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Abstract

The acute toxicity of zinc, cadmium and copper to
Callianassa australiensis (Dana) was assessed in paired
and triad combinations in 14 d toxicity tests. Predicted
mortalities following exposure to various mixtures of
metals were evaluated according to two models pro-
posed by Plackett and Hewlett (1967) for the non-
interaction of toxicants: (a) independent dissimilar
action and (b) simple similar action. However, based on
the rejection of these two models and analyses of the
experimental results for each metal alone, it was con-
cluded that the metals in all paired mixtures acted in an
interactive manner. For the triad mixture, mortalities of
shrimp were predictable by the independent dissimilar
action model. Toxicities of mixtures of metals were also
assessed using the toxic-unit concept. However, mortali-
ties in all mixtures were overestimated by this method.
Some problems concerning the prediction of mortalities
in mixtures of toxicants are discussed.

Introduction

Although marine animals may be exposed in the field to
many different combinations of toxicants and environ-
mental conditions, most acute toxicity experiments have
considered only the individual effects of these variables.
Relatively little is known about the combined effects of
mixtures or of those combinations which may be dang-
erous.
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In addition, most information on the effects of
mixtures of toxicants on aquatic organisms has been
based on the toxic-unit concept (e.g. Herbert and Van
Dyke, 1964; Sprague and Ramsay, 1965; Brown, 1968;
Brown and Dalton, 1970; Calamari and Marchetti, 1973;
Eaton, 1973; NAS/NAE, 1973; Nimmo and Bahner,
1976). This assumes that all poisons contribute in a simi-
lar way to the overall toxicity of a mixture, although,
a priori, it is illogical to expect poisons of different
toxicological properties and having different concen-
tration-response curves to contribute in this manner
(Brown, 1968).

However, there are several other schemes that have
been proposed for the classification and description of
the effects of mixtures of toxicants. Bliss (1939) sug-
gested that mixtures may act according to: (a) inde-
pendent joint action (where each toxicant acts on a
different site); (b) similar joint action (where each
toxicant acts on the same site); or (¢) synergistic action.
Gaddum (1948) classified the action of toxicants accord-
ing to effects which were more-than-additive, additive,
less-than-additive or antagonistic. Plackett and Hewlett
(1967) developed the classification of non-interactive
(independent dissimilar or simple similar) and interactive
(complex similar or dependent dissimilar) models.

The objective of this study was to assess the acutely
lethal effects of zinc, cadmium and copper in paired and
triad mixtures on the initial assumption that they acted
according to the model for independent dissimilar action
(Plackett and Hewlett, 1967; Finney, 1971). Where this
assumption was not satisfied, simple similar, dependent
dissimilar and complex similar models were considered.

Materials and Methods

Procedures for field collections, acclimation of Callianassa
australiensis (Dana), preparation of metal stock solutions,
experimental procedures and general data analyses are
given in the preceding paper (Ahsanullah ef al., 1981a).
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Test solutions for pairs of metals were prepared in
10 litre Perspex tanks by diluting the appropriate
quantity of metal stock solution with sea water to 8
litres, adding the proper quantity of the second metal
stock solution, and further diluting the mixture to 10
litres. When a mixture of three metals was tested, the
appropriate dilutions were to 5, 8 and 10 litres. The test
solutions were then slowly transferred to each experi-
mental tank containing the test shrimp. In each experi-
ment, one control and several concentrations were used
(Table 1). The test concentrations in each tank were
measured daily, immediately before renewal of test
solutions.

From comparisons of the 14 d dose-mortality curves
for each metal tested singly, experiments with paired
and triad combinations were designed according to
Plackett and Hewlett (1967) and Finney (1971) to test
the independent dissimilar action model. The expected
mortalities for the mixture were calculated according to
the formula:

P=1-(1-Py).(1-P,),
or
P=1-(1-Py). (1—P2). (1-P3),
where

P = percentage of individuals predicted to respond to the
mixture of metals; P;, P,, P3 = percentage of individuals
responding to each metal, based on data from the indivi-
dual dose-response curves and measured chemical con-
centrations from mixture test solutions.

Chi-squared values were calculated between expected
and observed mortalities according to Finney (1971), to
test for significant differences. The tolerances of indi-
viduals were considered to be uncorrelated (Finney,
1971).

