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An approach previously proposed for studying the effects of

mixtures of environmental toxicants on the quantal (all or none)

responses of whole organisms was evaluated in terms of its applica-

bility to quantitative (graded) response studies. Four types of

multiple toxicity were defined respectively as concentration, re-

sponse, supra- and infra-addition. Hypothetical dose response

curves and their respective isobole diagrams were used to illustrate

the relationships between the types of toxicarit interaction discussed.

Growth was selected as the quantitative response for study in

order to empirically evaluate the proposed approach. The effects

of copper, nickel, and dieldrin and selected mixtures of these corn-

pounds on the re1ative growth and food consumption rates of juvenile

guppies (Poecilia reticulata) fed a restricted and an unrestricted

ration of tubificid worms were expressed as a function of the natural

logarithm of toxicant concentration. The resulting dose response
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curves for binary mixtures of copper-nickel and dieldrin-nickel were

compared to curves predicted on the basis of the previously mentioned

types of toxicant interaction. Mixtures of copper and nickel appeared

to be either concentration additive or slightly supra-additive depending

upon the defined response under consideration. The results of the

dieldrin- nickel study were inconclusive regarding the determination

of the nature of the interaction for mixtures of these toxicants. Pos-

sibie reasons for the difficulties encountered in interpreting the re-

suits of the dieldrin-nickei studies are discussed. in summary, the

proposed approach appears to provide a useful frame of reference

for empirically describing the combined effects of multiple toxicants

on the performances of whole organisms; however, to offer explana-

tions as to why mixtures of toxicants interact in a particular manner

requires further studies on the effects of combined toxicants on

underlying biochemical processes and physiological functions.
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EVALUATION OF AN APPROACH FOR STUDYING THE
QUANTITATIVE RESPONSES OF WHOLE ORGANISMS

TO MIXTURES OF ENVIRONMENTAL TOXICANTS

INTRODUCTION

An extensive methodology has been developed for evaluating the

effects of discrete environmental toxicants on a variety of test organ-.

isms. Where environmental pollution does occur, however, several

toxicants are usually present simultaneously. The recognition of this

situation by environmental toxicologists and those responsible for

assessing the potential hazards of man-made pollutants has generated

considerable interest in developing approaches for evaluating the

effects of mixtures of environmental toxicants. Sprague (1970) in his

series of papers on the measurement of pollutant toxicity to fish

reviewed the approaches and some of the results of previous studies

assessing the joint toxicity of aquatic pollutants.

Although of relatively recent interest in the field of environ-

mental toxicology, the exposure of animals to two or more drugs has

for years been the concern of many pharmacologists for both practical

and theoretical reasons. In studying the biological responses of

organisms to drugs, pharmacologists make a useful distinction be-

tween the action of a drug and the effects it produces. The action of

a drug or toxicant, although sometimes considered synonymously

with effect, is considered to be the underlying processes by which
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a compound initiates alterations in some pre-existing physiological

or biochemical process. The sequence of biochemical and physio-

logical events which are initiated by the action of a compound are

regarded as drug effects. It is commonly recognized that only

pharmacological studies on the modes of action of toxicants applied

separately or jointly can definitively determine the type of interaction

between them (Plackett and Hewlett 1948). However, the primary

actions of toxicants have been elucidated in only a few cases. Even

in these cases it can probably be expected that the more a presumed

action is studied the more likely it will be found to be an effect (Fingi

and Woodbury 1965). Consequently, the classical pharmacological

method for evaluating the toxicity of compounds involves studying the

relationship between the concentration of a toxicant and the effects it

produces.

Historically, pharmacologists have studied the interaction of

two or more drugs or toxicants in basically two distinct ways (Schild

1961), differentiated primarily on the basis of the level of biological

organization under consideration. One approach has been to deduce

theoretical concentration effect relationships based on assumed

mechanisms of interaction and then to relate empirical results to

these curves. This approach has received considerable attention by

Clark (1937) and Ariens (1964) and is based on concepts found in

molecular pharmacology and receptor theory such as affinity and
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intrinsic activity. Investigators using this approach have been pri-

manly interested in the effects of multiple toxicants or drugs on

biochemical and physiological processes. The second approach

describes general biological models for toxicant interaction and

provides them with a mathematical foundation based upon statistical

considerations. Since the early contributions of Trevan (1927) and

Gaddum (1953), this approach, particularly for quantal (all or none)

response studies, has been largely developed by Bliss (1939) and

more recently by Hewlett and Plackete (1959). This approach has

been used to study the effects of mixtures of toxicants on the survival

of whole organisms.

The latter approach was adopted for the present study because

it provides a potentially useful frame of reference for evaluating the

effects of mixtures of environmental toxic ants on whole organism

performances such as survival, growth and reproductiori. The selec-

tion of an an appropriate response for evaluating the toxicity of an

environmental pollutant depends on the objectives of the toxicologist.

Lethality is often used as a starting point for studying the toxic

properties of a compound. Thus, it is not surprising that most stud-

ies in the literature on the joint toxicity of environmental toxicants

have utilized death as the index of toxicity. However, to insure the

success of organisms in nature, it is also necessary to study the

effects of toxic substances on such whole organism performances



as growth, reproduction, and behavioral activities.

Plackett and Hewlett (1948) proposed that the mathematical

examination of the concentration mortality curves for individual toxi-.

cants may indicate the types of combined effects that occur when

toxicants are present simultaneously. Using their approach,

Anderson and Weber (1977) were able to predict in most cases the

effects of mixtures of selected environmental toxicants on the sur.

vival of guppies (Poecilia reticulata). Based on these results, a

series of experiments were designed for the present study to evaluate

the applicability of the approach to graded (sublethal) responses.

The objectives of this study are: (1) to examine the rationale

of the proposed approach for studying both the quantal and graded

responses of whole organisms to mixtures of environmental toxicants

and (2) to empirically evaluate the approach by studying the effects

of selected environmental toxicants and their mixtures on a whole

organism performance using an aquatic organism as the test animal.

Hypothetical dose response curves with their associated isobole

diagrams are presented to illustrate the different types of toxicant

interaction discussed.
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RATIONALE

Using Bliss's paper (1939) as their point of departure, Plackett

and Hewlett (1952) described general biological models for toxicant

interactions and deduced mathematical models for each based largely

upon statistical considerations, They proposed general types of

toxicant interaction from the following two-way classification scheme:

Similar Dissimilar

Non- interactive Simple similar Independent

(concentration addition) (response addition)

Interactive Complex similar Dependent

Toxicant mixtures were defined as "similar" or "dissimilar" according

to whether the toxicants acted upon the same or different biological

systems (i. e. , biochemical, physiological) and as "interactive" or

"non-interactive" according to whether one toxicant influenced the

"biological action" of the other toxicants. "Simple similar" and

"independent action" were regarded as special cases in a range of

biological possibilities and the mathematical models proposed for

"complex similar and dependent" were generalizations of the models

proposed for "simple similar and independent action" respectively.

Their mathematical models, particularly for the quantal re-

sponses to mixtures of "interactive" toxicants, are very complex and



require the knowledge of certain parameters which are normally

unattainable when evaluating the effects of toxicant mixtures on

whole organism performances. However, Hewlett and Plackett' s

models for "joint act ion" are useful for elucidating the limitations

of and the assumptions required for the special cases of "simple

similar and independent joint action. " As a first approach to evalu-

ating the effects of toxicant mixtures on the whole organism per-

formances such as survival and growth, the present discussion only

considers the special cases of "non-interactive" toxicant mixtures.

A multitude of terms have been suggested to describe the

various types of combined toxicant effects. Ariens (1972) and Fedeli

et al. (1972) review the various terminologies that have been used.

As Sprague (1970) and Warren (1971) point out, the nomenclature is

confusing particularly since certain terms have been defined in more

than one way by different authors. Furthermore, terminology

describing mechanisms of toxicant action is not appropriate for

studies evaluating the effects of toxicant mixtures on whole organism

performances without knowledge of the action of the individual toxi.

cants. To avoid both ambiguities in terminology and assumptions

implying knowledge of sites and mechanisms of toxicant action,

Anderson and Weber (1977) introduced the terms concentration and

response addition which are mathematically analogous to the "simple

similar" and "independent action" defined by Plackett and Hewlett
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(1952).

