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25 ABSTRACT

26 Some widely used pesticide mixtures produce more than additive effects according to 

27 conventional combined effect models. However, synergistic effects have been so far generally 

28 observed at unrealistically high pesticide concentrations. Here, we used Daphnia magna as a test 

29 organism and investigated how food limitation – a common ecological stressor – affects the 

30 mixture toxicity of a pyrethroid insecticide and an azole fungicide. We also compared three 

31 models regarding the prediction of mixture effects including concentration addition (CA), effect 

32 addition (EA) and stress addition model (SAM). We revealed that especially under low food, the 

33 strength of synergism between esfenvalerate and prochloraz increased with an increasing 

34 concentration of prochloraz independent of the null model. Under high food conditions and at 

35 concentrations of prochloraz ≥ 32 µg/L, we observed a marginal synergistic effect with an MDR 

36 = 2.1 at 32 µg/L prochloraz and 2.2 at 100 µg/L prochloraz when using CA as null model.  In 

37 contrast, the combination of both pesticides and food stress caused synergistic effects shown by 

38 an MDR = 10.9 even at 1 µg/L of prochloraz that is frequently detected in the environment. The 

39 combined effects of pesticides and food stress could be predicted best with the stress addition 

40 model (SAM) that showed the lowest mean deviation between effect observation and prediction 

41 (mean deviation SAM = 16 [SD = 28], EA = 1072 [2105], CA = 1345 [2644]). We conclude that 

42 common environmental stressors can strongly increase the synergistic effects of toxicants. This 

43 knowledge is especially relevant considering current efforts to include the additional risk of 

44 pesticide mixtures and environmental stressors into the environmental risk assessment of 

45 pesticides.

46
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47

48 Abstract Art

49

50 INTRODUCTION

51 Over the last few decades, pesticide contamination originating from intensive agricultural land 

52 use has been observed to cause negative impacts on the structure of freshwater communities1-3 

53 and ecosystem functions.4-7 Other studies have further discussed the decline in aquatic 

54 invertebrate biodiversity5 or decline in terrestrial biomass8, 9 due to pesticides.

55 The frequent occurrence of negative effects of pesticides on non-target organisms in the field 

56 shows that the current environmental risk assessments of pesticides fail to determine protective 

57 thresholds of risk. This scenario mainly occurs due to (i) an error prone estimation of pesticide 

58 exposure10, 11 and (ii) because pesticides are commonly evaluated as single products without 

59 considering realistic environmental stress and exposure conditions.12 In agricultural practice, 

60 pesticides are often applied together as tank mixtures in spray series and hence co-occur in the 

61 environment. For example, high loads of pesticide mixtures can be found in streams, especially 

62 after run-off events.2, 3, 13-17 

63 Especially, azole fungicides have been reported to cause synergistic effects when co-occurring 

64 with pyrethroids,18-22 neonicotinoids,23 organophosphates,24 strobilurin fungicides25, 26 and 

65 bipyridylium herbicides.27 These pesticides are frequently detected in agricultural streams.3, 28-31 
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66 However, most studies on synergistic effects of pesticide mixtures only report interactions at 

67 higher concentrations than those commonly detected in the aquatic environment.20, 25 

68 Additionally, studies on synergistic mixture effects are generally based on experiments without 

69 additional stress.20, 21, 32 Organisms in the field experience sub-optimal conditions and 

70 occasionally have to cope with severe environmental stress.33 A recent meta-analysis revealed 

71 that environmental stress severely enhances the toxicity of individual pesticides.12 Examples in 

72 the meta-analysis include food stress,34, 35 competition36 and UVB radiation37 that can increase 

73 the sensitivity of organisms to toxicants up to a factor of 100 depending on the strength of 

74 environmental stress. 

75 Despite numerous studies on the influence of environmental stress on the effect of single 

76 toxicants, only little attention was paid to the combined effect of environmental stress and 

77 pesticide mixtures. For example, Bjergager et al.19 investigated mixtures of esfenvalerate and 

78 prochloraz on Daphnia magna under semi-field conditions and detected similar and even higher 

79 synergism in the outdoor microcosms compared to those in laboratory studies. Also 

80 Delnat et al.38 reported that the daily temperature variation can increase the toxicity of a pesticide 

81 mixture of an organophosphate chlorpyrifos and a biopesticide Bacillus thuringiensis var. To our 

82 knowledge, apart from these studies, there is no information on pesticide mixtures under relevant 

83 field conditions, including environmental stressors. 

84 To determine protective concentration levels of individual pesticides for regulatory purposes, we 

85 need to understand and quantify to what extent pesticide toxicity is increased by synergistic 

86 interactions and additional environmental stressors. Until now, approaches are lacking to predict 

87 the effects of mixtures that act synergistically. Traditional approaches such as concentration 

88 addition (CA) for similar acting compounds and effect addition (EA, also known as “independent 
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89 action”) for dissimilar acting compounds assume additive effects. Among these two approaches, 

90 CA is usually considered the most conservative approach.32, 39, 40 In comparison, Liess et al.12 

91 recently developed a new model, the ‘stress addition model’ (SAM), to specifically predict the 

92 synergy between environmental stressors and individual toxicants. However, SAM has not been 

93 tested yet for pesticide mixtures alone or in combination with environmental stress. 

94 The aim of the present study is to identify the synergistic interactions of a frequently applied 

95 pesticide mixture, esfenvalerate and prochloraz41 in combination with a common stressor, food 

96 limitation.34, 35, 42 For this, we performed experiments with D. magna for 28 days that included 

97 mixtures of environmentally realistic concentrations of both pesticides and the additional 

98 environmental stress. Furthermore, we analysed the prediction of the combined effects using 

99 traditional approaches for toxicant mixtures (i.e., CA, Loewe and Muischnek43 and EA, Bliss44). 

100 We further tested the SAM to predict combined effects of environmental and toxicant stressors. 

101 MATERIALS AND METHODS

102 We studied the combined effect of the insecticide esfenvalerate and the fungicide prochloraz 

103 under high and low food conditions. For pesticide exposure, we set up a fully crossed factorial 

104 design with eight esfenvalerate treatments (0, 0.0001, 0.001, 0.01, 0.1, 0.316, 1, 3.16 μg/L) × 

105 four prochloraz concentrations (0, 1, 32, 100 μg/L) × two food levels (high, low) (Table S1). The 

106 experiment was repeated three times for all treatments apart from 0.0001, 0.001 and 0.01 μg/L of 

107 esfenvalerate using <24 h old neonates. These low concentrations were additionally included 

108 later (in second or third repetition) to better understand the effects of prochloraz under low food 

109 and low esfenvalerate conditions. Before pesticide exposure, organisms were acclimatized to the 

110 corresponding food conditions for 7 days. Organisms were exposed to pesticides for 24 h, and 

111 survival was monitored for 3 weeks. For each treatment, we tested 15 daphnids with one 
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112 individual per vessel containing 80 mL of the test solution (see also Table S1). The mortality of 

113 the daphnids was checked daily and dead individuals were removed from the experiment. 

