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Pollution of surface waters is rarely a matter of a single toxicant but aquatic organisms are 
typically exposed to numerous chemicals simultaneously or in sequence. Consequently, 
hazard assessment in aquatic toxicology cannot be restricted to considerations on indi- 
vidual compounds. Thereby the question arises whether there are rational approaches for 
a calculation of the toxicities of mixtures from the concentration response relationships of 
their components. 

This paper deals with the predictive value of concentration addition, a concept used for 
the analysis of combination effects (see Boedeker et al. 1992 for a review). It is given by 
the formula: 

C l / E C x  I + C2/ECx 2 = 1 (1) 
CI, C 2 concentrations of the individual agents 1,2 in a mixture which elicits the 

effect x. 
ECx 1, ECx 2 - effect concentrations of each agent 1,2 alone which elicit quantitatively the 

same effect x as the mixture (e.g. EC50). 

Concentration addition in the most simple case is said to occur when one substance acts 
like the dilution of another, i.e., the effect of a mixture remains constant when one compo- 
nent is replaced totally or in part by the equieffective amount of another. For the special 
case of parallel concentration response curves of the individual compounds, concentration 
addition is equivalent to the model of simple similiar action (Bliss 1939). However, 
concentration addition is commonly thought to be valid in all experimental situations, 
independent of the shape of the concentration response curves, and has been proposed 
as a universal reference for the assessment of combination effects (Berenbaum 1985). 

The term concentration addition was introduced into aquatic toxicology by Anderson and 
Weber (1975), however, this concept has been called by many different names in various 
fields of research and dates back to the beginning of the century (Loewe and Muischnek 
1926). Thus, in order to avoid further confusion in terminology Loewe additivity has 
recently been proposed as a consensus term (Greco et al. 1992). The isobologram 
method for the assessment of combination effects is a graphical application of this 
concept (Loewe and Muischnek 1926, Altenburger et. aL 1990). Algebraic equivalents used 
in aquatic toxicology are the Toxic Unit Summation (Sprague 1970) and the Additivity Index 
(Marking 1977). Concentration addition is also one of the reference points of KSnemann's 
Mixture Toxicity Index (MTI) (KSnemann 1981). 
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There is consensus that mixtures of substances with a similar mode of action obey to the 
concept of concentration addition and its incorporation into the definition of water quality 
objectives has been recommended (Van der Gaag et al. 1991, Calamari and Vighi 1992). 
However, whether concentration addition is a useful concept also for the predictive 
assessment of substances with different modes of action is still open to dispute. 

The majority of published studies on the toxicities of pollutant mixtures to aquatic life deals 
with the effects of heavy metals and industrial organic chemicals on fish and daphnids (for 
reviews see EIFAC 1987, Altenburger et al. in press). Relatively few studies deal with com- 
bination effects of other types of toxicants or on other aquatic species. In a recent paper 
we reported on a screening of the algal toxicities of 29 binary combinations of 9 different 
herbicides with vadous specific modes of action (Faust et al. in press). For 85% of these 
mixtures results were consistent with concentration additivity. Meanwhile we extended our 
investigations to fungicides (anilazine, prochloraz) and insecticides (lindane, parathion), 
substances for which a specific mode of action on algae cannot be expected. EC50 values 
for the inhibition of algal reproduction by 38 binary combinations of these substances with 
each other and with 8 different herbicides were determined. Results were compared to the 
toxicities predicted from the concentration addition concept. 

MATERIALS AND METHODS 

Pesticides used in the mixture toxicity study are listed in Table 1. They were selected from 
economically important goups with various types of structures and modes of action (see 
Worthing and Hance 1991). The term "unspecific" is used to label substances where either 
the primary sites of action which have been identified in the target organisms of pesticide 
applications do not exist in microalgae or where interference with multiple biochemical 
processes (anilazine) is expected. Test compounds had analytical standard quality and 
were purchased from Riedel-de-HSen (Seelze, FRG) or Promochem (Wesel, FRG). 

Test species was the unicellular green alga Ch/orella fusca. Toxicity parameter was the 
inhibition of reproduction of synchronized cultures during one generation cycle (24 hr). 
Sensitivity of this test system in terms of EC50 values is comparable to the standard 96-hr 
OECD algal growth inhibition test (Faust et al. 1992) but test duration and biological 
variances are minimized. Details of the test protocol, test conditions and the statistical 
analysis of results have been described previously (Altenburger et al. 1990). 

Experimental data sets comprised a minimum of 11 different test concentrations in the 
case of single substances and 6 for the mixtures. They were adjusted to allow for a good 
statistical description of the complete concentration response curves of the individual 
agents and for a reliable estimation of the EC50 values of the mixtures. Spacing between 
test concentrations was varied according to slope and shape of the dose response curves. 
Mixtures were designed to contain the components in the ratio of their individual EC50's. 