Concentration addition is mathematically defined as the summa-

tion of the concentrations of the individual constituents in a mixture

after adjusting for differences in their respective potencies. The

primary assumption governing this type of addition is that the toxi-

cants in a mixture act upon similar biological systems and contribute

to a common response in proportion to their respective potencies.

Bliss (1939) and others have assumed that if two toxicants act simi-

larly the variations in susceptibility of individual organisms to the

toxicants are completely correlated. As a consequence the dose

response curves for the components and the mixture are parallel.

This has been observed for some toxicant mixtures; however,

Plackett and Hewlett (1952) presented examples of chemically re-

lated insecticides which gave non-parallel lines. They and other

toxicologists (Ariens and Simonis 1961; Casarett 1975) have quite

correctly pointed out that parallelism and hence complete correlation

of individual susceptibilities is not a necessary prerequisite for this

type of addition.

In cases where the dose response curves for the individual

toxicants are parallel, a dose response curve for the mixture can

be calculated based upon the assumption of concentration addition.

With the regression equations for the individual toxicants in the form

of y a + b lnx (where y is the % response to each toxicant and x is



its concentration), the regression equation for a binary mixture can

be represented by (Finney 1971):

Y a + b In (rr +pir ) + blnX (1)
m 1 1 2

where,

Ym % response to the mixture

a1 = y intercept of the first toxicant

b common slope

1
proportion of the first toxicatit in the mixture

= proportion of the second toxicant in the mixture

p = potency of the second toxicant relative to the first

X = concentration of the mixture

This equation can be readily adapted to represent mixtures containing

more than two toxicants. It should be noted that equation (1) for

concentration addition is similar in principle to the toxic unit method

used by Lloyd (1961), Brown (1968) and others. Whereas the toxic

unit method measures the toxicity of mixtures only at particular

levels of response (LC1O, LC5O, etc. ), equation (1) incorporates the

entire dose response curve.

Response addition is methodologically defined as the summation

of the rçponses of the organism to each toxicant in a mixture This

form of addition is based on the assumption that the toxic constituents

of a mixture act upon different biological systems within the organism.
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Each organism in a population is assumed to have a tolerance for

each of the toxicants in a mixture and will only show a response to a

toxicant if the concentration exceeds its tolerance. Thus, the re-

sponses to a binary mixture are additive only if the concentrations of

both toxicants are above their respective tolerance thresholds. For

quantal responses the tolerances to the toxicants in a mixture may

vary from one individual to another in a population; therefore, the

response of the test animals depends also upon the correlation between

the susceptibilities of the individual organisms to the discrete toxi-

cants. For example, in order to predict the proportion of organisms

killed by a binary mixture, it is necessary to knov not only the pro-

portion that would be killed by each toxicant alone but also to what

degree the susceptibility of organisms to one toxicant is correlated

with their susceptibility to the other toxicant.

Plackett and Hewlett (1948) recognized this statistical concept

and developed mathematical models that account for the correlation

of individual tolerances ranging from total negative to total positive

correlation, If the correlation is completely negative (r-1) so that

the organisms most susceptible to one toxicant (A) are least suscep-

tible to the other (B), then the proportion of individuals responding

to the mixture (P) can be represented by:

P =P +P ii (P +P <1)
m A B A B (2a)
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where and
B

are the respective proportion of organisms respond-

ing to the individual toxicants A and B. With no correlation (r0) in

susceptibility the relationship is expressed by:

P P +P (1-P ) (Zb)
m A B A

In the limiting case of complete and positive correlation (rl), mdi-

viduals very susceptible to toxicant A in comparison with the popula-

tion will be correspondingly very susceptible to toxicant B. In this

situation the proportion of animals reEponding to the mixture is equal

to the response to the most toxic constituent in the mixture. Mathe-

matically this is represented by:

MA if

M B
if

B
>A (2c)

For response addition no significance can be placed on the slope of

the dose response curves because the toxicants in a mixture are

acting primarily upon different biological systems with varying

degrees of susceptibility between organisms. Even if the regres-

siori equations for the constituents in a mixture are parallel for

toxicants acting in this manner, the dose response curve for the

mixture will not be linear (Finney 1971) except in the special case

where r 1. This will be illustrated later for two hypothetical

toxicants whose dose response curves are parallel. Although the
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mathematical equations (Za, b, c) representing response addition are

relatively simple, the statistical consequences of this type of addition

are more complicated than those of concentration addition (Finney

1971).

Terms such as supra- and infra-addition are used to describe

toxicant interactions which are greater or less than those predicted

on the basis of either concentration or response addition.

Quantal Response Studies

Hypothetical Dose Response Curves

To illustrate the relationship between concentration and re-

sponse addition, hypothetical dose response curves for two toxicants

(A and B) are plotted in Figure 1 expressing percent response in

probits as a function of the logarithm of total concentration. In this

example the dose response curves for the discrete toxicants are

parallel with A being 100 times more toxic than B. Non-parallel

curves could have also been used; however, for these cases equation

(1) for concentration addition is not appropriate. Hewlett and

Plackett (1959) developed a more generalized model (from which

equation (1) can be deduced) which does not depend on the assump-

tion of parallel dose response curves.

Dose response curves for mixtures of toxicants A and B are

obtained when the total concentration is varied and the ratio of the
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concentrations for the individual toxicants is kept constant. Using the

equations (1 and 2 a, b, c) for concentration (C. A. ) and response addi-

tion (B., A. ), dose response curves were calculated for mixtures

containing different fixed proportions of toxicants A:B (1:10, 1:100,

1:1000). In Figure 1, the curves for the mixtures are shown graphi-

cally in relation to the dose response curves of toxicants A and B.

Several observations can be made from the relationships between

the dose response curves in Figure 1. As should be expected, the

relative toxicity of the mixture depends on the ratio of its constituents.

In Figure 1, a 1:10 mixture is more toxic than the other ratios de-

picted because of the greater proportion of the more toxic component,

toxicant A. At certain fixed proportions the relative toxicity of mix-

tures acting in either a concentration or a responsive additive manner

are very similar except at very high levels of response where r -1.

This is observed in Figure 1 for fixed proportions of 1:10 and 1:1000.

For intermediate ratios the relationship between the dose response

curves for concentration and response addition (r1, 0, -1) is very

dependent on the level of response. For example, at low levels of

response (i. e., at the probit of 2 which corresponds to approximately

a 0% response) mixtures in a 1:100 ratio acting in a concentration

additive manner are considerably more toxic than those acting by

response addition regardless of the degree of correlation (r). This

is due to a fundamental difference in the two types of addition. At
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threshold or below threshold concentrations of toxicants A and B, a

mixture acting in a concentration additive manner can elicit a measur-

able effect because both toxicants are acting upon similar biological

systems; their concentrations sum to produce a concentration for the

mixture which is above the threshold level. However, the responses

to toxicants acting upon different biological systems (response addi-

tion) are only additive if each toxicant in a binary mixture is present

in concentrations above its respective threshold level. For similar

reasons, as the concentrations for the toxicants in a 1:100 mixture

increase, the toxicants acting in a response additive manner (except

in the special limiting case where r= 1) become progressively more

toxic relative to the dose response curve for concentration addition.

It is even possible that at high levels of response (in this example,

for responses greater than 84%; probit of 6. 0), mixtures acting in a

response additive manner (r-1) can be more toxic than those acting

on the basis of concentration addition.

These factors- -the type of interaction, the ratio of the toxicants

in a mixture, and the level of response--must also be considered along

with the toxic properties of the individual compounds in assessing the

relative toxicity of a mixture. The failure to recognize these factors

can potentially lead to erroneous conclusions concerning the nature of

the interaction.
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Isobole Diagram

It is difficult to visualize the relationships between the dose

response curves in Figure 1, primarily due to the number of curves

presented. However, the relationships between the hypothetical

curves in Figure 1 can be readily conceptualized with isobole dia-

grams, a technique introduced by Loewe (1928, 1953). Isoboles are

lines of equivalent response. They are constructed by plotting on a

two-dimensional diagram the concentrations of a binary mixture of

toxicants that produce a quantitatively defined response, i. e. a 10%,

50% or 90% lethal response. It should be noted that an isobole dia-

gram can be constructed for any level of response and that the rela-

tionship between the isoboles may vary depending upon the response

level selected.

