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Ninety-six hour lethal response studies were conducted exposing

mature male guppies (Poecilia reticulata) in lots representing differ-

ent weight classes to ambient concentrations of six discrete toxicants:

diel.dr in, potas sium.pentachlorophenate, potassium cyanide, and cop -

per, zinc and nickel chlorides. Linear regressions with high correla-

tion coefficients were defined for each toxicant by the equation,

Y a + b log(M/Wh), where Y % mortality as probits, M mean

daily toxicant concentration, W = weight of each lot, and h = an

exponent of weight. The computed value of h was 0. 81 for dieldrixi,

0. 7Z for peritaclilorophenate, cyanide and coppery 0. 67 for nickel and

0.30 for zinc. Additional lethal response studies were conducted

exposing mature females of different size, juveniles of different size

and newborn guppies of similar size to dieldrin. The dose response
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functions of each age group were found to incorporate the weight factor

previously computed for adult males, i.e. , w0 81 Discrete,

parallel regressions represented each life stage and sex. When corn-

pared on a weight factor basis, guppies became progressively more

susceptible to dieldrin with each successive age class. Comparing

adults only, males were more resistant than females.

Evidence was gathered from the literature to show that the above

equation applies furthermore to dose response studies in which ani-

mals of varying size are administered known amounts of a toxicant,

toxin or drug. Consequently, the above equation may be generally

employed to empirically establish the character of the relationship

between dose and response when the size of the animals differ. Rela-

tive measures of toxic potency, e.g., LD5O and LC5O, representing

different sizes of an animal may be derived from the above equation

and expressed in the useful form, LD5O = xwh where X is the

antilog of the abscissal value of log(M/Wh) corresponding to the

50% response level. This latter equation may also be derived from

the commonly used function log LD5O = log a + b log W.

The linear regressions representing the lethal response of male

guppies exposed to each of the discrete toxicants were compared for

parallelism. Based on this comparison, select groups taken from the

six toxicants were categorized in accordance with a defined point o

view for the prediction of the effects of mixtures of toxicants.



Subsequent studies involving various binary mixtures as well as a

quarternary mixture demonstrated three of a possible four proposed

categories by which the effects of mixtures may be predicted. These

four possible divisions were identified respectively by the terms,

concentration addition, response addition, supra-addition and irifra-

addition. The definition of each of these terms and the description of

the methods by which each may be empirically evaluated were given

in the text.

Mixtures of copper and nictcel were found to be concentration

additive. Separate binary mixtures of dieldrin and potassium penta-

chiorophenate and potassium pentachlorophenate and potassium cyanide

were each shown to be response additive. Supra-addition was demon-

strated for mixtures of copper and zinc. The effects of a mixture

composed of dieldrin, potassium pentachlorophenate, copper and

nickel were predictable assuming that copper and nickel were concen-

tration additive in their joint interaction while response additive in

their combined interaction with dieldrin and potassium pentachioro-

phenate.

The significance of the results in support of the proposed point

of view for predicting the effects of multiple toxicity was discussed.
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The Deviation o Dose Response Curves



AN APPROACH TO THE STUDY OF MULTIPLE TOXICITY
THROUGH THE DERIVATION AND USE OF QUANTAL

RESPONSE CURVES

INTRODUCTION

One aspect of the rationale for conducting dose response studies

has been to administer a toxicant in a dosage proportional to body

weight. This dose-weight ratio is assumed to correct for response

variation between individual test animals of varying size. This

assumption implies, in accordance with the law of mass action, that

for any given dose response relationship the target sites of the toxi-

cant are directly proportional to weight. Several investigators have

reported that in many cases dose response functions cannot be ade-

quately characterized by the dose per unit weight variable. Some

researchers have found that the relationship between response and

dose through a size range of test animals is best expressed when the

independent variable is plotted as the absolute dose, i. e., concntra-

tion per animal (Zahlet aL., 1943; Pallotta et al., l96; Lamanna

and Hart, 1968). In an attempt to reconcile the relationship between

dose and body weight, other investigators have advocated that dose

be corrected by a two thirds power of body weight, 1. e., the "surface

area factor." Using the surface area factor, Freireich etal. (1966),

showed that the lethal toxicity of many antineoplastic agents could be

predicted for different sized animals, not only within, but between,



3

several mammalian species, including man.

Bliss (1936) proposed that dosage may be based on an exponent

of body weight and that the value of the exponent need not be two -thirds.

He came to this conclusion upon examining dose response data

gathered by Campbell (1929). In the coirse of his analysis, Bliss

derived the formulation,

Y a+ b log M/Wh (1)

to express a linear function between survival time and the dose of

sodium arsenate ingested by silk worm larvae of different sizes and

developmental stages. Equation (1) incorporates a size factor,

where W represents some measure of body size- -usually weight.

"h" is an exponent computed from the ratio of multiple regression

slopes equating the relationship between response and the quantities

of dose and weight. Using an exponential value of 1. 5 in his formula,

Bliss demonstrated a single linear regression depicting the dose

response function of different sized silk worm larvae within and

between four developmental stages.

We recognize--without Bliss's explicit statement of the

possibility- -that his formulation could encompass other dose-weight

relationships in addition to those which are exponential. Assuming

the exponent of the size factor (Wh) to be unity, then dose is pro-

portional to weight. Furthermore, if h equals zero, then dose is
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independent of weight, i. e., the absolute dose.

We decided to test the applicability of Equation (1) in studies

where it is meaningful to determine dose response functions in test

animals receiving toxicants in their ambient environment. In this

type of test the toxicant incorporated per unit time per animal is

usually unknown. Customarily, the end response has been depicted as

a function of the environmental level of the toxicant, 1. e., the absolute

concentration. Because this representation is independent of size,

the recommended procedure has been to use test animals of approxi-

mately the same weight (APHA etal., 1965). Some authors have

found that size has an insignificant effect on the susceptibility of test

animals to various toxicants (Cairns and Scheier, 1958; Pickering and

Henderson, 1966). In other instances, investigators have demon-

strated that body size does modify the tolerance parameters of ani-

mals exposed to toxcants (Goodman, 1951; Weiss and Botts, 1957;

Mount, 1962; Pickering etal., 1962; Burdicketal., 1965).

Our investigations demonstrate the usefulness of extending the

application of Equation (1). We propose to describe the discrete

lethal effects of six environmental toxicants on different weight classes

of a fish species. Usage of the formulation was also applied in corn-

parisons of the lethal response of different life stages and sexes

exposed to one of the toxicants.
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METHODS

The procedure followed in conducting the lethal toxicity studies

of each toxicant was generally in accordance with the recommenda-

tions cited by Sprague (1973). All experiments were 96 hours in

duration at the end of which time percent mortality within each lot of

fish was recorded. The absence of respiratory movements and the

failure to respond to mechanical stimuli were selected as the end

point parameters of death. A record was also kept of the percentage

of test animals dying at specific time intervals during the four days of

each experiment. These latter data were used to compare the time-

mortality curves of the toxicants.

Bioassay apparatus: Stock solutions of five of the six toxicants

were individually contained in Mariotte bottles (Grenier, 1960) and

were dripped at controlled rates into a modified dosing apparatus first

described by Chadwick etal. (1972). The dosing apparatus was

designed to continuously dilute the stock solutions to five precise

concentrations, each of which was channeled at a flow rate of

100 ml/min to its respective ten liter exposure tank. An aqueous

solution of the sixth toxicant, dieldrin, a highly insoluble insecticide,

was introduced into the bioassay system according to the technique of

Chadwick and Kiigemagi (1968). The flow rate of the toxicant and the

diluting water volume for each concentration were recorded and



adjusted daily during the course of an experiment.

