxic concentra-

tions with chemical analyses (Brown, 1968). Heavy metals are a good ex-

ample, because a large proportion of the concentration determined to be

present in polluted waters may be complexed or bound and unavailable for

biological use. Lt should not be assumed that the sensitivity of a bio-

assay organism to a particular toxicant remains constant as evidenced by

high inter- and intra-laboratory variability for acute toxicity tests using

the same species (Flickinger, 1984). A priori it may be implausible to

expect toxicants with different toxicological properties and concentration

response curves to summate in the manners described above. The propor-

tional toxicity of each toxicant comprising a mixture would perhaps be

better determined from the actual percent mortality produced by the toxi-

cant rather than by simply calculating the arithmetic fraction of the

metal's LC50 value (Flickinger, 1984).

Different concentrations of the two components in a mixture can be

described by the toxic unit method as illustrated in Figure 2, The

theoretical relationship between dose and effect are shown graphically

with isoboles of equivalent responses. If the fractions of doses sum to
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Figure 2. Types of Joint Actions Between Two Active Toxicants

Amended Source: Mason, C.F. 1981. Freshwater Pollution.
Longman Group Limited, New York. 250 p.



unity (i.e., (concentration A in solution)/(LC50A) + (concentration B in

solution)/(LC50B) = 1.0), and a 50 percent mortality is produced, the

effect is additive and the response will fall on the diagonal line shown

in Figure 2. Should the mortality occur at a sum of fractions greater

than unity, the joint effect is antagonistic and the response falls above

the diagonal line. Synergistic effects result when the mortality occurs

with a sum of fractions less than unity. A diagram similar to Figure 2

can be drawn for any kind of quantitative response (i.e., LC90) and can be

applied to qualitative (graded) responses as well (Calamari and Alabaster,

1980).

Response-Addition Model

The response-addition or independent-joint-action model is applied

when toxicants act independently and have different modes of intoxication,

but contribute to a common response (Bliss, 1939). The toxicity of the

mixture to a given species depends on the correlation between the suscepti-

bilities of the individual organisms to each constituent toxicant. The

lowest response results when susceptibilities are positively correlated

and the highest when susceptibilities are negatively correlated (i.e.,

acting independently). When an organism is exposed simultaneously to two

independent toxicants, A and B, the organism may be killed by a lethal dose

of either A or B or by a combination of both. To predict the proportion

of organisms killed by the mixture, the extent to which the tolerance of

the individual organism to toxicant A is correlated with its tolerance to

toxicant B must be known. If there is complete negative correlation, all

the organisms susceptible to A are tolerant to B and all organisms sus-
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ceptible to B are tolerant to A.

Anderson and Weber (1975) have noted that a prerequisite for

concentration-addition is parallelism between the response curves of the

different toxicants in a mixture. This phenomenon cannot be relied upon,

however, to distinguish concentration-addition from response-addition.

With mixtures containing more than two toxicants, the pattern of joint

action between certain combinations of the respective constituents may dif-

fer. Anderson and Weber (1975) reported the lethal effects of copper and

nickel in binary mixtures to be concentration-additive while those of diel-

drin and pentachlorophenate in binary mixtures were response-additive. In

a mixture containing all four toxicants, the copper and nickel were shown

to remain concentration-additive between themselves, but interacted collec-

tively as response-additive agents with the two organic constitutents.

The choice of the most suitable model for studying the joint effects

of toxicant mixtures on test organisms is dependent on the type of informa-

tion required. The response-addition model has been widely used in pes-

ticide development where maximum lethality is the primary concern. The

concentration-addition model is more pertinent for water pollution control

studies and the application of water quality standards.

2.4 Experimental Design and Data Analysis

Difficulty in interpreting results reported in the literature, some

of which are presented in Sections 3 and 4, has been encountered. This

difficulty is due primarily to a lack of consistency in experimental

design and to a deficiency of proper statistical analysis. The EIFAC

Working Party report (1980) notes that two important aspects of data



analysis often poorly handled by researchers are: the choice of appro-

priate transformations for dose and response data; and the testing of

statistical significance of the differences between measured and predicted

results. Sprague (1969) presents an excellent discussion of data analysis

and error estimation.

Various transformations have been suggested for the units of dose

and response, but in choosing those that appear to fit the observed data,

additional relevant information about the mechanisms of action should not

X
be ignored (EIFAC, 1980). The log-normal probability density function and

corresponding probit analysis of dose-response curves is one of the most

commonly used approaches to transformations. The logistic function,

which was originally developed for population growth studies, is another

frequently used function. The treatment based on this function, logit

analysis, has gained wider acceptance recently. A third transformation

analogous to the probit and logit transformations is the Weibull model.

Analyzing dose-response curves from aquatic toxicity tests with macro-

organisms and algae using both the Weibull and probit models showed the

Weibull model to generally provide at least as good a fit to the experi-

mental data as the probit model did. The Weibull model provides an

especially useful basis for the treatment of multiple toxicity data

CChristensen, 1984).

Several factors may affect the results of experiments designed to test

the additivity of the effect of toxicants in a mixture. These factors in-

clude the type of response (longterm or shortterm, lethal or sub-lethal);

the magnitude of response; and the type of and proportion between chemical

constituents. Biological (age, size, acclimation, diet, sex) and environ-

12



mental (water hardness, pH, etc.) variables also affect the experimental

results.

Multi-factorial studies are used to assess the impact of factors

influencing the toxicity of chemical mixtures. In theory, multi-factorial

studies allow for the measurement of all joint interactions without the

necessity of examining every possible combination. Voyer and Heltshe

(1984) reviewed data sets from toxicity tests of metal mixtures on aquatic

organisms and found that the assumption of factor interaction could not be

accepted ji priori.* They recommended employing experimental designs such

as the factorial requirement to directly evaluate factor interactions.

With the factorial design, toxicant levels need to be lower than what would

be expected to affect 50% of the organisms treated, otherwise, 100% mortal-

ity could occur in treatments with several toxicants and mask interactive

effects that may be present (Voyer and Heltshe, 1984). If there is no

evidence of interaction, standard testing procedures may then be employed.

The EIFAC Working Party paper (i960) makes reference to an experi-

mental design which combines the multi-factorial approach with the quantal

response method for binary mixtures used by Anderson and Weber (1975).

This method assumes that any substance concentration can be expressed as

an equi-effective concentration of another when the dose-response lines

are non-parallel- The maximum attainable joint effect may be predicted at

a particular ratio of the concentrations of the two components (EIFAC,

1980).

13



3. MULTIPLE TOXICITY STUDIES WITH ORGANISMS OTHER THAN DAPHNIDS

3.1 Fish

Abundant information derived primarily from laboratory experiments

with supportive field data exists regarding the joint effects of various

toxicant mixtures on fish. Several representative studies are indentified

in Table 1. Roush et al. (1985) provides a comprehensive listing of

references addressing the effects of pollutants on fish and other fresh-

water organisms. In fish, the extent that the joint effect may deviate

from an additive effect depends upon several factors including the par-

ticular response measured; the magnitude of the response; the type of

toxicant and its proportion to the mixture; water quality characteristics;

the species; life cycle stage; prior toxicant acclimation; and the size of

the dosage (Alabaster, 1981). Comparatively little attention has been

given to the effect on joint toxicity of the relative toxic proportions of

the chemicals present, which, is considerable in some instances. I-t has

been shown that the presence of one toxicant at concentrations below a

certain proportion of the threshold LC50 may not contribute to the toxicity

of the mixture (Alabaster, 1981).