The isobole diagram for the 50% level of response of the hypo-

thetical dose response curves in Figure 1 is presented in Figure 2.

The x and y axes in this diagram represent the concentrations of

toxicant B and A respectively. The radiating dashed lines or mixing

rays correspond to a series of mixtures (A:B) of fixed proportions.

If the 50% response, produced by combinations of the two toxicants,

is represented by points inside the square area, the toxicants are

additive. Antagonistic interact ions are indicated by combinations

of concentrations falling outside the square.
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The isoboles for concentration and response addition are deter-

mined by the concentrations of the two toxicants corresponding to the

points of intersection between the 50% response line (Figure 1) and

the respective hypothetical dose response curves. These concentra-

tions are plotted in Figure 2 on the appropriate mixing ray. The lines

connecting these points define the course of the isobole. Concentration

addition is shown by the diagonal isobole. For quantal data, response

addition is defined by the curved isoboles for complete negative (r-1)

and for no correlation (r0) in susceptibility. The upper and right

boundaries of the square correspond to the limiting case of response

addition with complete positive correlation (r1).

The term "no interaction" has been used by other authors

(Sprague 1970; Warren 1971) to describe the response additive isobo].e

in Figure 2 corresponding to complete positive correlation of suscep-

tibilities. It is recognized that the equation (2c) used to determine

this isobole is not additive in a strictly mathematical sense. For

example, in lethality studies, organisms whose tolerances to the

individual toxicants are positively correlated (r1) die in response to

the most toxic constituent in the mixture; there is no addition of

responses. In experimital situations, it is unlikely that complete

positive or for that matter complete negative correlation will often

be observed. However, complete positive correlation is represented

as a limiting case of response addition to be consistent in the
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terminology and more importantly to emphasize that the isobole for

response addition will for most toxicant mixtures fall between the

extreme cases of r -1 to r = 1 depending upon the degree of corre-

lat ion.

For reasons similar to the ones presented by Warren (1971),

the terms supra-. and infra-addition are used to describe interactions

which are greater or less than expected on the basis of either con-

centration or response addition. It is important that these terms be

used in reference to a particular type of addition. For example, an

isobole falling between the ones for concentration and response addi-

tion (r-l) could be designated as both infra- and supra-additive

depending on the nature of the interaction. This potentially confusing

situation is avoided by using the terms in the manner suggested.

The term antagonism in Figure 2 refers to a physiological or

functional antagonism. In the present discussion, toxicants that

chemically or physically react in the external medium of an organism

to form an inactive or less toxic product (chemical antagonism) are

not considered. Some investigators have used the term antagonism

to describe interactions that are less toxic than strict additivity

(concentration addition) but whose mixture still has a combined effect

greater than either constituent applied alone. The term infra-addition

is preferred to describe these cases and antagonism is reserved for

those situations where the presence of one toxicant necessitates that
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a higher concentration of another toxicant be present to obtain the

defined level of response.

Graded Response Studies

A consideration of the nature of the dose response curves for

quantal and graded responses reveals that the effects they express are

quite different. Quantal dose response curves express the incidence

of an all-or-none effect (usually death) when varying concentrations

are applied to a group of organisms. The curve is derived by observ-

ing the number of organisms which respond or fail to respond at vari-

ous concentrations. Consequently, the slopes of these curves pri-

manly express the individual variation of the population to a particular

toxicant. Graded dose response curves characterize the relationship

between the concentration of a toxicant and the magnitude of the effect

under consideration. The dose response curve can be derived by

measuring on a continuous scale the average response of a group of

organisms at each concentration.

As Clark (1937) and others have pointed out, it is possible to

represent any graded response quantally provided that the response

of each individual organism can be measured. However, the adoption

of this procedure is at the expense of some "loss of information"

(Gaddum 1953). Quantal response data disclose only the number of

organisms that respond or fail to respond at some particular
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concentration. On the other hand, graded response data not only

reveal whether or not a group of organisms respond but also how

much they respond.

The mathematical equations (2a,b,c) for the response addition

are not appropriate for graded effects for two reasons. First, there

is a difference in the way the two types of data are measured. For

quantal responses the proportion of organisms responding to any con-

centration is determined by the ratio of number of organisms showing

the response to the total number subjected to the concentration. For

graded responses the mean response to each dose is measured, but,

in general, the entire range of possible responses is not known. In

these cases, no proportional response can be calculated. This is

particularly true for growth experiments where an organism's re-

sponse can potentially range from growth enhancement to negative

growth depending on the concentration of a particular toxicant.

Secondly, the statistical concept of correlation between the suscep-

tibilities of the organisms to the discrete toxicants in a mixture is

not appropriate for graded responses measured in the manner de-

scribed earlier. Graded response data represent the average re-

sponse of a group of organisms. Therefore, the response of each

individual organism to the toxicants is not known. To be sure the

tolerances of the individuals in the group will vary for the different

toxicants in a mixture; however, this factor will riot alter the relative
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toxicity of the mixture because the range of tolerances of the popula-

tion is theoretically represented in the sample of organisms from this

population.

For graded response data, the combined response to a mixture

of toxicants acting in a response additive manner is represented

simply as the sum of the intensities of response which each compo-

nent toxicant produces when administered alone. A similar relation-

ship was defined by Loewe (1953). Concentration addition can be

predicted using equation (1) if the component toxicants exhibit parallel

dose response curves. Figure 3 represents an isobole diagram for

a graded response. The isoboles for concentration and response addi-

tion were determined with the appropriate mathematical equations

discussed above.

The simple types of isoboles represented in Figures 2 and 3

should only be expected for relatively simple in vitro systems or in

situations where there is a clearcut relationship between dose and

effect. Given the complexity and interdependency of physiological

systems, it is reasonable to suppose a priori that the special types

of additivity as represented by strict concentration and response addi-

tiori will be approximated only occasionally in the responses of whole

organisms to mixtures of environmental toxicants. Furthermore, as

mentioned earlier, the relative toxicity of a mixture depends on

several factors which include the level of response (i. e. , 10%, 50%,
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90% response), the ratio of the toxicants in a mixture (i. e. 1:10,

1:100, 1:1000) and the nature of the response itself. It should be

noted that the type of addition can only be described in relation to

the response under consideration. With the same mixture of toxi-

cants, different types of interaction might be expected for different

responses (i. e. , survival, growth, reproduction). However, these

special types of toxicant interaction do provide a frame of reference

for evaluating the effects of toxicant mixtures on whole organism

p e r for man c e s.

Isobole diagrams are useful for visualizing the relationship

between different types of toxicant interactions and for delineating the

various factors which can influence the relative toxicity of multiple

toxicants. However, in practice, isoboles are difficult to derive

requiring a series of dose response curves for the mixture at differ-

ent ratios of the component toxicants. Furthermore, there are no

statistical criteria which might be used to distinguish between one

form of interaction and another (Plackett and Hewlett, 1952). Follow-

ing the procedures of Anderson and Weber (1977), the interaction of

selected environmental toxicants was empirically studied by deriving

a dose response curve for mixtures at fixed proportions. The dose

response curve determined for the mixture was statistically compared

to curves predicted on either the basis of concentration or response

addition. This approach, utilized by Anderson and Weber (1977) for
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lethality studies, was adopted in the present study to test its applica-

bility to graded response data.
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EXPERIMENTAL PROCEDURES

Growth was selected as the quantitative response for this study

because it represents a performance of the integrated activities of the

whole organism and as such is often a sensitive indicator of the suita-

bility of the environment (Warren 1971). To grow, an organism must

first meet the other energy requiring processes necessary to the sus-

tenance of life. The growth of an animal is dependent not only on the

quantity and quality of food consumed but also on its existing metabolic

state and the energy required for maintenance and behavioral activi-

ties. Environmental toxicants can affect the growth of an organism

by (1) changing its rate of food consumption, and/or (2) altering the

distribution of food energy anong its other energy requiring processes.

Changes in the efficiency with which an animal converts food material

into body tissue might be expected to reflect the effects of toxicants

on the distribution of food energy among its other possible fates in

the body.

