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A B S T R A C T   

Metal discharges in aquatic ecosystems are of concern since they affect different trophic levels, altering the 
functioning of the aquatic food chain. The metals can interact among them and with other pollutants, resulting in 
complex mixtures whose effects on biota are unpredictable. The impacts of copper (Cu) and cadmium (Cd), 
isolated and combined, on the freshwater copepod Notodiaptomus iheringi were assessed in acute and sub-chronic 
exposures. Species sensitivity distribution (SSD) curves were constructed for both metals. In the acute tests 
antagonism was observed in mortality, while in sub-chronic, mortality was not affected; however, the eggs 
produced and percentage of viable eggs were significantly altered. Our data suggest that egg production can be a 
detoxification route in N. iheringi under Cu and mixture exposure. From the SSD curves, N. iheringi was the most 
sensitive Brazilian species for Cu and the second most sensitive for Cd.   

1. Introduction 

Metals are ubiquitous in aquatic ecosystems, and their inputs in
crease with the release of agriculture, industries, and mining (Nour 
et al., 2019; Briffa et al., 2020). Some metals are essential due to their 
function in enzymes and metabolic processes (e.g., cobalt - Co, copper - 
Cu, zinc - Zn), while others do not present known functions in biological 
processes and are considered non-essential (e.g., aluminum - Al, cad
mium - Cd, lead - Pb) (Nagajyoti et al., 2010). Copper and Cd are 
well-studied metals in the different levels of the aquatic trophic chain, 
and they are known to affect photosynthesis and the biochemical 
composition of algae (Baracho et al., 2019; Rocha et al., 2020, 2021); 
impairing the reproduction and secondary production of cladocerans 
(Souza et al., 2014; Rocha et al., 2016); and damaging the antipredator 
behavior, neurobehavior, and antioxidant system in fish (Pan et al., 
2017; Jia et al., 2020; Volz et al., 2020). In Brazil, the concentrations of 

Cu can reach up to 90 µg L− 1 in a river affected by a deactivated mine 
(Perlatti et al., 2021), and Cd can be detected in the range from 0.7 to 20 
µg L− 1 in water bodies close to a coal mine or intensive agriculture 
(Campaner et al., 2014; CETESB, 2018). 

Although the most part of studies and regulations deal with the 
isolated contaminants, in the environment the organisms are exposed to 
different combinations of stressors (Kortenkamp and Faust, 2018). 
When there are interactions between them, the combination results in 
more (synergism) or less (antagonism) damage than the isolated com
pounds to the organisms (Backhaus et al., 2004; Martin et al., 2018). 
These interactions can be calculated using the concentration addition 
(CA) or independent action (IA) model, considering the effects of each 
contaminant isolated, assuming non-interaction between them (Barata 
et al., 2006; Gopalapillai and Hale, 2015). However, the interactions of 
the stressors in the mixtures and their relation to biotic and abiotic 
factors are not fully understood, making predictions difficult and 
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generalizations very tricky. 
Ecotoxicological studies use several groups of organisms (e.g., alga, 