114 Neonates from each vessel were removed daily. The total duration of the experiment was 4 

115 weeks including the period of 1 week for acclimation to the respective food levels.

116 Test organisms

117 In all experiments, we used D. magna individuals obtained from a clone “Aachen V” cultured at 

118 the Department System-Ecotoxicology, Helmholtz Centre for Environmental Research − UFZ, 

119 Leipzig, Germany. Daphnids were cultured in beakers (20 individuals/beaker) with 1800 mL of 

120 artificial Daphnia medium (ADaM).45 The temperature of the culture medium was maintained at 

121 20.0 ± 1 °C under a photoperiod of a 16/8 h light/dark cycle that facilitated continuous amictic 

122 reproduction.46 Individuals were fed with a suspension of green algae Desmodesmus subspicatus 

123 at 0.5 × 109 cells ind-1 day-1 in the first week and 0.75 × 109 cells ind-1 day-1 in the second week. 

124 On weekends daphnids were additionally fed with yeast (0.6 mg/L). In the culture and during the 

125 experiments, the medium was changed every second day, and neonates were removed within 24 

126 h. The microalgae D. subspicatus was cultured in a mixture of distilled water and algae medium 

127 (ratio 9:1)47 at 20.0 ± 1.0 °C under continuous light and shaken through a mixture of CO2 and 

128 compressed air (air: 300 bar, CO2: 3 bar). The algae were harvested in the exponential growth 

129 phase and centrifuged, and the pellets were re-suspended in ADaM to obtain the required 

130 dilutions. During the test, the organisms used in the high food treatment were fed with 0.5×109 

131 cells ind-1 day-1 the first week, 1.15 × 109 cells ind-1 day-1 the second week, and 1.35 × 109 cells 

132 ind-1 day-1 the third and fourth weeks. In contrast, organisms in the low food treatment were fed 

133 with 0.5×107 cells ind-1 day-1 the first week, 1.15 × 107 cells ind-1 day-1 the second week, and 1.35 

134 × 107 cells ind-1 day-1 in the third and fourth weeks. The food dosage for low food conditions was 
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135 established according to preliminary range finding tests that showed a minor effect on the 

136 survival of individuals (around 15% as compared to high food conditions) until the end of 

137 experiment (i.e., 4 weeks). Fecundity rates at the low food condition were decreased (number of 

138 eggs per female over 21 days = 0.18) as compared to high food conditions, but comparable to 

139 temporary conditions in the field. In the field, cladoceran populations have been studied to 

140 experience severe food limitation that causes a reduction in egg production close to zero48 and a 

141 crash of the population under observation.49

142 Exposure to contaminants

143 We selected the pyrethroid esfenvalerate (Chemical Abstracts Service (CAS) 66230-04-4, purity: 

144 99.8%) and the azole fungicide prochloraz (CAS 67747-09-5, purity: 98.6%) for the pesticide 

145 mixtures. We selected these pesticides because (i) azole fungicides and pyrethroid insecticides 

146 are known to cause synergistic effects and (ii) are frequently applied in agriculture in the form of 

147 mixtures.41 

148 We tested concentrations of esfenvalerate, except the highest concentrations (1 and 3.16 µg/L 

149 esfenvalerate),  that are in the range of those detected frequently in the field ranging from trace 

150 concentrations to 0.166 µg/L28, 50 or even 0.76 µg/L.51 The lowest tested concentration was even 

151 below the regulatory acceptable concentration (RAC) of esfenvalerate (EU RAC, 0.0005 μg/L; 

152 European Food Safety Authority (EFSA 52). In comparison, prochloraz concentrations are in the 

153 range of low to environmentally unrealistic concentrations of 100 µg/L. Frequently detected 

154 concentrations of prochloraz in European surface waters range from trace concentrations to 2.9 

155 µg/L.28, 53, 54 We applied prochloraz and esfenvalerate at analytical grades (Sigma-Aldrich, 

156 Germany). We used dimethyl sulfoxide (DMSO) as a solvent for the preparation of the stock 

157 solution of esfenvalerate and prochloraz. The DMSO concentration was always kept below 
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158 0.02% [vol/vol] that is two orders of magnitude lower than the LOEC (Lowest observed-effect 

159 concentration; 2%)55 and under the solvent limit suggested by Organisation of Economic 

160 Cooperation and Development (OECD) guidelines.56

161 Chemical analysis of the test media

162 Exposure concentrations of esfenvalerate and prochloraz were analysed for all treatments per 

163 experimental repetition. Samples were analysed by Wessling GmbH, Landsberg OT, Oppin, 

164 Germany, using a Thermo Fisher Scientific TSQ™ 8000 Evo Triple Quadrupole GC-MS/MS. 

165 The detection limit of the instrument was 5.7 ng/L. The analytical column used was a TG-5HT 

166 guard column with a 0.53 mm id and a 0.15 μm film thickness (Thermo Fisher Scientific, 

167 Hennigsdorf, Germany). The software Trace Finder 3.2 (Thermo Fisher Scientific) was applied 

168 for data processing. The measured concentrations of esfenvalerate and prochloraz in the 

169 experimental repetitions are given in the Supporting Information (Table S2). The median 

170 measured concentration of each nominal concentration ranged in acceptable boundaries (± 20%). 

171 The concentrations below the detection limit (i.e., 0.0001 and 0.001 μg/L) were confirmed by 

172 higher concentrations serving as stock solutions for serial dilutions. Results in subsequent 

173 sections are displayed and analysed using nominal concentrations.

174 Statistics and comparison of predictive models

175 To compare the LC50 concentrations of esfenvalerate between the different levels of food stress 

176 and prochloraz, we calculated LC50 and the 95% confidence intervals using a five-parameter log-

177 logistic model for concentration-response relationships.57 The LC50 values of esfenvalerate were 

178 derived by fitting a five-parameter log-logistic model to the survival per treatment. The survival 

179 per treatment was averaged over the three repetitions before fitting. Single LC50 for each 

180 repetition were also determined to calculate the confidence intervals. As the survival of D. 
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181 magna did not significantly differ from 7 days to 21 days after exposure (paired sample t-test; p-

182 value > 0.05), we used the data for day 7 for further analysis. 