For a given ratio of the components the effect concentration of a binary mixture ECXl, 2 
predicted from the concentration addition concept (Eq. (1)) calculates as 

1 / ECXl, 2 = 0.01 Pl / ECXl + 0.01 P2 / ECx2" (2) 
P 1' P2 - percentages of the substances I and 2 in the mixture (p I +P2 = 100%) 
To account for experimental variances confidence limits for the predicted ECx 1 2 were 
calculated in the same way from the confidence limits of the effect concentration~ of the 
individual substances. This approach is equivalent to the use of a confidence belt within 
the isobologram method (see Altenburger et aL 1990). Experimental results were taken to 
be compatible with the hypothesis of concentration addition when the 95% confidence 
intervals of experimental and predicted EC50 values overlapped. 
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RESULTS AND DISCUSSION 

Assessing mixture toxicities by using concentration addition as a reference requires the 
determination of effect concentrations of each agent alone. Therefore we estimated con- 
centration response functions by probit transformation of data and weighted linear regres- 
sion analysis. This procedure did not always result in a good fit at high or low effect levels, 
due to non-symmetrical concentration response curves. However, at intermediate levels 
data were well fitted and inspection of residuals did not show any systematic departures. 
EC50 values are given in Table 2, both on a molar and on the more frequently used weight 
basis. Toxicities of the vadous toxicants spanned more than four orders of magnitude. 
Interestingly prochloraz, an inhibitor of the ergosterol biosynthesis in fungi not known for a 
specific mechanism of action in algae, was the most potent inhibitor of the reproduction of 
Chlorella populations, comparable only to the photosynthesis inhibitor chlorotoluron. 

When the observed effect of a given combination of agents on a definite response para- 
meter is compared with the effect expected in the case of concentration additivity, assess- 
ments may not be identical for different effect levels and for different ratios of the mixture 
constituents. However, for the purpose of a screening of a variety of pesticide combina- 
tions, we restricted the investigations to the median level of toxicity (EC50) and to mixture 
ratios given by the ratios of the EC50 values of the individual compounds (equitoxic con- 
centrations). Table 3 displays the combination ratios as well as observed and predicted 
EC50 values of the 38 test mixtures. 66% of the mixtures showed toxicities as predicted by 
concentration addition, i.e., they were Loewe additive in terms of the proposed consensus 
terminology (Greco et al. in press). The effects of 9 mixtures (24%) were less than con- 
centration additive (Loewe antagonism). Only 4 combinations (10%) were more toxic than 
expected (Loewe synergism). However, there were only two cases where the ratio 
between predicted and observed or observed and predicted EC50 values exceeded a 
factor of two: the mixture of anilazine and td-allete was 3.5 times more toxic to the algae 
than expected while the EC50 value of anilazine+ prochloraz accounted for only 48% of the 
predicted value. All these discrepancies are interesting from a mechanistic point of view, 
but they are small with respect to inter-laboratory and inter-species differences which have 
been reported for standard OECD test protocols and numerous algal toxicants. 

The concept of concentration addition is tied to the idea of "similar acting" agents. 
However, the understanding of similar action is a controversial issue in the discussion on 
combined effect analysis: a mechanistic point of view (identical molecular target sites) 
(P6ch 1993) contrasts with a phenomenological understanding (similar modes of action) 
(Hermens et al. 1984). All the binary combinations studied here contained a fungicidal or 
an insecticidal compound with no known specific mechanism of action on algae and were 
hence classified as "unspecific'. In most of the mixtures (84%) the second component was 
a herbicidal agent proven or assumed to exert a specific effect on green algae on the basis 
of current knowledge. Thus, although the term "unspecific" is not very precise, at least the 
majority if not all of the mixtures would hardly qualify as combinations of similar acting 
agents, whatever the criterion of similarity may be. Therefore, the concept of concentration 
addition seems to have a good predictive value even for dissimilar acting agents. 

The validity of concentration addition for predicting the aquatic toxlcities of combinations 
of similar acting agents has been confirmed by various experimental studies (EIFAC 1987). 
The results presented here for the algal toxicities of pesticide mixtures indicate that it can 
also be a valuable tool in case of dissimilar acting substances. This finding is consistent 
with some other studies on the mixture toxicities of various types of chemicals to fish (e.g., 
K6nemann 1981) and daphnids (e.g., Deneer eta/. 1988). Thus, we conclude that concen- 
tration addition may be a reasonable assumption for the hazard assessment of mixtures of 
chemicals with unknown modes of action. 
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