zooplankton, fish) as models to assess the effects of contaminants at 
different trophic levels and in different environments to predict the risks 
of exposure to the pollutants of interest (e.g., Faria et al., 2020; Gebara 
et al., 2021, 2023). For freshwater environments, some well-established 
and standardized test organisms are the cladocerans Daphnia magna and 
Ceriodaphnia dubia in temperate zones (ISO, 2008; OECD, 2012), and 
Ceriodaphnia silvestrii in Brazil (ABNT, 2016, 2017). Notwithstanding, 
freshwater copepods play a role of high ecological significance, being 
sensitive, which justifies their use in ecotoxicological tests (Brown et al., 
2005). In addition, they are an energy transfer link in the trophic chain; 
however, their use in ecotoxicology is scarcer when compared to marine 
copepods or other freshwater organisms, such as cladocerans (Willis, 
1999; Kulkarni et al., 2013). Brown et al. (2005) and Kulkarni et al. 
(2013) highlighted the absence of protocols for ecotoxicological tests 
involving freshwater copepods, which have not yet been established. On 
the other hand, there have been reports recommending the use of the 
marine copepod Acartia tonsa in ecotoxicology evaluations since the 
1970s, and the standards set by international regulatory agencies are 
related to cultivation and tests involving species of Calanoida and 
Harpacticoida copepods from temperate zones (UK EPA, 2007; OECD, 
2011, 2014). The use of copepod species from different aquatic systems 
is increasing in the last years to assess their response to different 
chemicals; however, there are still many questions to be answered, in 
particular regarding (i) the toxicity routes of contaminants, i.e., via 
water or food intake (Bielmyer et al., 2006) and (ii) the processes 
involved in the internalization of metals by the copepods from water, i. 
e., some authors argue that the entry of metals occur via the body sur
face (Gutierrez et al., 2010), while others by oral route (Kadiene et al., 
2019). 

Recent studies indicate the high sensitivity of the freshwater 
Neotropical Calanoida Copepoda Notodiaptomus iheringi to different 
combinations of contaminants – pesticides (fipronil and 2,4-Dichloro
phenoxyacetic acid – 2,4-D) and the mixture Cd-fipronil. While syner
gism was observed in the mixture of pesticides (Lopes et al., 2023), 
antagonism was the main response in the combination of metal-pesticide 
(Rocha et al., 2023). These studies reinforce the need for more studies 
with this species exposed to different combinations of contaminants to 
understand better its ecology and response to the stressors. The current 
study evaluated the toxicity of environmental concentrations of Cu and 
Cd, isolated and in the mixture, in acute and sub-chronic tests, on the 
survival, morphology, and reproduction of N. iheringi. This species is 
widely distributed in the Southern Hemisphere, and it is found from 
latitudes 5◦S to 25◦S, being a dominant and representative species in 
several Brazilian freshwater environments, especially in São Paulo state 
(Matsumura-Tundisi and Tundisi, 2003). In addition, we constructed 
species sensitivity distribution (SSD) curves to compare the sensitivity of 
this species with other species used in ecotoxicology tests, including 
Brazilian native species. 

2. Material and methods 

The copepods Notodiaptomus iheringi were collected, acclimated to 
laboratory conditions (25 ± 2 ◦C, photoperiod of 12:12 h light:dark, 
ASTM water - hardness 40–48 mg CaCO3 L− 1; pH 7–7.6; conductivity: 
~160 μS cm− 1) (ABNT, 2017) for at least six months, and cultured as 
described in Rocha et al. (2023). Briefly, the organisms were collected in 
a reservoir (Lobo Dam) located in São Paulo state, Brazil, and acclimated 
gradually to laboratory conditions (≈ one month of acclimation and five 
months of maintenance) before being used in tests. The water was totally 
renewed three times per week, and the organisms were fed with vitamin 
complex Sera Fishtamin (Sera, Germany) and the freshwater microalga 
Raphidocelis subcapitata. The age of organisms was known, and tests 
were performed with adult organisms ≥ 20 ≤ 30 days old, with an equal 
amount of males and females (i.e., 1:1 ratio). Monthly, the sensitivity of 

the organisms was checked with NaCl as a reference substance to ensure 
the health of cultures and the reliability of the tests. 

