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The toxicity to Daphnia magna of a mixture of 14 aquatic pollutants with several chemical structures 
and probable modes of action was determined. The joint effect of this mixture on acute mortality was 
compared with the effects on inhibition of reproduction. The joint toxicity in the reproduction test was 
lower in comparison with the mortality test. This study supports the idea that the potential for addition 
is reduced when more specific sublethal toxicity criteria are studied. Although the joint toxicity at 
sublethal level is lower than at lethal level, the toxicity of the mixtures remains much higher than that 
of the individual chemicals and is still near concentration addition. 
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INTRODUCTION 

The  aqua t i c  env i ronmen t  in indus t r ia l  areas  o f ten  is po l lu ted  with  a large n u m b e r  

o f  chemicals .  In  eva lua t ing  the jo in t  toxic i ty  o f  such complex  mixtures  it is useful  

to  d i s t inguish  chemicals  with s imilar  f rom chemicals  wi th  d iss imi lar  modes  o f  

ac t ion .  
The  jo in t  toxic i ty  o f  mixtures ,  c o m p o s e d  o f  s imi la r ly  act ing chemicals ,  can be 

p red ic t ed  theore t i ca l ly  with the concen t ra t ion  a d d i t i o n  mode l  (P lacke t t  and  

Hewle t t ,  1952; M u s k a  and  W e b e r ,  1977; K 6 n e m a n n ,  1980). The  acute  mor t a l i t y  to 

the  g u p p y  (K6nemann ,  1981) and  to  Daphnia magna (Hermens  et a l . ,  1984a) o f  mix-  

tures  o f  50 non- reac t ive ,  non- ion ized  organic  chemicals ,  re la ted  in ac t ion  to the  

vola t i le  anaes the t ics ,  cou ld  be p red ic ted  successful ly with this  concen t ra t ion  add i -  

t ion  mode l .  A l so  in mixtures  o f  ch lo ropheno l s  ( K f n e m a n n ,  1981) and  anil ines 

( H e r m e n s  et a l . ,  1984b), the  j o i n t  acute  mor t a l i t y  was concen t ra t ion  addi t ive .  Only  

in exper iments  wi th  inh ib i t ion  o f  r ep roduc t i on  o f  Daphnia  magna as the  type  o f  ef- 

fect ,  s l ight  devia t ions  f rom c o n c e n t r a t i o n - a d d i t i o n  were f o u n d  (Hermens  et a l . ,  

1984a). 
In  these  studies quan t i t a t ive  s t ruc tu re -ac t iv i ty  re la t ionships  (QSARs)  were used 
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as an indication of  similarity of  mode of  action. The prediction of the joint toxicity 
of  mixtures, composed of  many dissimilarly acting chemicals, is much more com- 
plex. Only for chemicals with independent actions, the toxicity of  mixtures can be 
predicted (K6nemann, 1981). Therefore a more empirical approach was used by 
Hermens and Leeuwangh (1982) in a study of  the joint effects on mortali ty of  the 
guppy of  differently acting pollutants. From this study it appeared that the measure 
of  joint toxicity of  mixtures of  8 and 24 chemicals, evaluated with the Mixture Tox- 
icity Index (MTI) as proposed by K6nemann (1981), was rather constant. 

Informat ion  on joint effects on sublethal toxicity level is rather scarce. There is, 
however, a general feeling that,  as concentrations of  toxicants in a mixture are 
reduced to their levels of  no effect, or when more specific toxicity criteria are 
studied, the potential for addition is also reduced (EIFAC, 1980). In the present 
study we compare the joint effects on mortali ty and on inhibition of  reproduction 
(as a more specific toxicity parameter)  to Daphnia magna of a mixture of  14 tox- 
icants with various chemical structures and probably different modes of  action. 