183 In the present study, we first investigated the toxicity of the pesticide mixture under high and low 

184 food conditions. For this purpose, we compared the LC50 of esfenvalerate for different 

185 prochloraz treatments under high and low food conditions in relation to the respective control 

186 groups (i.e., high and low food conditions at 0 µg/L prochloraz). Secondly, we investigated the 

187 combined effect of pesticide and environmental stressors. For this, we compared different 

188 prochloraz treatments under low food conditions in relation to the high food control at 0 µg/L 

189 prochloraz as the optimal laboratory condition. 

190 We evaluated the predicted combined effects for the first and second analysis by applying 

191 different additive approaches (CA and EA) and one approach designed for synergistic 

192 interactions (SAM). Both the EA44 and CA43 models are commonly applied to predict mixture 

193 effects and assume the additivity of effects.

194 For the EA approach, the effect was predicted using the following equation (Eq. 1):

195 (1)𝐸(𝑐𝑚𝑖𝑥) = 1 ― ∏𝑛
𝑖 = 1(1 ― 𝐸(𝑐𝑖))

196 where E(cmix) is the total effect of all stressors E(ci). For the CA approach, the prediction was 

197 based on the following equation (Eq. 2):

198 (2)𝐸𝐶𝑥𝑚𝑖𝑥 = (∑𝑛
𝑖 = 1

𝑝𝑖

𝐸𝐶𝑥𝑖)
―1

199 where ECxmix is the total concentration of the mixture including environmental stress, pi indicates 

200 the proportion of component i in the mixture, and ECxi is the concentration of component i 

201 producing a ×% effect. Environmental stress was converted into a concentration level via 
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202 mortality based on the concentration-response relationship of the toxicant (for details see Liess et 

203 al.12).  

204 In comparison to the additive approaches CA and EA, the SAM was developed to predict 

205 synergistic effects of independent stressors, such as a toxicant and an environmental stressor.12 

206 According to Liess et al.12 the prediction of the SAM model are based on three principal 

207 assumptions: (i) each individual has a certain stress capacity to tolerate all types of stress without 

208 showing an effect; (ii) every stressor can be transferred into a general stress level that ranges 

209 from 0 to 1 using stress-level related mortality as the common link (0 = no mortality, 1 = 100 % 

210 mortality); and (iii) the joint effect can be estimated by adding up general stress levels exerted by 

211 independent stressors. The details and formulas are given in Liess et al.12 and the software 

212 INDICATE.

213 We applied CA, EA and the SAM to predict LC50 using the software INDICATE (Version 1.0.0; 

214 http://www.systemecology.eu/indicate/). To quantify the predictive accuracy of the models, a 

215 model deviation ratio (MDR) was calculated for the CA, EA and SAM models by dividing the 

216 predicted LC50 values by the observed LC50 values. Belden et al.39 suggested the model deviation 

217 ratio as a simple measure of model accuracy. The authors further suggested the range of 

218 0.5 < MDR < 2 as an arbitrary benchmark for the accuracy of CA or EA models. For an 

219 MDR > 2, interactions between stressors are interpreted as synergistic.58 In the present study, we 

220 used the term “high synergism” or “strong synergism” when the MDR values were > 10 using 

221 concentration addition (CA) as the null model. Additionally, we calculated the mean deviation 

222 factor of all MDRs for different treatments of prochloraz and food using the three prediction 

223 models. In cases with MDR values < 1, we determined the deviation factor by dividing the 

224 predicted LC50 and the observed LC50. Combined effects were considered to be significantly 

Page 10 of 25

ACS Paragon Plus Environment

Environmental Science & Technology

http://www.systemecology.eu/indicate/


11

225 synergistic if the MDR values were > 2 and, if the 95% confidence intervals of observed and 

226 predicted LC50 values of the three single repetitions did not overlap.59, 60

227 Except the determination of observed and predicted LC50 values, we generated all figures and 

228 statistical analyses using the software R studio (version 1.0.44)61 and R (version 3.0.3).62

229 RESULTS

230 Synergistic potential of azole fungicide prochloraz at high and low food conditions

231 To reveal general differences between the toxicity of the pesticide mixture under different food 

232 levels, we compared the toxicity of esfenvalerate at different concentrations of prochloraz under 

233 high and low food conditions in relation to respective control groups (i.e., high and low food 

234 controls). Under high food conditions, prochloraz alone did not show any significant effect on 

235 the survival, even at the highest concentration. However, under low food conditions, the survival 

236 was significantly affected by higher concentrations of prochloraz (≥32 μg/L prochloraz, 

237 Wilcoxon’s rank sum test, p-value < 0.05; Figure 1B). Further, we observed that under both food 

238 conditions, the strength of synergism between esfenvalerate and prochloraz increased with 

239 increasing concentration of prochloraz. Under high food conditions, synergistic effects between 

240 both pesticides could only be observed at higher concentrations of prochloraz (≥32 μg/L 

241 prochloraz; Figure 1 A; Table 1). However, these synergistic effects in relation to CA were only 

242 moderate under high food conditions, as shown by an MDR of 0.82 to 2.18 but not significant 

243 (Table 1). In comparison, the threshold for the synergistic effects of prochloraz under low food 

244 conditions was lower than that under high food conditions (≥ 1 μg/L prochloraz; Figure 1 B, 

245 Table 1) using CA as the reference model. With increasing concentrations of prochloraz, the 

246 MDR for LC50 increased to 2.6, 13 and 1925 for 1 µg/L, 32 µg/L and 100 µg/L prochloraz, 
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247 respectively. However, synergistic effects were only significant at 32 and 100 µg/L prochloraz 

248 (Table 1).

249 Regarding the prediction of the mixture effects of esfenvalerate and prochloraz, we observed that 

250 under high food conditions, the mean deviation of the predicted combined effect from the 

251 observed effect was similar for all three approaches (Figure S1, Table 1). However, under low 

252 food conditions, EA and to a lesser extent CA provided the most accurate predictions at lower 

253 concentrations of prochloraz (1 and 32 μg/L prochloraz), while the SAM highly overestimated 

254 the combined effect. In contrast, at the highest concentration of prochloraz (100 μg/L), the SAM 

255 predictions were the most precise (Figure S2, Table 1). Additionally, when we took the average 

256 of all treatments (i.e., 1, 32 and 100 µg/L of prochloraz), the SAM predictions deviated two and 

257 six times less from the observed effect compared to the predictions of EA and CA, respectively 

258 (Figure S2, Table 1). The results indicate that the SAM provides the best predictions of mixture 

259 toxicity if strong synergistic interactions are expected.