Copper and Cd solutions were made by serial dilutions of CuCl2 
Titrisol 1000 mg L− 1 (Merck) and CdCl2 Titrisol 1000 mg L− 1 (Merck), 
respectively, in ultrapure water (Barnstead Easy Pure II, Thermo Sci
entific, Dubuque, IA, USA). The metals were added in ASTM water 24 h 
before the exposure of the organisms to the contaminants, to allow the 
equilibrium between the metals and the medium. Before the transfer of 
the animals, 15 mL samples from the medium with Cu and / or Cd were 
taken, acidified with 1% HNO3, kept cold (4 ºC) and measured by 
inductively coupled plasma – optical emission spectrometry (Thermo 
ICP-OES, iCAP 7000; Thermo Fischer Scientific, Madison, WI, EUA), and 
quantified using 324.75 nm (Cu) and 228.80 nm (Cd) emission lines. The 
limits of quantification (LOQ) were 0.05 and 0.01 mg L− 1, while the 
limits of detection (LOD) were 0.004 and 0.00006 mg L− 1 for Cu and Cd, 
respectively. 

For the acute toxicity tests, the animals were exposed for 48 h, 
without food supply, to the following treatments: Control (C, no Cu or 
Cd); 10 (Cu1); 15 (Cu2); 20 (Cu3); 25 (Cu4) and 30 µg Cu L− 1 (Cu5); 
1.25 (Cd1); 2.5 (Cd2); 5 (Cd3); 10 (Cd4) and 15 µg Cd L− 1 (Cd5); and to 
the mixtures: Cu1Cd1 (M1); Cu3Cd1 (M2); Cu5Cd1 (M3); Cu1Cd2 (M4); 
Cu3Cd2 (M5) and Cu5Cd2 (M6). These concentrations were defined 
after preliminary tests with isolated metals (3 tests for each metal). Each 
treatment had 20 organisms, divided in five replicates with four adults 
(two females without eggs and two males) each. The organisms were 
placed in 50 mL polypropylene flasks with 40 mL of medium, and the 
mortality was the endpoint evaluated. In addition, we observed the 
production of eggs and the morphology of the organisms. In the present 
study, the term “aborted eggs” refers to the eggs that were expelled from 
the females before the eclosion, while non-viable eggs are black or white 
eggs, which is not the normal feature. “Impairment features” refers to 
protuberance/swelling that is not observed in the organisms in normal 
conditions. Initial pH (7.5–7.7), dissolved oxygen (7.3–7.5 mg L− 1), 
water hardness (48 mg CaCO3 L− 1), and electric conductivity (159–164 
µS cm− 1) were similar in the treatments. 

For the sub-chronic toxicity tests, we assessed the effects of LC10–48 h 
of Cu (16 µg L− 1), LC10–48 h of Cd (4.0 µg L− 1), the mixture of these 
LC10–48 h and the control during 8 days. As in our previous study (Rocha 
et al., 2023), we followed 20 couples per treatment, with one male and 
one female per replicate. The animals were fed every 48 h with 
R. subcapitata (106 cells mL− 1) and the test cultures were renewed every 
96 h. Daily, we assessed the morphology of the organisms, the amount of 
eggs (produced and expelled) and nauplii, then expelled eggs and 
nauplii were removed. We did not continue following replicates where it 
was observed dead male and female without spermatophore or eggs. 

The data of the acute and sub-chronic tests were tested for normality 
and homogeneity of variance. One-way ANOVA and Dunnett’s post-hoc 
test were applied, with α = 0.05 (Minitab 17). The lethal concentration 
of Cu and Cd to 50% of copepods (LC50–48 h) were calculated using a 
sigmoidal three parameters logistic curve (SigmaPlot 11, Systat). The 
obtained parameters for each metal (Cu and Cd) were used to estimate 
the predicted effects of concentration addition (CA) and independent 
action (IA) models in the MixTox tool, where the deviations synergism/ 
antagonism (S/A), dose-ratio dependent (DR) and dose-level response 
(DL) were also used to define the best fit for the data (Jonker et al., 
2005). 