Only a few experiments have been conducted on the longterm joint

lethal toxicity of mixtures. Evidence for the interaction of sublethal

concentrations of toxicants in mixtures is contradictory (Flickinger,

1984). Eaton (1973) demonstrated interaction, but not strict addition of

chronic individual toxicant responses by fathead minnows exposed to a mix-

ture of copper, cadmium, and zinc. Atlantic salmon exhibited an additive

avoidance reaction to sublethal levels of copper and zinc. Cadmium and

14



Table 1. Multiple Toxicity Studies with Fish

Toxicant

Ammonia + Cyanide

Ammonia + Copper

Ammonia + Zinc

Ammonia + Phenol + Zinc

Phenol + Copper

Phenol + Copper •*• Zinc

Cyanide + Zinc

Cyanide + Chromium

Copper + Zinc

Copper +• Zinc + Nickel

Copper +• Zinc + Cadmium

Copper + Manganese

Copper + Surfactants
(ABS + LAS)

Copper + Surfactant (NP)

Mercury + Surfactant (LAS)

Zinc *• Nickel

Selenium + Mercury

Cadmium + Chromium + Nickel

Forest Insecticides

Species

Rainbow Trout

Rainbow Trout

Rainbow Trout

Rainbow Trout

Rainbow Trout

Rainbow Trout

Fathead Minnow

Fathead Minnow

Rainbow Trout

Atlantic Salmon
Longfin Dace
Guppies
Bluegill

Rainbow Trout

Fathead Minnow

Longfin Dace

Rainbow Trout

Rainbow Trout

Rainbow Trout

Zebrafish

Carp eggs

Rainbow Trout

Rainbow Trout

Exposure Period
and Response

96-h LC50

48-h LC50
LC25
LC10

Threshold LC50
Hard Water
Soft Water

48-h LC50

48-h LC50

48-h LC50

96-h LC50

96-h LC50

3-d LC50 (hard water)
7-d LC50 (soft water)
7-d LC50 (soft water)
96-h LC50

96-h LC50

48-h LC50

96-h LC50 (Cu)
90% reduction in eggs
50% reduction in eggs

96-h LC50

96-h LC50

96-h LC50

96-h LC50

% hatched

6 months

96-h LC50

Joint Action

Additive

Additive
Synergistic
Synergistic

Additive
Additive
Antagonistic

Additive

Antagonistic

Antagonistic

Synergistic

Antagonistic

Additive
Additive
Additive
Synergistic
Synergistic
Additive

Additive

Synergistic
Synergistic
Antagonistic

Antagonistic

Synergistic

Antagonistic

Additive

Synergistic

Synergistic

Additive and Synergistic

Reference

Broderius & Smith (1979)

Herbert & Vandyke (1964)

Herbert & Shurben (1964)

Brown, Jordan, & Tiller (1969)

Brown & Dalton (1970)

Brown & Dalton (1970)

Broderius & Smith (1979)

Broderius & Smith (1979)

Lloyd (1961)

Sprague & Ramsay (1965)
Lewis (1978)
Flickinger (1984)
Thompson et a_l. (1980)

Brown & Dalton (1970)

Eaton (1973)

Lewis (1978)

Calamari & Marchetti (1970)

Calamari & Marchetti (1970)

Calamari & Marchetti (1973)

Flickinger (1984)

Pelletier (1985)

Calamari et_ al. (1982)

Marking & Mauck (1975)



zinc mixtures at these Levels antagonistically affected the survival oi:

flagfish (Flickinger, 1984). A limited number of studies with mixtures of

toxicants indicate that the effect on the growth of fish is less additive

than the corresponding effect on survival (Alabaster, 1981). One study

showed that the joint effect of toxicants on both growth and production of

fish was less Chan additive. It is possible that as concentrations of

toxicants are reduced towards the "no observed effect concentration"

(NOEC), their potential for addition is reduced (Alabaster, 1981). While

there are few data available to directly compare the joint effect of a

toxicant mixture on more than one species of fish, there exists no strong

evidence for large inter-specific differences (Alabaster, 1981).

Due to the complexity of toxicity data and the difficulty encountered

in interpreting results reported in the literature, the references cited

here should be consulted for detailed information. The EIFAC Working Party

report (1980) presents an excellent review of the results of laboratory

and field studies with toxicant mixtures using fish as test organisms.

Alabaster's paper (1981) provides a critical review of the EIFAC report

(L980) and includes more recent data that have become available*

3.2 Aquatic Invertebrates

There is a very limited amount of data available on the joint effects

of toxicant mixtures on aquatic invertebrate species (refer to Table 2).

The results of studies conducted with daphnids are presented in the next

section of this report. In general, the data for the joint effects of

toxicant mixtures with constituents commonly found in sewage and indus-

trial wastes show the concentration-addition model to be approximately

16



Table 2. Multiple Toxicity Studies with Invertebrates

Toxicant Species Exposure Period
and Response

Joint Action Reference

Copper + Zinc

Z inc + Chromium

Chromium + Chlorine

Chromium + Fluoride

Chromium + Copper

Parathion + Herbicides

DDT + Herbicides

Nitrosalicylanilide +
4-nitro-3-trifluoromethyl
Phenol

Zinc + Cadmium

Rotifer

Rotifer

Rotifer

Rotifer

Rotifer

Mosquito

Mosquito

Ostracod

Freshwater Shrimp

Immobility

17-d
No. remaining

Immobility

Immobility

Immobility

24-h % Mortality

24-h % Mortality

96-h LC50

96-h LC50

Additive

Synergistic

Synergistic

Additive

Additive

Synergistic

Additive

Synergistic

Antagonistic at concentra-
tions below 1 TU.
Additive at higher
concentrations.

EIFAC (1980)

EIFAC (1980)

EIFAC (1980)

EIFAC (1980)

EIFAC (1980)

EIFAC (1980)

EIFAC (1980)

EIFAC (1980)

Thorp & Lake (1974

Copper + Mercury Amphipod 96-h LC50 Antagonistic Moulder (1980)



additive in invertebrate studies. This was also shown to be the case with

fish (EIFAC, 1980). In studies with pesticide mixtures, the joint effects

are generally more than additive (synergistic) with invertebrates.

A report by Borgmann et al. (1980) describes the chronic effects of

toxicant mixtures on freshwater copepods. The effects of fourteen binary

mixtures of cadmium, copper, mercury, lead, and arsenic on copepod growth

and mortality rates were determined. There was a slight, but statis-

tically significant synergism indicated by a drop in growth rate with the

binary mixtures. The author concluded that the synergism was probably not

biologically significant and could be accounted for by the composite of

noninteractive, single metal effects. Daphnids and copepods differed much

less in chronic toxicity effects than in acute toxicity results.