260
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261

262 Figure 1. Survival of Daphnia magna at day 7 after an exposure of 24 h to the mixture of 

263 esfenvalerate and prochloraz under (A) high food and (B) low food conditions. Data points 

264 represent an average survival based on three experimental repetitions that was calculated relative 

265 to the initial number of individuals. The solid lines show the fitted observed concentration-

266 response relationships, and the dashed lines represent the modelled concentration-response 

267 relationship under additional stress using the SAM. Under high food conditions (A), the 

268 predicted concentration-response relationship at 1 µg/L of prochloraz is not shown; because SAM 

269 requires an effect > 0% at control conditions (0 µg/L esfenvalerate). At 1 µg/L prochloraz alone 

270 there was no measurable effect on the survival of D. magna under high or low food conditions. 

271 Triangles display LC50 values of different concentration-response curves.

272 Interaction of three stressors including both pesticides and food limitation

273 For the combined effect of both pesticides and food stress, we performed similar analysis as in 

274 the previous chapter Synergistic potential of azole fungicide prochloraz at high and low food 

275 conditions. In comparison, we here compare all treatments of low food and prochloraz to the 
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276 control with high food and without prochloraz as the optimal laboratory condition (best case). 

277 Our results show that in comparison to prochloraz and esfenvalerate under high food conditions 

278 (Figure 1A, Table 1), the combination of food stress and prochloraz notably increased the 

279 sensitivity of daphnids to esfenvalerate (Figure 2, Table 1). The MDR values determined for the 

280 LC50 of esfenvalerate using CA were 7.7, 10.9, 50.2 and 5312 for the low food conditions with 0, 

281 1 µg/L, 32 µg/L and 100 µg/L prochloraz, respectively and all treatments showed significant 

282 synergistic effects (Table 1).

283 When comparing the predictions of CA, EA and the SAM for the effect of all three stressors, we 

284 found that the SAM performed best in terms of the modelled curve (Figure 2, Figure S3) and 

285 lowest MDRs (Table 1). The models of CA and EA substantially underestimated the combined 

286 effect of all three stressors by up to three orders of magnitude at the highest concentration of 

287 prochloraz (Table 1, Figure S3). On average, the underestimation by CA and EA of the observed 

288 effect was 1345 and 1072 times, respectively. In comparison, the SAM predicted best at 0, 1 

289 µg/L, and 32 µg/L prochloraz (Figure S3; Table 1). Nevertheless, in the case of the highest 

290 concentration of prochloraz (100 µg/L), the SAM also underestimated the total effect by a factor 

291 of 58, which was still 92 and 73 times greater than those estimated by CA (i.e., 5312 times) and 

292 EA (i.e., 4229 times), respectively (Figure S3, Table 1).
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293

294 Figure 2. Survival and concentration-response curves of 

295 Daphnia magna exposed to a mixture of esfenvalerate and 

296 prochloraz and low food as an additional stress (interaction 

297 of three stressors). Data points represent an average 

298 survival based on three experimental repetitions that was 

299 calculated relative to the initial number of individuals. 

300 Organisms exposed to esfenvalerate alone under high food 

301 conditions were considered as control. The solid lines show 

302 the observed concentration-response relationships, whereas 

303 the dashed lines represent the modelled concentration-

304 response relationships under the additional stress using the 

305 stress addition model (SAM). Triangles denote LC50 values 

306 for different concentration-response curves.

307
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308 Table 1. Experimental observations and predictions of Daphnia magna exposed to 

309 esfenvalerate alone and in combination with prochloraz under high and low food conditions.

MDRProchloraz
(μg/L)

1Observed LC50
295% CI

3Predicted LC50
95% CI

Significance 
of synergism

CA EA SAM

0  (high food) 0.529
(-0.023–1.367) – – – – –

1 0.647
(0.087–1.419)

0.529
(-0.023–1.367) – 0.82 0.82 0.82

32 0.272
(0.146–0.323)

0.556
(-0.065–1.363) – 2.05 1.95 0.36

H
ig

h 
fo

od

100 0.247
(0.189–0.317)

0.54
(0.001–1.366) – 2.18 2.14 0.71

0  (low food) 0.0746
(0.036–0.245) – – – – –

1 0.0576
(0.035–0.165)

0.15
(0.076–0.299) – 2.6 1.3 0.0042

32 0.0127
(0.003–0.04)

0.167
(0.084–0.292) * 13.2 5.9 0.0123

Lo
w

 fo
od

100 0.000125
(-0.03–0.093)

0.241
(0.11–0.32) * 1925 597 0.2742

0  (high food) 0.529
(-0.023–1.367) – – – – –

0  (low food) 0.0746
(0.036–0.243)

0.577
(0.244–0.584) * 7.7 7.1 0.743

1 0.0576
(0.035–0.165)

0.628
(0.182–0.899) * 10.9 9.2 0.287

32 0.0127
(0.003–0.04)

0.636
(0.176–0.802) * 50.2 41.8 1.093

4 C
om

bi
na

tio
n 

of
 th

re
e 

st
re

ss
or

s†

100 0.000125
(-0.03–0.093)

0.664
(0.207–0.749) * 5312 4229 58

310 Values are based on the data from day seven after pesticide exposure for 24 h. 
311 1The observed LC50 was calculated using the mean survival of the three experimental 
312 repetitions. 
313 2The 95% CI is based on three LC50 values calculated for separate rounds. 
314 3The predicted LC50 was calculated using CA model and 95% CI is based on three values 
315 calculated for separate repetitions. 
316 4Organisms exposed to esfenvalerate alone under high food conditions were considered as 
317 overall control (optimal laboratory condition). Synergism was considered significant if the 
318 95% confidence intervals of observed and predicted LC50 did not overlap.

319 In addition, the increase in toxicant sensitivity due to the combined effect of the three stressors 

320 compared to the survival under exposure to esfenvalerate alone, was quantified as the shift in 

321 LC50 (LC50/LC50*). The LCx shifts modelled by the SAM and observed in different experiments 
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322 were significantly correlated (LC50: adjusted R2 = 0.83, p-value = 0.006, n = 6; LC10: adjusted 

323 R2 = 0.64, p-value = 0.01, n = 7; Figure S4).

324 DISCUSSION

325 In the present study, we revealed synergistic effects of the pesticide mixture of esfenvalerate and 

326 prochloraz under different food conditions. The results of our study show that synergistic effects 

327 between prochloraz and esfenvalerate were dramatically increasing under low food conditions. 