The effects of toxicants on the growth of an organism as re-

flected in the efficiency of food utilization and in the rate of food con-

sumption can be studied by subjecting experimental animals to two

feeding regimes, a restricted and an unrestricted ration. By rele-

gating organisms to a fixed restricted ration, the effect of toxicant

concentration on the food conversion or growth efficiency can be
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studied. A fixed ration was used because, as Warren (1971) points

out, the amount of food consumed as well as environmental toxicants

can affect the efficiency with which food is utilized for growth. The

effects of toxicants on the food consumption can be studied by feeding

test organisms an unrestricted ration and measuring the amount of

food ingested at varying toxicant concentrations.

Experimental Fish

Juvenile guppies (Poecilia reticulata) were selected as the ex-

perimental organism for this study. Newborn guppies were collected

daily from a laboratory population. They were transferred in lots

containing 30-35 fish to individual ten liter acclimation tanks supplied

by well water identical to the water feeding the exposure tanks except

that no toxicants were present. During the acclimation period the

test fish were fed daily an excess ration of tubificid worms. After

approximately two weeks in the acclimation tanks, the fish were

selected for uniformity of size and placed into groups containing 15

fish. Each group was weighed and transferred to the appropriate

exposure tank. The initial wet body weight of the groups of fish

ranged from . 325 to . 52.5 g. A representative sample of these fish

was immediately killed and placed in an oven at 70° C. After five

days, these fish were removed and weighed so that the initial wet

weight to dry body weight relationship could be determined.
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Toxicants

The toxicants studied were dieldrin and the chlorides of copper,

and nickel. Stock solutions of copper and nickel were made with dis-

tilled well water and stored in Mariotte bottles for delivery to the

diluter apparatus. Technical grade dieldrin, a sparingly soluble

insecticide, was introduced to the system according to the technique

of Chadwick and Kiigemagi (1968). On five of the seven day growth

and food consumption studies, samples of the toxic solutions were

taken from each exposure tank. These samples were assayed on the

day after their collection as follows: dieldrin by gas chromatography,

and nickel and copper by flame atomic absorption spectrophotometry.

Because copper concentrations greater than 12-13 g/l (incipient

lethal level) resulted in fish mortality, very low levels of this toxicant

were used in the experiments. Special procedures were developed to

concentrate the copper in the samples prior to atomic absorption

analysis. This assay involved a modification of a technique (Baetz

and Kenner 1975) that utilized a chelating ion exchange resin (Chelex-

100) to concentrate heavy metals.

The average concentration for each toxicant during the bioassays

was used in the derivation of the dose response curves. Relatively

low standard deviations for the toxicant concentrations reflected the

precision of the analytical techniques and adequate performance of the

diluter apparatus.



Bioassay Apparatus

The dosing apparatus consists of a series of plexiglass chambers

designed to continuously dilute stock solutions of the individual toxi-

cants to the desired concentration. It is arranged such that any one

of six toxicants or any combination of these toxicants can be delivered

to 24 individual ten liter exposure tanks. A schematic diagram of the

experimental system and a description of its operation has been pre-

sented elsewhere (Anderson and Weber 1.977). The total flow rate of

the toxicant mixture and of the diluting well water was maintained at

100 ml/min throughout the experiments. These flow-rates were

monitored daily to insure that the fish in each exposure tank received

the proper dosage.

Environmental Conditions

Because chemical and physical conditions have been shown to

influence the response of fish to toxicants, many of these factors were

controlled or regularly monitored during both the acclimation and

exposure portions of the experiment. Temperature was thermo-

statically maintained at 25±0. 5° C and the photoperiod set for 18 hours

of light. The pH was checked daily in the acclimation and exposure

tanks and adjusted to 7. 0±. 15 by controlled bubbling of CO2. The

levels of certain water quality characteristics such as alkalinity
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(144 mg/i as CaCO3), hardness (124 mg/i as CaCO3) and dissolved

oxygen (8. 3 mg/i) were similar to the ones reported by Anderson and

Weber (1977).

Growth Studies

Groups of fish were fed once daily a restricted ration to deter-

mine the effect of toxicant concentration on food conversion efficiency.

For the purposes of these experiments, a feeding level between the

maintenance (ration required to just maintain body weight) and maxi-

mum food ration was selected to insure that over the range of toxicant

concentrations studied the restricted ration would be entirely con-

sumed. Preliminary experiments indicated that a ration of tubificid

worms equivalent to 20% of the initial wet weight of each group of 15

fish would be satisfactory. After seven days on the predetermined

ration, the groups of experimental fish were weighed to determine

their final wet body weight. The fish were subsequently killed and

placed in a drying oven at 70° C. Five days later they were removed

and weighed to measure the final dry body weight.

The efficiency with which an animal converts food energy into

body tissue is often called the total or gross growth efficiency (EG)

and can be represented by the equation (Warren 1971):

EG=xlO0 (3)
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where G is the growth measured as the change in body weight and I

is the food intake. This parameter was used to determine the dose

response curves relating toxicant concentration to growth efficiency.

To investigate the effect of the individual toxicants and their

mixtures on the food consumption of guppies, each lot of 15 fish was

fed daily an unrestricted ration. The test fish in each exposure tank

were supplied with a preweighed quantity of tubificid worms in excess

of their maximum food consumption rate. Twenty-four hours after

each feeding the unconsumed worms were siphoned from the exposure

tanks and reweighed to determine the amount of food consumed. This

procedure was continued throughout the seven day food consumption

experiments. At the termination of the study, the fish were weighed

according to the procedures already described.

An appropriate measurement of growth for both the restricted

and unrestricted ration studies is the relative growth rate (RGR), a

growth rate relative to body weight. This can be calculated by the

following equation (Warren 1971):

RGR
In W - In W.

t -tf 0

where W. is the initial weight of each fish lot at the beginning of an

experiment (t) and Wf is the final weight at the conclusion of the

growth study (tf).

(4)
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The effects of the individual toxicants and selected mixtures on

the gross growth efficiency, food consumption and relative growth

rate of the guppies were studied by exposing the fish to concentrations

ranging from levels causing small changes in these responses to con-

centrations approaching the incipient lethal level.

Derivation of Dose Response Curves

To adjust for experimental variables that might have fluctuated

during the course of the study (i. e. , caloric content of the tubificid

worms, seasonal changes in water quality characteristics), approxi-

mately one half of the experimental tanks in each test were designated

as controls. Experimental conditions were identical to the exposure

tanks except no toxicant was introduced. The various responses

studied (gross growth efficiency, food consumption rate, and relative

growth rate) were normalized relative to the control or unexposed

fish and expressed as percentages of control responses on the dose

response curves. This procedure was adopted to facilitate the com-

parison of the results of the individual toxicant studies to the multiple

toxicant tests performed at a later date.

Dose response curves for the individual toxicants and selected

mixtures were derived by plotting the defined response after normal-

ization against the natural logarithm of toxicant concentration.

Standard linear regression techniques were used to quantify this



32

relationship. The regression equation for each experiment was

calculated in the following form:

ya+blnx (5)

where y equals the defined response expressed as a percentage of

the response of control fish, and x is the mean daily toxicant concen-

trat ion.

Toxicant Interaction Studies

After studying the effects of copper, nickel, and dieldrin on the

gross growth efficiency, food consumption, and relative growth rate

of the guppies, fish were exposed to selected binary mixtures of

these toxicants at fixed proportions. Based on the model under

investigation, the slopes of the individual toxicants were compared

statistically (t-test) for parallelism. All statistical tests were

applied at the 05 level of significance. If parallelism between the

regression lines for the individual toxicants could not be disproven,

concentration addition was predicted as the type of interaction for

the mixture. This prediction was tested by performing a bioassay

with the toxicant mixture. The observed dose response curve for

the mixture was then statistically compared to the predicted regres-

sion equation determined by equation (1) for concentration addition.

The common slope (b) used in the predicted equation was calculated

from the data for the individual toxicants by an analysis of
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covariance. By determining the best fit of the data for the individual

toxicants with the common regression coefficient, the relative potency

(p) of the toxicants was calculated. Since the slopes of the regression

equations for the individual toxic ants are similar, the relative potency

is constant at all levels of effect. The proportionality factor (ii 1:rr 2'

+
2

1) in equation (1) was determined on the basis of the ratio

between the actual assayed concentrations of the toxicants in the

mixture.

