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Abstract 15 

In aquatic ecosystems, mixtures of chemical and natural stressors can occur which may significantly complicate risk 16 

assessment approaches. Here, we show that effects of binary combinations of four different insecticides and 17 

Microcystis aeruginosa, a toxic cyanobacteria, on Daphnia pulex exhibited distinct interaction patterns.  18 

Combinations with chlorpyrifos and tetradifon caused non-interactive effects, tebufenpyrad caused an antagonistic 19 

interaction and fenoyxcarb yielded patterns that depended on the reference model used (i.e. synergistic with 20 

independent action, additive with concentration addition). Our results demonstrate that interactive effects cannot 21 

be generalised across different insecticides, not even for those targeting the same biological pathway (i.e. 22 

tebufenpyrad and tetradifon both target oxidative phosphorylation). Also, the concentration addition reference 23 

model provided conservative predictions of effects in all investigated combinations for risk assessment. These 24 

predictions could, in absence of a full mechanistic understanding, provide a meaningful solution for managing 25 

water quality in systems impacted by both insecticides and cyanobacterial blooms. 26 

 27 
Capsule: Interactive effects between insecticides and cyanobacterial stressors cannot be generalized, not even for  28 
insecticides with closely related known modes of action. 29 
 30 
Key words: mixture toxicity, insecticides, Microcystis aeruginosa, Daphnia 31 
  32 
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Introduction 33 

In aquatic ecosystems, organisms are commonly exposed to mixtures of both natural and chemical stressors, 34 

resulting in potentially complex combined and interactive effects of natural and chemical stressors (Moe et al., 35 

2013). This may significantly complicate risk assessment approaches of chemicals (Moe et al., 2013), which are 36 

currently still primarily focussed on a chemical-by-chemical basis (Landis et al., 2012; van Gestel et al, 2010). 37 

Consequently, there is a need for additional knowledge concerning these interactive effects to improve current 38 

risks assessment practices. Indeed, without taking interactive effects into consideration, predicted effects based on 39 

single substance datasets may over- or underestimate the effects actually occurring in the environment (Moe et al., 40 

2013; van Gestel et al., 2010).   41 

Interactive effects may pose a significant threat to aquatic ecosystems as Holmstrup et al. (2010) currently reported 42 

synergistic interaction in over 50% of the 150 studies they reviewed focussing on interactive effects between 43 

chemical and natural stressors. However, the majority of these studies focussed on interactive effects of chemicals 44 

with abiotic stressors such as heat and oxygen depletion. Although some studies were identified that focussed on 45 

mixtures of chemicals and pathogens or parasites, Holmstrup et al. (2010) did not list any study relating to mixtures 46 

of chemicals and biotic stressors. The same conclusion can be drawn from the review by Laskowski et al. (2010), 47 

who listed only combinations of chemicals with abiotic natural stressors.  48 

Of particular concern to zooplankton are cyanobacteria as they can outcompete other algae that normally serve as 49 

a food source to zooplankton (Moe et al., 2013: case study No.1 and Figure 2A). To date, five studies have 50 

investigated interactive effects of cyanobacteria and chemical stressors on zooplankton, mainly focussed on 51 

Daphnia as it is an extensively used model organism in risk assessment (OECD, 1998). Asselman et al. (2013), Cerbin 52 

et al. (2010) and Daam et al. (2011) studied interactive effects of cyanobacteria and pesticides. Bernatowicz and 53 

Pijanowska (2011) on the other hand studied interactive effects of cyanobacteria and PCBs while De Coninck et al. 54 

(2013) studied combinations of cyanobacteria and cadmium. Cerbin et al. (2010) and Daam et al. (2011) observed 55 

synergistic effects while Asselman et al. (2013) observed primarily antagonistic effects. Bernatowicz and Pijanowska 56 

(2011) observed interactive effects that differed depending on the genotype of Daphnia while De Coninck et al. 57 

(2013) did not on average observe interactive effects for the different genotypes studied.  Despite this relatively 58 
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small amount of available studies and although methods and reference models vary, a complex pattern of 59 

interactive effects between cyanobacteria and chemicals is emerging and therefore this requires further study with 60 

a consistent set of reference models. 61 

Here, we will specifically focus on the combined effects of insecticides and cyanobacteria. Indeed, these interactive 62 

effects are of particular concern for aquatic ecosystems, as cyanobacteria often proliferate under conditions 63 

favouring eutrophication, which are conditions often also associated with pesticide pollution (Moe et al., 2013; 64 

Daam et al., 2011).  In addition, Moe et al. (2013) noted that pesticides may affect zooplankton leading to a 65 

decreased grazing pressure and  as a result a potential increase in phytoplankton density, including cyanobacteria. 66 

Furthermore, Cerbin et al. (2010) observed synergistic effects for combination of Microcystis aeruginosa and 67 

carbaryl whereas Asselman et al. (2013) observed non-interactive and antagonistic effects for combinations of 68 

carbaryl with 4 species of cyanobacteria (Aphanizomenon sp., Cylindrospermopsis raciborskii, Microcystis 69 

aeruginosa and Oscillatoria sp) albeit on different endpoints. As these studies have focused solely on the 70 

insecticide carbaryl, it is difficult to generalize these results to other insecticides. 71 

Thus, the first goal was to study the interactive effects between insecticides and cyanobacteria by focusing on a 72 

broader range of insecticides with different molecular targets and to investigate to what extent results can be 73 

extrapolated across other molecular targets of other chemicals. We combined these insecticides with Microcystis 74 

aeruginosa, one of the most common and most toxic cyanobacteria in eutrophic freshwater ecosystems 75 