The expected mortalities in the simple similar action
model were found from the individual dose-response
curves, by combining the mixture concentrations into
the equivalent of a dose of one toxicant, i.e.,

z=zy +pz,,

where z; and z, are doses of the two toxicants and p
is the corresponding relative potency ratio (Finney,
1971).

In all mixtures, if mortalities were observed in the
controls, then results were corrected according to
Abbott’s formula (Finney, 1971), although the mortali-
ties were never greater than 10%.

Results
Zinc-Cadmium Mixtures

Observed mortalities of Callianassa australiensis exposed
for 14 d to mixtures of zinc and cadmium were signifi-
cantly different from expected mortalities based on
independent dissimilar action (Table 1). The observed

D. S. Negilski et al. : Toxicity of Metals to Callianassa. 1.

values were lower than those expected from this model,
except at the three lowest concentrations, and were
similar to those expected for Zn alone. At concentra-
tions of 1.22 Zn + 0.51 Cd and 1.18 Zn + 0.53 Cd
(mg 1I™1), the observed values were also similar to those
expected for Cd alone. At the lowest mixture concen-
tration the observed mortality was much higher than was
expected for either metal acting by itself. In general, it
appears that observed mortalities for the mixture were
similar to those for zinc alone and much higher than
those expected for cadmium.

Toxic units for the mixture ranged from 1.42 to 2.11,
even though observed mortalities in 7 of the 9 concen-
trations were 50% or less. This overestimate of toxicity
by the toxic unit concept is in agreement with the esti-
mates given by the simple similar model (Table 1).

Zinc-Copper Mixtures

Chi-squared values (Table 1) revealed a significant
difference between expected and observed mortalities
based on the dissimilar independent hypothesis. Observed
mortalities for each mixture were always less than
expected. At the two highest test concentrations
(Table 1), mortalities observed in the mixture were
similar to those expected for either metal alone. As con-
centrations decreased, observed mortalities were more
similar to those for copper alone, except at a concentra-
tion of 0.11 mg Cul™, where they were twice as high as
would have occurred for copper alone.

The strength of each mixture was also calculated in
terms of toxic units. Values ranged between 1.0 and 2.4
and appeared to overestimate the toxicity of mixtures.

Cadmium-Copper Mixtures

Observed mortalities were significantly different from
mortalities expected according to independent dis-
similar action (Table 1), being higher than expected for
7 out of 9 concentrations tested.The concentration ratio
between cadmium and copper increased markedly as
mixture concentrations decreased, and this may have
caused a change in the toxic interaction between the
metals.

Toxic units ranged between 0.76 and 1.73 and
appeared to overestimate the toxicities of mixtures at
concentrations lower than 0.37 mg Cd 17! + 0.078 mg
Cu 1™* (Table 1). At concentrations higher than these,

toxic units ranged between 1.03 and 1.73; we are not
aware of a way to evaluate expected mortalities in

mixtures with values greater than 1.0 toxic unit, for
comparison with observed mortalities.

Zinc-Cadmium-Copper Mixtures

Observed and predicted mortalities based on inde-
pendent dissimilar action were not significantly different
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Table 1. Callignassa australiensis. Concentrations of paired and triad mixtures of Zn, Cd and Cu with expected percent mortalities for
each metal alone, expected percent mortalities for mixtures according to both independent dissimilar action and simple similar action,
and observed mortalities and toxic units for each mixture concentration. These tests lasted 14 d. Dose-mortality curves for Zn and Cu,
and Cd and Cu are not parallel, so simple similar action model not considered