The slopes and intercepts of the predicted and observed regres-.

sion equations were statistically compared using Student's t-test.

The standard error terms used in this comparison were determined

from the error terms associated with the slopes and intercepts of the

regression equations of the individual toxicants.

If the slopes of the dose response curves were significantly

different or if the individual toxicants were thought to primarily affect

different biological systems, response addition was predicted for the

mixture. For graded response data, the combined response to a

mixture of toxicants acting in a response additive manner can be

expressed as the sum of the intensities of response which each com-

ponent toxicant produces when administered alone. The experimental

procedure for determining the observed dose response curve for the

mixture was similar to the one described for concentration addition;

however, the curvilinear nature of the dose response curves for
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toxicants interacting in this manner complicates the comparison of

the observed and predicted curves.
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RESULTS

Preliminary and Control Studies

The results of a preliminary experiment studying the relation-

ship between the relative growth rate, gross growth efficiency and

food consumption rate of juvenile guppies are shown in Figure 4.

To determine if body weight over the range of weights studied (. 325-

525 g) influenced relative growth and food consumption rates, three

groups of 15 fish with low, medium and high body weights were fed

either a restricted (10%, 20%, 30%, or 50% of the initial body weight

per day) or an unrestricted ration (approximately 60-80% of the initial

body weight per day). At each of the restricted rations, the relative

growth rates of groups of fish representing the three weight classes

were similar. These results indicated that the size or body weight

did not affect the relative growth rate of guppies on the restricted

rations. However, the relative growth and food consumption rates

of fish fed an unrestricted ration was weight dependent over the range

of body weights studied, The heavier fish demonstrated a lower

relative food consumption rate (approximately 60% of their initial

body weight per day) and hence a lower relative growth rate (100 mg/

g/day) than the groups of lighter fish whose relative food consumption

and growth rates were approximately 80% and 130 mg/g/day, respec-

tively. In other words, the relative food consumption and growth rate
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of juvenile guppies fed an unrestricted ration were inversely related

to their body weight.

In Figure 4, the gross growth efficiency increased asymptoti-

cally from 0% at the maintenance ration (approximately 5% of the

initial body weight per day) to a maximum efficiency of approximately

25% at the 20% feeding level. Further increases in food consumption

did not appreciably affect the efficiency of food utilization. More-

over, gross growth efficiency was not measurably influenced by body

weight.

On the basis of Figure 4, a ration equivalent to 20% of the

initial body weight of each group of fish was selected as the restricted

ration for subsequent studies. This feeding level was chosen because

it yielded a relatively high rate of growth and represented a ration

that was close to the maximum gross growth efficiency of the fish.

Furthermore, the ration was small enough to insure that over the

range of toxicant concentrations studied the restricted ration would

be entirely consumed.

As previously discussed, the effects of the toxicants and their

mixtures on the relative growth rate, relative food consumption and

gross growth efficiency were normalized to the responses of control

or unexposed fish, When body weight was not a factor, the relative

growth rates and gross growth efficiencies of fish exposed to the

various toxicants studied were normalized to the mean responses
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determined for the unexposed fish. The means and standard errors

of the responses of the internal controls determined during each of

the experimental bioassays for the individual toxicants and their mix-

tures are presented in Table 1. As previously mentioned the body

weight of guppies fed an unrestricted ration did affect the amount of

food consumed and hence their relative growth rates. Simple linear

regression equations were calculated for the controls expressing both

food consumption and growth as a function of body weight. The aver-

age weight of each group of experimental fish was used in the appropri-

ate regression equations for the controls to calculate the group's

potential relative growth and food consumption rate in the absence

of toxicants. This value was used to normalize the actual growth and

food consumption rate of the experimental fish.

Copper-Nickel Mixtures

The effects of the chlorides of copper and nickel and their mix-

ture on the gross growth efficiency, relative growth and food con-

sumption rate of juvenile guppies were studied. On the basis of

preliminary experiments, four concentrations of copper and nickel

were selected ranging from 2 to 12 ig/l and from 4 to 18 mg/i,

respectively.



Table 1, Average values for the gross growth efficiency and relative growth rate of control fish Lor
both the restricted and unrestricted ration. Responses of the experimental fish for each
of the toxicants listed below were normalized to the average responses of control fish
reported in the following table0

Toxicants Sample Gross Growth Relative Sample Gross Growth
Size Efficiency Growth Rate Size Efficiency

(Restricted) (07° ± S. E.
) (mg/g/day ± S. E.) (Unrestricted) (% ± S. E.

Nickel 23 25. 1 ± 0. 4 43. 0 ± 0. 6 30 24. 8 ± 0. 3

Copper 21 26. 3 ± 0. 3 44. 8 ± 0. 4 19 25, 5 ± 0. 3

Cu-Ni Mixture 21 24. 5 ± 0. 5 42. 1 ± 0. 7 16 24. 3 ± 0. 3

Dieldrin 23 24. 3 ± 0. 3 41. 9 ± 0.4 11 23. 9 ± 0. 3

Dieldrin-Ni Mixture 11 27, 4 ± 0. 6 46. 3 ± 0. 8 10 26. 4 ± 0. 3
(1:2325)

Dieldrin-Ni Mixture 14 26. 1 ± 0. 5 44, 4 ± 0. 8 12 27. 4 ± 0. 3
(1:3850)



Restricted Ration

Figure 5 shows the effects of copper, nickel and their mixture

on the gross growth efficiency of fish relegated to the restricted

ration. Regression analysis was used to calculate the regression

coefficients for the dose response curves. The slopes of the dose

responses curves for copper and nickel (-18.4 and -19.6, respec-

tively) when compared by a t-test were not significantly different.

Based upon the assumption of concentration addition, the predicted

dose response curve was determined for the mixture at the same

proportions used in the interaction bioassay. The copper and nickel

data were fit with a common regression coefficient (-18. 84) deter-

mined by analysis of covariance. This value along with the relative

potency (p 6, 27 x 1 O) and proportionality factor Cu Ni

.0011:. 9989) were substituted into equation (1) to calculate the

predicted dose response curve for the mixture. The regression

equations for copper and nickel fit to the common regression coeffici-

ent along with the predicted and observed equations for the mixture

are reported in Table 2. Statistical comparison of the predicted and

observed dose responses for the mixture depicted in Figure 5 sug-

gested that slopes and the intercepts of the equations were not signifi-

cantly different. The effects of copper and nickel on the relative

growth rate of the fish on the restricted ration are shown in Figure 6.
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Table 2. Regression equations for the copper and nickel dose response curves expressing normalized
gross growth efficiency (Y) and relative growth rate (Y) for the restricted ration as a function
of toxicant concentration (X).

Toxicants Sample Regression Eiations
Size Gross Growth Efficiency Relative Growth Rate

Copper 17 Y -15, 67-18. 84 In X

Nickel 13 Y = 123. 27-18. 84 In X

Cu-Ni Mixture 16 Y 109. 83-23. 18 ln X
(observed)

Cu-Ni Mixture - Y = 104. 19-18. 84 ln X
(predicted)

Y = -5, 36-17. 17 in X

Y 121. 55-17. 17 ln X

Y 109.01-20.95 In X

Y = 103. 97-17. 17 in X
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The observed and predicted dose response curves for the mixture

are essentially identical to the curves for gross growth efficiency in

Figure 5.

Unrestricted Ration

The results of experiments evaluating the effects of copper and

nickel on the gross growth efficiency of fish fed an unrestricted

ration are shown in Figure 7. Based on a t-test the slopes of the

regression lines calculated for copper (-33. 2) and nickel (-26. 8)

were not significantly different. Consequently, concentration addi-

tion was predicted for the mixture. Following the procedures outlined

for the other interaction studies, the common regression coefficient

(-29. 34), relative potency (p5. OxlO 4) and proportionality factor

CuNi 001:. 999) were substitued into equation (1) to calculate

the predicted dose response curve. Statistical comparison of the

predicted and observed regression equations in Table 3 supported the

assumption that the mixture was concentration additive.