(Carmichael, 1995). This small circular, bloom-forming cyanobacterium is well-known to produce several toxins 76 

such as microcystins (van Apeldoorn et al., 2007). The effects of M. aeruginosa on the aquatic system and Daphnia 77 

species in particular have been extensively studied (Asselman et al., 2012; Lürling, 2003; Rohrlack et al., 1999). Yet, 78 

the exact mechanisms through which M. aeruginosa affects zooplankton species remain unclear. Three  different 79 

factors have been put forward in literature: the production of toxins, the presence of feeding deterrents and the 80 

lack of essential nutrients compared to green algae (DeMott et al., 2001; Lürling, 2003).    81 

We exposed Daphnia pulex for 21 days to binary combinations of M. aeruginosa and four insecticides. We 82 

specifically selected chlorpyrifos, fenoxycarb, tebufenpyrad and tetradifon as these insecticides span a wide range 83 
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of molecular targets (IRAC, 2009) to study whether interactive effects occur across molecular targets. Chlorpyrifos, 84 

an organophosphate, was specifically selected as it inhibits acetylcholine esterase and its molecular target is 85 

therefore similar to carbaryl , which is a carbamate also inhibiting acetylcholine esterase (IRAC, 2009), although the 86 

exact molecular mechanism of the inhibition is not completely identical. In particular, the formation of the enzyme 87 

inhibiting complex between the insecticide and acetylcholine esterase is identical for both chlorpyifos and carbaryl 88 

(Fukuto, 1990). However, the recovery half-life of the enzyme, i.e. regeneration of the enzyme, is much smaller for 89 

carbaryl than for chlorpyrifos (Fukuto, 1990). In contrast, fenoxycarb, is a juvenile hormone mimic and intereferes 90 

with cellular processes involving juvenile hormones (IRAC, 2009). The other two insecticides, tebufenpyrad and 91 

tetradifon both affect the oxidative phosphorylation albeit through different mechanisms (IRAC, 2009). 92 

Tebufenpyrad is a mitochondrial complex I electron transport inhibitor; while  tetradifon inhibits the ATP-synthase 93 

(IRAC, 2009). 94 

 95 

Also, it has been shown that toxicants, affecting the same biological pathways or processes, while not interacting 96 

with the same molecular target, can cause interactive effects on the exposed organism (Deneer, 2000; Van Gestel 97 

et al., 2011). The second goal of this research was to add knowledge concerning the interactive effects of mixtures, 98 

with the a priori knowledge about the molecular targets of the insecticides allowing us to formulate hypotheses 99 

about the occurrence of interactive effects between these stressors. In doing so, we expected to gain knowledge 100 

about the importance of molecular targets and shared common pathways in interactive effects. 101 

Given the four studied insecticides, we can put forward three distinct hypothesis. Chlorpyrifos is very similar to 102 

carbaryl so we hypothesize that the interactive effects with M. aerugonisa would be similar, i.e. antagonistic 103 

(Asselman et al., 2013) and can be extrapolated from one insecticide to another. Fenoxycarb  does not have the 104 

same molecular target as carbaryl nor does it affect any of the biological pathways affected by M. aeruginosa and 105 

consequently no interactive effects were expected. In contrast, tebufenpyrad and tetradifon may potentially cause 106 

interactive effects when combined with M. aeruginosa as they all affect the oxidative phosphorylation pathway 107 

albeit through different molecular mechanisms (Asselman et al., 2012). Thus in summary, based on knowledge and 108 
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available literature concerning molecular targets and affected biological pathways, we hypothesize that 109 

antagonistic or non-interactive effects can be observed for chlorpyrifos and fenoxycarb  whereas synergistic effects 110 

can be observed for tetradifon and tebufenpyrad, when combined with M. aeruginosa. Even though the exact 111 

mechanism through which M. aeruginosa affects Daphnia is unknown, it is fair to assume the same mechanism will 112 

be operating across the four experiments with the four insecticides, as the same Daphnia clone will be used as well 113 

as the same concentration of M. aeruginosa. 114 

  115 

Material and Methods 116 

 Animals  117 

Animals originated from isolates obtained from the laboratory of JR Shaw (School of Public and Environmental 118 

Affairs, Bloomington, IN, USA; Shaw et al., 2007). Animals were grown in maintenance cultures synchronized in age. 119 

Cultures were maintained in no nitrogen, no phosphorous COMBO medium (Shaw et al., 2007, Kilham et al., 1998) 120 

under constant environmental conditions (20 ±1 °C, 16:8 light-dark; light intensity: 14 µmol photon m-² s-1). Food 121 

consisted of a mixture of green algae, i.e. Pseudokirchneriella subcapitata and Chlamydomonas reinhardtii, in a 3 to 122 

1 cell number ratio with a final daily feeding concentration of 2 mg dry weight/L. Maintenance cultures produced 123 

neonates (<24 h old) that were used in all the experiments. 124 

Cyanobacteria 125 

Microcystis aeruginosa strain (PCC7806) was obtained from the Pasteur Culture Collection of Cyanobacteria 126 

(Institut Pasteur, Paris, France). Prior to use in experiments, M. aeruginosa was grown in batch in a referenced 127 

medium (Institut Pasteur; Stanier et al., 1971) at 20±1°C under constant light intensity (14 µmol photon m-² s-1) 128 

with gentle aeration. After ten days, the cells were harvested, centrifuged to remove excess medium and counted 129 

under a light microscope as well as an automated Coulter Counter. In addition, the dry cell weight was determined.  130 