Modifying factors: Chemical and physical environmental factors

have been shown to influence the sensitivity of fish to toxicants

(Sprague, 1969). During these experiments many of these modifying

factors were either directly controlled or regularly monitored during

both acclimation and exposure periods. Temperature was thermostati-

cally maintained at 25 ± 0 5 C and the photoperiod was set at 18 hours

pH in each exposure chamber was checked daily and constantly

adjusted to 7. 0 ± 0. 1 by controlling bubbling of CO2 into the water in

the headboxes of the apparatus. Alkalinity and hardness7' were

assayed according to the methyl orange and EDTA methods respec-

tively (APHAeta1., 1965). The dissolved oxygen level in each test

tank was measured by the Winkler method using phenylarsine oxide as

the titrant (APHA etal., 1965). These latter three modifying factors

remained relatively constant throughout the experimental tests and

their mean values were 144 mg/I as CCO3, 124 mg/l as CaCO3 and

8. 3 mg/i respectively.

Experimental fish: Guppies, Poecilia reticulata (Peters), an

ovoviviparous species which displays a distinct sexual dimorphism at

maturity were used in these experiments. The test fish were taken

from a large culture maintained in 50 gallon aquaria. Before each

experiment, adult fish were separated according to sex, individually

wet weighed and grouped into weight classes varying not more than
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±10 mg. Subsequently, members of particular weight classes were

randomly distributed into lots of ten. Each lot was then relegated to a

holding tank and acclimated to the experimental conditions other than

the toxicant for a period of not less than one week. Test fish were

fed tubificid worms until the final weighing. Twenty-four hours prior

to commencing an experiment each lot of fish was weighed again and

returned to its original acclimating tank One day later the lots of

fish were transferred to the test tanks.

At least two bioassays were performed for each toxicant, each

of which involved five lots of ten fish. The lots included a representa-

tive weight range for the male adult guppy. Male guppies were used

in the lethal studies of all six toxicants. In addition, the lethal

responses to dieldrin of adult females and juveniles of different weight

classes and newborn guppies of approximately the same weight were

investigated.

The fish of each lot were collected at death or at the completion

of the experiment and dried for 5 days at 70 C at the end of which time

each lot was weighed. A linear regression was obtained on arithmetic

paper by plotting the dry weight value against the wet weight value of

each lot of fish.

Toxicants: The six toxicants which were studied are listed as

follows: 1) dieldrin, which contains not less than 85% of the
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compound 1, 2, 3,4, 10, 10-hexa-chloro-6, 7-epoxy-i, 4, 4a, 5,6,7, 8, 8a-

octahydro - 1 4-endo, epo-5, 8-dimethanonaphtlialene (HEOD);

2) potassium pentachiorophenate (KPCP); 3) potassium cyanide

(KCN); 4, 5, 6) the chlorides of the three heavy metal ions, copper

(Cu), zinc (Zn) and nickel (Ni).

During the lethal response studies, daily samples of the toxic

solution in each exposure tank were taken. These samples were than

assayed within one week of the conclusion of the experiment as fol-

lows: dieldrin by gas chromatography (Claeys, 1970), potassium

pentachiorophenate by gas chromatography (Lamberton, 1971),

potassium cyanide by light spectrophotometry (Way, 1971), copper,

zinc and nickel by atomic absorption spectrophotometry using a carbon

rod burner for the copper and flame burner for zinc and nickel (.EPA

1971). The assayed levels of each toxicant were employed in the

determination of the lethal response curves.

Lethal response curves: Formula (1) was used for the develop-

ment of response curves for each of the six toxicants. Y, the

dependent variable was represented by the percent mortality between

0 and 100 for each lot of fish after a 96 hour period of exposure to a

toxicant. These values were transformed into probits using tables

from Bliss (1935). Log M/Wh was considered the independent factor

in which M symbolized the mean daily toxicant concentration in

mg/i and W represented the wet weight in grams of each lot of ten



fish. For each toxicant studied, the exponent 11 was initially

assigned the value 0, thus transforming the factor log M/Wh into

log M, i. e., the logarithm of the absolute concentration. Employing

this customary form of the absciccal variable the lethal response

function was then plotted on arithmetic graph paper. Then, the data

were again plotted after assigning the exponent a value of 1, where-

upon log M/Wh converted to log M/W, i. e., the logarithm of the

concentration proportional to weight. For each of these two groups

of coordinates a linear regression was computed using the standard

statistical technique of least squares. The Y intercept a and

the slope b of each line was calculated. The correlation coeffi-

cient for each linear regression was determined and judged for

tlgoodnessll of fit using the "Student's t test. Finally, instead of

utilizing the multiple regression method of Bliss, a systematic

computer search was carried out to learn for each dose response

function that exponential quantity, which, when substituted for h in

the linear regression quation (1), gave the highest correlation

coefficient.



10

RESULTS

The time plots of the cumulated percent mortality during the

4-day lethal response studies showed that incipient lethal levels were

reached within 36 hours for KPCP. Subsequent to the time of the

initial death in each lot of fish exposed to HEOD, CN, Cu, Zn, and Ni,

fish would continue to die throughout the 96 hour exposure period.

Lethal levels of KPCP, JCN, Cu, Zn, and Ni. induced respiratory

distress which was manifested by both increased rate and depth of

opercular movement and with the exception of KPCP, by gulping

behavior at the surface of the toxic solution. The early phases of

KCN and Cu toxicity were characterized by increased swimming

activity, while in contrast, KPCP, Zn and Ni toxicity resulted in

3luggish activity. The toxic symptoms of guppies exposed to HEOD

increased progressively until death during the 4-day period. These

fish displayed an increased sensitivity to light, movement and vibra-

tion. Their locomotor behavior was 1so characterized by sporadic

sessions of rapid and randomly directed swimming activity.

Lethal response curves for each toxicant are depicted in Figures

1-6. Each linear regression was derived in accordance with Blissts

formula Y = a + b log. M/Wh. Each figure displays three such linear

regressions which represent the lethal response function when the

exponent is assigned the respective values of 0, 1 and that quantity
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Figure 1. Lethal response curves for mature, male guppies
exposed to dieldrin demonstrating the correlation
of coordinates to a linear regression when the
exponent of the weight factor equals zero, one
and 0.81.
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Figi,ire 2. Lethal response citrves or mature, male guppies
exposed to potas sium pentachiorophenate demon-
strating the correlation of coordinates to a linear
regression when the exponent of the weight factor
equals zero, one and 0.72.
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Figure 3. Lethal response curves for mature, male guppies
exposed to potassium cyanide demonstrating the
correlation of coordinates to a linear regression
when the exponent of the weight factor equals zero,
one and 0.72.
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Figure 4. Lethal response curves for mature, male guppies
exposed to copper chloride demonstrating the
correlation of the coordinates to a linear regres-
sion when the exponent of the weight factor equals
zero, one and 0. 7.
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Figure S Lethal response curves for mature, male guppies
exposed to zinc chloride demonstrating the corre-
lation of coordinates to a linear regression when
the exponent of the weight factor equals zero, one
and 03.
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Figure 6. Lethal response curves for mature, male guppies
exposed to nickel chloride demonstrating the cor-
relation of coordinates to a linear regression when
the exponent of the weight factor equals zero, one
and 0.67.
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between 0 and 2 which resulted in the highest correlation coefficient.

The "best fit" of the coordinates to a linear regression was

obtained for each toxicant with an exponential quantity of less than 1.

The exponents computed for four of the toxicants, KPCP, KCN, Cu,

and Ni, were 0. 7 2 for the first three arxl 0. 67 for the latter. The

exponents for HEOD and Zn were 0. 81 and 0. 30 respectively. The

greatest variance of coordinates from a linear regression was

demonstrated in five of the six toxicants studied when the exponent

was assigned the value of 0. However, the greatest scattering of the

lethal response coordinates for Zn occurred using an exponential

value of 1. The correlation coefficient, slope, degrees of freedom

and "Student's" t test values are listed in Table 1 for each regression

line shown in Figures 1-6.