Species sensitivity distribution (SSD) curves were plotted with log- 
normal values of Effective/Inhibitory/Lethal concentrations to 50% of 
the organisms (EC50/IC50/LC50) toxicity data for Cu or Cd compiled 
from the USEPA ECOTOX database (http:// cfpub. epa. gov/ ecotox/). 
SSD curves were constructed using ETX 2.0 software (Van Vlaardigen 
et al., 2004) assuming a 5% log normality according to the 
Anderson-Darling test. In addition, we calculated the hazardous con
centrations for 5 (HC5) and 50% (HC50) of the species (Aldenberg and 
Jaworska, 2000). 
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3. Results and discussion 

After 48 h exposure, the physico-chemical properties of the culture 
medium were not affected significantly, with final pH ≈ 7.5–7.6, and the 
final dissolved oxygen ≈ 7.4–7.6 mg L− 1. The toxicity data from isolated 
metals indicate that LC50–48 h for Cu was 27.7 µg L− 1 (Fig. 1A), while for 
Cd was 8.0 µg L− 1 (Fig. 1B). These data are in the range of these metals’ 
toxicity to other freshwater zooplankton, where the toxicity for Cu can 
range from 10 to 103 µg L− 1 and for Cd from 2 to 50 µg L− 1 in the 
daphnids Daphnia magna and Ceriodaphnia dubia, which are considered 
model species for ecotoxicity tests (Barata et al., 2006; Cooper et al., 
2009; Meyer et al., 2015a; Clément et al., 2022). At the end of the acute 
exposure, it was possible to observe females with eggs or spermato
phores in all treatments. Aborted eggs were found in the Cu3, Cd1, Cd2, 
Cd4, Cd5, M1 and M2 treatments. Impairment features were found in 
Cu5, M3, and M6 treatments. Since the concentration of Cu was the same 
in these three treatments, the morphological changes were most likely 
caused by Cu. The same impairments were observed by Lopes et al. 
(2023) evaluating the impacts of the pesticides 2,4-D and fipronil, iso
lated and combined, to the same species, suggesting that this species is 
sensitive to metals and pesticides. 

According to SSD curves (Fig. 2) constructed based on literature data 
(Tables S1 and S2, Supplementary material), it is possible to observe that 
Notodiaptomus iheringi was the Brazilian native species most sensitive to 
Cu and the second most sensitive to Cd, being less sensitive than the 
cladoceran Simocephalus serrulatus. The mean values and 95% confi
dence intervals for HC5 and HC50 calculated for Cu were, respectively, 
4.9 (1.3–12.6) µg L− 1 and 180 (110− 380) µg L− 1. For Cd, the calculated 
HC5 and HC50 values were, respectively, 2.4 (0.53–7.31) µg L− 1 and 220 
(100− 530) µg L− 1. The results indicate that Notodiaptomus iheringi 
would be potentially protected for both metals regarding the HC5; 
however, they would not be potentially protected for any of the metals 
regarding HC50. According to the limit levels established in Brazilian 
legislation for Cu (9 µg L− 1, Brazil, 2005) and for Cd (1 µg L− 1, Brazil, 
2005), the recommendations would protect 50% of species according to 
HC50 for both metals, but not the 5% (HC5) in the case of Cu. N. iheringi is 
a sensitive species to different contaminants (Lopes et al., 2023; Rocha 
et al., 2023), and it would be potentially protected for both metals in 
environments with concentrations below the recommended regulations. 

The data obtained for the metal mixture using MixTox are shown in  
Table 1. Both models CA and IA were validated, and it was possible to 
calculate all of the deviations from the CA model, i.e., S/A, DR, and DL. 
For the IA model, the S/A deviation was not significant, and it was not 
possible to calculate the DR and the DL deviations. For the CA model 

(Table 1), the sum of squared residuals (SS) was 31.39 (p < 0.05; r2 =

0.74). After adding the “a” parameter in the S/A deviation, the SS value 
decreased to 14.96 (p < 0.05; r2 = 0.87), and it was the best deviation 
for CA. In DR deviation, parameters “a” and “bDR” were added, and the 
SS was 14.95 (p < 0.05; r2 = 0.87), and in DL deviation, the SS was 
17.43 (p < 0.05; r2 = 0.85). Thus, based on lower p-value followed by 
lower residuals, the CA model was the best fit to our data, and the S/A 
deviation was the best fit to the model, indicating antagonism (a > 0) in 
the mixtures. In the DL deviation, it is possible to observe synergism at 
low doses and antagonism at high doses (a < 0), and this change 
occurred in doses lower than LC50 (bDL > 1). Data obtained for S/A from 
the CA model are presented in the isobologram (Fig. 3). 