Chemical Stock Solutions 131 
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All insecticides were obtained from Sigma-Aldrich (Bornem, Belgium) in pure powder form, analytical grade (i.e. 132 

purity ≥99%). Due to low water solubility of the compounds, stock solutions were made by dissolving the 133 

insecticides in pure ethanol (analytical grade, Sigma-Aldrich, Bornem, Belgium) . 134 

Chronic Toxicity Experiments 135 

The experimental design in the chronic toxicity experiments was identical to Asselman et al. (2013). Briefly, the 136 

central composite design was used with the addition of five points for each of the two single stressors (Fig. 1A-D). 137 

This allowed simultaneous evaluation of the effects of the individual stressors and the mixtures as recommended 138 

by De Laender et al (2009).  Furthermore, the central composite design (Fig. S1) has been identified as one of the 139 

better designs to evaluate mixture toxicity with the currently available models (Jonker et al., 2005). Each 140 

designpoint was replicated three times, i.e. three daphnids per treatment. A solvent control was added to exclude 141 

potential effects of the solvent. Control and solvent control were replicated five times. Concentration ranges of the 142 

single treatments were determined based upon literature review and preliminary experiments with the single 143 

compounds. They were selected in such a manner to cover  the range of different EC50s (effect concentration 144 

causing a 50% decline in reproduction) reported in literature and observed in our preliminary experiments.    145 

The experiments were conducted in 25 mL glass vessels, containing a single neonate each, and lasted for 21 days. 146 

During the experiments, medium was renewed every two days. Animals were fed daily.  In treatments containing 147 

M. aeruginosa, animals were given M. aeruginosa as a percentage ranging from 5% to 80% of the diet (on a dry 148 

weight basis, i.e. 0.1 to 1.6 mg dry weight) depending on the treatment. Additional green algae were supplemented 149 

to each of these treatments. Therefore, each treatment always received  a total of 100% food per day based on dry 150 

weight per litre (i.e. 2 mg dry weight of food per liter per day).  151 
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According to the OECD protocol for chronic toxicity tests (OECD, 1998) with Daphnia, animals were monitored daily 152 

for survival and reproduction. Upon reproduction, neonates were counted and removed from the vessel. Samples 153 

for concentration analysis of the insecticides and pH measurements from both old and new media were taken 154 

when medium was renewed for each tested concentration. 155 

Chemical analysis 156 

All samples were stored in the dark at -20°C in glass tubes to prevent degradation until analysis with gas 157 

chromatography – mass spectrometry (GC-MS: Trace GC 2000 series, Thermoquest; Polaris, 158 

Finnigan/Thermoquest). For all insecticides, an apolar SLBTM-5ms column (Supelco, Sigma-Aldrich) was used.  159 

Extraction and elution were performed by Solid Phase Extraction according to the manufacturer’s application notes 160 

(Waters and Phenomenex). Finally, the insecticide was eluted with tert-methyl-butyl-ether (Sigma Aldrich, purity ≥ 161 

99.9%). During the procedure, recipients and glassware were rinsed with tert-methyl-butyl-ether to make sure no 162 

insecticides were retained on the glass or column wall. For each insecticide, a separate internal standard was used 163 

to control and correct for extraction losses during the extraction and elution procedures. The internal standard was 164 

chlorpyrifos-d10 (40 µg/L), propoxur (100 µg/L), propoxur (100 µg/L) and fention (150 µg/L) for chlorpyrifos, 165 

fenoxycarb, tebufenpyrad and tetradifon respectively. The internal standards for To control for the injection itself, 166 

a recovery standard was added after the solid phase extraction. This standard was the same for all insecticides. For 167 

each solid phase extraction, a blank (no insecticide) and a spike (a given concentration of insecticide added to 168 

control medium from a certified solution) were added to the analysis . Quality criteria for blank and spike were 169 

respectively no detection of the insecticide and more than 90% detection of the added amount of insecticide, 170 

respectively. Across all insecticides, recovery of the spike was always between 90 and115%. Based on OECD 171 

guideline 211 (OECD, 1998), the time weighted means of measured insecticide concentrations was used for all 172 

further data analysis. All subsequent figures and tables therefore use time weighted means of measured insecticide 173 

concentrations and not nominal concentrations. 174 

Data analysis 175 
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The chosen response variable to determine mixture toxicity was total number of offspring per surviving female at 176 

the end of the experiment. Females that did not survive were excluded from the analysis. In tebufenpyrad and 177 

tetradifon treatments, animals in the highest concentration, 25 µg/L and 40 µg/L respectively, all died within the 178 

first week. Therefore, these concentrations were not taken into account in data analysis or in the concentration 179 

measurements . First, results from control treatments and solvent control treatments were analysed and compared 180 

to exclude solvent effects. Comparison was done using a t-test after verifying assumptions of normality and 181 

homoscedasticity by the Shapiro-Wilk test (Royston, 1982) and Levene test (Fox, 2008), respectively. 182 

The analysis of the binary mixture experiments was conducted according to the R-code from Asselman et al. (2013) 183 

(R Development Core Team, 2008). This code evaluates mixture toxicity experiments with both the concentration 184 

addition and the independent action reference models based on Jonker et al. (2005). It uses the log logistic dose 185 

response function (eq. 1) and subsequent derived equations for both concentration addition (eq. 2) and 186 

independent action (eq. 3) reference model as described by Jonker et al. (2005) and listed in the R-code provided 187 

by Asselman et al. (2013), which is accessible through their supplementary information 188 

(http://onlinelibrary.wiley.com/doi/10.1002/etc.2296/suppinfo).  189 

The log-logistic response function is defined as follows: 190 

     
 

   
 

   
  