328 Based on CA, the threshold for synergy (MDR > 2) for both pesticides decreased from 32 μg/L 

329 prochloraz under high food conditions to 1 µg/L prochloraz under low food. This threshold 

330 concentration of 1 µg/L can be realistically expected in surface waters53, 63, 64 and is lower than 

331 that reported in previous studies without additional stress. For example, Nørgaard and 

332 Cedergreen20 identified synergistic effects of alpha-cypermethrin and prochloraz on D. magna at 

333 higher concentrations of prochloraz (≥ 99±8 μg/L). Bjergager and co-authors19 exposed Daphnia 

334 magna to different combinations of esfenvalerate with 90 μg/L prochloraz in microcosms and 

335 observed up to a 14 fold increase in mortality compared to the mortality in the CA predictions. In 

336 comparison, Bjergager et al.32 observed synergy of prochloraz and alpha-cypermethrin at 

337 9.794 ± 4.897 µg/L prochloraz towards the immobilisation of D. magna under laboratory 

338 conditions. The authors also observed that the threshold of synergistic effects decreased to 5.651 

339 ± 1.507 µg/L from 48 h to 14 days after contamination. This threshold concentration is still 

340 higher than that in our experiment, where we detected a synergistic effect at 1 µg/L prochloraz 

341 under low food conditions. In addition, Bjergager et al.32 exposed daphnids to fungicides during 

342 the whole experiment, while we applied a simultaneous peak exposure to both pesticides for only 

343 24 h. The short exposure in our study might have led to a higher detected threshold concentration 

344 of synergistic effects than those in studies with longer or continuous exposure.65 Hence, this is 
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345 the first study to reveal strong synergistic effects of pesticide mixtures at environmentally 

346 realistic concentrations under low food conditions.

347 In terms of the pyrethroid esfenvalerate, we recorded strong effects on the survival of D. magna. 

348 The LC50 of esfenvalerate at low food conditions decreased with increasing concentrations of 

349 prochloraz. At the nominal concentration of prochloraz (≥1 μg/L), the LC50 of esfenvalerate was 

350 0.058, which is more than one order of magnitude lower than the concentrations frequently  

351 detected in field.51 Further, at higher concentrations of prochloraz (100 µg/L), the LC50 of 

352 esfenvalerate decreased up to 0.000125 μg/L that is two orders of magnitude lower than the LC50 

353 (0.012 µg/L) reported by Bjergager et al.19 for D. magna exposed to esfenvalerate and 

354 prochloraz. In the present study, this lower LC50 could be due to the additional environmental 

355 stress of low food.

356 MDR for the CA reference model underestimated the LC50 of esfenvalerate up to 5312 fold at 

357 100 µg/L prochloraz and low food conditions compared to that of the control conditions without 

358 prochloraz and food stress (high food control). The identified MDRs were also much stronger 

359 than those detected for comparable concentrations of prochloraz.20, 32 Until now, the highest 

360 synergism between two pesticides has been reported for Ceriodaphnia dubia exposed to 

361 cypermethrin in the presence of piperonyl butoxide with a 137 fold increase in toxicity by 

362 Wheelock et al.66 The high level of synergism of the pesticide mixture in the present study was 

363 due to the additional impact of food stress. The presence of food stress alone without prochloraz 

364 already increased the toxicity of esfenvalerate by a factor of seven. Starving organisms may have 

365 low energy reserves for physiological defence against stress and therefore show more sensitivity 

366 to contaminants.67 As a possible consequence, some studies previously reported that the toxicity 

367 of metals and pesticides on invertebrates increased due to food limitation.34, 35, 68-70
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368 In the present study, we found that CA and EA generally underestimated the combined effects of 

369 the pesticide mixture under low food conditions as well as the interaction of all three stressors 

370 (Table 1, Figure S3). These results are not surprising for synergistic mixtures, because CA and 

371 EA assume additive effects. In contrast, the SAM, which is designed to predict synergism 

372 between toxicants and environmental stress, predicted the combined effects of both pesticides 

373 and food stress better than EA and CA (Figure 2, S4; Table 1). In general, SAM is able to predict 

374 a certain range of synergism with the most robust predictions for strong synergistic effects. 

375 However, even the SAM underestimated the combined effect of the pesticides and food stress at 

376 the highest concentration of prochloraz (100 μg/L). The underlying mechanisms for this high 

377 synergism should be the subject of future investigations.

378 The interactions of biotic- and abiotic stress factors are much more complex under field 

379 conditions, modifying the sensitivity of communities and populations to contaminants.71-73 

380 Recently, Delnat et al.38 investigated the effect of a common environmental stressor – daily 

381 temperature variation – on the combined toxicity of an organophosphate chlorpyrifos and a 

382 biopesticide Bacillus thuringiensis var towards vector mosquito Culex pipiens. A high variation 

383 in daily temperature changed the combined effect of both pesticides from additive to synergistic. 

384 Similarly, Gandar et al.74 reported higher toxic effect of a pesticide mixture towards molecular 

385 response of a goldfish (Carassius auratus) at 32 °C as compared to 22 °C. Other investigations 

386 also have reported synergistic interactions among various environmental and toxicants 

387 (Holmstrup, et al.33 and calculated by Liess et al.12), however, only single toxicant exposure was 

388 considered. 

389 As a conclusion, mixtures of pesticides and environmental stressors may act in a strong 

390 synergistic manner on non-target organisms. Environmental risk assessments should consider 
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391 these combined effects in order to be protective for the environment. Additionally, approaches 

392 such as the SAM can improve the prediction of the combined effects of synergistic toxicant 

393 mixtures and environmental stress.

394 ACKNOWLEDGEMENTS

395 We thank Ingrid Ränker and Ayesha Siddique from the Department of System-Ecotoxicology, 

396 Helmholtz Centre for Environmental Research GmbH – UFZ, and David Witte from University 

397 of Hildesheim, Germany for their support in the Daphnia magna culture and experimental setup. 

398 We also acknowledge German Academic Exchange Service (Deutscher Akademischer 

399 Austauschdienst, DAAD) for financially supporting N.S through doctoral fellowship.

400 AUTHOR CONTRIBUTIONS

401 Study design: NS, SK; conducting experiments: NS; data analysis and interpretation of results: 

402 all; drafting of the manuscript: NS; revising manuscript: all.

403 SUPPORTING INFORMATION

404 Tables showing description of experimental setup, and concentrations of pesticides analysed 

405 during different experimental rounds. Figures showing the survival of Daphnia magna exposed 

406 to a common mixture of esfenvalerate and prochloraz under high and low food conditions, 

407 interaction of multiple stress (esfenvalerate, prochloraz and food limitation), and relationship 

408 between LCx—shifts modeled by SAM and observed in different experiments (PDF).  