If the weight of fish within and between experimental lots was

similar, then linear regressions with high correlation coefficients

could be expected when using simply log M as the independent

variable. Such a function was demonstrated for HEOD by substituting

zero for h in Equation (1) and plotting discrete regressions for the

response coordinates which had been separated into two groups within

whichweight classes were similar and between which the weight

classes were different (Figure 7). The respective correlation coeffi-

cients were considerably greater than the correlation coefficient

derived for the regression line fitting all of the coordinates (Table 1).



Table 1. Certain regression line parameters of lethal response curves determined for HEOD, KPCP,
Ca, Zn, and Ni using various exponential values in the function Y = a + b log(M/Wh).

Toxic ant Study Traits
Exponent

(h)
Slope

(b)

Regression
Coefficient

(r)

Significance
of
(r)

Standard
Deviation
of Slope

(b)

Confidence
Interval

at t = 0.05

HEOD Male; Fig. 1 0.81 684 0.98 P <0.001 0.59 8.29- 5.39
1.0 6.56 0.97 P < 0.001 0.61 8.05- 5.06
0.0 5.57 0.81 P < 0.05 1.62 9.54- 1.60

HEOD Male B; Fig. 7 0.0 8.05 0.98 P < 0.05
Male C; Fig. 7 0.0 5.45 0.97 P < 0.05

KPCP Male; Fig. 2 0.72 11.23 0.99 P < 0.001 0.44 12.28-10.10
hl 1.0 11.75 0.96 P < 0.001 1.33 14.90- 8.60
II 0.0 7.21 0. 88 P < 0.01 1.27 10. 22- 4.2

ICN Male; Fig 3 0.72 11.65 0.97 P < 0.001 1.42 15.02- 8.28
11 1.0 10. Z9 0.92 P < 0.001 1.75 14. 42- 6.10
H 0.0 6.44 0.68 p <0.05 0.66 5.67- 2.29

Cu Male; Fig. 4 0.72 7.47 0.98 P < 0.001 0.35 8.37- 6.57
1.0 9.31 0.94 P < 0.01 1.46 13.05- 5.57
0.0 3.98 0.94 P < 0.05 0.66 5.67- 2.29

Zn Male; Fig. 5 0.30 17.07 0.98 P <0.001 1.34 21.14-14. 81
1.0 9.01 0.38 P < 0.4 8.3 28. 65-10. 63

Il 0.0 13.3 0.96 P < 0.001 1.43 16.68- 9.92
Ni Male; Fig. 6 0.67 6.32 0.98 P <0.001 0.59 7.75- 4.89

II 1.0 4.39 0.93 p < 0.001 0.75 6.22- 2.57
II 0.0 6.26 0.75 P <0.5 2.14 11.5 - 1.02
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Figure 7. Lethal response data of mature male guppies
exposed to dieldrin plotted against an independent
variable log M. Linear regression 'A' was
determined for all coordinates, whereas 'B'
represents only the coordinates of fish lots of
similar, light weight and 'C' represents onlythe
coordinates of fish lots of similar, heavy weight.
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A study of the lethal effect of HEOD- -derived from a different

column than employed to acquire the data depicted in Figure l--was

conducted on mature males, mature females, juveniles and newborns.

The lethal response functions of male and female guppies were sig-

nificantly different (Figure 8). The exponent for the single linear

regression computed for both the male and female response coordi-

nates was 0. 81. However, the slope of the regression line in this

investigation differed from that of the initial study in which only males

were used (Table 2). Discrete lethal response functions were demon-

strated for each of the adult, juvenile, and newborn age classes.

The linear regression of the adults was located furthest to the left,

and that of the newborns furthest to the right (Figure 8). The LC5O

for each of the three age classes was computed from the respective

lethal response curves (Table 2). A comparison of the LC5O values

on the basis of mg/l of dieldrin per gram of fish indicated that

resistance to HEOD toxicity was highest in newborns and lowest in

adults. As in the other studies with HEOD, the exponent of 0. 81 gave

the highest correlation coefficient for the linear regression of the

lethal response function of juveniles. The weight factor did not

have to be applied to newborns because they were all the same size.

Nevertheless, the weight factor was employed to demonstrate the

parallelism which existed between the regression lines of all three age

classes, 1. e., newborns, juveniles and adults (Table 2).



Figure 8. Lethal response curves for newborns, juveniles and
mature, male and female guppies exposed to dieldrin.
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Table 2. Some characteristics of the lethal response curves, includ-
ing the computed 96 hour LC5O which represent guppies of
different life stages and sex, exposed to dieldrin.

Mature Mature
Females Males Juveniles Newborns

Exponent 0.81 0.81 0.81 0.81

Slope 13.4 15.2 14.4 13.1

Regression
coefficient 0.93 0.97 0.95 0.95

t test for
P < 0.05 P < 0.05 P < 0.01 P <0.05

LC5O
g:il1g 4.6 5.5 10.9 36.7

Parallelism between mature male arid female regressions
ttest 7.6923 P < O.001.
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DISCUSSION

The results of this study suggest that Equation, (1) is useful in

defining a linear function between the ambient concentration of a

toxicant and the lethal response of test animals of varying size. This

usage represents an extension of the original application of Equation

(1) to dose response studies in which a known amount of a toxicant is

administered to the test animal (Bliss, 1936). As previously men-

tioned and demonstrated, the formula has the flexibility of being

altered by the choice of the exponent to represent either dose per unit

weight or dose independent of weight relationships.

Each exponent of the weight factor used to correct the six dose

response functions in these experiments was less than one and greater

than zero in value. In common parlance this means that in each case

less toxicant was required to precipitate death iii one gram of

"heavier" fish than was required for one gram of "lighter" fish. This

relationship may be reversed for other functions as demonstrated by

arsenate toxicity in silk worm larvae (Bliss, 1936). However, the

quantity of the exponent is not dependent on whether the toxicant was

administered directly or absorbed from the environment. For exam-

pie, the dose, lethal response, and weight data recorded by Zahi etal.

(1943) in a study involving 50 day old mice (20 grams) and 350 day old

mice (35 grams) injected with an endotoxin were analyzed in
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accordance with the procedure for deriving the function expressed by

Equation (1). It was found that the power function of weight that

permitted the best definition of a linear regression was less than one.

Y = 1. 93 + 4. 86 log(M/W° 23) (r +0. 99) (2)

KCN and KPCP, two of the toxicants studied in our experiments,

have been classified as respiratory inhibitors (Commoner, 1940,

Bevenue and Beckman, 1967). The calculated power function value of

their weight factors was 0.72. These values approximate the

0.73 ± 0. 024 quantity of the weight exponent whi.ch corrected the dis.

proportionality between the oxygen consumption rate and body weight

with increasing size in guppies and other cyprinodont fishes (Winberg,

1961). The dose response equations for Cu and Ni also possess

exponents with values close to 0. 73. Heavy met3l toxicity has been

linked to gill epithelium. damage and consequently respiratory

inhibition (Lloyd, 1962). This conclusion is supported by the report

(Passow etal., 1961) that at acute lethal levels heavy metals denature

membrane protein by forming insoluble metai complexes. However,

the weight factor for Zn, a heavy metal which has been shown to affect

respiration (Skidmore, 1970) has an exponent of 0. 3 in this study.

Although the inference that an empirically derived value for the epo-

nent may characterize the mode of action of a specific toxicant is
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tantalizing, it would appear hazardous without furthercorroborative

evidence.

The separation between the three dose response curves repre-

senting the adult, juvenile and newborn life stages exposed to HEOD

indicated different susceptibilities for each age group and each sexu-

ally dimorphic group. Newborns were most resistant and adult

females least resistant when compared according to the factor

log M/W0 This difference in resistance may be related to rate

differences in uptake or elimination of HEOD. Alternatively, the

ratio of brain to body weight may decrease between these life stages

with further change between the mature sexes resulting in a corres-

ponding decrease in resistance. The locomotor behavior of guppies

exposed to HEOD in this study suggested an influence on the nervous

system. Hathaway (1967) previously reported that dieldrin has a

toxic effect on the nervous system.