    (eq. 1) 191 

In which y is the response variable (total reproduction), k is the value of the response variable at x=0,  x is the 192 

concentration of the insecticide or the % of M. aeruginosa in the diet, s is the slope parameter and x50 is the 193 

concentration of the insecticide or the % of M. aeruginosa in the diet resulting in a decline of the response variable 194 

of 50% compared to k (Jonker et al., 2005). 195 

In a mixture,  under the concentration addition reference model , the sum of the toxic units is assumed to equal 1 196 

in case of no interaction and this is expressed as follows: 197 

 198 

  

  
     

 
  

  
     

         (eq. 2) 199 

http://onlinelibrary.wiley.com/doi/10.1002/etc.2296/suppinfo
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Here, indexes 1 and 2 denote stressors 1 and 2 in the mixture and f
-1

 denotes the inverse of the response function 200 

as in eq. 1, x is the concentration of the stressors. G refers to the deviation function (see eq. 4, as defined in Jonker 201 

et al., 2005) and the value of G equals 0 under the hypothesis of no interaction.  202 

Under the independent action reference model, the response to stressor 1 is assumed to act independently from 203 

stressor 2 and this is mathematically expressed as follows: 204 

    (   [ (
 

   
  
    

   
) (

 

   
  
    

   
)]   ) (eq. 3) 205 

In which indexes 1 and 2 again denote stressor 1 and 2 in the mixture and ɸ refers to the cumulative standard 206 

normal distribution function.   All other parameters are identical to those in equations 1 and 2. 207 

The deviation function G is defined identically for both reference models and is as follows (Jonker et al., 2005):  208 

        (
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)  (eq. 4) 209 

In which a is the parameter that quantifies deviations from the reference model. All other parameters are identical 210 

to the ones in equations 1, 2 and 3 (From Jonker et al., 2005). The more positive the deviation parameter, the more 211 

antagonistic the mixture deviates from the reference model. The more negative the deviation parameter, the more 212 

synergistic the mixture deviates from the reference model. 213 

Briefly, we analysed the data in three steps. Step one fits the reference model (IA or CA) to the data from individual 214 

stressor treatments only and not from the mixture treatments (i.e. equation 2 or 3 in which G=0, because the 215 

parameter a is not included in this step and is therefore set to zero in equation 4, i.e. no interaction) . Step two 216 

then fits the reference model (IA or CA) to all the data from all individual and all mixture stressors treatments (i.e. 217 

equation 2 or 3 in which G=0 because the parameter a is not included in the model yet and is therefore set to zero 218 

in equation 4, i.e. still no interaction). In step three the reference model (IA or CA) is extended with the deviation 219 

parameter a to quantify deviations from non-interaction  (i.e. equation 2 or 3 in which G is not zero anymore  as the 220 

parameter a is added to the model based on equation 4).The significance of the addition of the deviation 221 

parameter to the reference model is statistically determined through an F-statistic (Asselman et al., 2013; Jonker et 222 

al., 2005). Alternatively the Akaike Information Criterion (AIC) can be used to give an indication of the best model 223 

fit although it is not a true statistical measure. To exclude the possibility that a single design point would affect 224 
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conclusions, models of steps two and three were subsequently fitted and analysed by each time leaving out one 225 

design point. No design point significantly influenced statistical conclusions as leaving one design point out did not 226 

alter the p-value (Table S1). 227 

 228 

Results  229 

Measured concentrations of insecticides are reported (Fig. 1A-D). In all experiments, effects of the solvent carrier 230 

were negligible as organisms in solvent controls reproduced comparably to organisms in controls (p=0.57) (Fig S2-231 

S5). Mortality in control treatments was less than 10% for all experiments (Fig. S2-S5). Across all experiments in all 232 

treatments, pH differed at most 0.25 units from control pH (COMBO medium pH=7.5). The effect concentration for 233 

the total reproduction per surviving female resulting in a 50% decline in of this total reproduction (EC50) was for all 234 

insecticides within the tested concentration range as can be seen from the single dose response data (Fig. S2-S5)  235 

and the model estimates of step 1, using only single stressor data (Table 1). Fenoxycarb and chlorpyrifos were the 236 

most toxic, both having an EC50 around 70 ng/L whereas tetradifon and tebufenpyrad were significantly less toxic 237 

with EC50s around 10 µg/L (Table 1).. The estimated EC50 for M. aeruginosa ranged from 30% to 60% of the total 238 

diet between experiments (Table 1 Fig. S6-S9). In the experiments with fenoxycarb and tetradifon (Fig. S7 and S9), 239 

animals exposed to 80% of M. aeruginosa either died or survived without reproducing whereas in experiments with 240 

chlorpyrifos and tebufenpyrad (Fig. S6 and S8), animals exposed to 80% of M. aeruginosa were able to reproduce, 241 

albeit very little. In the mixture treatments, animals did not survive in combination of chlorpyrifos and M. 242 

aeruginosa containing the highest chlorpyrifos concentration (Fig. S10)  In the three other combinations, at least 243 

one animal survived in each mixture combination (Fig. S11-S12). 244 

A first indication of combined effects of the binary mixtures is represented in Fig. 2 (left panel A-D). Here, 245 

predictions of the mixture data were made with the reference models based upon the parameters as estimated by 246 

reference models based upon the single stressor data only (step 1, see Materials and Methods for details). From 247 

these predictions, it indicates no clear interactive effects for chlorpyrifos, fenoxycarb and tetradifon. Indeed, in 248 

figure 2A, 2B and 2D both single stressor data points (open circles and triangles) and mixture data points (filled 249 

circles and triangles) lie close to the 1:1 line which means that the fitted (single data points) and predicted (mixture 250 
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points) values closely match the observed values. In contrast, for tebufenpyrad (Fig. 2C), the mixture points all lie 251 

below the 1:1 line and there predicted values are quite different from the observed values. This indicates an 252 

antagonistic effect as observed reproduction is larger than reproduction predicted with the CA and IA reference 253 

models. 254 

Fitting both the CA and IA reference models to the entire dataset Fig. 2 (middle panel E-H), i.e. step2, results in 255 

similar conclusions as the ones obtained from step1 (i.e. model fit to only the single stressor data), i.e. no clear 256 

interactions as all observations lie close to the 1:1 line for chlorpyrifos, fenoxycarb and tetradifon (Fig. 2E, 2F and 257 