3.3 PIants and B acteria

The joint toxicity data for aquatic plants and bacteria exhibit a

variety of interactions. Alabaster (1981) reported that the data for

aquatic plants generally show a slightly less than additive joint action

with metals- With heavy metals, the results may vary according to the

species tested. A specific metal-metal combination may be synergistic

towards the growth of one species, but antagonistic towards the growth of

another (Babich and Stotzky, 1983). The interaction between metals is

also dependent on the relative concentrations of the toxicants and the

sequence of exposure to the toxicants. The effect of the mixture of mer-

cury and nickel on the cyanobacterium A.nabaena inequalis was synergistic

when both metals were added simultaneously or when the mercury was added

first, but was antagonistic if nickel was added before mercury (Babich and
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Stotzky, 1983). For pesticides, joint effects were inconsistent and un~

quantifiabLe (E1FAC, 1980).

Both the EiFAC paper (1980) and the article by Babich and Stotzky

(1983) present excellent reviews of interaction studies with bacteria and

aquatic plants. Table 3 contains highlights of some of the multiple tox-

icity data collected for plants and bacteria.

Many of the heavy metal interaction studies have been performed on

algae with the type of interaction evaluated on the basis of effects on

algal growth rates. Bartlett _e£ _al. (1974) studied the effects of copper,

zinc, and cadmium on Selanastrum c ap r ic qrnu t urn. These three metals were

reported to be synergistic in combination. Combinations of the copper and

cadmium resulted in greater growth than equal concentrations of copper,

which suggested that the cadmium inhibited the toxicity of the copper.

The Selanastrum capricornuturn and Chlorella stigmatophora were

examined for effects resulting from manganese, copper and lead mixtures by

Christensen, Scherfig, and Dixon (1979). Combination experiments showed

synergism between manganese and copper, antagonism between manganese and

lead, and antagonism between copper and lead. Gotsis (1982) found

selenium-mercury and selenium-copper mixtures to interact antagonistically

in experiments with the alga Dunaliella minuta.

Using algae communities from three different natural sources, Wang

(1985) determined the effect of iron and zinc on algal growth. With one

sample, the iron and zinc interaction was antagonistic while with a second

sample, the two metals were synergistic. No interaction was exhibited

with the third community sample.

Longterm enclosure studies were conducted in Switzerland using mix-
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Table 3. Multiple Toxicity Studies with Plants and Bacteria

Toxicant Species Joint Action Reference

Manganese + Copper

Manganese + Lead

Copper + Lead

Copper + Cadmium

Copper + Zinc

Selenium + Mercury

Selenium + Copper

Cadmium + Zinc

Cadmium + Nickel

Cadmium + Iron

Nickel + Zinc

Lead + Mercury

Zinc + Chromium

Selanastrum capricornutum (alga) Synergism
Chlorella gtigmatophora (alga)

Selanastrum capricornutum (alga) Antagonism
Chlorella stigmatophora (alga)

Selanastrum capricornutum (alga) Antagonism
Chlorella stigmatophora (alga)

Selanastrum capricornutum (alga) Antagonism

Klebsiella pneumoniae (bacterium) Synergism

Dunaliella minuta (alga) Antagonism

Dunaliella minuta (alga) Antagonism

Lemna valdiviana (duckweed) Synergism

Physarum polycephalum (fungus) Antagonism

Chlorella sp. (alga) Antagonism

Anacystis nidulans (cyanobacterium) Additive

Cristigera sp. (protozoan) Synergism

Klebsiella pneumoniae (bacterium) Synergism

Christensen e_t aĵ . (1979)

Christensen et al. (1979)

Christensen et al. (1979)

Bartlett et al. (1974)

Babich & Stotzky (1983)

Gotsis (1982)

Gotsis (1982)

EIFAC (1980)

Babich & Stotzky (1983)

Babich & Stotzky (1983)

Babich & Stotzky (1983)

Babich & Stotzky (1983)

Bsbich & Stotzky (1983)



tures of cadmium, zinc, copper, mercury and lead at concentrations allow-

able for Switzerland's waters (Stokes, 1983). Depressed photosynthetic

activity, reduction in species number and algal biomass, and changes in

species composition were observed. Longterm changes including initial

decreases in algae numbers followed by increasing density illustrate that

caution must be exercised in extrapolating shortterm experimental results

into generalities applicable to the field. The validity of existing water

quality standards was evaluated in the study and the conclusion made that

toxicant limits should be lowered.

A very limited number of joint toxicity studies have been performed

with aquatic macrophytes. The growth of the duckweed Lemna valdiviana was

inhibited in the presence of a mixture oE zinc and cadmium (EIFAC, 1980).

Jana and Choudhuri (1984) studied senescence in three submerged macro-

phytes (Hydrilla sp., Vallisneria sp., and Pptamogeton sp.) caused by com-

binations of heavy metal pollutants. The senescence was exhibited by

decreasing chlorophyll, RNA, DNA, protein, and dry weight, and increasing

tissue permeability and free amino acids. Synergism between the heavy

metal pollutants (mercuric chloride, lead acetate, cadmium chloride, and

cupric sulfate) caused the degree of senescence to be much higher than

with the individual toxicants.
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4. MULTIPLE TOXICITY STUDIES WITH DAPtiNIDS

There is a very limited amount of information available on the joint •

effects of Coxicant mixtures on daphnids. Currently, an effort is being

made by the U.S. E.P.A. and regulatory agencies in Europe to derive water

quality criteria for combined pollutants recognizing that toxicants rarely

occur singly in the natural environment. Research conducted to date on

multiple toxicity has primarily employed fish as the test organisms. Only

a limited number of investigations have used daphnids in multiple toxicity

studies.

4.1 Heavy^etal Mixtures

Species richness and community biomass of crustacean zooplankton have

been observed to be greatly reduced in metal~contaminated lakes near

Sudbury, Ontario (Yan and Strus, 1980). The greatest reductions were

observed in the lake with the highest metal levels. This example serves

to illustrate that cladoceran zooplankton, which include the water fleas

or daphnids, are severely impacted by heavy metal contamination. Much

research has been performed on the acute and chronic toxicity of various

metals to several species of Daphnia. Articles by Maki (1979), Biesinger

and Christensen (1972), Baudouin and Scoppa (1974), Nebeker (1982), and

Winner (1981, 1984) provide excellent references describing the acute and

chronic effects of individual heavy metals on daphnids.

One of the first joint action studies on daphnids was performed by

Biesinger, Andrew, and Arthur (1974) using metal-nitrilotriacetate (NTA)

complexes to assess the impact of this compound on the aquatic environment
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Concentrations of NTA to be expected in the aquatic environment resulting

from detergent usage would probably be less than 0.05 rag/1. Biesinger et

al. (1974) performed chronic toxicity tests with three-week exposures to

Daphnia magna using NTA alone and found the results, which varied tenfold,

to be largely dependent on the chemical characteristics of the test water.

There was a strong negative correlation between water hardness and NTA

toxicity.

Another researcher had found that NTA chelated with copper and zinc

greatly reduced the toxicity of these metals (Biesinger et al., 1974).

The NTA was recommended as a possible antipollutant for accidental spills

of copper and zinc.

Table 4 summarizes the toxicities of copper, zinc, and iron (III) as

determined individually (Biesinger and Christensen, 1972) and in combina-

tion with NTA. The copper-NTA and zinc-NTA complexes were considerably

less toxic than the metals alone. The toxicity of the iron (IH)-NTA

complex was only slightly decreased using a tenfold excess, by weight, of

NTA.