The prediction of metallic mixtures toxicity to aquatic organisms is 
still challenging (Clément et al., 2022) and there is no universal pattern 
in the responses, even when using models to predict the interactions 
(Farley et al., 2015; Meyer et al., 2015b). Some complicating factors in 
estimating the metallic mixtures’ effects in aquatic systems are related 
with the essentiality of some metals, their bioavailability and metals 
speciation (Van Genderen et al., 2015; Väänänen et al., 2018), which 
can change according to several characteristics, such as temperature, 
pH, water hardness, amount and quality of organic matter. Cooper et al. 
(2009) observed antagonism, synergism and additivity effects on two 
freshwater cladocerans exposed to Cu, Pb and Zn, and the responses 
were related to the metal combination, being different between species. 
Naddy et al. (2015) observed synergism and antagonism on a cladoceran 
exposed to the mixture of Cu, Cd and Zn, and the different responses 
were related to the water hardness. In a study with a tropical Ostracoda 
(Strandesia trispinosa), Lima et al. (2023) observed different responses of 
antagonism and synergism in mixtures of Cu and mercury or Cu and 
manganese, depending on the concentration of each metal. Reviews of 
metallic mixtures indicate that antagonism can range from 43% to 51%, 
while synergism occurs in ≈ 28%, and additivity in ≈ 22–27% (Nor
wood et al., 2003; Vijver et al., 2011; Cedergreen, 2014), and a severe 
synergism response in metallic mixtures is rare (Cedergreen, 2014). 

In binary Cu-Cd mixtures, the less-than-addictive toxicity can be due 
to metal competition for the ligand sites (Franklin et al., 2002; Meyer 
et al., 2015a). Barata et al. (2006) concluded that mixtures of Cd and Cu 
were always less than additive in D. magna. Although, for Clément et al. 
(2022), the change on the Cu:Cd ratio impacts the response of metal 
interaction in daphnids. Antagonism was observed in Cd-rich mixtures 
and synergism in Cu-rich mixtures. Similar responses were observed by 
Jonker et al. (2004), where the increase of Cd decreases the toxicity, 
while the increase of Cu increases the toxicity on Caenorhabditis elegans. 
The results from Lima et al. (2023) in Cu-Cd mixtures to the Ostracoda 

Fig. 1. Percentage of Notodiaptomus iheringi adults surviving after 48 h exposure to copper (A) and Cd (B). C indicates control. Error bars indicate standard deviation. 
* indicates values significantly different from control (p < 0.05; One-Way Anova, Dunnett post-test). 
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Fig. 2. Species sensitivity distribution (SSD) based on EC/LC/IC50 values (mg metal L− 1) of aquatic organisms – obtained from scientific literature, exposed to 
copper (Cu; upper panel) and cadmium (Cd; lower panel). Data from the present study (Notodiaptomus iheringi) are in bold. 

G.S. Rocha et al.                                                                                                                                                                                                                                



Environmental Toxicology and Pharmacology 105 (2024) 104326

5

Strandesia trispinosa were similar to ours, where the concentration 
addition with antagonistic deviation best explained the data. In our 
study, the Cu:Cd ratio ranged from 4 (M4) to 24 (M3) and antagonism 
was observed, which does not corroborate the previous studies where 
the higher Cu:Cd ratio resulted in synergism; indicating that the re
sponses to Cu-Cd mixtures can be species-specific. 