2H). For tebufenpyrad (Fig. 2G), the mixture points now fit better as they lie closer to the 1:1 line but the single 258 

points have moved further from the 1:1 line indicating this is not a good model fit. Extending the reference models 259 

with the deviation parameter a (Eq. 4) does not improve the results clearly for chlorpyrifos and tetradifon Fig. 2I 260 

and 2L. For fenoxycarb, i.e Fig. 2J, the fit becomes only slightly better as all points move closer to the 1:1 line. For 261 

tebufenpyrad, Fig. 2K, both single and mixture points are now closer to the 1:1 line than in Fig. 2G. 262 

Statistical comparisons between the reference model and the reference model extended with the deviation 263 

parameter revealed for two out of the four combinations (i.e. chlorpyrifos and tetradifon) no deviations from non-264 

interaction based on either the concentration addition model or the independent action model (Table 1, p-265 

value>0.05).  This means that for both mixtures the deviation parameter a is not significantly different from zero, 266 

making the deviation function G (equation 4) zero in both the independent action (equation 3) as well as the 267 

concentration addition model (2). In contrast, the binary combination of tebufenpyrad and M. aeruginosa resulted 268 

in antagonistic effects on the reproduction of D. pulex based on both reference models (Table 1, p-value<0.05). The 269 

deviation parameter a for both concentration addition and independent action is around 2.5, which indicates 270 

antagonistic deviation from the reference models. For binary combinations of fenoxycarb and M. aeruginosa a 271 

synergistic deviation was observed when analysed with the independent action model (Table 1, P-value<0.05). 272 

Analysis with the concentration addition model for this combination concluded non-interaction (Table 1, p-273 

value>0.05), meaning the deviation parameter a becomes zero, resulting in the sum of toxic units equalling 1 in 274 

equation 2. The sum of squared errors (SSE) for the independent action reference model (618.4) was slightly higher 275 

than the SSE for the concentration addition model (536.9). However, addition of the deviation parameter to the 276 
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independent action model reduced the SSE to 494.2, which is slightly lower than the SSE of the concentration 277 

addition reference model. AIC criteria were comparable between the best model based on concentration addition 278 

(268.58) and the best model based on independent action (268.441).  279 

 280 

Discussion 281 

Despite the increasing awareness of interactive effects between stressors in aquatic ecosystems, the knowledge 282 

about these potential interactions, their occurrence and intensity remain limited (Holmstrup et al., 2010; Moe et 283 

al., 2013). Yet, such knowledge is essential to adequately protect and conserve our ecosystems. Our study added to 284 

the growing body of knowledge on interactive effects between cyanobacteria and insecticides. Furthermore, where 285 

previous studies have used a variety of analysis methods such as generalized linear models, factorial regression and 286 

analysis of variance, our present study focussed on using standard reference models of mixture toxicity in a 287 

consistent manner. We observed different interactive effects for the different insecticides depending on the 288 

reference model used. 289 

In contrast to the postulated hypothesis, combinations of chlorpyrifos and M. aeruginosa resulted in non-290 

interactive effects and not in antagonistic effects as we observed earlier for combinations of carbaryl and M. 291 

aeruginosa with the two reference models (Asselman et al., 2013).  Together, these two observations suggest that 292 

even for insecticides that target the same enzyme (i.e. acetycholine esterase), the observation of interactive or 293 

additive effects cannot be extrapolated from one insecticide to another. However, inhibition of acetylcholine 294 

esterase by organosphosphates is less reversible and hence longer-lasting than inhibition of acetylcholine esterase 295 

by carbamates (Pope et al., 2005).  This difference in recovery time may be a potential explanation for the shift in 296 

combined effects with cyanobacteria from antagonistic interaction with carbaryl (a carbamates) to additivity with 297 

chlorpyrifos (an organophosphate). Alternatively, choline esterase inhibitors have been shown to target other 298 

molecules than the acetylcholine esterase (Pope et al., 2005). Differences in the ability to target other molecules 299 

could also be a potential explanation for the differences in interactive effects observed for carbaryl and 300 

chlorpyrifos. Likewise, differences in metabolic activation and degradation between organophosphates and 301 

carbamates (Fukuto, 1990) may also be a potential cause for the difference in interaction pattern with M. 302 

aeruginosa. 303 
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Likewise, tebufenpyrad and tetradifon, both targeting the oxidative phosphorylation albeit through different 304 

molecular mechanisms, demonstrated different combined effects with Microcystis. Combinations with 305 

tebufenpyrad were antagonistic whereas combinations with tetradifon were additive. Tetradifon inhibits ATP-306 

synthases while tebufenpyrad inhibits NADH : ubiquinone reductase activity in complex I of the mitochondrial 307 

respiration (IRAC, 2009; Sherer et al., 2006). These molecular targets correlate to some extent with results obtained 308 

by Asselman et al. (2012) when exposing D. pulex to M. aeruginosa. Asselman et al. (2012) observed upregulation 309 

of one ATP synthase gene out of the 6 ATP synthases and 11 NADH: ubiquinone oxidoreductase genes out of a total 310 

of 26 genes in the genome. Indeed, exposure to M. aeruginosa mainly stimulates NADH: ubiquinone 311 

oxidoreductases rather than ATP-synthases. As a consequence, it is more likely that tetradifon and M. aeruginosa 312 

do not act interactively as they each affect different parts of the oxidative phosphorylation. Of course, further 313 

mechanistic research is needed as RNA levels do not necessarily correlate with protein levels. 314 