METHODS 

Toxicity experiments 
The criteria and conditions in the experiments with Daphnia magna are sum- 

marized in Table I. A more detailed description of  the tests with Daphnia magna 
is given by the Concept NEN reports 6501 and 6502 from the Dutch Standard 
Organizat ion (1980) and by Canton et al. (1975). 

All experiments were carried out in duplicate. Forty-eight-hour LCS0 and 16-day 
ECS0 values (see Table I) were first calculated based on the quantities of  the 
chemicals added at the start of  the experiments. Also values, corrected for the actual 
measured concentrations, were calculated. Only the lowest and highest tested con- 
centrations were analysed. For the calculation, first the concentrations found in the 
duplicate experiments were averaged. Then the mean value of  the recoveries at the 
start of  the experiments and after 48 h was calculated and finally the recoveries f rom 
the lowest and highest tested concentration were averaged. The calculated concen- 
trations at 50°70 effect were then corrected for this recovery. These recoveries must 
not be confused with the recoveries of  the analyses. 

Mixtures were prepared in about  equitoxic concentrations (identical fractions of  
their LCS0 or ECS0), based on non-corrected LC50 or ECS0 values. Also the con- 
centrations of  the components  in the mixtures were corrected for their recoveries, 
in the same way as described above, except that in the mixtures only the highest 
tested concentrations could be analysed. 

The results of  the mixture toxicity experiments were evaluated with the MTI  and 
scale as proposed by K6nemann (1981) (see Table II). This index is defined as: 

MTI  = 1 - (log M/ log  M0) (1) 
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TABLE 11 

Mixture toxicity scale after K6nemann  (1981). 

Classification for toxicity of  mixtures (possible types of  joint action) 

MTI < 0 
MTI = 0 

0 < MTI 
MTI = 1 

MTI > 1 

< 1  

Antagonism 

No addition (independent action, r = + 1) a 
Partial addition 

Concentrat ion addition (simple similar action) 

Supra addition (potentiation o f  the toxic action(s) of  one or more of  the com- 
pounds  in the mixture) 

a Positive correlation between susceptibilities of  the individual organisms to the single toxicants. 

in which M = E J~ at 5007o mortal i ty in the mixture; f = c /LC50 (concentration as 

fraction of the LC50); and M0 = M/fmax; fmax is the highest f value in a mixture. 

Chemical analyses 
The analytical methods,  used to determine the actual concentrations of  the com- 

pounds in the toxicity experiments, are given in Table III .  If  necessary the water 
samples were extracted with an appropriate  organic solvent and eventually concen- 
trated. The concentration of  potassium dichromate was not determined because in 
earlier experiments 100o70 of this compound was always found. 

RESULTS 

Tables IV and V summarize the results of  the toxicity experiments with Daphnia 
magna of  the single compounds,  respectively of  a mixture of  the compounds.  Con- 

TABLE Ill 

Analytical methods.  

Method Special conditions 

(coating of  the column, detector) 

di-isopropylamine GC a 
2,6-dimethylquinoline GC 

2,4-dichloroaniline and 3-methylaniline GC 
dinitro-o-cresol H P L C  b 
sodium bromide GC 

dimethoate  GC 
pentachlorophenol GC 
1,3-dinitrobenzene and 1,3-dichlorobenzene GC 
lindane GC 
phenol GC 
malathion GC 

Chromosorb  103, 80-100 mesh,  FID 
Tenax-GC,  160-180 mesh,  FID 

See Wegman  and de Korte (1981) 
See Wegman and W a m m e s  (1983) 
See Wegman et al. (1981) 
307o OV-101, FPD (P mode) 

See Wegman and  Hofstee (1979) 
5070 OV-210, 507o OV-17, 63Ni ECD 

See Wegman and  Greve (1978) 
20070 SP-2100, 0 .1% Carbowax,  FID 
3% OV-101, FPD (P mode) 

a Gas chromatography.  
b High-performance liquid chromatography.  