These results suggest that copper and zinc were toxic only when they

were present in molar excess nearly equal to or greater than the LC50 of

the metals alone. NTA chelation did not significantly change the toxicity

of iron. The differences in toxicity between iron and copper-zinc chelates

may be related to the differences in valence of the metals. Based on their

findings and those of other researchers, Biesinger ejt al. concluded that

certain NTA-metal chelates would not be harmful to daphnids or other aqua-

tic organisms.

Flickinger (1984) reported on research performed on the effects of
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Table 4. Toxicity of Metals and Metal-Nitrilotriacetate Complexes to
Daphnia magna per Biesinger et al. Study ( 1974)

Test Substance

Copper^

Copper + 2 mg/1 NaaNTA

Zinc

Zinc + 2 mg/1 NaaNTA

Zinc + 8 mg/1 NaaNTA'

Iron (III)1

Iron (III) + NaaNTA
(1:10 weight basis)

Concentration of

Adult 3-wk LC50 50%

0.044

0.26

0.158

0.48

1.7

5.9

9.7

Metal Ions (mg/1)

Reproductive Impairment

0.035

0.26

0.115

0.45

1.6

5.2

6.4

Ifliesinger and Christensen, 1972.



binary mixtures of copper, cadmium, and chromium on Daphnia magna. The

test organisms were exposed to metal concentrations selected on the basis

of the percent mortality the metals induced rather than on fractions of

their LC50 values. Using this experimental methodology, the resultant

mortality following exposure to binary metal mixtures was consistent with

the summation of the percent mortality produced by each metal. The Marking

Additive Index failed to accurately predict the acute lethal toxicity of

the mixtures.

Because Lake Michigan is being contaminated by metals from several

sources, Marshall et al. (1981) studied the chronic toxicity of metal mix-

tures on resident zooplankton to provide a more realistic assessment of

potential longterm effects. Their study aimed to assess the combined

effects of cadmium and zinc on a zooplankton community using zinc to

cadmium ratios prevalent in the lake. Observed effects were also evalu-

ated in terms of the concentrations of cadmium and zinc sorbed by dif-

ferent particle size fractions. Two three-week experiments were performed

iH situ with small enclosures in Lake Michigan. The daphnid species

present were IJaphnia gal eat a mendotae, D. retrocurva, and D. j.ongiremis.

Combined additions of 2 yg/1 cadmium plus 100 yg/1 zinc and 1 jjg/1

cadmium plus 50 ug/1 zinc caused significant reductions in the total

crustacean density, species diversity, two community similarity indices

(coefficient of community (CC) and percentage similarity (PS)), and final

dis solved oxygen concentrations. Separate additions of 2 yg/1 cadmium

and 100 yg/1 zinc were also observed to produce the same results. The

effects of the 100 yg/l zinc were generally more pronounced than those

of the 2 >ig/l cadmium, but the responses of the zooplankton to cadmium and
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zinc were qualitatively similar. There were decreases in the numbers of

the three daphnid species in response to the addition of the 100 yg/1

zinc. This result was consistent with the reported reproductive impair-

ment of jjaghnia magna from additions of zinc with concentrations as low as

70 yg/1 (Biesinger and Christensen, 1972). The effects of the separate

addition of zinc are probably identical with those of cadmium addition at

a zinc to cadmium molar ratio of 30:1 as suggested by the results obtained

from adding the two metals individually.

The effects of the combined addition of 2 yg/1 cadmium plus 100 yg/1

zinc were similar to those obtained with zinc alone and were probably due

mainly to the zinc. The two metals exhibited an antagonistic interaction

when combined, producing effects that were less severe than would have been

anticipated if their separate effects had been additive. The effects of

the second zinc-cadmium mixture were also primarily due to the zinc.

Zinc probably governs the combined effects of cadmium and zinc, be-

cause it reduces the cadmium sorption by particle fractions. Increased

concentrations of cadmium and zinc tended to increase sorption of both

metals. Because the observed effects of combined mixtures of cadmium and

zinc were regulated primarily by the zinc, the authors suggest that a less

than ten-fold increase in Lake Michigan's zinc concentration, which is

presently ~5 yg/1, could have negative impacts on the plankton community.

The effect of chelation on the short term toxicity of cadmium and cop-

per to Daphnja magna was examined (Pommery et_ al., 1984). The two metals

were complexed with EDTA and dipotassium hydrogen phosphate (HK-PO,).

The fiDTA-complexed toxicity was found to be directly dependent on the

concentration of the free metal. No such correlation was evident for the
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HK^PU complexes, perhaps because of the labile nature of the substances
£t f̂

formed.

Biesinger j2jt a\. (1986) conducted a study on the effects of toxic

metal salt mixtures (chlorides of cadmium, mercury, and zinc) on the re-

productive success of Daphnia magna. Three binary mixtures were tested

with a complete block design at one-half, once, and twice the previously

determined 16% reproductive impairment concentration for the individual

metals (Biesinger and Christensen, 1972).

The binary mixtures for all combinations caused significant decreases

in daphnid reproductive success at concentrations which did not have an

impact on reproductive success when the metals were tested individually.

Mercury did not affect reproductive success at a concentration of 3.5

yg/1 nor cadmium at concentrations of 0.09, 0.19 and 0.35 yg/1. When

mercury and cadmium were tested together at these concentrations, repro-

duction was significantly reduced.

In a mixture of cadmium and zinc, cadmium did not affect reproduction

at all concentrations tested. By adding 74 yg/1 of zinc to the cadmium

with concentrations of 0.19 and 0.35 yg/1, significant decreases in repro-

duction were noted. Zinc reduced reproduction at a concentration of

140.3 ug/1 alone and with all concentrations of cadmium and mercury

tested. Zinc-mercury mixtures caused significantly less reproduction at

a mercury concentration of 3.5 yg/1 and zinc concentrations of 37.9 and

74.0 yg/1. Significant reproductive impairment was not observed when

the two metals were tested individually.

As the results above indicate, mixtures composed of individual metals

at "no effect" concentrations can still.exert toxic effects in both chronic
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and acute tests. Water quality criteria and standards based on single

toxicant results may be inadequate for protecting aquatic species in the

presence of toxicant mixtures. The authors recommend the inclusion of

provisions in water quality criteria which state that the toxicity of

individual pollutants may be increased by the "safe level" presence of

other pollutants.

An effort is being made by the E.P.A. to derive water quality criteria

for combined pollutants. The objectives of studies performed by Spehar and

Fiandt (1986) at the U.S. E.P.A. Duluth Research Lab were to determine:

(1) whether the E.P.A.'s single-chemical water quality criteria were suffi-

cient to protect aquatic organisms when mixtures of chemicals were present;

and (2) the effects of mixtures at multiples of the LC50 and maximum ac-

ceptable toxicant concentration (MATG) using acute and chronic toxicity

tests.

During acute toxicity testing, Spehar and Fiandt found that Cerio-

daphnia dubia experienced nearly 100% mortality with arsenic, cadmium,

chromium, copper, mercury, and lead combined at water quality criterion

maximum concentrations. Production of young in the daphnids after 7 days

in reconstituted water was significantly reduced following exposure Co the

above metals, combined at criterion average concentrations.

The acute tests were performed with the above-named metals mixed at

multiples of the LC50 values. Joint action was additive in the acute

tests with daphnids, based on toxic units calculated from individual

toxicants in the mixture. Additive joint action was also exhibited in

chronic tests. At mixture concentrations of one-half to one-third the

MATC, production of young in the daphnids was significantly reduced.
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Components of mixtures at or below no effect concentrations on an indi-

vidual basis may contribute significantly to the chronic toxicity of a

mixture.