Mixture concentrations % mortality expected % mortality expected Observed % mortality expected =~ Combined
(mglt) for each metal alone by independent dissimilar mortality by simple similar action toxic units
action (%)
Zn + Cd Zn Cd
1.22 0.51 63.4 58.3 85.1 60 100 2.10
1.18 0.53 56.5 64.4 84.5 70 100 2.11
1.14 0.40 48.1 20.8 58.9 50 99.8 1.81
1.15 0.39 50.2 17.9 59.1 50 88.8 1.80
1.08 0.35 35.2 9.3 41.2 40 99.4 1.65
1.04 0.36 27.1 10.5 34.8 30 99.3 1.64
1.07 0.33 33.1 5.3 36.7 40 99.0 1.60
0.96 0.34 13.6 6.8 19.5 20 98.2 1.53
0.93 0.30 9.8 2.2 11.8 30 96.0 1.42
x? =8.2% x* =4 578.5%**
Zn + Cu Zn Cu
1.2§ 0.250 69.7 59.3 87.7 66 2.40
1.23 0.260 65.2 60.5 86.3 60 244
1.24 0.140 67.9 39.1 80.5 33 : 1.82
1.22 0.110 63.6 33.0 75.6 66 1.64
1.18 0.110 56.1 33.0 70.6 70 1.61
1.14 0.063 48.1 18.1 57.5 21 1.32
1.15 0.053 50.2 14.5 574 0 1.28
1.10 0.051 40.3 13.8 48.8 20 1.22
1.11 0.027 41.6 5.3 44.7 10 1.11
1.07 0.042 33.8 10.6 40.8 10 1.15
1.00 0.025 20.5 4.6 24.2 0 1.00
x% = 59.3%%%*
Cd + Cu Cd Cu
0.49 0.139 50.9 40.0 70.5 90 1.73
0.47 0.133 43.2 38.6 65.1 100 1.66
0.46 0.110 41.8 32.7 60.8 90 1.52
0.42 0.102 27.2 30.5 494 100 1.39
0.40 0.040 194 9.8 27.3 80 1.03
0.37 0.078 11.8 23.1 32.2 20 1.17
0.31 0.062 2.8 17.7 20.0 30 0.96
0.33 0.026 5.7 5.0 104 10 0.81
0.29 0.032 1.4 7.0 8.3 20 0.76
x? = 38.1%%*
ZIn + Cd + Cu Zn Cd Cu
1.11 051 0.132 41.6 58.3 383 85.0 90 2.70
1.09 047 0.086 374 447 257 74.3 90 2.36
1.13 044 0.079 459 323 235 72.0 89 2.30
1.11 041 0.052 416 239 142 61.9 78 2.08
1.06 044 0.059 31.0 34.0 16.7 62.1 50 2.13
1.03 041 0.079 25.2 239 235 56.5 80 2.15
1.02 039 0.056 23.3 179 156 46.9 30 1.98
1.09 0.33 0.041 36.7 58 10.2 46.5 56 1.84
1.04  0.35 0.047 27.1 8.7 124 41.7 56 1.87
095 035 0.034 12.2 85 1.1 25.9 20 1.72
x% =9.4 (NS)
(10.5)

*Significant at 0.05 level; *** sjgnificant at 0.001 level
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(P > 0.05) over the range of concentrations tested
(Table 1), although observed mortalities were higher
than expected values for 7 out of the 10 concentrations.
Based on the measured test concentrations, observed
mortalities were always higher than those that would
have been expected for each metal alone.

Toxic units calculated for each mixture ranged
between 1.72 and 2.70 and appeared to overestimate the
toxicities of the mixtures. On average, the toxic units
were higher for the triad mixture concentrations than
for any of the mixtures with pairs of metals.

Discussion

Initially, we believed that zinc, cadmium and copper
acted on different sites within the shrimp and therefore
tested these metals on Callianassa australiensis on the
assumption that they would act in a dissimilar manner,
the simplest model being independent action. However,
the results showed that for all paired combinations of
metals, there were significant differences between
observed and expected mortalities; this has led us to
reject the hypothesis of independent dissimilar action as
an adequate predictor of the lethal effects of paired
combinations of these metals for the given experimental
conditions. The model was then considered for simple
similar action, but probit-regression analyses showed
that the individual 14 d dose-mortality curves for zinc
and copper, and cadmium and copper were not parallel
(Ahsanullah er al., 1981a), which suggested that these
pairs of metals may have different mechanisms of action
(Bliss, 1939) and therefore would not act in a simple
fashion (Finney, 1971). Plackett and Hewlett (1967)
also considered parallel probit lines to be a necessary
condition for simple action, if the question of amount
administered versus the amount reaching the site of
action is ignored. Aithough there was no evidence that
14 d dose-mortality curves for zinc and cadmium were
not parallel, observed mortalities for mixtures of these
metals were much higher than those predicted, if the
mixture had acted according to simple similar action. As
a result, we have concluded that zinc-cadmium, zinc-
copper and cadmium-copper mixtures exert their toxic
action in an interactive manner.