409 REFERENCES

410 1. Schäfer, R. B.; von der Ohe, P. C.; Rasmussen, J.; Kefford, B. J.; Beketov, M. A.; Schulz, 
411 R.; Liess, M., Thresholds for the effects of pesticides on invertebrate communities and leaf 
412 breakdown in stream ecosystems. Environ. Sci. Technol. 2012, 46, (9), 5134-5142.
413 2. Liess, M.; von der Ohe, P. C., Analyzing effects of pesticides on invertebrate 
414 communities in streams. Environ Toxicol Chem 2005, 24, (4), 954-965.
415 3. Knillmann, S.; Orlinskiy, P.; Kaske, O.; Foit, K.; Liess, M., Indication of pesticide effects 
416 and recolonization in streams. Sci Total Environ 2018, 630, 1619-1627.

Page 20 of 25

ACS Paragon Plus Environment

Environmental Science & Technology



21

417 4. Schäfer, R. B.; Bundschuh, M.; Rouch, D. A.; Szocs, E.; von der Ohe, P. C.; Pettigrove, 
418 V.; Schulz, R.; Nugegoda, D.; Kefford, B. J., Effects of pesticide toxicity, salinity and other 
419 environmental variables on selected ecosystem functions in streams and the relevance for 
420 ecosystem services. Sci Total Environ 2012, 415, 69-78.
421 5. Beketov, M. A.; Kefford, B. J.; SchÄfer, R. B.; Liess, M., Pesticides reduce regional 
422 biodiversity of stream invertebrates. Proc. Natl. Acad. Sci. 2013, 110, (27), 11039-11043.
423 6. Münze, R.; Orlinskiy, P.; Gunold, R.; Paschke, A.; Kaske, O.; Beketov, M. A.; Hundt, 
424 M.; Bauer, C.; Schüürmann, G.; Möder, M., Pesticide impact on aquatic invertebrates identified 
425 with Chemcatcher® passive samplers and the SPEAR pesticides index. Sci. Total Environ. 2015, 
426 537, 69-80.
427 7. Rasmussen, J. J.; Wiberg-Larsen, P.; Baattrup-Pedersen, A.; Monberg, R. J.; Kronvang, 
428 B., Impacts of pesticides and natural stressors on leaf litter decomposition in agricultural streams. 
429 Sci. Total Environ. 2012, 416, 148-155.
430 8. Fox, R., The decline of moths in Great Britain: a review of possible causes. Insect 
431 Conservation and Diversity 2013, 6, (1), 5-19.
432 9. Benton, T. G.; Bryant, D. M.; Cole, L.; Crick, H. Q., Linking agricultural practice to 
433 insect and bird populations: a historical study over three decades. J. Appl. Ecol. 2002, 39, (4), 
434 673-687.
435 10. Knäbel, A.; Meyer, K.; Rapp, J. r.; Schulz, R., Fungicide field concentrations exceed 
436 FOCUS surface water predictions: urgent need of model improvement. Environ. Sci. Technol. 
437 2013, 48, (1), 455-463.
438 11. Knäbel, A.; Stehle, S.; Schäfer, R. B.; Schulz, R., Regulatory FOCUS surface water 
439 models fail to predict insecticide concentrations in the field. Environ. Sci. Technol. 2012, 46, 
440 (15), 8397-8404.
441 12. Liess, M.; Foit, K.; Knillmann, S.; Schäfer, R. B.; Liess, H.-D., Predicting the synergy of 
442 multiple stress effects. Sci. Rep. 2016, 6, 32965.
443 13. Liess, M.; Schulz, R.; Liess, M.-D.; Rother, B.; Kreuzig, R., Determination of insecticide 
444 contamination in agricultural headwater streams. Water Res. 1999, 33, (1), 239-247.
445 14. Schäfer, R. B.; Caquet, T.; Siimes, K.; Mueller, R.; Lagadic, L.; Liess, M., Effects of 
446 pesticides on community structure and ecosystem functions in agricultural streams of three 
447 biogeographical regions in Europe. Sci. Total Environ. 2007, 382, (2), 272-285.
448 15. Riise, G.; Lundekvam, H.; Wu, Q.; Haugen, L.; Mulder, J., Loss of pesticides from 
449 agricultural fields in SE Norway–runoff through surface and drainage water. Environ. Geochem. 
450 Health 2004, 26, (2), 269-276.
451 16. Werner, I.; Zalom, F. G.; Oliver, M. N.; Deanovic, L. A.; Kimball, T. S.; Henderson, J. 
452 D.; Wilson, B. W.; Krueger, W.; Wallender, W. W., Toxicity of storm‐water runoff after 
453 dormant spray application in a French prune orchard, Glenn County, California, USA: Temporal 
454 patterns and the effect of ground covers. Environ Toxicol Chem 2004, 23, (11), 2719-2726.
455 17. Martin, J.; Crawford, C.; Larson, S., Pesticides in streams. National water assessment 
456 program (NAWQA), USA 2003.
457 18. Bjergager, M.-B. A.; Hanson, M. L.; Lissemore, L.; Henriquez, N.; Solomon, K. R.; 
458 Cedergreen, N., Synergy in microcosms with environmentally realistic concentrations of 
459 prochloraz and esfenvalerate. Aquat. Toxicol. 2011, 101, (2), 412-422.
460 19. Bjergager, M.-B. A.; Hanson, M. L.; Solomon, K. R.; Cedergreen, N., Synergy between 
461 prochloraz and esfenvalerate in Daphnia magna from acute and subchronic exposures in the 
462 laboratory and microcosms. Aquat. Toxicol. 2012, 110, 17-24.