Other studies have shown changes in resistance with age.

Reevaluation of response data collected by Zahi etal. (1943) showed

that the youngest mice (25 days old, 12 grams) were more resistant

to an endotoxin than older mice. This difference in resistance was

demonstrated by comparing the dose response equation derived for the

youngest mice,

Y = 2.45 * 3. 5 log M/W0 (r = +0. 99) (3)
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to the dose response Equation (2) of the older mice. Neuhold and

Sigler (1960) reported an increase in the susceptibility to the lethal

effects of sodium fluoride with increase in age of carp from hatching.

The slopes computed for HEOD in the age and sex dependent

study differ from the slope of the original dose response function

using adult males. In the interim between these studies, the source of

dieldrin was changed. Dieldrin is not a pure substance and, as

demonstrated by Chadwick and Kiigernagi (1968), contains other

unknown toxic components besides HEOD. Possibly the proportions of

toxic components differed between the two sources of dieldrin used in

these experiments thereby changing the slope of the dose response

curve. The slopes of the dose response curves derived for each age

class and sex were parallel. Such parallelism between regression

lines may indicate similar modes of action (Bliss, 1939).

There was a demonstrable difference in the HEOD dose response

relationship between adult male and female guppies. The difference

may be based on metabolic rate which Bertalanffy (1951) measured to

be higher for mature male than mature female guppies. Sex as a

variable in certain dose response relationships has been reported by

various authors (Pallottaetal., 1962; Lamanna and Hart, 1968).

The logarithmic equation,

log C = log a + b log W (4)



where log a = the y intercept and b slope, has customarily

been used to demonstrate a. rectilinear relationship between body

weight (W) and the LD5O or LC5O (C). The antilog of Equation

(4),

which given ini.ts general form,

(5)

IaBk (6)
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is known as the allometric formula (Huxley, 1950). This function has

been employed extensively to describe the quantitative relationship

between body weight and numerous physiological rate processes and

anatomical structures (Adolph, 1949; Brody, 1945; Bertalanffy, 1951).

Equation (4) may also be written as,

log(C/Wb) log a (7)

Consider Equation (1). For any magnitude of response (Y) there

is a corresponding log value (X.) of the independent factor, M/Wh.

For example, when Y = 50% mortality, then,

log(M/W15 log X (8)

where M = LC5O or LD5O. Equation (8) is identical to Equation (7)

which in turn was derived from Equation (4). Consequently the Y



intercept of Equation (4), loga,

independent variable, M/W
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is equal to that log value of the

of Equation (1) which corresponds to

50% mortality. The slope of Equation (4) is equal to the power func-

tion h of the weight factor W1' of Equation (1).

Table 3 demonstrates the usefulness of function (5) as a mode of

depicting LD5O and LC5O values of drugs, toxicants and toxins over a

weight range of the antmal studied. Equation (5) must be qualified

upon empirical demonstration by modifying parameters such as entry

route of dosage administration, life stage and sex. We have adapted

our own data through the intermediary of Equation (8) to conform with

Equation (5) as found in Table 3. The data of Lamanna and Hart

(1968); Bergma.nnetal. (1963) and Mount(l962), were computed

from their representations of Equation (4). We submit that the

allometric formula (Equation 5) be duly considered as a standard

format for reporting LD5O and LC5O values of drugs, toxicants and

toxins for varying sizes of the animals.



Table 3. The allometric formulas representing, for the respective test animals, the LD5O or LC5O
values of various toxicants, toxins, and drugs.

Toxicant, Mode Relative
drug, Life of h Toxicity

or Toxin Sex Stage Entry C aW LC or LD 50

Bluntnose minnow (Mount, 1962)

Endrin - - AMB LC5O = 0. 389W0
28 0:

(g/l) (g) for a 1 gmftsh

Mosquito fish (Gambusia sp.) (Bergmann etal. , 1963)

Ichthyotoxin - 1. P. LD5O 0. 2iiwL 6 i i mg/gm(mg/g) (g)

Mouse (Lamanna and Hart, 1968)

Tetrodotoxin M&F - 1.P. LD5O(i.g/g) = 0.019W083
(g)

0.019 pg/gm

Hemicholinium-3 M - I.P. LD5O
(j.Lg/g)

0.25W°'8
(g)

0.25 pg/gm

F - I.P. LDSO(1Jg/g) 0.987W2 0.987 fig/gm

d-tubo curarine M&F 1.P. LD50 /(g g) 0.582W094
(g)

0.582 pg/gm
hydrochloride
Strychnine M&F - I.P. LD501

/j-'.g g,
0.855W2

g,
0.855 pg/gm

sulphate

ANTU M - 1.V. LD5O (ig/g) 0.0129W3 2

(g)
0.0129 pg/gm

F - I.V. LDSO(g/g) 0. 0096W'1 0. 0096 g/gm



Table 3. Continued.

Toxicant, Mode Relative
drug, Life of h Toxicity

or Toxin Sex Stage Entry C = cxW LC or LD 50

Mouse (continued)

M - I.P. LDSO (ig/g) = 0.538W2
(g)

0.538 big/gm

F l.P. LD5O
(p.g/g)

0.22W24
(g)

0.Z2g/gm

48-80 M&F - I. P. LD5O
(JLg/g)

12. 16W° 65
(g)

i. i ig /gm

Picrotoxin M&F - l.P. LD5O
Lg/g)

18. 6W 69
(g)

18.6g/gm
Sodium fluoro

M&F - I. P. LD5O = 43. 05W 43.05 rig/gmacetate (p.g/g) (g)

McNA343 M&F - I.P. LDSO(g/g) 48.2W9)1 48.2 pg/gm

Hexamethonium
M - I.P. LD5O 0. 18W072 0. 18 mg/gmchloride (mg/g) (g)

F - 1.P. LDSO (mg/g) 0.30W°5'
(g)

0.30 mg/gm

Pentamethylene M&F - I. P. LD5O = 0. 164W0 78 0. 164 mg/gmtetrazol (mg/g) (g)
Sodium

M&F - I.P. LD5O 0.085W1 0.085mg/gmpentabarbitol (mg/g) (g)
Atropine

M&F - 1.P. LD5O 0.27W°92 0.37 mg/gsulphate (mg) (g)
Histamine M&F - I.V. LD5O =

o.3o8wL 1 0.308 mg/g
di.phosphate (mg) (g)



Table 3. Continued.
Toxicant,

drug, Life
or Toxin Sex Stage

Mode
of

Entry C = aW

Relative
Toxicity

LC or LD 50
Mouse (continued)

.0
M&F - I.P. LD5O 3.38W 3.38 mg/g(mg) (g)

Sodium M&F - I.P. LD5O = 0.978W°9' O.978mg/gbarbitol (mg) (g)

Guppy (present study)
96hour 4.89 p.g/lDieldrin M mature AMB LC5O , )

. 814.89W for a 0. 1 gm fish
(}Lgul (gr.)