Flickinger (1984) performed his doctoral research on the chronic

toxicity of individual and bimetal mixtures of copper, cadmium, and zinc

to Daphnia pulex (de Geer) in waters of differing hardness, alkalinity,

and humic acid concentrations. The effects of the metals singly and in

combination were measured by survival, the instantaneous rate of population

growth, and reproductive indices. The reproductive indices included brood

size, percent of eggs aborted per brood, age at maturity, and age at first

reproduction. The accumulation of metals in mixtures by 7-day-old daphnids

was also measured in medium water containing 0.0 and 0.75 mg humic acid/1.

The survivorship data indicated variable interaction between copper

and zinc in soft water with 0.15 rag humic acid/1. The soft water had an

average hardness and alkalinity of 52 and 54 mg/1 as CaCO.,, respectively.

The average hardness and alkalinity of the medium water was, respectively,

103 and 102 mg/1 as CaCO . In medium water with 0.0 and 0.75 mg humic

acid/1, the interaction between copper and zinc was largely independent

based on survivorship. The toxicity of a mixture of copper and zinc could,

therefore, be predicted from the toxicities of the individual metals. In

accumulation experiments, the zinc and humic acid appeared to have no

effect on copper accumulation in the medium water.

The interaction between cadmium and copper was synergistic in medium

water containing 0.0 and 0.75 mg humic acid/1 as evidenced by daphnid sur-

vival. The accumulation of cadmium in the medium water was enhanced by

the copper and unaffected by humic acid. Cadmium had no observed effect
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on copper accumulation.

Cadmium and zinc exhibited significant synergistic toxicity in medium

water as evidenced by survivorship data when a no-effect concentration of

cadmium was combined with, two different no-effect concentrations of zinc.

Independent interaction between cadmium and zinc was evidenced by daphnid

survival at effect levels of cadmium concentration combined with both

effect and no-effect concentrations, of zinc. In medium water containing

0.75 mg humic acid/1, an antagonistic interaction was observed when a

no-effect level of cadmium was combined with an effect level of zinc-

concentration. Neither zinc nor humic acid affected the accumulation of

cadmium.

4.2 Coal Conversion Effluents

To decrease modern society's dependence on oil, the increased use of

coal is being promoted. Coal conversion technologies produce liquid, gase-

ous or solid fuels. These fuels contain less sulfur and produce less ash

than coal, but the conversion processes produce large quantities of chemi-

cally complex solid and liquid wastes.

A systematic evaluation of the acute toxicity of the aqueous wastes

from chemical conversion processes is described by Parkhurst et^ _al_. (1979).

The following procedures were employed in the hazard evaluation:

1. Using standard analytical techniques, major chemical constituents
of the effluent were analyzed.

2. The toxicity of each of the constituents was measured using a
48-hr LC50 test with Daphnia magna.

3. The 48-hr LG50 of the original effluent was also determined.
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4. Using reagent grade chemicals, a synthetic e£fluent was produced,
and its toxicity determined.

5. The contribution of the individual effluent constituents to the
total effluent toxicity was determined with the following formula which
assumes additivity between toxicants:

<C.)/(LC50.)
£ A 1 / 1

toxic contribution or component A -
n
Z [(C.̂ LCSO.)

1 X

where i = the particular component

C = the component concentration at the 48-h LC50 of the effluent

6. The presence of interactions between effluent constituents was
determined using the Marking Additivity Index. If synergism or antagonism
were indicated, the non-additive chemicals could be identified by comparing
the chemicals' percentage concentration in the effluent to their calculated
contribution to the effluent's toxicity. If significant differences were
noted, the chemicals were assumed to exert a non-additive toxicity on the
effluent toxicity.

7. A comparison was made between the toxicities of the original
effluent and the synthetic effluent. If the acute toxicities of the two
effluents differed significantly, steps one through seven were repeated.

Two effluents from a hydrocarbon (HGZ) coal conversion process at Oak

Ridge National Laboratory were identified and evaluated using the procedure

outlined above (Parkhurst et al., 1979). One of the effluents was un-

treated while the second had been treated by biological oxidation in a

fluidized bed reactor. The major toxic constituent of the untreated ef-

fluent was phenol while ammonia was the principal toxic component of the

treated effluent. The toxicity of the treated effluent was 1% of the

untreated effluent's toxicity.

Acute toxicities of components of the untreated effluent were simply

additive, but the component toxicities were less-than-additive in the

treated effluent (Parkhurst _e£_al-, 1979). Ammonia appeared to be exhibit-
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ing an antagonistic toxicity, because it was present at 86 mg/1 at the

48-hr LC50 dilution of I.Ob ml/liter in the treated effluent. The 48-hr

LC50 of ammonia to jJaghnia magna is 25 rag/1 at pH 8.2, therefore^ three

times the concentration of ammonia necessary to kill 50% of the D^aghnia

was present in the treated effluent. The pH of the effluent was 7.3.

This lower pH value may have reduced Che toxicity of the ammonia.

Data obtained from systematically evaluating the toxicity of coal

conversion wastes can be used to:

1. rapidly assess the effectiveness of treatment processes in re-
ducing the acute toxicity of an effluent.

2. quickly identify and evaluate chemical interactions between ef-
fluent components. The manner in which effluents should be treated for
toxicity reduction can be influenced by these interactions.

3. allow treatment plant operators at coal conversion operations to
anticipate acute toxicity problems.

Considerable variation exists in Che chemical composition of effluents

from different coal conversion processes. The results obtained in the

study by Parkhurst et a_l. (1979) may not be typical of all coal conversion

effluents. The presence of variability underscores the need for using

rapid biological and chemical techniques to assess the acute toxicity of

effluent components.

Neufeld and Wallach (1984) examined the chemical composition and

toxicity to Paphnia of leachates from a variety of coal conversion solid

waste ashes and sludges. Values of the 48-hr LC50 data from Biesinger and

Ghristensen (1972) for E.P.A.. primary drinking water heavy metals were

plotted against the corresponding primary and secondary drinking water

standards on a log-log plot. A. linear relationship was shown to exist
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between the published L.G50 values for Daphnia magna and the drinking water

standards. Because of this linear relationship, the authors suggest that

toxicity measurements could perhaps be used as a regulatory tool for de-

veloping effluent discharge standards for specific leachates.

A linear log-log relationship was also found between the LC50 data

and the weighted sum of metals data for the E.P.A. Extraction Procedure

leachates generated from fly ash and bottom solid wastes. The weighting

procedure for the metals consists of applying a linear equation for cor-

relating toxicity with E.P.A. drinking water heavy metals. Synergistic

effects were not considered in the weighting procedure as well as pH. and

non-toxic, yet chemically significant, species. Phenol concentrations for

the leachates generated from lime and alum wastewater sludges also showed

a linear log-log relationship with the LC50 data.

Phenols and arylamines are two major classes of contaminants found in

coal liquefaction effluents, which are very difficult to remove from the

effluents. Using mixtures of resorcinol and 6-methylquinoline to represent

the two major contaminant classes, Herbes and Beauchamp (1977) investigated

the compounds' potential toxic interaction in acute toxicity tests with

Daphnia magria. Values for the 48-hr LG50 toxicities for several mixtures

of the two compounds were determined by probit analyses. The concentra-

tions of the two compounds in each LC50 mixture were calculated in terms

of toxic units with one toxic unit defined as the 48-hr LC50 of each com-

pound tested individually.