These observations, i.e. different interactive effects for insecticides with closely related molecular targets (e.g. 315 

carbaryl – chlorpyrifos, tetradifon – tebufenpyrad) when combined with the same stressor (here: M. aeruginosa) in 316 

a binary mixture,  suggest a potential mechanistic basis for interactive effects that may well be detectable at the 317 

molecular level. However, the differences in molecular mechanisms take place at the macro-molecular level and 318 

may not be distinguishable at the pathway level (e.g. tetradifon and tebufenpyrad both affect the oxidative 319 

phosphorylation). The availability of high throughput molecular technologies such as microarrays and sequencing 320 

may be useful and informative techniques to elucidate such mechanisms of mixture toxicity. Indeed, through the 321 

use of these techniques, observations can be made at the level of individual genes (microarrays), at the pathway 322 

level (gene set enrichment analysis) or at the enzyme level (high throughput ELISA assays). These techniques have 323 

already been implemented in the framework of adverse outcome pathways, which can also be applied in the study 324 

of combined effects (Ankley et al., 2010). These techniques might also provide a better insight into potential 325 

similarities between the antagonistic effects observed in combinations of M. aeruginosa and carbaryl (Asselman et 326 

al., 2013) as well as in combinations of M. aeruginosa and tebufenpyrad (present study). At present, it is still 327 

unclear to what extent the antagonistic effects caused by these two combinations are similar. Indeed, these 328 
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insecticides have little in common in terms of molecular targets (IRAC, 2009) yet they do affect biological processes 329 

that are also affected by M. aeruginosa.  330 

For the fourth insecticide, fenoxycarb, different statistical conclusions were drawn with the two different reference 331 

models (Table 1). This observation has been reported in literature and attributed to among others the different 332 

mathematical background of the reference models (Dresher and Boedeker, 1995; Jonker et al., 2005). Thus, for this 333 

specific combination, we further confirm the general agreement in literature that the concentration addition 334 

reference model provides more conservative estimates of mixture toxicity for risk assessment than reference 335 

independent action model (Altenburger et al., 1996 ;Faust and Schlolze, 2004). However, like Cedergreen et al. 336 

(2008), these findings and recommendations are not based on a greater accuracy of concentration addition 337 

compared to independent action. Therefore, from a mechanistic point of view, the current data and subsequent 338 

analysis cannot fully exclude or confirm synergistic interactions between fenoxycarb, a juvenile hormone analog, 339 

and M. aeruginosa as there is too little knowledge about how biological pathways are affected by these two 340 

stressors other than the primary molecular targets. At present, these two reference models are sometimes 341 

compared by determining whether the data falls into the 95% confidence interval from one model rather than the 342 

other (Dias da Silva et al., 2013). However, when both model fits are similar (such is the case for this combination, 343 

Fig. 2F and 2J) and their parameter values overlap (Table 1), again no conclusion can be made to select one model 344 

above the other. Requirements of accuracy are the primordial driver for pharmacokinetic studies or mechanistic 345 

studies, especially in human toxicology. Indeed, in those studies, the aim is to find the most accurate model for a 346 

given mixture. Based on the data in this study, both models are equally valid for these types of studies and one 347 

model cannot be selected above the other based on accuracy.  348 

For risk assessment, however, the requirements of adequate protection of the aquatic ecosystems are more 349 

important than the requirement for an accurate mechanistic model  Overall, both in this study and in the study by 350 

Asselman et al. (2013) concentration addition always provided effect predictions that are conservative from a risk 351 

assessment point of view compared to the observed effects, i.e. the predicted effects are always as large or larger 352 

than the observed effects. As a consequence, the protection of the ecosystem has a high probability of success with 353 

a conservative model such as the concentration addition model. Hence, risk assessment of mixture toxicity for 354 
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combinations of insecticides and cyanobacteria based on concentration addition model predictions will likely result 355 

in a sufficient protection of the aquatic ecosystem. Such an assessment will be necessary in the future when 356 

climate change conditions will stimulate cyanobacterial blooms and also combined exposure to cyanobacteria and 357 

insecticides (Moe et al., 2012; Paerl and Huisman, 2009). 358 

Conclusions 359 

Insecticides with different modes of actionmolecular targets showed different interaction patterns when combined 360 

with Microcystis aeruginosa on the reproduction of Daphnia pulex. Two out of the four insecticides showed 361 

additive interaction patterns, whereas one showed antagonistic deviation patterns and another yielded different 362 

patterns dependent on the selected reference models. These results, together with previous results in literature, 363 

demonstrate that interactive effects cannot be generalized for insecticides targeting the same pathway and even 364 

for insecticides targeting the same enzyme. Overall, concentration addition provided more conservative predictions 365 

of effects than independent action. Furthermore, these effect predictions were always conservative compared to 366 

the observed effects leading to an adequate protection of the aquatic ecosystem when concentration addition 367 

model is used. 368 
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Tables 471 