TABLE IV 

Results of  the experiments with Daphnia magna of  the single compounds .  
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C o m p o u n d  LCS0 a LCS0 b Rec. c EC50 a ECS0 b Rec. c 

(rag/l) (mg/1) (070) (mg/l)  (mg/1) (070) 

di-isopropylamine 457 448 98 61 60 99 
2,6-dimethylquinoline 40 38 95 2.4 2.4 100 
potass ium dichromate 1.1 1.1 _d 0.27 0.27 a 

2,4-dichloroaniline 0.85 0.71 84 0.090 0.080 89 

dinitro-o-cresol 3.4 3.3 97 2.2 2.1 95 

sodium bromide 13500 13500 100 29 29 100 
dimethoate  6.4 6.4 100 0.31 0.31 100 
pentachlorophenol 0.28 0.30 107 0.15 0.13 91 
3-methylaniline 0.75 0.73 97 0.038 0.043 114 

1,3-dinitrobenzene 46 43 93 3.2 3.2 99 
l indane 1.5 1.0 68 0.50 0.34 68 
phenol 23 23 100 10 10 101 
malathion 0.052 0.033 63 0.00056 0.00036 64 

1,3-dichlorobenzene 5.6 1.7 30 1.8 1.4 76 

a Concentrat ion at 50°70 mortality (LC50) or 50070 inhibition of  reproduction (EC50); not  corrected for 
recoveries. 
b LC50 and EC50 values; corrected for measured recoveries (see Methods).  

c Recoveries o f  the added quantities during the LC50 and EC50 experiments (see Methods).  

d Potass ium dichromate was not  analysed. For the calculation of  corrected values for the LC50 and EC50 
the recovery was taken as 100070. 

centrations at 50°7o mortality (LC50) and at 50% inhibition of reproduction (EC50) 
were calculated based on the added quantities as well as on experimental measured 

concentrations (see Methods). 
For some chemicals in the mixture, as for instance 2,4-dichloroaniline, pen- 

tachlorophenol and 1,3-dinitrobenzene, the recoveries of the added quantities were 

rather low. 
With the sum of  the f-values (M) from Table V, MTI values were calculated. The 

advantage of  using MTI instead of  M is that the MTI gives constant values for the 
same types of  joint actions (K6nemann, 1981). The MTI is normalized for the 
number of  chemicals in a mixture and their relative concentrations, which makes 
MTI values better comparable with each other than M values. 

The MTI of  the experiments with mortality (LC50) and inhibition of  reproduction 
(EC50) of  Daphnia magna of  the mixtures of  14 chemicals are given in Table VI. 
As in Tables IV and V also MTI values were calculated based on the added quan- 

tities as well as on measured concentrations. 

DISCUSSION 

The non-corrected and the corrected (for recovery) MTI values within one experi- 
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TABLE V 

Results of the experiments with Daphnia rnagna of a mixture of the 14 compounds from Table IV. 

Compound f (LC50) a f (LC50) b f (EC50) a f (EC50) b Rec. ¢ (%) 

di-isopropylamine 0.087 0.067 0.494 d 0.379 d 76 

2,6-dimethylquinoline 0.087 0.078 0.146 0.124 85 

potassium dichromate 0.092 0.092 0.162 0.162 -e 

2,4-dichloroaniline 0.050 0.023 0.129 0.057 39 

dinitro-o-cresol 0.138 0.108 0.210 0.168 76 

sodium bromide 0.087 0.084 0.143 0.137 96 

dimethoate 0.087 0.101 0.044 0.051 116 

pentachlorophenol 0.087 0.016 0.261 0.057 20 

3 -methylaniline 0.082 0.085 0.122 0.107 -f 

1,3-dinitrobenzene 0.087 0.037 0.164 0.066 40 

lindane 0.087 0.095 0.231 0.251 74 

phenol 0.057 0.035 0.164 0.099 61 

malathion 0.087 0.087 0.164 0.161 63 

1,3-dichlorobenzene 0.087 0.154 0.164 0.114 53 

sum o f f  values (M) 1.2 1.1 2.6 1.9 

Concentrations of  the compounds in the mixture experiment at 50o70 response, expressed as fractions 

of their LC50 or EC50 (f); not corrected for the recoveries, f = Concentration calculated from the added 

quantities/not corrected LC50 or EC50 values. 

b As in a; corrected for the recoveries, f = Concentrations corrected for the recoveries/corrected LC50 

or EC50 values. 