In Figure 7 the data for the copper and nickel mixture showed

considerable variability. Inspection of the data indicated that this

variability might be due to differences in the weights of the groups

of fish. A multiple regression analysis including body weight as a

variable confirmed this observation, However, the elimination of

groups of fish of low body weight did not significantly change the
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Table 3. Regress ion equations of the copper and nickel dose response curves for the unrestricted food
ration studies. Normalized gross growth efficiency, food consumption rate and relative growth
rate (Y) are expressed as a function of toxicant concentration (X), Predicted equations were
calculated based on the assumption of concentration addition for the mixture,

Regression EquationsToxcantsSample
Size Gross Growth Efficiency Food Consumption Rate Relative Growth Rate

Copper 16 Y -71.42-29. 34 ln(X) Y = -59. 09-24. 14 ln(X) Y = -137, 85-37. 24 ln(X)

Nickel 24 Y 151. 54-29. 34 ln(X) Y = 120. 20-24. 14 ln(X) Y = 141, 68-37. 24 ln(X)

Cu-Ni Mixture 14 Y = 120, 35-28. 99 ln(X) Y 88.48-28,40 ln(X) Y 90, 32-40, 08 ln(X)
(observed)

Cu-Ni Mixture - Y 119, 37-29. 34 ln(X) Y = 96. 40-24. 14 ln(X) Y = 103. 09-37. 24 ln(X)
(predicted)
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relationship between the observed and predicted equations for the

mixture (Figure 8).

The results of the unrestricted ration bioassays studying the

effects of copper and nickel on the food consumption rate of the guppies

are presented in Figure 9. As in the previous experiments, the slopes

of the regression lines fit to the copper and nickel data (-26. 82 and

-22. 42, respectively) were not significantly different; therefore,

concentration addition was predicted for the interaction. Analysis of

covariance yielded a common regression coefficient of -24. 14. Based

on the assumption of concentration addition, the predicted equation

was calculated for the mixture in the manner previously discussed.

Inspection of the observed and predicted dose response curves in

Figure 9 shows that the effect of the copper-nickel mixtures on the

food consumption of the fish is slightly supra-additive relative to

the curve predicted on the basis of concentration addition. A statis-

tical test comparing the intercepts of the predicted and observed

regression equations confirmed this observation; however, the slopes

of the two regression equations were essentially the same. The

regression equations for the dose response curves depicted in Figure 9

are reported in Table 3.

The results of experiments studying the effect of the mixture

on the relative growth rate of the fish fed an unrestricted ration are

presented in Figure 10. Based on statistical tests demonstrating that
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the slopes of the copper and nickel dose response curves (-40. 17 and

-35. 54, respectively) were not significantly different, concentration

addition was predicted for the mixture. Regression equations fit to

the common regression coefficient (-37. 24) are reported in Table 3.

As in the food consumption studies, the effects of a mixture of copper

and nickel on the relative growth rate of the guppies was supra-additive

relative to the predicted equation.

Dieldr in-Nickel Mixtures

Another set of experiments was performed evaluating the effects

of dieldrin and nickel and their mixture on the gross growth efficiency,

relative growth and food consumption rates of juvenile guppies. For

the derivation of the individual dose response curves, dieldrin concen-

trations ranged from .4 to 4. 0 tg/1. The nickel dose response

curves were the same as the ones used in the preceding section.

Concentrations greater than 4, 0 pg/l of dieldrin resulted in fish

mortality. After normalization to the responses of controls, the

resulting percent response was graphically plotted as a function of

the natural logarithm of toxicant concentration.

Two fixed proportions of dieldrin to nickel (1:2325 and 1:3850)

were used to study the nature of the interaction between the two corn-

pounds. Concentrations for the two mixtures ranged from. 9-4. 0 pg/l

dieldrin and 2, 1-9. 0 mg/I nickel for the 1:2325 ratio and from
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.9-4.0 pg/1 dieldrin and 3. 3-15. 0mg/i nickel for the 1:3850 mixture.

Inspection of the dose response relationship for dieldriri and the

dieldr in-nickel mixtures in the following figures showed that there

was considerably more variation in the guppies response to dieldrin

than to nickel alone. Whether this variability was due to the toxic

properties of dieldrin itself or to experimental error resulting from

the low and narrow range of concentrations assayed could not be

determined. Regardless of the source of this variability, the quantita-

tive analysis with the procedures utilized for the copper-nickel inter-

action is not appropriate for this data. Consequently, the presentation

and discussion of the results of this interaction study are by necessity

more qualitative and descriptive in nature.

Restricted Ration

The effects of dieldrin and nickel on the gross growth efficiency

and relative growth rate of guppies fed the restricted ration are pre-

sented in Figures 11 and 1 2. Concentrations of dieldrin between . 4

and . 6 g/1 resulted in growth enhancement (greater than 100%) rela-

tive to the growth of control or unexposed fish. Regression equations

fit to the dieldrin and nickel dose response curves are presented in

Table 4. Although the slopes of the dose response curves for dieldrin

and nickel appear to be different for both gross growth efficiency

(-12.43 and -19. 59, respectively) and relative growth rate (-11. 18



0/EL DR/N

A o NICKEL

A

8

0/EL DR/N-Ni MIX TURE

A
I I I I I I I I I

.5 7.0 6.5 6.0 5.5 1.0 1.5 2.0 2.5 3.0
LN TOTAL CONCENTRATION (mg/I)

Figure 11. Dose response curves showing effects of dieldrin, nickel and their mixtures
(observed and predicted) on gross growth efficiency normalized to responses
of controls (restricted ration study). Mixtures of the toxicants in the fixed
porportions of 1:2325 (A) and 1:3850 (A).
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Figure 12. Dose response curves showing effects of dieldrin, nickel and their mixtures
(observed and predicted) on relative growth rate normalized to responses
of controls (restricted ration study). Mixtures of the toxicant in the fixed
porportions of 1:2325 (L) and 1:3850 (A).



Table 4, Regress ion equations for the dieidrin and nickel dose response curves expressing normalized
gross growth efficiency (Y) and relative growth rate (Y) for the restricted ration as a function
of toxicant concentration (X), The predicted equations were calculated based on the assump-
tion of concentration addition,

Toxicants Sample Regression Equations
Size Gross Growth Efficiency Relative Growth Pate

Dieldrin 14 Y 6.83-12.43 in X Y 16. 24-11. 18 in X

Nickel 13 Y = 124. 93-19. 59 in X Y 123. 02-17. 83 in X

1:2325 Mixture - Y 99. 17-14. 82 in X Y 99,62-13.46 in X
(predicted)

1:3850 Mixture - Y 103. 53-14. 82 in X Y = 103. 54-13.46 in X
(predicted)

u-I

Ui
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and -17. 83, respectively), statistical comparison of the regression

coefficients suggested that the slopes were not significantly different

within the limits of sampling error. This result might be related to

the variability observed in the data for the individual toxicants.

The results of the interaction study for mixtures of dieldrin and

nickel at two fixed proportions (1:2325 and 1:3850) are shown in both

Figures 11 and 12 for the two responses studied. Over the range of

concentrations assayed, the dose response curve for the 1:2325 ratio

is shifted to the left relative to the curve for the 1:3850 ratio. This

result was expected due to the greater proportion of the more toxic

constituent, dieldrin, in the 1:2325 mixtures. Since the slopes of the

regression equations for the dieldrin and nickel dose response curves

were not significantly different, equations for their mixture were

calculated based on the assumption of concentration addition. Although

this procedure is of questionable value given the variability observed

in the dieldrin and nickel data, the determination of a predicted dose

curve provides a frame of reference for making qualitative statements

concerning the relative toxicity of the mixture. Based on an analysis

of covariance, common regression coefficients were used to calculate

the predicted equations reported in Table 4. The resulting equations

were plotted in Figures 11 and 1 2.

The toxicity of the dieldriri-nickel mixtures relative to the

predicted dose response curves varied over the range of
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concentrations assayed. At low and high concentrations, the interac-

tion of dieldrin and nickel appeared to be additive resulting in a greater

reduction in the gross growth efficiency and relative growth rate than

would have been expected for either toxicant alone. However, at

intermediate concentrations for the mixture (approximately 6 to 10

mg/l), the guppies responded as if dieldrin were not present.