Table 1 Estimated model parameters and their standard error: EC50 (50% effect concentration), s (slope parameter), and a 472 
(deviation parameter to quantify mixture interaction) for each of the different steps: IA(independent action, Eq. 3) or 473 
CA(concentration addition, Eq. 2)-model step 1 (reference model based on data from single stressors treatments only), IA or 474 
CA-model step 2 (reference model based on data from all treatments), IA or CA-model step 3 (reference model including the 475 
deviation parameter a to quantify mixture interaction, Eq.4) per cyanobacteria. The reported p value is for the F-test that 476 
compared the nested models from step 2 and step 3. P <0.05 indicates a significant deviation from the reference model (i.e. 477 
an interactive effect). 478 

  Chlorpyrifos Fenoxycarb Tebufenpyrad Tetradifon 

Slope parameter (s) Insecticide:  
   

IA: step 1 1.52 ± 0.51 1.33 ± 0.44 2.60 ± 0.57 1.00 ± 0.25 

IA: step2 1.56 ± 0.47 1.51 ± 0.33 2.70 ± 0.52 0.93 ± 0.23 

IA: step3 2.24 ± 0.71 2.01 ± 0.43 2.25 ± 0.50 0.99 ± 0.24 

CA: step1 1.98 ± 0.30 2.26 ± 0.50 2.11 ± 0.37 1.85 ± 0.37 

CA: step2 3.06 ± 0.39 3.19 ± 0.34 2.86 ± 0.61 1.81 ± 0.27 

CA: step3 3.04 ± 0.39 3.27 ± 0.37 2.16 ± 0.38 1.75 ± 0.29 

Slope parameter (s) Microcystis:  
   

IA: step 1 2.13 ± 0.37 2.98 ± 1.02 1.55 ± 0.42 2.89 ± 0.76 

IA: step2 2.76 ± 0.46 3.44 ± 0.63 2.99 ± 0.85 2.48 ± 0.57 

IA: step3 2.96 ± 0.51 3.71 ± 0.64 1.66 ± 0.50 2.55 ± 0.63 

CA: step1 1.98 ± 0.30 2.26 ± 0.50 2.11 ± 0.37 1.85 ± 0.37 

CA: step2 3.06 ± 0.39 3.19 ± 0.34 2.86 ± 0.61 1.81 ± 0.27 

CA: step3 3.04 ± 0.39 3.27 ± 0.37 2.16 ± 0.38 1.75 ± 0.29 

EC50(Insecticide) (µg L
-1

):  
   

IA: step 1 75.53 ± 14.65 69.37 ± 10.16 10.98 ± 0.94 11.23 ± 2.00 

IA: step2 71.74 ± 13.82 57.80 ± 5.17 11.67 ± 0.81 9.18 ± 1.45 

IA: step3 66.36 ± 8.76 65.97 ± 5.03 10.35 ± 1.01 10.59 ± 1.94 

CA: step1 68.23 ± 6.69 66.09 ± 5.66 10.58 ± 1.05 12.19 ± 1.75 

CA: step2 64.23 ± 4.49 66.44 ± 3.15 13.83 ± 1.11 10.86 ± 1.28 

CA: step3 62.48 ± 4.56 65.41 ± 3.32 10.37 ± 1.03 11.55 ± 1.56 

EC50(Microcystis) (% of diet):  
   

IA: step 1 37.61 ± 3.56 28.74 ± 3.93 55.40 ± 9.51 30.48 ± 3.13 

IA: step2 32.75 ± 1.89 25.55 ± 1.35 64.11 ± 7.41 31.51  2.83 

IA: step3 36.42 ± 2.94 29.37 ± 1.90 58.30 ± 9.96 33.17 ± 3.50 

CA: step1 37.66 ± 3.67 30.04 ± 4.59 54.62 ± 7.65 33.61 ± 5.49 

CA: step2 41.06 ± 2.34 30.76 ± 1.78 88.07 ± 12.45 32.87 ± 3.92 

CA: step3 37.97 ± 3.17 29.58 ± 2.33 57.74 ± 8.30 34.54 ± 5.27 

a:  
   

IA: step3  -1.51 ± 0.86  -2.10 ± 0.63 2.37 ± 0.88  -0.74 ± 0.67 

CA: step3 0.37 ± 0.33 0.23 ± 0.32 2.703 ± 0.64  -0.44 ± 0.64 

Conclusion IA: Additivity Synergism Antagonism Additivity 

P-value (IA: step2/IA: step3) 0.1035 0.001584 0.03555 0.2813 

Conclusion CA: Additivity Additivity Antagonism Additivity 

P-value (CA: step2/CA: step3) 0.2853 0.4851 <0.00001 0.4793 
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Figure Captions 479 

Figure 1. Experimental designs for the binary mixture combinations: Nominal concentrations are represented by 480 

filled circles, measured concentrations are represented by open squares with error bars representing standard 481 

deviation. Control treatment is represented by an open circle. A: Chlorpyrifos x M. aeruginosa. B: Fenoxycarb x M. 482 

aeruginosa. C: Tebufenpyrad x M. aeruginosa. D: Tetradifon x M. aeruginosa. 483 

 484 

Figure 2. Mean observed versus fitted values for models for total reproduction for each binary experiment:  485 

chlorpyrifos x M. aeruginosa (first row), fenoxycarb x M. aeruginosa (second row), tebufenpyrad x M. aeruginosa 486 

(third row), tetradifon x M. aeruginosa (fourth row). Circles depict the independent action model fits (Eq. 3), 487 

triangles depict the concentration addition model fits (Eq. 2). Open symbols denote the single stressor treatments, 488 

full symbols denote the mixed stressor treatments. Left: reference model fitted based on single stressor treatments 489 

only and predicted mixture points with this fitted model, i.e. step1. Middle: reference model fitted based on all 490 

data (single stressor treatment data and mixture data) i.e. step2. . Right: reference model with deviation parameter 491 

‘a’ fitted (eq. 4) based on all data (single stressor treatment data and mixture data), i.e. step3 . For all models, the 492 

1:1 line is plotted. The same type of Figures, but showing all individual replicates instead of means per treatment, 493 

are visualized in Fig. S14. 494 

 495 
 496 
 497 







 

Figure S1 Central composite design adapted from Lock and Janssen (2002). α = EC50/2 whereas β= EC50/2-EC10/2. EC50 is the 
effect concentration causing 50% decline in the monitored endpoint compared to control treatments. EC10 is the effect 
concentration causing 10% decline in the monitored endpoint compared to control treatments. 