In some situations, one metal can protect the organisms from the 
toxicity of other contaminants or contributes to their toxicity, such as 
the case of Zn and Ni protecting D. magna from Cd toxicity at interme
diate concentrations, but increasing its toxicity at higher concentrations 
(Pérez and Hoang, 2017, 2018). Rocha et al. (2023) suggested that Cd 
has a protective effect in combination with fipronil, decreasing the ef
fects of the pesticide in N. iheringi in all combinations tested. In the 
present study, our data confirm the same behavior of Cd protection in 
the combination with Cu, although it is interesting to highlight that 
synergism occurred in the mixture of Cd with Cu3 (M2 and M5) and 
antagonism was observed in the other treatments. While in combination 
with fipronil the protection of Cd occurs in all combinations, in the 
present study, this protection was stronger in a higher concentration of 
Cd, which can indicate a concentration-dependent response in the 
presence of two contaminants with most likely the same mode of action. 
Based on our data, we suggest that Cd is the main factor driving the 
antagonism in mixtures. 

Survival of organisms during the sub-chronic tests was not signifi
cantly different between treatments (data not shown). In control, all 
organisms survived, while in the treatments with the contaminants, the 
average survival was 85–90%. However, significant differences were 
observed in the reproduction of organisms (Fig. 4). Control females had 
an average production of 6 eggs/female with a proportion of abortion or 
non-viable eggs of 20%. Copper-exposed organisms produced more eggs 
(13.3 eggs/female) but with an abortion/non-viable eggs rate of 81%. 

The animals exposed to Cd had an average egg production close to that 
of the control (6.4 eggs/female) but with an abortion/non-viable eggs 
rate of 67%. The animals exposed to the mixture of metals showed a 
higher egg production than the control (9.9 eggs/female) but also with a 
high rate of abortion/non-viable eggs (75%). The non-viable eggs were 
usually totally white; however, we could observe black and white or 
smaller black eggs in smaller proportions. In some organisms, we could 
also observe the presence of empty egg sacs, i.e., there was the formation 
of egg sacs indicating that copulation occurred, but the sacs were 
without eggs. Our data suggest that the greater production of eggs in the 
treatments is a detoxification pathway for eliminating metals since the 
eggs produced were expelled, and the hatching of nauplii was lower than 
that observed in control. We did not observe nauplii with morphological 
changes or with altered behavior, such as erratic or slower movements. 

The impairment in reproduction of freshwater invertebrates due to 
Cu and Cd exposure are reported in the literature (Barata and Baird, 
2000; Rodgher et al., 2008; Souza et al., 2014), and the effects of Cd in 
the embryonic development was demonstrated (Pérez and Hoang, 
2017). Our data for Cd exposure differ from those by Barata and Baird 
(2000), where the authors did not observe reductions in egg survival of 
D. magna exposed to Cd. According to Hook and Fisher (2001a) the 
vitellogenesis seems to be altered in copepods exposed to metals, 
resulting in lower production of eggs. Unfortunately, we were not able to 
measure the amount of metals in the eggs; however, the higher pro
duction of eggs can be a detoxification mechanism in N. iheringi, espe
cially under Cu exposure. In the presence of metals, the animals 
produced a higher quantity of eggs, most of them not viable. The amount 
of viable eggs was significantly lower in the organisms under metal 
exposures compared to control; however, the amount of viable eggs 
produced was similar under Cu, Cd and CuCd exposures. Hook and 
Fisher (2001a) (2001b) observed decreased egg production and hatch
ing rates exposing the marine copepods Acartia tonsa and A. hudsonica to 
dissolved Cd, silver and mercury; with no significant difference in per
centage of hatched eggs under dissolved Cd or silver exposure. However, 
these authors observed significant decrease in hatching rate when the 
organisms were exposed to algae contaminated with these metals (tro
phic transfer). 