Over this range of concentrations, the responses of the fish to the

mixture at both of the proportions studied and to nickel alone were

similar. Graphical comparison of the dose response curves for the

mixtures and the predicted equations indicated that for most of the

concentrations assayed the interaction of dieldrin and nickel was

infra-additive relative to the dose response curves predicted on the

assumption of concentration addition.

Unrestricted Ration

The results of experiments evaluating the effects of dieldrin

and nickel on the normalized gross growth efficiency, food consump-

tion rate, and relative growth rate of guppies are shown in Figures

13-15. Regression equations fit to the data for the individual toxicants

are presented in Table 5. Statistical comparison of the regression

coefficients for each of the responses studied indicated that the slopes

of the dose response curves were not significantly different. Pre-

dicted equations based on a concentration additive interaction were
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Table 5. Regression equations of the dieldrin and nickel dose response curves for the unres tricted
rations Normalized gross growth efficiency, food consumption rate and relative growth
rate (Y) are expressed as a function of toxicant concentration (XL. Predicted equations
were calculated based on the assumption of concentration addition for the mixture,

Toxicants Sample Ression Equations
Size Gross Growth Efficiency Food Consumption Rate Relative Grawth Rate

Dieldrin 14 Y -42. 1122. 36 ln(X) Y 0. 19-14. 80 ln(X) Y 69. 3725. 46 ln(X)

Nickel 24 Y 145, 5526, 82 In(X) Y 116, 10-22.41 In(X) Y 137, 17-35. 34 In(X)

1:2325 Mixture - Y 122. 71-26, 12 ln(X) Y = 101, 70-19, 79 ln(X) Y 111,40-31,94 ln(X)
(predicted)

1:3850 Mixture - Y = 129, 28-26. 12 ln(X) Y = 104. 54-19. 79 ln(X) Y 117. 28-31. 94 ln(X)
(predicted)

0"
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estimated for mixtures of the toxicants by the procedures previously

discussed. These equations for both of the proportions studied are

also reported in Table 5.

The combined effects of dieldrin and nickel on the gross growth

efficiency of guppies fed the unrestricted ration are shown in Figure

1 3. Although there is considerable scatter in the data, the responses

of the fish to the toxicants seem to be quite different for the two pro-

portions studied. Mixtures at the 1:3850 ratio did not appear to be

additive with the responses of the fish being similar to the ones ob-

served for nickel alone. However, the combined effects of the toxi-

cants at the 1:2325 ratio were additive as observed from the close

association of this data to the dose response curves predicted on the

basis of concentration addition.

The results of the study evaluating the effects of the dieldrin-

nickel mixture on the rate of food consumption indicate that the

combination of the toxicants in the ratios studied is additive (Figure

14). Graphical comparison of the data for the mixtures to the dose

response curves predicted for a concentration additive interaction

shows that most of the observed responses are slightly supra-additive

relative to this form of addition. The combined effects of dieldrin

and nickel on the relative growth rate of the fish is depicted in

Figure 15. At the 1:2325 ratio the response to the mixture appears

to be slightly supra-additive relative to the dose response curve
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predicted for this mixture. However, the reductions in the relative

growth rate of the fish exposed to concentrations of the toxicants in the

1:3850 are similar to the responses predicted for a concentration

additive interaction.



DISC USSION

Copper-Nickel Mixtures

The dose response curves for copper and nickel were parallel

for all the responses studied; consequently, concentration addition

was predicted for binary mixtures of the toxicants. Comparison of

the predicted and observed dose response curves indicated that the

assumption of concentration addition adequately predicts the effects

of a copper-nickel mixture on the gross growth efficiency of juvenile

guppies fed both a restricted and an unrestricted ration. This type

of interaction was also observed by Anderson and Weber (1977) in

96 hour lethality studies evaluating the effects of a copper-nickel

mixture on the survival of male guppies.

The dose response curve for mixtures showing the effects of

the toxicants on the food consumption rate of the fish was supra-

additive relative to the curve predicted on the basis of concentration

addition. An explanation for differences in the effects of the toxicants

on the gross growth efficiency and food consumption rate of the

guppies is beyond the scope of the present study. However, it is

not inconceivable that the combined effects of the toxicants on the

metabolic state of the fish as reflected in alterations in the gross

growth efficiency might be somewhat different than their effects on

the physiological and behavioral processes regulating the consumption
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of food.

The effects of the mixture on the relative growth rate are simi-

lar to the ones observed for gross growth efficiency at the restricted

ration (concentration addition) and for food consumption at the un-

restricted ration (supra-addition). These results are to be expected

because of the dependence of the growth rate on the amount of food

consumed. For the restricted ration studies, food consumption was

held constant; therefore, the effects of the toxicants on the gross

growth efficiency are directly related to toxicant induced changes

in the relative growth rate. In the unrestricted ration bioas says, the

effects of the toxic ants on the relative growth rate reflect the supra-

additive interaction observed in the food consumption studies.

For any given response (i. e. gross growth efficiency, relative

growth rate, or relative food consumption), it is interesting to note

that the ranges of response over the concentrations assayed are simi-

lar in magnitude for copper, nickel and the mixture. For example,

in the restricted ration studies the maximum percent reduction in

growth efficiency is 40% at concentrations of copper and nickel

approaching the incipient lethal level. This observation might be

expected for mixtures of toxicants interacting in a concentration

additive manner. As stated previously, the basic assumption for

concentration addition is that the toxicants in the mixture act upon

similar biological systems. From this assumption it might be

logically supposed that compounds affecting similar systems and



interacting in a concentration additive manner will cause similar

magnitudes of effects. Although this is a tempting supposition and

appears to be supported for the most part by the nickel and copper

data, further corroborative evidence on the modes of action of these

compounds and studies for other toxicants acting in a similar manner

are necessary before such empirical generalizations can be made.

However, it should be pointed out that the effects of the toxicants on

the food consumption of the guppies was supra-additive relative to

concentration addition even though the magnitude of effects was

similar for both toxicants.

Dieldrin-Nickel Mixtures

Dieldrin and nickel were selected for the multiple toxicity

studies because it was thought a priori that these compounds might

interact in a response additive manner. They are representative of

different types of toxicants with greatly different physical and chem-

ical characteristics. Consequently, dieldrin and nickel might be

expected to primarily effect different physiological systems. How-

ever, the results of the dieldrin-nickel studies are inconclusive

regarding the determination of the nature of the interaction for mix-

tures of these toxicants.

There are several possible reasons for the difficulties encoun-

tered in interpreting the results of the dieldr in-nickel interaction.



As previously discussed, the variability in the guppies responses to

dieldrin leaves open to question the value of the statistical procedures

used to analyze the copper-nickel mixture. Although the slopes of

the dose response curves for dieldrin and nickel appear to be different

for some of the responses studied, statistical comparison of the

slopes indicates that they are similar. Whether this is due to actual

similarities in the dose response relationships or due to variability

in the data can not be determined. However, as previously implied

the slopes of the dose response curves may not be a very reliable

criterion to use for predicting the type of interaction for mixtures

of toxicants.

A further difficulty in determining the nature of the dieldrin-

nickel interaction is implicit to the discussion of the hypothetical dose

response curves discussed previously. At certain fixed proportions

of the toxicants (i.e. in Figure 1 at ratios of 1:10 and 1:1000), the

relative potencies of the mixtures of toxicants acting in either a

concentration or a response additive manner are very similar. It

is possible that an analogous situation exists for the fixed proportions

used in the dieldrin-nickel interaction studies (1:2325 and 1:3850).

To test this possibility dose response curves calculated on the

assumption of response, addition were compared to the predicted dose

response curves shown for a concentration additive interaction. The

relationship between the predicted dose response curves for mixtures



in the 1:2325 ratio are shown in Figure 16. Similar results were

observed at the 1:3850 ratio. Although the form of the predicted dose

response curves are different, the zelative toxicities for both types

of interactions at the fixed proportions assayed are similar.