Page 21 of 25

ACS Paragon Plus Environment

Environmental Science & Technology



22

463 20. Nørgaard, K. B.; Cedergreen, N., Pesticide cocktails can interact synergistically on 
464 aquatic crustaceans. Environmental Science and Pollution Research 2010, 17, (4), 957-967.
465 21. Kretschmann, A.; Gottardi, M.; Dalhoff, K.; Cedergreen, N., The synergistic potential of 
466 the azole fungicides prochloraz and propiconazole toward a short α-cypermethrin pulse increases 
467 over time in Daphnia magna. Aquat. Toxicol. 2015, 162, 94-101.
468 22. Pilling, E. D.; Jepson, P. C., Synergism between EBI fungicides and a pyrethroid 
469 insecticide in the honeybee (Apis mellifera). Pestic. Sci. 1993, 39, (4), 293-297.
470 23. Iwasa, T.; Motoyama, N.; Ambrose, J. T.; Roe, R. M., Mechanism for the differential 
471 toxicity of neonicotinoid insecticides in the honey bee, Apis mellifera. Crop Protect. 2004, 23, 
472 (5), 371-378.
473 24. Sejerøe, L. H. Toxicity of ternary mixtures tested on Cenorhabditis elegans -predictions 
474 and modelling. University of Copenhagen, 2011.
475 25. Cedergreen, N.; Kamper, A.; Streibig, J. C., Is prochloraz a potent synergist across 
476 aquatic species? A study on bacteria, daphnia, algae and higher plants. Aquat. Toxicol. 2006, 78, 
477 (3), 243-252.
478 26. Rösch, A.; Gottardi, M.; Vignet, C.; Cedergreen, N.; Hollender, J., A Mechanistic 
479 Understanding of the Synergistic Potential of Azole Fungicides in the Aquatic Invertebrate 
480 Gammarus pulex. Environ. Sci. Technol. 2017, 51, (21), 12784-12795.
481 27. Cedergreen, N.; Christensen, A. M.; Kamper, A.; Kudsk, P.; Mathiassen, S. K.; Streibig, 
482 J. C.; Sorensen, H., A review of independent action compared to concentration addition as 
483 reference models for mixtures of compounds with different molecular target sites. Environ 
484 Toxicol Chem 2008, 27, (7), 1621-1632.
485 28. Münze, R.; Hannemann, C.; Orlinskiy, P.; Gunold, R.; Paschke, A.; Foit, K.; Becker, J.; 
486 Kaske, O.; Paulsson, E.; Peterson, M., Pesticides from wastewater treatment plant effluents 
487 affect invertebrate communities. Sci. Total Environ. 2017, 599, 387-399.
488 29. Munz, N. A.; Burdon, F. J.; De Zwart, D.; Junghans, M.; Melo, L.; Reyes, M.; 
489 Schönenberger, U.; Singer, H. P.; Spycher, B.; Hollender, J., Pesticides drive risk of 
490 micropollutants in wastewater-impacted streams during low flow conditions. Water Res. 2017, 
491 110, 366-377.
492 30. Shahid, N.; Becker, J. M.; Krauss, M.; Brack, W.; Liess, M., Adaptation of Gammarus 
493 pulex to agricultural insecticide contamination in streams. Sci Total Environ 2018, 621, 479-485.
494 31. Inostroza, P. A.; Wicht, A.-J.; Huber, T.; Nagy, C.; Brack, W.; Krauss, M., Body burden 
495 of pesticides and wastewater-derived pollutants on freshwater invertebrates: Method 
496 development and application in the Danube River. Environ. Pollut. 2016, 214, 77-85.
497 32. Bjergager, M.-B. A.; Dalhoff, K.; Kretschmann, A.; Nørgaard, K. B.; Mayer, P.; 
498 Cedergreen, N., Determining lower threshold concentrations for synergistic effects. Aquat. 
499 Toxicol. 2017, 182, 79-90.
500 33. Holmstrup, M.; Bindesbol, A. M.; Oostingh, G. J.; Duschl, A.; Scheil, V.; Kohler, H. R.; 
501 Loureiro, S.; Soares, A. M.; Ferreira, A. L.; Kienle, C.; Gerhardt, A.; Laskowski, R.; Kramarz, P. 
502 E.; Bayley, M.; Svendsen, C.; Spurgeon, D. J., Interactions between effects of environmental 
503 chemicals and natural stressors: a review. Sci Total Environ 2010, 408, (18), 3746-62.
504 34. Beketov, M. A.; Liess, M., Acute contamination with esfenvalerate and food limitation: 
505 chronic effects on the mayfly, Cloeon dipterum. Environ Toxicol Chem 2005, 24, (5), 1281-
506 1286.

Page 22 of 25

ACS Paragon Plus Environment

Environmental Science & Technology



23

507 35. Pieters, B. J.; Paschke, A.; Reynaldi, S.; Kraak, M. H.; Admiraal, W.; Liess, M., 
508 Influence of food limitation on the effects of fenvalerate pulse exposure on the life history and 
509 population growth rate of Daphnia magna. Environ Toxicol Chem 2005, 24, (9), 2254-2259.
510 36. Knillmann, S.; Stampfli, N. C.; Beketov, M. A.; Liess, M., Intraspecific competition 
511 increases toxicant effects in outdoor pond microcosms. Ecotoxicology 2012, 21, (7), 1857-1866.
512 37. Liess, M.; Champeau, O.; Riddle, M.; Schulz, R.; Duquesne, S., Combined effects of 
513 ultraviolet‐B radiation and food shortage on the sensitivity of the Antarctic amphipod Paramoera 
514 walkeri to copper. Environ Toxicol Chem 2001, 20, (9), 2088-2092.
515 38. Delnat, V.; Tran, T. T.; Janssens, L.; Stoks, R., Daily temperature variation magnifies the 
516 toxicity of a mixture consisting of a chemical pesticide and a biopesticide in a vector mosquito. 
517 Sci Total Environ 2019, 659, 33-40.
518 39. Belden, J. B.; Gilliom, R. J.; Lydy, M. J., How well can we predict the toxicity of 
519 pesticide mixtures to aquatic life? Integr. Environ. Assess. Manage. 2007, 3, (3), 364-372.
520 40. Hassold, E.; Backhaus, T., The predictability of mixture toxicity of demethylase 
521 inhibiting fungicides to Daphnia magna depends on life-cycle parameters. Aquat. Toxicol. 2014, 
522 152, 205-214.
523 41. UBA, German Federal Environment Agency (UBA,  FKZ 3715 63 407 0). 2019.
524 42. Rose, R.; Warne, M. S. J.; Lim, R., Food concentration affects the life history response of 
525 Ceriodaphnia cf. dubia to chemicals with different mechanisms of action. Ecotoxicol. Environ. 
526 Saf. 2002, 51, (2), 106-114.
527 43. Loewe, S.; Muischnek, H., Über kombinationswirkungen. Naunyn Schmiedebergs Arch. 
528 Exp. Pathol. Pharmakol. 1926, 114, (5-6), 313-326.
529 44. Bliss, C., The toxicity of poisons applied jointly 1. Ann. Appl. Biol. 1939, 26, (3), 585-
530 615.
531 45. Klüttgen, B.; Dülmer, U.; Engels, M.; Ratte, H., ADaM, an artificial freshwater for the 
532 culture of zooplankton. Water Res. 1994, 28, (3), 743-746.
533 46. Sebens, D. G., Contrasting strategies of gamogenesis in northern and southern 
534 populations of Cladocera. Ecology 1982, 63, (1), 223-241.
535 47. Grimme, L.; Boardman, N., Photochemical activities of a particle fraction P1 obtained 
536 from the green alga Chlorella fusca. BBRC 1972, 49, (6), 1617-1623.
537 48. Tessier, A. J., Comparative population regulation of two planktonic cladocera 
538 (Holopedium gibberum and Daphnia catawba). Ecology 1986, 67, (2), 285-302.
539 49. Müller-Navarra, D.; Lampert, W., Seasonal patterns of food limitation in Daphnia 
540 galeata: separating food quantity and food quality effects. J. Plankton Res. 1996, 18, (7), 1137-
541 1157.
542 50. Bacey, J.; Spurlock, F.; Starner, K.; Feng, H.; Hsu, J.; White, J.; Tran, D., Residues and 
543 toxicity of esfenvalerate and permethrin in water and sediment, in tributaries of the Sacramento 
544 and San Joaquin rivers, California, USA. Bull. Environ. Contam. Toxicol. 2005, 74, (5), 864-871.
545 51. Cooper, C.; Smith Jr, S.; Moore, M., Surface water, ground water and sediment quality in 
546 three oxbow lake watersheds in the Mississippi Delta agricultural region: pesticides. Int J Ecol 
547 Environ Sci 2003, 29, 171-184.
548 52. EFSA, Conclusion on the peer review of the pesticide risk assessment of the active 
549 substance esfenvalerate. EFSA Journal 2014, 12, (11), 3873.
550 53. Kreuger, J., Pesticides in stream water within an agricultural catchment in southern 
551 Sweden, 1990–1996. Sci. Total Environ. 1998, 216, (3), 227-251.