¢ Recoveries of the added quantities during the EC50 experiments (see Methods). The same values are 
used for the LC50 experiment. 

d The relatively high concentration of di-isopropylamine was caused by a mistake in the preparation of 

the solutions. 

e Potassium dichromate was not analysed. For the calculation of  corrected f-values the recovery was 

taken as 100%. 

f The analysis of 3-methylaniline in the mixture was not performed because the added concentration was 

below the limit of detection. For the calculation of corrected f-values the recovery was token as 100°70. 

ment differ only slightly (Table VI). That in both cases (LC50 and EC50) the cor- 
rected values are higher is related with the lower recoveries of  the added quantities 
in the mixture experiments. The acute mortality of the mixture is near concentration 
addition because the MTI is very near to 1.0. This relatively high joint toxicity was 
also found in acute mortality tests with guppies in mixtures of  8 and 24 chemicals 
by Hermens and Leeuwangh (1982) which led to the conclusion that the lethal ef- 
fects of the mixture must result from a complex system of  joint actions, and that 
independent joint actions and potentiation are probably rare phenomena in toxicity 
studies of  mixtures with mortality as overall criterion of effect. The relatively high 
joint toxicity to Daphnia magna in the LC50 experiment can be explained in the 
same way. The MTI value of  the experiment with mortality as the criterion of  effect 
does not deviate from concentration addition (MTI - 1.0). The MTI of  the 
reproduction experiment deviates from concentration addition (MTI < 1.0). 
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TABLE VI 

Results of the experiments with Daphnia magna of a mixture of  14 compounds, expressed in MTI values. 

LC50 (mortality) EC50 (reproduction) 

not corrected a corrected b not corrected a corrected b 

Number of compounds 14 14 14 14 

fraa. c 0.138 0.154 0.49 0.38 

A/¢ 1.2 1.1 2.6 1.9 

Mo c 8.7 7.1 5.3 5.0 

MTI c 0.92 0.95 0.43 0.60 

st. dev. in MTI d 0.11 0.12 0.18 0.16 

a Not corrected for recoveries. 

b Corrected for recoveries. 

c See equation 1. 

a SD in MTI calculated with an estimated error in log LC50 and log EC50 of 0.10 and according to the 

procedure described by K6nemann (1981). 

Although the estimated errors in MTI are rather high this deviation from concentra- 
tion addition is quite obvious. Also with other chemicals a reduced joint toxicity was 
found in experiments with inhibition of  reproduction as a parameter in comparison 
with mortality experiments (Hermens et al., 1984a). Therefore, it cannot be exclud- 
ed that the potential for addition is reduced when more specific sublethal effects are 
studied, as suggested in the EIFAC report (EIFAC, 1980). 

Such a reduced joint toxicity can be explained in the following way. Inhibition 
of  reproduction can be considered to be based on a number of  more specific modes 
of  action of  compounds in comparison with mortality. It is of  interest to note in 
this respect that for compounds such as malathion and sodium bromide the effect 
on reproduction is at very much lower levels than for acute mortality. It is likely 
that in studies with specific effects, joint toxicity may result either from simple 
similar action or from independent action (see Table II). Independent actions 
generally result in a lower joint toxicity of  mixtures. Because the chemicals in the 
mixture we have tested have various chemical structures and probably various 
modes of  action, independent action will be more likely. 

Although the joint toxicity at sublethal level is lower than at lethal level, the tox- 
icity of  the mixture remains much higher than of the individual chemicals and is still 
rather near concentration addition. 
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