Herbes and Beauchamp (1977) found the mixtures of the two compounds

to be less toxic than either compound tested alone. The data indicated a

strong deviation from an additive interaction between the two compounds.
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The results suggest that antagonism occurred when resorcinol was the major

toxic component in the mixture while an intra-additive interaction resulted

when 6-methylquinoline was the major toxic component. Intra-additive

interaction is intermediate between non-interaction and strictly additive

interaction. The authors recommended further experimentation to determine

whether the observed pattern of toxic interaction was characteristic of

organic bases and phenols in general.

4.3 Landfill Leachates

Atwater £t. jLL- (1983) examined the suitability of using daphnids to

monitor municipal landfill leachate toxicity. Reproducible results were

obtained with the daphnid bioassay procedures. Toxicity tests using

Daphnia pulex compared favorably with parallel tests using the standard

static 96-hr fish bioassay. The daphnid tests did not compare well with

the residual oxygen bioassay (ROB), but this may have been due to problems

with the ROB testing rather than to limitations with the daphnid tests.

Zinc was shown to play an important role in determining leachate

toxicity to daphnids. Simple and multiple regressions of the daphnid

toxicity data indicated that variations in zinc concentration could account

for over 90% of observed variations in leachate effects on the daphnids.

The zinc's presence and significance as a toxin to Daphnia may have masked

other more subtle organism responses.

The effects of pH on daphnid survivorship were similar to those en-

countered with fish bioassay in that neutralizing acidic municipal landfill

leachate reduced the apparent toxicity. The magnitude of these pH effects

was somewhat reduced with the Daphnia) however. Advantages of total cost
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and test simplicity were realized with the daphnid bioassay test as com-

pared to Che standard fish bioassay procedure. No disadvantages were

identified by the authors in using daphnids rather than fish as test

organisms for landfill leachate toxicity studies..

Toxicity tests on landfill leachate were conducted with test organisms

from different trophic levels (i.e., fathead minnow, zooplankton (Daphnia

magna), green alga, and bacteria) by Plotkin and Ram (1984). Filtered

leachate was tested with D. magna, since turbidity in the unfiltered leach-

ate prevented confirmation of daphnid mortality. The 48-hr LC50 value was
i

determined graphically to be equal to 62-66%. Based on these results, the

leachate was considered to be moderately toxic to D^ magna.

The concentrations of specific leachate compounds were compared with

literature acute toxicity values for daphnids. The volatile organic and

pesticide concentrations were several orders of magnitude below literature

LC50 values. The silver concentration was 27 times greater than the 48-hr

LC50 value reported for Dapjinia in soft water (LeBlanc, 1980). The leach-

ate mercury concentration was equal to a reported 48-hr LC50 value. The

lead, cadmium, and manganese levels in Che leachate were at 42%, 38%, and

37-81%, respectively, of the reported LC50 values for daphnids in soft

water. Other metals present in the leachate were at levels at least one

order of magnitude below the LC50 values for daphnids found in the litera-

ture. Based on hydrological data and toxicity test results, the leachate

concentration in the receiving stream may reduce aquatic species diversity.

There was considerable variation between toxicity test results ob-

tained using the four test species. The importance of conducting several

toxicity tests with organisms from different trophic levels to assess the
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potential impact of a pollutant discharge on an aquatic ecosystem was

shown with this study.

Morris and Buckley (1984) described a case study in Great Britain

which employed the Daphnia bioassay test to monitor and control discharges

of infiltration and surface drainage at a toxic waste landfill. The site

runoff was stored in a lagoon and discharged to a nearby receiving water.

Immobilization of any of the Daphnia during the 24-hr bioassay test with

the runoff served to prevent discharge of the lagoon contents, necessitat-

ing treatment and alternative disposal. On one occasion, the bioassay

test results were explained by a cell wall adjacent to the runoff lagoon

fracturing and releasing leachate from the landfill.

The Daphnia bioassay test was described by the authors as being quick,

simple, and effective in monitoring effluent discharges. Applications of

the test recommended by the authors include: assessment of industrial

discharges for impact on receiving water organisms and microorganisms in

biological treatment operations; and monitoring of agricultural chemicals

during normal use and accidental spills. The Daphnia bioassay test could

be used to detect damage following spills of unknown toxic chemicals, since

the results are provided promptly while chemical analyses may take days to

complete. The authors further suggest that the use of the Daphnia bioassay

test be included as a condition in effluent discharge permits.

4.4 Miscellaneous Mixtures

Sugatt ̂ t al. (1984) studied the toxicity of aqueous solutions satur-

ated with mixtures of hydrophobic organic liquids in comparison to the

toxicity of solutions prepared from solids. Toxicity was measured as the
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median lethal time (LT50) rather than as the more conventional median

lethal concentration (LC50). The mixture of aqeuous solutions consisted

of diethyl phthalate (DEP) and diisononyl phthalate (DINP).

The toxicities of compounds in liquid mixtures were influenced by the

mixture composition. Neglecting biological interactions, the toxicity of

a compound in a saturated liquid mixture tended to be lowered by the

presence of other less toxic compounds.

Compound toxicities in solid mixtures were relatively independent of

mixture composition. The toxicity of a saturated solution derived from a

mixture of solids was shown to be equal to or to exceed that of a cor-

responding saturated solution of the mixture's most toxic component. As

the complexity of the mixture increased, the toxicity increased. The

authors state that the conclusions represent broad generalities and should

be used with caution.

Canton _et jil. (19B4) compared the joint effects of a mixture of 14

aquatic pollutants on mortality and inhibition of reproduction in Daphnia

magna. These pollutants, which consisted of various chemical structures

and different modes of action, included benzene, phenolie» and arylamine

compounds, potassium dichromate, lindane, and malathion. Mortality was

measured as 48-hr LC50 values and the reproduction inhibition was quanti-

fied as 16-day EC50 values.

The experimental results were evaluated using the Mixture Toxicity

Index (MTI) proposed by Konemann (1981). The MT1 is defined as:

MTI = 1 - (log M/log Mo)
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where M = Zfi at 50£ mortality

f = concentration of a compound-in a mixture expressed as a
fraction of the compound's LC30 value

Mo =* M/fmax

fmax =* highest f-value in a mixture

The MTI values provide a classification scheme for the type of interaction

in a mixture. This scheme is outlined as follows: MT1 < 0 denotes

antagonism; MTI = 0 indicates no interaction; MTI = 1 is concentration

addition; and MTI > 1 represents supra-addition. The MTI is normalized

for the number of chemicals in a mixture and their relative concentration,

allowing comparison between various MTI values.

The MTI value associated with the 48-hr LC50 obtained by Canton et al.

for the mixture was 0.95. This MTI value is almost equal to one, indicat-

ing Chat the acute mortality toxicity represents concentration addition.

The authors explain that the relatively high joint toxicity to the Daj)hnia

magna results from a non-specific complex system of joint actions.

The MTI value determined for the reproduction inhibition experiment

with D. magna was 0.60, which indicates deviation from concentration addi-

tion. The reduced joint toxicity results from the reproduction inhibition

being based on a number of specific modes of action by the compounds.