Potassium
M mature AMB

96 hour .720. 248W
0. 248 mg/i

0. 1 fishpentachiorophenate LC5O (mg,'i) (g-')
for a gm

Potassium
M mature AMB

96 hour .72 0. 147 mg/i
cyanide LC5O (mg/i) = 0. 147W (g-) for a 0. 1 gm fish

Copper
M mature AMB

96 hour 72 0. 139 mg/i
chloride LC5O (mg/i) 0. 139W (g*) for a 0. 1 gm fish

Zinc 96hour 6.76mg/i
Mchloride mature AMB LC50 0.3

= 6. 76W for a 0. 1 gm fish(mg/i) (g-)

Nickel
M mature AMB

96 hour
67

21. 1 mg/i
chloride LCSO (mg/i) = 21. 09W°

(g4)
for a 0. 1 gm fish

I. V. intravenous. I. P. intraperitoneai. AMB = ambient concentration.

'Actual weight of an individual male guppy to be used in a test lot must be multiplied by 10 and the
resultant value in grams may then be introduced into the formula for W.
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PART II

The Use of Quaita1 Response Curves
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INTRODUCTION

Water quality standards governing treatment and control of

wastes released into natural waters should insure that the discharged

levels of discrete toxicants, as well as toxic mixtures, are not

deleterious to either the distribution or density of valued aquatic

populations. To date existing water quality standards have applied

primarily to single toxicants. The 'safe level' of each toxicant most

frequently adopted for such standards has been extrapolated, through

the use of application factors, from a relative measure of the lethal

potency, e.g., LC5O (Tarzwell, 1962, 1966; Sprague, 1971). Where

mixtures of toxicants are considered, standards have not generally

been set The National Technical Advisory Committee (1968) how-

ever, has recommended, in order to determine standards for mix-

tures, the criterion that the sum of the ratios of the measured

concentration to the permissible level of each toxicant present,

should not be greater than one.

There have been extensive, although in many cases, inconclu-

sive studies attempting to empirically determine the effectiveness of

using application factors to compute levels for single toxicants which

do not demonstrably impair survival, reproduction, growth or

behaviorial capacity of aquatic organisms (Sprague, 197 1). Until

recently, there has not been a useful rationale by which the adequacy
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of the above multiple toxicity recommendation could be quantitatively

evaluated. During the past decade, a team of British researchers

(Lloyd, 1961; Herbert and Van Dyke, 1964; Brown, 1968; Brown and

Dalton, 1970) following the initiative of Southgate (1932), Cherkinsky

(1957), and Devlaminck (1960) have successfully used a 'toxic unit'

method to predict lethal effects of certain mixtures under both

laboratory and field conditions This method arbitrarily assigns a

value of one to that concentration which induces a particular magni-

tude, or 'toxic unit' of response, e. g. LC5O. The concentration of

each toxicant in a mixture is then expressed as a fraction of its cor-

responding LC5O value. The fractions for each constituent are now

summed and if the resulting quantity is equal to the toxic unit, i. e.,

one, then a 50% response can be predicted for the mixture. The

rationale governing this 'toxic unit' method is that each toxicant

contributes to a common effect in proportion to its relative potency.

If this point of view, which has been shown to apply in certain

cases at the lethal level, could be substantiated in sublethal studies,

then the recommendations of the National Technical Advisory Corn-

mittee would gain credence. The limited evidence which has been

reported relative to possible additivity of mixtures of toxic constitu-

ents in sublethal concentrations has been contradictory. Using an

avoidance reaction endpoint parameter, Sprague etal. (1965)

demonstrated that sublethal levels of a zinc and copper mixture



produced a joint effect. Negilski (1973) detected a greater than

additive effect produced by sublethal levels of three combined toxi-

cantson the biomass accumulated by salmon juveniles maintained in

artificial streams. Eaton, according to Sprague (1970), on the other

hand was unable to demonstrate an additive response to three heavy

metals concurrently present in a chronic sublethal test.

In addition to the above exceptions to the 'toxic unit' addition at

the sublethal level, strict summation o toxicants did not occur in

certain instances at the lethal level (Brown et al., 1969; Edwards and

Brown, 1966). It would appear then, that not all mixtures can be

adequately predicted by the 'toxic unit' method.

Our examination of data reported by Brown and Dalton (1968)

showed that lethal response curves for the strictly additive metals,

copper, zinc and nickel and mixtures of them were parallel. This

evidence suggested to us that the 'toxic unit' approach could be con-

sidered a practical, and consequently a useful simplification of the

similar joint action mechanism proposed by Bliss (1939) in his theory

of multiple toxicity. Bliss suggested that variation in the tolerance of

individuals exposed to toxicants of similar action should be corn-

pletely correlated. Therefore, toxicant response curves when plotted

in linear form would be parallel. Likewise, the response curve for

the corresponding n-ixture would have the same correlation coeffi-

cient. Several other authors (Swisher, 1943; Finney, 1971; Marubini
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and Bonanomi, 1970) have demonstrated how this type of multiple

toxicity may be statistically verified

The similar joint action was not the only additive form accounted

for by Bliss (1939) that could be identified through the use of response

curves. Bliss described a second additive mechanism which he

denoted asLndependent joint action. The theory and mathematic

derivation of this mode of joint action was further developed by

Plackett and Hewlett (1948, 1952). Basically, the concept of this

mechanism is that each toxic constituent acts on a different system

within the organism. Consequently, each toxicant in a mixture can

contribute to a common response, e. g., mortality, only if its concen-

tration reaches or surpasses a certain threshold. The tolerance of an

individual exposed to a mixture of toxicants acting independently may

or may not be correlated. Therefore, the lethal response curves for

each toxicant may or may not be parallel, and no significance is

attached to the regression coefficients when testing for independent

joint action. Unlike the situation for the similar joint action or 'toxic

unit' mechanism where the effect of the mixture is predicted by adding

the concentrations of the constituents, independent joint action is

predictable through summing of each magnitude of response respec-

tively evoked by the individual constituents of a mixture.

With this understanding we have optioned, henceforth, to

designate the terms, 'similar joint action' and 'toxic unit summation'



collectively- -assuming the latter to be a component of the former- -as

CONCENTRATION ADDITION, and 'independent joint action' as

RESPONSE ADDITION. We believe that these new terms avoid the

connotation th3t we are accountable for a precise knowledge of the mode

of a.cti,on of toxicants--knowledge, which may, in fact, be unknown and

unattainable. We have adopted the term concentration addition in

preference to 'toxic unit summation' in order to maintain coherency of

thought in separating this form of addition from response addition.

Furthermore, other terms commonly associated with multiple toxicity

such as synergism, poteritiation and antagonism, have come to have

various meanings. To avoid any ambiguity, we designate an enhanced

effect to that which is strictly additive as SUPRA-ADDITIVE and a

lessened effect to that predicted or summation as INFRA-ADDITIVE.

Water pollution biologists charged with the responsibility of

determining valid water quality criteria have a real need for a

rationale which will permit adequate estimations of the adverse effects

of toxjcant mixtures at both the lethal and sublethal levels. A

promising approach to accomplishing this goal is the 'toxic unit'

method herein called the concentration addition method. This method

does not appear however, to adequately describe the responses

resulting from certain mixtures. The aim of this investigation was

to compare the lethal response curves of individual toxic constituents

as a means of predicting the lethal effects of their mixtures. The



primary focus of this study was to classify certain mixtures devised

from a collection of six discrete toxicants as either concentration

additive or response additive. An example o, supra -addition was

recorded for one of the toxic combinations studied.
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MATERIALS AND METHODS

The basic experimental apparatus used, the experimental

procedure followed, and the derivation of the response curves for

individual toxicants was described in Part I. For the multiple toxicity

studies, a super-structure was added to the existing series of four

dosing apparatus, each of which was attached in turn to six exposure

tanks (Figure 9). This structural addendum consisted of an array of

five, 55-liter Mariotte bottles arranged in series on shelves which

were staggered in height. Each carboy was attached to a plastic

manifold by an interconnecting pipe located near the base of the bottle.

The displacement of the bottles on the shelves was such that the

adjoining manifolds were vertically stacked with approximately two

inches separating each. A sixth manifold was placed in similar

fashion directly above the others. This pipe was connected to a head-

box into which an aqueous solution of dieldrin flowed at a constant rate

(Chadwick and Kiigemagi, 1968). Small glass faucets were inserted

into each manifold at locations directly above each diluting apparatus.