4. Conclusion 

Our data indicate that Notodiaptomus iheringi is a sensitive organism 
to metal contamination. The organisms were affected by environmental 
concentrations of Cu and Cd, isolated and in mixture, in acute or sub- 
chronic exposures. In acute tests, it was observed morphological 
changes in the organisms exposed to the contaminants, isolated or in 
mixture, and antagonism was observed in the metallic mixture. The 
impairments were caused by the highest Cu concentration evaluated, 
while Cd looks like to be the responsible for the antagonism. In the sub- 
chronic experiments, the reproduction of organisms was impaired under 
Cu, Cd or CuCd exposures, with higher amount of eggs produced in Cu 
and CuCd, and with higher rates of abortion/non-viable eggs in all 
treatments compared to control. We recommend more studies using this 
species, especially with regards to the production of reactive oxygen 
species and oxidative stress, which can provide a better understanding of 
the effects of the metals in the copepods. 
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Table 1 
Data from the reference concentration addition model (CA) applied to the sur
vival of Notodiaptomus iheringi (Copepoda) exposed to 48 h to the contaminants 
copper (Cu), cadmium (Cd), and their mixtures. These data were obtained using 
the MixTox tool. Max = maximum response value, β = slope response of isolated 
compounds, LC50 = median lethal concentration; a and bDR/DL = function pa
rameters; SS = sum of the squared residuals; r2 = regression coefficient; χ2 or F 
test = statistical test; df = degrees of freedom; p (χ2/F) = level of significance of 
statistical test; S/A = synergism/antagonism deviation; DR = dose ratio- 
dependent deviation; DL = dose level-dependent deviation.   

CA S/A DR DL 

Max 0.98 0.98 0.98 0.98 
βCu 2.94 6.12 6.23 7.60 
βCd 2.12 2.13 2.15 2.42 
LC50 Cu 36.14 25.97 25.96 26.21 
LC50 Cd 10.09 8.28 8.28 8.67 
a - 2.00 2.81 -0.01 
bDR/DL - - -1.18 123.46 
SS 31.39 14.96 14.95 17.43 
r2 0.74 0.87 0.87 0.85 
χ2 or F test 87.44 16.44 16.45 13.97 
Df - 1 2 2 
p (χ2/F) 4.58×10− 18 5.02£10¡5 2.68×10− 4 9.25×10− 4 

*Interpretation of parameters of CA model based in Jonker et al. (2005) 
S/A: a > 0 = antagonism; a < 0 =synergism. 
DR: a > 0 = Antagonism. Excluding mixture ratios where a significant negative 
b value indicates synergism; a < 0 = Synergism. Excluding mixture ratios where 
a significant positive b value indicates antagonism; bDR > 0 = Antagonism. The 
toxicity of the mixture is caused mainly by toxicant i; bDR < 0 = Synergism. The 
toxicity of the mixture is caused mainly by toxicant i. 
DL: a > 0 = Antagonism at low dose level; synergism at high dose level; a 
< 0 = Synergism at low dose level; antagonism at high dose level; bDL 
> 1 = Change occurs at lower dose level than EC50; bDL = 1, The change occurs 
at EC50; 0<bDL < 1, The change occurs at higher dose level than EC50; bDL< 0, 
No change, but the magnitude of synergism/antagonism is effect level 
dependent. 
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Fig. 3. Mixture data from Notodiaptomus iheringi exposed to copper (Cu) and cadmium (Cd) mixtures for 48 h. The isobologram represents the concentration addition 
model with antagonistic deviation, represented by the convex shapes. Numbers along the shapes represent the modeled mortality ratios of copepods by the devi
ation model. 

Fig. 4. Mean produced (black bars) and aborted/non-viable eggs (gray bars) by females of Notodiaptomus iheringi during the sub-chronic test (8 days). C (control), Cu 
(copper), Cd (cadmium), CuCd (copper and cadmium in mixture). Error bars indicate standard deviation. * indicates values significantly different from control 
(p < 0.05; One-Way Anova, Dunnett post-test). 
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