These modes are simple similar or independent joint actions in comparison

with the complex system associated with mortality. Independent actions

generally result in a lower joint toxicity of mixtures. Even though the

joint toxicity of the mixture at sublethal levels is lower than at lethal

levels, the mixture toxicity is still higher than that of the individual

chemicals and near concentration addition.
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5. INTERACTIONS WITH WATER QUALITY PARAMETERS

The toxicity of pollutants can be altered by interaction with water

quality parameters including pH, inorganic complexes, carbon dioxide, hard-

ness, and organic ligands. A limited number of experiments have been con-

ducted to assess the impact of these factors separately on the toxicity of

heavy metals to daphnids.

Organic substances including natural compounds (sewage effluent, humic

acids and amino acids) and synthetic chelators (EDTA and NTA) reduce the

toxicity of metals to aquatic invertebrates. It has not been determined

whether the reduced toxicity results from: 1. a reduction in the concen-

tration of free metal with only the free metal being toxic or 2. the tox-

icity being caused by the complexed metal, with the complexed metal having

a lower toxicity than the free metal. Borgmann (1983) found that the addi-

tion of amino acids increased the 48 hr. LC50's for D^ magna with total

copper, but decreased the free copper LC50 values. Winner (1985) collected

data showing that humic acid significantly reduced both the acute and

chronic toxicity of copper to D. pu1ex.

At constant pH and alkalinity, free metal concentrations are propor-

tional to the concentration of various inorganic complexes, any of which

may be toxic. The data collected to date seem to indicate that complexa-

tion by inorganic ligands (chloride, carbonate, and hydroxide) results in

nontoxic complexes (Borgmann, 1983).

The effects of pH and hardness on metal toxicity are not well studied

with invertebrates. Andrew et al. (1977) noted that increased pH resulted

in an increase in the free copper toxicity to D. magna. Borgmann (1983)
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measured 24-hr. L.C50 values for D_«_ magna using copper and found that, on a

total copper basis, toxicity was greatest at intermediate pH values. The

free copper becomes more toxic at higher pH values with the effect being

more pronounced above ptt 7 (Borgmann, 1983). The toxicity of free zinc

and free cadmium ions appears to increase with higher pH values as with

free copper. Increased toxicity at higher pH values can be explained by

the assumption that metal complexation, and consequently uptake by the

organism, increases with pH through reduced competition of metal ions with

hydrogen ions (Borgmann, 19B3).

In general, the toxicity of metals to D. magna has been shown to

increase with decreasing hardness (Bellavere and Gorbi, 1981). Winner

(1985), however, found that hardness had little effect on either the acute

(3-day) or the chronic (42-day) toxicity of copper to D^ pjilex. The acute

toxicity of chromate, DDT, PGP, TPBS, and zinc to P. magna cultured in both

hard and soft water was examined by Berglind and Dave (1984). The hard-

ness of the culture water did not affect the toxicity of the PGP, TPBS,

chromate, and zinc. However, the DDT was forty times more toxic in the

soft as compared to the hard dilution water.

Because pH, water hardness, and complexation can influence the tox-

icity of free metal ions, examination of the effect of each of these fac-

tors must be performed under conditions where the other two variables are

held constant. If this is not done, misinterpretation may result due to

several factors cancelling (e.g. pH and complexation or pH and hardness)

or reinforcing (e.g. hardness and complexation) one another. If all three

factors are considered, toxicity appears to be most closely related to the

free metal concentration (Borgmann, 1983).
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Temperature is another factor which must be considered in toxicity

tests. Elevated temperatures increase the toxicLty of most pollutants to

fish (Smith and Heath, 1979). McGinniss _et _al. (1977) found that the acute

toxicity of two simulated effluents to Daphnia increased at higher acclima-

tion temperatures, Stephenson and Watts (1984) examined the effects of

different food and temperature regimes on the survival, reproduction, and

growth of j)^ magna in chronic toxicity tests. Their results showed that

temperatures of 20 or 23°C and a diet of ChJLorella alone were best for

meeting the EPA guidelines for a valid chronic toxicity test.
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6. APPLICABILITY OF LABORATORY RESULTS TO FIELD CONDITIONS

Laboratory bioassays have been employed for obtaining the toxicologi-

cal data used in establishing water quality criteria and for conducting

aquatic impact assessments of chemicals. The need exists to confirm how

well these data predict the toxicity of a chemical in. the natural environ-

ment. Results may differ under actual field conditions, because of factors

such as predation, competition for food and space, physical and chemical

variables, and chemical interactions (Martin, 1973).

Laboratory toxicity test results can predict the responses of organ-

isms under field conditions with varying degrees of accuracy. Only a

limited number of field studies on toxicity have been conducted, since it

is difficult to compile dose-response data in the field due to complex

exposure patterns, multiple pollutants, and migration of organisms' in and

out of study areas (Chapman, 1983).

If factors that cause different dose responses in laboratory and

natural organisms can be identified, their impacts can be determined in

laboratory toxicity tests, thereby eliminating the need for field studies.

External factors which have been identified include surrogate species,

surrogate dilution water, and differing exposure regimes. A number of

internal factors have also been recognized, including life stage, size,

prior exposure, natural selection, nutrition, disease state, handling, and

precision of toxicity tests (Chapman, 1983). Selection of the test species

and dilution water can greatly influence the applicability of the labora-

tory data to field conditions.

Chapman's article provides a good review of literature addressing the

42



applicability of laboratory data to field situations. The author identi-

fies factors to which the organisms are more sensitive in the laboratory

than in the field and vice versa. While the various factors most certainly

interact, an overall variability term based on these factors cannot be

computed, because a single phenomenon may be responsible'for the observed

response. Chronic response levels are probably less influenced by internal

and external factors than acute response levels are. Nutrition, disease

state, and behavioral factors are, however, more important in chronic

tests than in acute tests.

The test species, dilution water, and relative nutritive state chosen

for laboratory tests tend to be optimized. Chapman states that the use of

these optimal variables has yielded laboratory responses which are more

sensitive than field responses. Temperature, disease, variable exposure,

and other stresses have probably led to more sensitive responses from

field organisms, however.

The relative importance of factors influencing the responses of organ-

isms in the laboratory and in the field is dependent on whether the goal

of the laboratory tests is to determine relative toxicity, to estimate safe

levels or to predict actual effects. If appropriate test parameters are

chosen, the response of the laboratory organisms is a reasonable index of

the response of the same species under natural conditions. According to

Chapman, the apparent inaccuracy of laboratory toxicity test data is

attributable not to an unnatural response of the laboratory test organism,

but to extrapolation from a relatively narrow set of test conditions to a

much broader range of environmental conditions.

Adams _e_t _al. (1983) conducted parallel field and laboratory toxicity

43



tests using accepted laboratory methodologies for D_^ magna acute and

chronic tests and fathead minnow acute and partial life-cycle tests. Com-

mercial phosphate ester was the material tested. The field study was con-

ducted in a simulated pond environment.

Good agreement was indicated between laboratory and field toxicity

values for both acute and chronic data. The 48-h EC50 values for D. magna

were: 343 yg/1 for the laboratory test; 202 yg/1 for filtered pond water;

and 289 yg/1 for unfiltered pond water. For the fathead minnows, the

laboratory 96-h LC50 value equalled 3400 yg/1 while the field 96-h LC50

values were greater than or equal to 647 yg/1 (Adams _e£ J_l., 1983). The

chronic MATC for D._ magna in a laboratory flow-through test was determined

to be 40-100 |ig/l. Using filtered pond water in a chronic renewal test,

the MATC results were 40-93 yg/1. Filtered and unfiltered pond waters

produced chronic MATC values for caged daphnids of 60-136 yg/1 and

60-226 yg/1 respectively.