 

Figure S2 Dose response data for exposure to different concentrations of chlorpyrifos. Each circle represents the total 
reproduction of a single replicate surviving the 21 days experiment. Open circles denote all treatments that contained the 
solvent carrier. Filled circles represent control treatment without solvent carrier. 
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Figure S3 Dose response data for exposure to different concentrations of fenoxycarb. Each circle represents the total 
reproduction of a single replicate surviving the 21 days experiment. Open circles denote all treatments that contained the 
solvent carrier. Filled circles represent control treatment without solvent carrier. 

 

Figure S4 Dose response data for exposure to different concentrations of tebufenpyrad. Each circle represents the total 
reproduction of a single replicate surviving the 21 days experiment. Open circles denote all treatments that contained the 
solvent carrier. Filled circles represent control treatment without solvent carrier. 



 

Figure S5 Dose response data for exposure to different concentrations of tetradifon. Each circle represents the total 
reproduction of a single replicate surviving the 21 days experiment. Open circles denote all treatments that contained the 
solvent carrier. Filled circles represent control treatment without solvent carrier. 

 

 

 

Figure S6 Dose response data for exposure to different concentrations of the cyanobacteria, Microcystis aeruginosa, in the 
diet. Each circle represents the total reproduction of a single replicate surviving the 21 days experiment.  



 

Figure S7 Dose response data for exposure to different concentrations of the cyanobacteria, Microcystis aeruginosa, in the 
diet. Each circle represents the total reproduction of a single replicate surviving the 21 days experiment. 

 

Figure S8 Dose response data for exposure to different concentrations of the cyanobacteria, Microcystis aeruginosa, in the 
diet. Each circle represents the total reproduction of a single replicate surviving the 21 days experiment. 



 

Figure S9 Dose response data for exposure to different concentrations of the cyanobacteria, Microcystis aeruginosa, in the 
diet. Each circle represents the total reproduction of a single replicate surviving the 21 days experiment. 



 

Figure S10 Mean total reproduction for the surviving animal and the corresponding standard deviation per treatment. NaN means no animals survived the treatment. NA 
means no standard deviation could be computed due to only one surviving replicate for that treatment. 



 

Figure S11 Mean total reproduction for the surviving animal and the corresponding standard deviation per treatment. NA means no standard deviation could be computed 
due to only one surviving replicate for that treatment. 

 

 



 

Figure S12 Mean total reproduction for the surviving animal and the corresponding standard deviation per treatment.  

 

 

 



 

Figure S13 Mean total reproduction for the surviving animal and the corresponding standard deviation per treatment. NA means no standard deviation could be computed 
due to only one surviving replicate for that treatment. 





Figure S14 Observed versus predicted or fitted values for models for total reproduction for each binary experiment:  

chlorpyrifos x M. aeruginosa (first row), fenoxycarb x M. aeruginosa (second row), tebufenpyrad x M. aeruginosa (third row), 

tetradifon x M. aeruginosa (fourth row). Circles depict the independent action model fits, triangles depict the concentration 

addition model fits. Left: step1, i.e. reference model based on single treatments (open symbols) and predicted mixture points 

(full symbols). Middle: step 2, i.e. reference model based on all data, single treatment data (open symbols) and mixture data 

(full symbols). Right: step 3, i.e. reference model with deviation parameter based on all data, single treatment data (open 

symbols) and mixture data (full symbols). For all models, the 1:1 line is plotted. 

Table S1 P-values for concentration addition (CA)/ independent action (IA) when leaving one design point out. Insecticide 
concentrations are represented as effect concentrations (EC) based upon the general central composite design in Fig. S1. 
Cyanobacteria concentrations are given in % of the diet as represented in Fig. 1 A-D.  α = EC50/2 whereas β= EC50/2-EC10/2. 
EC50 is the effect concentration causing 50% decline in the monitored endpoint compared to control treatments. EC10 is the 
effect concentration causing 10% decline in the monitored endpoint compared to control treatments. 

Design points p-values 

 Insecticide EC (Fig. S1) Cyano (% of diet) (Fig.1-4) Chlorpyrifos Fenoxycarb Tebufenpyrad Tetradifon 

α - 1.41β 25 0.136/0.266 0.488/0.003 <0.001/<0.001 0.312/0.560 

α - β 15 0.104/0.430 0.638/0.002 <0.001/<0.001 0.314/0.461 

α - β 35 0.099/0.298 0.663/0.002 0.001/<0.001 0.211/0.449 

α 10 0.115/0.271 0.435/0.003 <0.001/<0.001 0.378/0.590 

α 25 0.131/0.363 0.487/0.003 <0.001/<0.001 0.158/0.318 

α 40 0.087/0.342 0.503/0.002 <0.001/<0.001 0.263/0.512 

α + β 15 0.064/0.564 0.542/0.009 <0.001/<0.001 0.788/0.963 

α + β 35 0.603/0.135 0.491/0.003 <0.001/<0.001 0.281/0.479 

α + 1.41β 25 0.103/0.285 0.498/0.003 <0.001/<0.001 0.267/0.439 
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