With the system sealed, except for an air inlet pipe suspended into the

Mariotte bottle, stock solutions of any one, or of any combination of

the six toxicants, could be independently dripped at a constant rate

into the receiving vessels of the dosing apparatus. Prior to being

mixed with other toxicants, each stock solution was initially diluted by



Figure 9. Multiple toxicity dosing appaatus showing arrange-
ment of manifolds above a series of four continuous
flow diluters.





water tapped from a headbox located directly above the manifolds

containing the toxicant. he toxicants were then mixed in desired

proportions within the dosing apparatus and subsequently diluted to

various levels of potency prior to being funnelled to the exposure

tanks.
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Experimental fish: Only mature male guppies (Poecilia reticu-

lata) were used in the multiple toxicity experiments. The details on

the selection, weighing, randomization and acclimation of the experi-

mental fish are discussed in Part I. Lots of ten fish were relegated

to each exposure tank,

Derivation of lethal response curves: Fish mortality, in per-

cent, was recorded following 96-hours of exposure to either a toxic

mixture or to the individual constituents and was adopted as the

measured response criterion. Linear regressions of the response

data recorded for certain mixtures and all individual toxicants were

obtained by plotting percent mortality on a probit scale against the

logarithm of the variable, the mean-daily assayed concentration per

weight factor. The derivation of this weight function was described

in Part I. The various methods for the assaying of each toxicant were

referenced in Part I. Without this weight function's inclusion in the

independent quantity, the degree of correlation to a linear regression

was significantly lessened for data relating to experiments where the

size of fish differed between lots. This increased variance would
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have been detrimental to the determination of differences between

slopes. Straight lines for the purpose of comparing slopes were

fitted to points using a least squares method in preference to the

working probit procedure recommended by Finney (1971). Confidence

intervals for the slope of each regression line were computed. The

similarity of slopes was evaluated using a Student's 't' test method

(Steel and Torrie, 1960).

Toxicants: The six toxicants from which certain mixtures were

composed were dieldrin (HEOD), potassium pentachlorophenate (PCP),

potassium cyanide (CN), and the chlorides of copper (Cu), zinc (Zn)

and nickel (Ni). The linear response derivations computed for probit-

log metameters for each of the six toxicants were described in Part

I (Figures 1-6, Table 1). Included in this description were referrals

to the methods by which each contaminant was assayed.

Concentration addition: When the parallelism between regres -

sion lines could not be disproven by the Student's 't' test, the mdi-

vidual toxicants, when present concurrently, were assumed to be

concentration additive. Having determined which individual toxicants

were to be tested for concentration addition, their respective poten-

cies were computed by comparing the LC5O values for a unit weight of

fish. The most toxic substance from the group of toxicants being

compared was selected as a convenient reference. From the lethal

response curve of this chosen toxicant, the concentration which was
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equivalent to a certain magnitude of response was determined. This

quantity was then divided by the number of toxicants to be combined.

This derived level became the desired amount of the most potent

toxicant to be established in the mixture. In deriving equal propor-

tions of each toxicant in the mixture, the quality computed for the

most potent toxicant was multiplied by the respective difference in

pontency. Summing each of these computed concentrations gave the

total predicted concentration of the mixture. The actual concentra-

tion of the mixture was equal to the sum of the mean daily concentra-

tion for the individual constituents as assayed following the experi-

ment The same procedure was followed for other projected

magnitudes of response, considering in each case the adjustment in

concentration necessary to compensate for weight differences between

lots of fish.

Following these determinations the 96-hour lethal response

experiments were conducted for which the dosing apparatus was

adjusted to deliver a close approximation of the predicted concentra-

tion of each constituent to the respective exposure tanks.

The concentration addition hypothesis could now be tested by

comparing the linear regression fitted to the observed response

coordinates of the mixture to the predicted linear regression as rep-

resented by the following equation:
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Y a + b log[(ir+p2rr2... +p.ii.)X] (Finney, 1971) (1)

probit of % mortality,

X = concentration Qf mixture,

a Y intercept of most potent toxLcant,

b common regression coefficient,

iT proportion of the total mixture represented bythe most

toxic constituent,

proportion of the second most toxic constituent,

1T = proportion of the least potent toxicant,

p2 relative potency between first and second toxicant,

p. relative potency between first and last constituent in

potency series.

It was now possible to test the difference between the two lines by

comparing the Y intercept of observed and predicted regression

lines for the mixture (Marubini and Bonanomi, 1970; Draper and

Smith, 1966). If the value is significantly less than zero, then it may

be inferred that infra-addjtjon had occurred between the constituents.

If the value was significantly positive, then supra -addition was con-

cluded to have occurred. If there was no significant difference

between the compared values, then concentration addition was con-

firmed.
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Response addition: This mode of addition was predicted for a

mixture if the linear response curves for its constituents had been

shown to be unparallel, or if the known differences in toxic action

betweenthe constituents which had demonstrated similar slopes war-

ranted the surmise that response addition was more apt than concen-

tration addition. The magnitude of response for a binary mixture

may be computed from the equation, P p1 + P2 - P1P2, nd

more useful derivation and expanded form of which is,

where

= 1 - (l-P1)(l-P2). . .(1-P.) (Finney, 1971) (2)

proportion of individuals responding to the mixture

P1, P2, and P = respective proportions of individuals respond-

ing upon exposure to pure solutions of the first,

second and last toxic constituent.

For response additive studies the actual concentrations of the toxic

constituents in a mixture were determined according to the following

procedure. Each constituent was delegated the same potency so that

P1 = P2 = P. = P. A value for P was now sought which when

!This equation has assumed a total positive correlation of
tolerances by the test animals to each of the toxic constituents. Pro-
visions for the lack of correlation have been considered by Hewlett
and Plackett (1959).
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entered into Equation (2) gave a close approximation of a pre-selected

quantity of m' e. g., 0. 2, 0.4, 0. 6 etc. Having computed an

appropriate value for P, the corresponding concentration for each

of the toxic constituents was derived from their respective lethal

response curves. Each of these above-threshold levels of each toxi-

cant in the mixture was then adjusted for the weight of the experimen-

tal lot of fish to be tested. Subsequently the levels were combined to

give a total concentration of the mixture equivalent to a predicted

level of mixtures for each of which a different level of response was

predicted. Upon conclusion of the experiment and upon determination

by chemical assay of the actual levels of the toxic constituents, the

predicted response for the assayed levels was compared to the

observed response using a Chi square test for significant difference.

Concentration addition-response addition A study was con-

ducted where four toxicants were present concurrently. Two of these

toxicants, Cu and Ni, had been previously tested and shown to be con-

centration additive. The other two constituents HEOD and PCP had

been found to be response additive. It was surmised that the pair of

Cu and Ni would act independently of the response additive dual,

HEOD and PCP. In devising the appropriate mixture the P value

assigned to Cu and Ni jointly by combining one-half of the potency of

each toxicant corresponding to P. The experiment was then exe-

cuted in accordance with the procedure described under the subheading

response addition.
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RESULTS

Copper-nickel mixtures: The slopes (Table 1, Part I) of the

linear regressions for Cu and Ni (Figures 4 and 6, Part I) when corn-

pared by Student's 't' test were not significantly different at P = 0.05.

The results of the experiment whereby Cu and Ni were combined on

the assumption that they are concentration additive are reported in

Table 4.

Table 4. Results of lethal toxicity study of guppies exposed to mix-
tures of nickel and copper chloride.

Weight of Assayed Assayed Total
Each Lot Level Level Concentration Observed
of Fish of Ni of Cu of Mi,xture

7
%

(g) mg/l mg/i mg/i log(M/W )
Mortality

1.53 12.23 0.049 12.279 0.9598 30
1.07 15.56 0.082 15.642* 1.1709 80
1.27 14.17 0.084 14.254* 1.0812 70
1.30 10.77 0.063 10,833* 0.9549 30
1.23 15.15 0.071 15.221 1.12 80
1.23 14.79 0.058 14.848 1.109 80

The characteristics of the linear regression best fitting the

observed points for the Cu-Ni mixture are specified inTable 5. The

predicted regression line (Table 5) was calculated on the basis of the

relative assayed proportions of copper and nickel in those mixtures

marked with an asterisk. Four day continuous flow bioassays pre-

sented a major hardship in maintaining the required constant propor-

tions of toxicant in each exposure tank. Attesting to the adequate
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performance of the dosing apparatus is the fact that the other corn-

binations of the mixtures did not vary greatly from the accepted pro-

portionality factor.