The authors concluded that laboratory acute and chronic toxicity

tests with E). magna and fathead minnows provide realistic estimates of a

chemical's toxicity to the same.species in a simulated natural environment.

The tests' results should provide reasonable estimates of toxic effects on

populations in natural aquatic environments. The toxicity of a chemical

in the natural environment can be predicted if the impact of the environ-

ment on the exposure concentration is understood.

Miller et al. (1986) studied a stream, which was the site of a former

gold-mining operation. The purpose of the study was to explain why healthy

biota were present when the national water quality criteria for toxicant

metals were exceeded. Two hypotheses were offered to explain the presence
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of sensitive species under these conditions:

1. metals can be chelated by organic and inorganic compounds in
effluents and receiving streams and, therefore, become biologically
unavailable.

2. fish are able to acclimatize to sublethal metal concentrations
thereby allowing them to tolerate potentially toxic ambient levels.

Toxicity tests were performed by Miller et al. with brook trout and

the mayfly, Ephemerella grandis. Nonacclimated hatchery trout were more

sensitive to metals than the resident trout. The hatchery trout were able

to acclimate to the metals in the effluent after ten days so that they were

no more sensitive to the metals than were the resident trout. Species used

for toxicity tests should be chosen with care to determine site-specific

metal criteria. Resident benthic macroinvertebrates may reflect changes

in ambient metal levels with greater sensitivity than fish (Miller et al.,

1986).

Effluent toxicity tests can be used to predict in-stream biological

impacts from metal discharges. Sensitivity of the test species, season-

ality, and variations in community structure response all must be taken

into account. Annual and seasonal variations in community structure must

be understood prior to establishing site-specific criteria. Seasonal vari-

ations in flow, temperature, rainfall, and melt which affect the inter-

relationships between physical/chemical environmental factors and the

resident biota must be defined. With this knowledge, "critical seasons"

may be established during which time the effluent releases may be modified

(Miller et al., 1986).

Standard LC50 values do not predict "no effect" acute criteria values.
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The absence of sensitive species in an aquatic ecosystem may stem from

avoidance behavior to sublethal concentrations, because significant toxi-

cological impacts can occur at concentrations much less than LC50 values.

For this reason, safe effluent criteria or standards for acute toxicity

should be based on the presence or absence of sensitive or desirable

species in the receiving system rather than on standard LC50 determinations

alone (Miller _et _al., 1986).

Marshall (1979) studied the toxicity of cadmium to daphnids in the

laboratory using Lak.e Michigan water and by conducting in sicu. toxicity

tests in the epilimnion of Lake Michigan. The 48-h EC50 value determined

using both the laboratory and natural populations was 40 )ig/l cadmium.

Because the initial toxicity effects were due primarily to increased mor-

tality with most of the compensatory increase in reproduction occurring

later, Marshall felt the EC50 values could be compared to the LC50 values

reported for acute cadmium toxicity with other species of Dapjmia. The

48-h EC50 value obtained compares well with the 48-h LC50 of 65 yg/1

cadmium reported for Daphnia magna by Biesinger and Christensen (1972) and

the 48-h LC50 of 55 ug/1 obtained with D. hyalina by Baudouin and Scoppa

(1974).

Lee and Jones (1983) examined the chemical environment as a major

factor in the difference between laboratory toxicity tests and natural

field conditions. As an example, the toxicity of copper as well as the

toxicity of other heavy metals is best correlated with the concentration

of the ionic form. Precipitated, sorbed, or complexed forms are usually

less toxic than the free metal ion. The total concentration of a contami-

nant which is frequently measured for comparison with water quality stan-
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dards may be a poor gauge of a contaminant's potential toxicity to aquatic

life.

A hazard assessment approach was recommended by Lee and Jones to

identify those field conditions for which worst-case laboratory bioassay

results are not generally appropriate. Attention should be given to the

contaminant characteristics and reactivity as well as to water quality

characteristics at the site, especially turbidity. With this approach to

water quality management, maximum utilization of available information on

contaminant toxicity, bioaccumulation, and contaminant aquatic chemistry

will be made.
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7. CONCLUSIONS

1. To protect aquatic organisms against specific potential toxicants,

national water quality criteria were formulated by the United States

Environmental Protection Agency (U.S. E.P.A.) in 1984. These criteria

were developed using toxicity data for single pollutants and multiple

genera of aquatic life. The criteria do not address multiple pollutants,

which occur in most discharges and natural waters.

2. Results of multiple-toxicant studies indicate that the water quality

criteria may be modified through the influence of other toxicants present

and water quality characteristics. The U.S. E.P.A. has made some allowance

for toxicant mixtures by developing a whole effluent approach.

3. further study is needed to determine the type and degree of inter-

action between toxicants on both an acute and a chronic basis and to dif-

ferentiate the possible effects of water quality characteristics on these

interactions. A research effort is currently underway by the E.P.A. to

derive water quality criteria for combined pollutants. The European Inland

Fisheries Advisory Commission has also been conducting research to deter-

mine the extent to which water quality standards assigned for single chem-

icals are valid when other toxicants are present.

4. Several different aquatic organisms have been used in toxicity tests

with chemical mixtures. In acute toxicity tests of mixtures using fish

and invertebrates, the concentration-addition model appears to be additive
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for constituents commonly found in sewage and industrial wastes. Joint

effects of pesticides are generally more-than-additive in tests with both

organism groups. A variety of interactions are indicated in the joint

toxicity data for aquatic plants and bacteria. Evidence for interaction

of sublethal concentrations of toxicant mixtures is contradictory for all

organism groups.

5. A limited number of joint toxicity studies have been performed with

daphnids. Additive joint action in acute and chronic tests with heavy

metals has been observed. Daphnids have proven to be good indicator spe-

cies in assessing the toxicity of coal conversion effluents and landfill

leachate to aquatic organisms. Results of chronic studies with daphnids

suggest limitations in the single pollutant water quality criteria.

6. Difficulty is encountered in interpreting the results of many of the

multiple toxicity studies. Reasons for this difficulty include: a lack

of consistency in experimental design; deficiency of proper statistical

analysis; and vague and contradictory nomenclature.

7. The toxicity of a mixture of pollutants can be modified by a number

of physical and chemical factors including, temperature, pH, dissolved

oxygen, carbon dioxide, and hardness. The influence of hardness has been

well documented. Toxicity is observed to decrease when hardness increases.

8. A need exists to determine how well toxicological data obtained from

standard laboratory toxicity tests predict the toxicity of a pollutant
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under natural conditions. Selection of test species and dilution water can

greatly influence the applicability of laboratory data to different situa-

tions. The accuracy of predictions based on these daCa is influenced by

nutrition, acclimation, and genetic selection of the test organisms. The

impact of the environment on the toxicant exposure concentration must be

understood to accurately predict the toxicity of a chemical in the natural

setting. If appropriate test parameters are chosen, the response of the

test organisms provides a reasonable index of the response exhibited by

naturally occurring organisms.
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