Another reason that the combined effects of the dieldr in-nickel

mixture are difficult to characterize is related to the apparent corn-

plexity of the interaction itself. The relative toxicity of the mixture

seems to vary not only for the different responses studied (gross

growth efficiency, relative growth and food consumption rate) but

also for the different fixed proportions and ranges of concentrations

assayed. For example, in the restricted ration study the effect of

the mixture on the gross growth efficiency is additive at high and low

concentrations but at intermediate doses the responses to the mixture

are similar to those observed for nickel alone. However, in the Un-

restricted ration study, mixtures of dieldrin and nickel in a 1:3850

ratio were not additive at any of the concentrations studied but at the

1:2325 ratio the mixture appeared to be concentration additive.

As in the copper-nickel study, the effects of the dieldrin-nickel

mixture on the relative growth rate of the guppies reflect the com-

bined effects of the toxicants on the distribution of food energy among

the other energy requiring processes (as indicated by changes in their

gross growth efficiency) and on the amount of food consumed. For the

food consumption studies, a slightly supra-additive interaction was
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observed for both proportions of the mixture. While the combined

effects of the toxicants in the 1:2325 ratio on the relative growth rate

is also supra-additive in the unrestricted ration studies, the effects

of the 1:3850 ratio appear to be additive or slightly infra-additive.

This discrepancy is apparently due to the differential effects of the

two ratios of mixtures on the amount of food energy available for

growth.

Evaluation of the Approach

The proposed approach provides a methodology for studying the

effects of mixtures of environmental toxicants on the performances

of whole organisms. The results indicate that the assumption and

concentration addition adequately predicts the effects of a copper-

nickel mixture on the gross growth efficieriy of guppies. A previous

study (Anderson and Weber 1977) demonstrated a similar interaction

evaluating the effects of the toxicants on the survival of male guppies.

However, it should not be inferred from these results that the type

of joint toxicity observed when organisms are exposed to high, rapidly

lethal concentrations of mixtures will necessarily occur in cases

where organisms are subjected to sublethal levels of the same toxi-

cants. In other words, the nature of the toxicant interaction can only

be meaningfully described in relation to the particular response under

consideration. In both the copper-nickel and dieldrin-nickel studies,
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different types of interactions were observed for the different re-

sponses (i. e. relative growth and food consumption rate) studied.

In the interpretation of the effects of toxic ant mixtures evaluated at

one fixed proportion, it should also be considered that at different

fixed proportions and different levels of response other types of

interactions are possible.

Although this approach appears to offer a method for evaluating

the effects of combined toxicants, its limitations should not be over-

looked. One major limitation is inherent to all statistical explana-

tions. By means of the statistical tests used in the analysis of the

data, it was possible to state whether the observed responses to the

mixture agreed with those predicted within the limits of sampling

error. However, statistical analysis can only provide contradictory

or permissive evidence but not indicative evidence (Hewlett and

Plackett 1950). For example, an implication of the mathematical

model for concentration addition is that the toxicants in a mixture

act primarily upon similar biological systems. Statistical agreement

of the observed dose response curves to the curves predicted on the

basis of concentration addition does not necessarily mean that the

toxicants in the mixture acted upon similar biological systems but

only that they appeared to do so.

To insure the success of a species in nature, it is necessary to

evaluate the effects of potentially hazardous toxicant mixtures on
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whole organism performances such as survival, growth, and reproduc-.

tion. The proposed approach provides a methodology for assessing

the toxicity of mixtures of environmental toxicants at this level of

biological organization. However, to offer explanations as to why mix-

tures of environment toxicants interact in a particular manner re-

quires knowledge of the effects of combined toxicants on underlying

btochemical processes and physiological functions. Such studies will

be useful for evaluating the assumptions of the proposed approach

and in suggesting other possible types of toxicarit interaction.



73

BIBLIOGRAPHY

Anderson, P. D. and L. J. Weber. 1977. The toxicity to aquatic
populations of mixtures containing certain heavy metals. Pro-
ceedings of the International Conference on Heavy Metals 2:
933-953. (In press)

Ariens, E. J. 1964. Molecular pharmacology. The mode of action
of biologically active compounds. Vol. 1. Academic Press,
New York. 503 p.

Ariens, E. J. 1972. Adverse drug interactions. Interaction of
drugs on the pharmacodynamic level. Proceedings of the
European Society for the Study of Drug Toxicity 13:137-163.

Ariens, E. J. and A. M. Simonis. 1961. Analysis of the action of
drugs and drug combinations, p. 286-311. In H. De Jonge fed,

11

Quantitative methods in pharmacology. North-Holland Publish-
ing Co., Amsterdam. 391 p.

Baetz, R. A. and C. T. Kenner. 1 975. Determination of trace
metals in foods using chelating ion exchange concentration.
J. Agricultural and Food Chemistry 23:41 -45.

Bliss, C. 1. 1939. The toxicity of poisons applied jointly. Ann.
Appl. Biol. 26:585-615.

Brown, V. M. 1968. The calculation of the acute toxicity of mixtures
of poisons to rainbow trout. Water Research 2:723-733.

Casarett, L. J. 1975. Toxicological evaluation, p. 11-25. In
L. 3. Casarett and 3. Doull [ed.] Toxicology. The basic
science of poisons. MacMillan Publishing Co., Inc., New
York. 768 p.

Chadwick, G. G. and U. Kiigemagi. 1968. Toxicity evaluation of
a technique for introducing dieldrin into water. 3. Water
Pollut. Contr. Fed. 40:76-82.

Clark, A. 3. 1 937. General pharmacology. In W. Heubner and
3. Schuller fed.] Heffler' s handbuch der experimentellen
pharmakologie. Vol. 4. Verlag von Julius Springer, Berlin.
228 p.



74

Fedeli, L., L. Meneghini, M. Sang iovanni, F. Scrol.lini and E. Gori.
1972. Quantitative evaluation of joint drug action. Proceedings
of the European Society for the Study of Drug Toxicity 13:231-
245.

Fingi, E., andD. M. Woodbury. 1965. Generaiprinciples, p. 1-36.
In L. S. Goodman and A. Gilman [ed.] The pharmacological
basis of therapeutics. 3rd ed. The MacMillan Co. , New York.
1785 p.

Firiney, D. J. 1971. Probit analysis. 3rd ed. Cambridge University
Press, Cambridge. 33 p.

Gaddum, J. H. 1953. Bioassays and mathematics. Pharmacological
Reviews 5:87-1 34.

Hewlett, P. S. and R. L. Plackett. 1950. Statistical aspects of the
independent joint action of poisons, particularly insecticides.
II. Examination of data for agreement with the hypothesis.
Ann. Appi. Biol. 37:527-552.

Hewlett, p. 5 and R. L. Plackett. 1959. A unified theory for
quantal responses to mixtures of drugs: non-interactive action.
Biometrics 15:591-610.

Lloyd, R. 1961. The toxicity of mixtures of zinc and copper sul-
phates to rainbow trout (Salmo gairdnerii Richardson). Ann.
Appi. Biol. 49:535-538.

Loewe, S. 1928. Die quantitativen probl,eme der pharmakologie.
Ergeb. Physiol., Biol. Chem., exp. Pharmakol. 27:47-187.

Loewe, 5. 1953. The problem of synergism and antagonism of
combined drugs. Arzneimiteel - Forsch. 3:285-290.

Plackett, R. L. and P. S. Hewlett. 1948. Statistical aspects of the
independent joint action of poisons, particularly insecticides.
I. The toxicity of a mixture of poisons. Ann. Appi. Biol. 35:
347- 358.

Plackett, R. L. and P. S. Hewlett. 1952. Quantal responses to
mixtures of poisons. J. Roy. Stat. Soc. Ser. B, 14:141-163.



75

Schild, H. 0. 1961. Introduction to symposium on the mixtures of
drugs, p. 282-285. In H. De Jonge [ed.] Quantitative methods
in pharmacology. North-Holland Publishing Co., Amsterdam.
391 p.

Sprague, J. B. 1970. Measurement of pollutant toxicity to fish.
II. Utilizing and applying bioassay results. Water Research
4:3-32.

Trevan, 3. W. 1927. The error of determination of toxicity. Pro-
ceedings Roy. Soc. London Ser. B. 101:483-514.

Warren, C. E. 1971. Biology and water pollution control.
W. B. Saunders Co., Philadelphia. 434 p.