Page 23 of 25

ACS Paragon Plus Environment

Environmental Science & Technology



24

552 54. Kreuger, J.; Graaf, S.; Patring, J.; Adielsson, S., Pesticides in surface water in areas with 
553 open ground and greenhouse horticultural crops in Sweden 2008. 2010.
554 55. Bowman, M. C.; Oiler, W. L.; Cairns, T.; Gosnell, A. B.; Oliver, K. H., Stressed bioassay 
555 systems for rapid screening of pesticide residues. Part I: Evaluation of bioassay systems. Arch. 
556 Environ. Contam. Toxicol. 1981, 10, (1), 9-24.
557 56. OECD, Guidance document on aquatic toxicity testing of difficult substances and 
558 mixtures. Series on Testing and Assessment 23. OECD Publishing: 2000.
559 57. Ritz, C.; Streibig, J. C., Bioassay analysis using R. Journal of statistical software 2005, 
560 12, (5), 1-22.
561 58. Cedergreen, N., Quantifying synergy: a systematic review of mixture toxicity studies 
562 within environmental toxicology. PLoS One 2014, 9, (5), e96580.
563 59. Coors, A.; De Meester, L., Synergistic, antagonistic and additive effects of multiple 
564 stressors: predation threat, parasitism and pesticide exposure in Daphnia magna. J. Appl. Ecol. 
565 2008, 45, (6), 1820-1828.
566 60. Belden, J. B.; Lydy, M. J., Joint toxicity of chlorpyrifos and esfenvalerate to fathead 
567 minnows and midge larvae. Environ Toxicol Chem 2006, 25, (2), 623-629.
568 61. RStudio RStudio: integrated development for R, 2016.
569 62. R Core Team R: A Language and Environment for Statistical Computing. Vienna: R 
570 Foundation for Statistical Computing; 2013. R Foundation for Statistical Computing.  
571 (Aavailable from http://www.r-project.org/), 2017.
572 63. Weltje, L., No proof of synergy at environmentally realistic concentrations of prochloraz 
573 and esfenvalerate—A reaction on “Synergy in microcosms with environmentally realistic 
574 concentrations of prochloraz and esfenvalerate” by Bjergager et al.(Aquat. Toxicol. 101 (2011), 
575 412–422). Aquat. Toxicol. 2013, 140, 466-468.
576 64. Legrand, M.; Costentin, E.; Bruchet, A., Occurrence of 38 pesticides in various French 
577 surface and ground waters. Environ. Technol. 1991, 12, (11), 985-996.
578 65. Duquesne, S.; Reynaldi, S.; Liess, M., Effects of the organophosphate paraoxon‐methyl 
579 on survival and reproduction of Daphnia magna: importance of exposure duration and recovery. 
580 Environ Toxicol Chem 2006, 25, (5), 1196-1199.
581 66. Wheelock, C. E.; Miller, J. L.; Miller, M. J.; Gee, S. J.; Shan, G.; Hammock, B. D., 
582 Development of toxicity identification evaluation procedures for pyrethroid detection using 
583 esterase activity. Environ Toxicol Chem 2004, 23, (11), 2699-2708.
584 67. Sibly, R. M., Efficient experimental designs for studying stress and population density in 
585 animal populations. Ecol. Appl. 1999, 9, (2), 496-503.
586 68. Koivisto, S.; Ketola, M.; Walls, M., Comparison of five cladoceran species in short-and 
587 long-term copper exposure. Hydrobiologia 1992, 248, (2), 125-136.
588 69. Barry, M.; Logan, D.; Ahokas, J.; Holdway, D., Effect of algal food concentration on 
589 toxicity of two agricultural pesticides to Daphnia carinata. Ecotoxicol. Environ. Saf. 1995, 32, 
590 (3), 273-279.
591 70. Spadaro, D. A.; Micevska, T.; Simpson, S. L., Effect of nutrition on toxicity of 
592 contaminants to the epibenthic amphipod Melita plumulosa. Arch Environ Contam Toxicol 2008, 
593 55, (4), 593-602.
594 71. Heugens, E. H.; Tokkie, L. T.; Kraak, M. H.; Hendriks, A. J.; van Straalen, N. M.; 
595 Admiraal, W., Population growth of Daphnia magna under multiple stress conditions: joint 
596 effects of temperature, food, and cadmium. Environ Toxicol Chem 2006, 25, (5), 1399-1407.

Page 24 of 25

ACS Paragon Plus Environment

Environmental Science & Technology

http://www.r-project.org/


25

597 72. Relyea, R. A.; Hoverman, J. T., Interactive effects of predators and a pesticide on aquatic 
598 communities. Oikos 2008, 117, (11), 1647-1658.
599 73. Jonker, D.; Freidig, A.; Groten, J.; De Hollander, A.; Stierum, R.; Woutersen, R.; Feron, 
600 V., Safety evaluation of chemical mixtures and combinations of chemical and non-chemical 
601 stressors. Rev. Environ. Health 2004, 19, (2), 83-140.
602 74. Gandar, A.; Laffaille, P.; Marty-Gasset, N.; Viala, D.; Molette, C.; Jean, S., Proteome 
603 response of fish under multiple stress exposure: Effects of pesticide mixtures and temperature 
604 increase. Aquat. Toxicol. 2017, 184, 61-77.

605

Page 25 of 25

ACS Paragon Plus Environment

Environmental Science & Technology