Analyses of metal concentrations in whole shrimp
and tissues (Ahsanullah ez al., 1981b) suggest that zinc
and cadmium may exert their toxic effects in mixtures
as in the complex similar model, since each metal appears
to enhance the accumulation of the other. Further, as
was mentioned above, their 14 d dose-mortality curves
are parallel, which may also indicate that the metals are
acting mainly on a similar site within Callianassa austra-
liensis.

In' the case of zinc-copper and cadmium-copper
mixtures, copper appears to interact with both zinc and
cadmium when causing death in shrimp, as is clear from
an examination of metal-accumulation data. However,
there is no clear evidence for determining an interactive

model that best predicts the effects of these pairs of -
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metals. If it is assumed that these pairs of metals mainly
exert their toxic action on different sites (as deduced by
the differences in slopes between 14 d dose-response
curves and information from the literature), then depen-
dent dissimilar action best describes the acutely lethal
effects of both of these mixtures; thus, mixtures of
cadmium and copper are more toxic than was expected
and mixtures of zinc and copper are less toxic (Table 1)
for the independent model.

In contrast to the results for mixtures of pairs of
metals, the observed mortalities in the Zn-Cd-Cu mixture
were not significantly different (P > 0.05) from pre-
dicted mortalities based on independent dissimilar action.
However, considering the results from the experiments
with pairs of metals, we cannot support the acceptance

of this model for the triad mixture without further
experimentation to provide more evidence on which to
base the hypothesis test.

In some studies, the effects of mixtures of zinc and
cadmium, zinc and copper, and zinc, cadmium and
copper have been reported as “synergistic” or “more
than additive” (Sprague and Ramsay, 1965; Hutchinson
and Czyrska, 1972; Wissmar, 1972; Eisler and LaRoche,
1972; Baton, 1973; Eisler and Gardner, 1973; D’Ago-
stino and Finney, 1974). In others, combinations of zinc
and copper (Lloyd, 1961; Brown and Dalton, 1970) and
zinc and cadmium (Thorp and Lake, 1974) have been re-
ported as “strictly additive”, according to the toxic-unit
concept (Sprague, 1970). Nimmo and Bahner (1976)
reported “no dramatic toxic interaction of the combi-
nation of methoxychlor and cadmium, or of the combi-
nation of methoxychlor-cadmium-PCB to Penaeus
duorarum.” Further, they suggested that “the toxicities
of the combinations when compared to each toxicant
tested singly, were independent and additive . . . although
synergism might exist in the environment.”

It appears that much of the literature reported for
effects of mixtures of toxicants on both marine and
freshwater biota have been based on the toxic-unit
concept alone. This method does not have a sound
theoretical framework (Brown, 1968), even though there
are empirical examples supporting the concept (Sprague,
1970). It is merely a guide to the levels of toxicants in
mixtures that need investigation. This concept appears
to be merely a redefinition of the simple similar action
model but, unlike that model, it has been used to charac-
terize the toxicity of mixtures of pollutants without
regard for the dose-mortality curves of the individual
constituents, in particular the shapes of the slopes. There
appears to be a need for new models that take inter-
action into account when attempting to explain such
results.

In the present study, when the toxicities of mixtures
of metals were assessed according to the toxic-unit con-
cept, the expected mortalities of shrimp in all paired and
triad mixtures were overestimated (Table 1). Even when
concentrations of mixture constituents were as high as
one-third of the 14 d LCs, values, mortalities were
negligible. These results compare favourably with those
of Lloyd and Orr (1969), who reported that the toxicity
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of a mixture failed to add up when concentrations of
constituents were less than one-fifth of the 1éthal thresh-
old concentration.

Possible explanations for some of these differences in
results reported by various investigators may be the
different rates of absorption of the metals for different
concentrations and environmental test conditions,
differences in the physiological condition of test orga-
nisms, and differences in models hypothesized and
interpretation of results. From the results, it is obvious
that no clear trends have emerged that would permit a
simple generalization. Indeed, several factors influence
and complicate prediction of the effects of mixtures of
toxicants.
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