Table 5. Linear regression equations determined on the
basis of best fit for copper, iickel and fortheir
mixture. The predicted regression line was
computed in accordance with the equation
Y = a + b log(ir+p1) + b log X (see methods).

1. Copper chloride Y 11.4 + 7.46 log X

2. Nickel chloride Y -3.34 + 7.32 log X

3. Cu-Ni mixture Y ..2.52 + 7.37 log X

4. Predicted linear
regression for Cu-Ni Y 1.99 + 7.05 log X

A X2 test of the hypothesis that the observed points for the

mixture did not differ from the corresponding predicted coordinates

as derived from Equation 4, Table 5, indicated no significant differ-

ence (X6) 0.049). There was no significant difference

(P = 0. 05) between the Y intercept values of the observed and

predicted regression lines for the mixtures of Cu and Ni. TI rela-

tionship between each of these regression lines is depicted in Figure

10.

Dieldrin-pentachlorophenate mixtures: The slopes (Table 1,

Part I) of the linear regressions for PCP and HEOD (Figures 1 ad 2,

Part I) were significantly different P 0.05. The two toxicants

were combined in a study of response addition. The results of the



Figure 10. Lethal response curves for copper nickel and
their mixtures. The predicted regression line
is based on the relative observed proportion of
Cu (.006) and Ni (0. 994) and a. relative potency
(p) of 6.58 x io-.
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experiment are recorded in Table 6.

Table 6. Results of lethal toxicity study of guppies exposed to mix-
tures of PCP and dieldrin.

Weight of Assayed Assaye,d Total
Each Lot Level Level Concentration Observed
of Fish of HEOD of PCP of Mixture

(g) g /1 mg /1 mg /1 Mortality

1.51 5.0 0.26 0.2650 10
2.15 6.45 0.40 0.4065 40
1.76 6.3 0.31 0.3188 50
1.79 6.4 0.40 0.4064 60
1.51 4.8 0.29 0.2970 70
1.94 6.9 0.41 0.4193 80

Using the actual concentrations assayed, the proportion of

individuals expected to die upon exposure to PCP-HEOD mixtures

were calculated as depicted in Table 7.

X2 value of 4. 89 with 4degrees of freedom was obtained upon

comparing observed mortality to expected mortality. It was concluded

therefore that there was no discrepancy between the observed and

predicted values.

Dieldrin-pentathIoroienate-copper-nickel mixtures: Having

demonstrated in combination that Ni and Cu were concentration addi-

tive, an investigation was conducted to test the predictability of the

response of fish exposed to all four toxicants concurrently. In com

paring the regression coefficient of HEOD (b 6. 84) with that of the

mixture Ni-Cu (b = 7.37) the apparent similarity wasnot



Table 7. Computation using mean daily assayed concentrations of predicted mortality for fish
exposed to response additive mixtures of PCP-HEOD.

Independent % Mortality Independent % Mortality
Variable Predicted Variable % Mortality Predicted

log M/W 81 for HEOD log M/W Predicted for Mixture
for HEOD (Figure 1) for PCP for PCP P 1

-Z.44 17 -0.713 11 Z6

-2.46 15 -0.639 34 44

-2.40 27 -0.685 17 39

-2.40 27 -0.58 61 72

-2.46 16 -0.668 24 36

-2.37 35 -0.594 54 70
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significant at P = 0.05. Therefore it was hypothesized that the

summing mechanism between the three toxic divisions, PCP, HEOD

and the binary combination of Ni-Cu, would be response addition.

When calculating the concentration of each of the toxicants within the

quaternary mixture, Ni and Cu were treated as a discrete response

additive toxicant, the concentration of which was equally shared by

each metal in proportion to its relative toxicity. The results of the

experiment containing all four toxicants are tabulated in Table 8

In Table 8 the assayed concentrations of Cu were multiplied by a

relative potency factor of 15Z. The resulting quantity was added to

the assayed concentration of Ni. In subsequent calculations, the

combined concentrations of the two heavy metals were represented as

Ni in mg/i. With the aid of the lethal response curves for HEOD

(Figure 1), PCP (Figure 2), and Ni (Figure 6) the predicted response

levels corresponding to the mean daily assayed concentrations of each

toxicant respectively were computed. Using the response additive

formula (2), the predicted proportion of individuals responding was

computed (Table 9). The observed results were not significantly dif-

ferent from those predicted (Table 9).

Copper and zinc mixtures: The linear regressions of Cu (Figure

4) and Zn (Figure 5) were shown to have significantly different slopes

(P = 0.05). A 96 hour lethal response study, based on the hypothesis

that Cu and Zn were response additive, resulted in total lethality for



Table 8. Results of lethal toxicity study of guppies exposed to mixtures containing HEOD, PCP, Ni
and Cu.

Combined
Weight of .Assyed Assayed Assayed Assayed Concentration
Each Lot Level Level Level Level of Cu and Ni Observed
of Fish of HEOD of PCP of Cu of Ni as Ni (mg/i)

(g) i.g/l mg/l mg/i mg/i p = 152 Mortality

1.09 4.1 0.24 0.037 7.17 12.79 30

1.14 4.8 0.26 0.048 8.58 15.88 60

1.48 3.9 0.28 0.042 7.01 13.39 60

1.41 4.7 0.28 0.042 8.26 14.64 60

1.45 5.0 0.38 0.048 9.65 16.95 80

2.10 5.8 0.46 0.061 12.09 21.36 90

0'



Table 9. Determination, using mean daily assayed concentrations, of the predicted
mortality of fish exposed to mixtures of HEOD, PCP, Cu and Ni.

Predicted Mortality Proportion Observed Predicted Observed

PCP HEOD' ) =
Mortality Numbers Numbers1-(1-p )(1P Cu-Ni m Proportion Killed Killed

1 - (1-.316)(l-.22)(l-.057) = 0.50 0.30 5 3

I - (1-.4)(1-.36)(1-. 136) = 0.66 0.60 6.6 6

1 - (l-.212)(l-.045)(l-.023) 0.27 0.60 2.7 6

1 - (I-.268)(l-. 184)(1-0.045) = 0.43 0.60 4.3 6

1 - (1-.758)(l-. 198)(l-. 084) = 0.82 0.80 8.2 8

1 - (1-. 655)(l -. 277)(1 -0. 081) = 0.89 0.90 8.9 9

X2 = 5.57

d.f. =4.0
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each test lot of fish. A subsequent investigation revealed that lower

levels, even than those calculated on the basis of concentration addi-

tion, were necessary to achieve results within the response range.

The % mortality recorded was not plotted on graph paper because of

the lack of linear correlation. The results of the experiment are

recorded inTable 10. In Table 10, the assayed levels of Zn were

multiplied by the proportionality factor relative to each level of

response, thereby converting Zn to units of copper in mg/i. This

converted Zn value was added to the assayed level d Cu and the total

quantity entered for M into the factor log M/W The resulting

log value was converted to its arithmetic quantity, designated c.

From the regression line for Cu in Figure 4, the logarithm of the

abscissal values corresponding to the magnitude of response observed

was determined and converted to the arithmetic quantity a. The

ratio of a/a1 was devised to portray the enhanced effect beyond

that predicted on a concentration additive basis for the Cu-Zn mix-

tures (Table 10).

Pentachiorophenate and cyanide mixtures: The regression coef-

ficients of PCP andCN were similar, significant at P = 0.05. Fish

were exposed to mixtures of PCP and CN at levels calculated to

demonstrate concentration addition. No mortality occurred within the

time period of the experiment.

A subsequent experiment pairing PCP and CN on the premise



Table 10. Results of a lethal toxicity study of guppies exposed to a mixture of Cu and Zn. A
relative potency factor (a/a1) is used as a measure of the enhanced effect.

Assayed Assayed Cu and
Level Level Zn

Weight of Cu of Zn as Cu / %.72 a alaNumber (g) mg/l mg/l p mg/i logM/W.. 1 1 Mortality

1 1.48 0.054 2.20 - - - - - 100
2 2.06 0.074 2.27 - - - - - 100
3 1.31 0.036 1.59 0.021 0.069 -1.25 0.057 2.5 50
4 1.12 0.026 1.96 0.023 0.071 -1.18 0.066 2.5 70
5 1.65 0.054 1.88 0.025 0.101 -.1.15 0.071 2.9 90
6 1.80 0.061 2.20 0.025 0.116 -1.12 0.076 2.7 90

Mean a/a1 2.65

p = relative potency of Zn to Cu at each magnitude of response recorded
a1 = antilog of observed abscissal quantity log M W

a = antilog of the abscissal quantity determined from the lethal response curves of Cu (Figure 4)
and corresponding to the magnitude of the observed response.
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that they were response additive. The results are recorded in Table

11. Although in the majority of instances close approxim3tions

occurred between predicted and observed response, the similarity

between predicted and observed values forthe entire series was not

significant, (p = 0.05).

Table 11. Determination of the predicted mortality of fish exposed to
CNandPCP.

Predicted Mortality Observed Predicted Observed
Proportion Mortality Numbers Numbers

1
1

Proportion Killed KilledCN' PCP m
1 - (1-0. 03)(1-0. 04) 0.068 .1 0.68 1

1 - (1-0067)(1-O.036) .1 .1 1.0 1

1 - (1-.275)(l-0,1) = 0.347 .4 3.47 4

1 - (1-.Z27)(l-0. 1) = 0.304 1.0 3.04 10

1 - (l-.lO)(1-. 067) = 0.16 .1 1.6 1

1 - (1-.04)(1-.001) = 0.04 .1 0.4 1

= 17.02

d.f. = 4



DISCUSSION

The results of the present study suggest that the toxicity of

mixtures can be predicted from the lethal response curve for each

constituent. The distinction given to two forms of summation, con-

centration and response addition, proved adequate in describing four

of the five toxic combinations studied.

The exception to either form of addition, herein described, was

the mixture of Cu and Zn. These two toxicant s were initially assumed

to be response additive because of the significant differences between

the slopes of their respective mortality curves. Mixtures of Cu and

Zn composed on the assumption that they were response additive how-

ever were rapidly fatal. The lethal response range ultimately deter-

mined for Cu and Zn was even supra-additive (2. 6x) to the toxicity

predicted for concentration addition, In contrast, Brown and Dalton

(1970) reported that the toxicity of Cu and Zn in combination with Ni

was concentration additive. These findings supported the observations

of Lloyd (1961) that the lethal effects of Cu-Zn mixtures in hard water

(320 mg/i as CaCO3) were predictable on the assumption of concen-

tration addition. Bothinvestigations (Brown and Dalton, 1970; Lloyd,

1961) demonstrated that similar slope characteristics were common to

the response curves of the constituents and mixtures. Sprague (1964)

studying Cu-Zn mixtures in soft water, observed a two fold increase



in toxicity to that predicted for simple addition. In Sprague 's study,

the regression coefficients for the lethal response curves of each con-

stituent were distinctly different. Lloyd (1961) also observed

"synergism" for high concentrations of mixtures of zinc and copper

in soft water (20 mg/l as CaCO3). The supra-additive effects of Cu

and Zn mixtures in soft water was also described by Brandt (1946)

and Doudoroff (1952). The hardness of the waterused in our continu-

ous flow system was approximately 124 mg/l as CaCO3, a level which

falls in between the hard and soft parameters of the water used by

Lloyd (1961). While the calcium content of water affects the toxicity

of Cu and Zn mixtures, the level of hardness at which the change

occurs from supra-addition to concentration addition has not been

determined. The results of this study and of the other forementioned

references would suggest that situations of water quality in which

Cu-Zn would be supra-additive may be detected by a difference in the

respective slopes of each toxicant's response curve, whereas these

two metals would be predicted to be additive when the slopes are

parallel.

As originally defined by Bliss (1939), mixtures which are con-

centration additive are composed of toxic constituents whose lethal

response curves are parallel. Mortality curves, for toxicants which

exhibit response addition when combined, may or may no be parallel.

In our study, the slopes of the regression lines for CN and PCP were
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similar, yet CN and PCP mixtures appeared to be response additive.

Parallelism between response curves may be a prerequisite to con-

centration addition, but it cannot be relied upon to distinguish con-

centration addition from response :addition.

Brockway (1963) found that pre-exposure of cichlids to discrete

PCP and CN solutions would reduce survival time upon subsequent

testing of the fish in the alternative toxicant. He concluded that the

reduction in survival time was the consequence of an additive effect by

the two toxicants on the respiratory system. However, the design of

these experiments did not lend itself to a valid interpretation of the

form of interaction. Negilski (1973) measired the reduction of per-

cent terminal biomass of juvenile salmon maintained in model stream

communities while being exposed to discrete Zn, PCP and CN solu-

tions of 0. 2 toxic units. He also recorded the same parameter for

salmon following chronic exposure to 0. 6 toxic units of a mixture

composed of equal parts of the three toxicants.

The results of Negilski's investigation may be interprete,d, in

this instance, according to the response additive formula (Z). The

reductions in biornass for CN, PCP and Zn were approximately 28%,

38% and 60%, respectively. Substituting these values into Equation (2)

gives a predicted 82% reduction in biomass following exposure to the

mixture. The observed value for this mixture was approximately

80%.
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In the lethal response studies it was observed that PCP solu-

tions caused mortality in fish within the first 36 hours following

exposure (Part I). Any fish surviving this period of exposure con-

tinued to live the duration of the experiment. The onset of toxicity

for HEOD -exposed fish was more gradual and no incipient lethal level

was observed within the assigned period of the experiment. This

pattern of toxicity could be distinguished for fish exposed to the

response additive mixtures of these two toxicants (Figure 11). A

magnitude of response approximating that predictedfor PCP occurred

within the first 36 hour period. An interium periodfollowed before

further lethal toxicity occurred, The mortality during this latter

period was ascribed to the toxic effects of HEOD, and, in fact,

approximated the predicted level of toxicity for HEOD. This apparent

separation through time between the effects observed for each toxicant

seems to demonstrate the 'independent joint action' hypothesis of

Bliss (1939).

Cu and Ni, although greatly separated in relative potency, dis-

played parallel response curves and were concentration additive as

mixtures. That this binary combination was the only example of con-

centration addition identified in our study, suggests this form of

summation to be lees generally applicable than some investigators

have previously indicated (Sprague, 1970). These two heavy metals

appeared to maintain their concentration additive interrelationship
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Figure 11. The time to death record of fish exposed to a mix-
ture of PCP and HEOD showing the interim between
toxicities, Arrow indicates exposure time beyond
which fish still surviving exposure to discrete
solutions of PCP had not been observed to die.
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while acting in concert as a response additive toxicant in the presence

of other substances such as HEOD and PCP.

On the basis of the findings of this study, it seems that iii cer-

tam instances, subthreshold levels of toxicants combine to produce an

effect. The proposed criterion of the National Technical Advisory

Committee which treats all toxi.cants as capable of concentration

addition appears to be overly cautious. This conclusion does not

negate the necessity of accurately determiningthe 'safe levels' o

individual toxicants, nor does t undermine the particular toxic hazard

imposed by toxicant combinations which, as mixtures, are concentra-

tion additive or supra-additive. The present study suggests a feasible

approach which may be useful in accurately identifying which combina-

tions of toxicants display particularly hazardous forms of interaction.
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