Transgenerational exposure to warming reduces the sensitivity to a pesticide under warming
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Abstract
[bookmark: OLE_LINK154][bookmark: OLE_LINK155][bookmark: OLE_LINK200][bookmark: OLE_LINK201][bookmark: OLE_LINK202][bookmark: OLE_LINK227][bookmark: OLE_LINK221][bookmark: OLE_LINK226]Despite the increased attention for temporal aspects of stressor interactions and for effects of warming in ecotoxicological studies, we lack knowledge on how different exposure durations to warming may affect pesticide sensitivity. We tested how three types of exposure duration to 4 ℃ warming (acute, developmental and transgenerational exposure to 24 ℃ vs 20 ℃) shape the effect of the pesticide chlorpyrifos on two ecologically relevant fitness-related traits of mosquito larvae: heat tolerance and antipredator behaviour. Transgenerational (from the parental generation) and developmental (from the egg stage) warming appeared energetically more stressful than acute warming (from the final instar), because (i) only the latter resulted in an adaptive increase of heat tolerance, and (ii) especially developmental and transgenerational warming reduced the diving responsiveness and diving time. Exposure to chlorpyrifos decreased the heat tolerance, diving responsiveness and diving time. The impact of chlorpyrifos was lower at 24 °C than at 20 °C indicating that the expected increase in toxicity at 24 °C was overruled by the observed increase in pesticide degradation. Notably, although our results suggest that transgenerational warming was energetically more stressful, it did reduce the chlorpyrifos-induced negative effects at 24 °C on heat tolerance and the alarm escape response compared to acute warming. Our results provide important evidence that the exposure duration to warming may determine the impact of a pesticide under warming, thereby identifying a novel temporal aspect of stressor interactions in risk assessment.
Capsule: Under transgenerational exposure to warming the negative impact of chlorpyrifos was smaller than under acute warming.
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Introduction
[bookmark: OLE_LINK282][bookmark: OLE_LINK283][bookmark: OLE_LINK98][bookmark: OLE_LINK99][bookmark: OLE_LINK100]Warming and pesticides are two stressors of high concern as they can cause biodiversity loss, especially in aquatic organisms (warming: Heino et al., 2009; pesticides: Beketov et al., 2013). Both stressors are increasingly studied jointly as they may co-occur and can interact with each other. Notably, warming may change the net impact of pesticides in opposing ways. On the one hand, the toxicity of a given concentration of many pesticides such as carbamates and organophosphates is higher under warming (Noyes et al., 2009; Holmstrup et al., 2010; Moe et al., 2013). On the other hand, and much less considered in experiments, warming is expected to increase the degradation of pesticides thereby potentially buffering or even overruling the warming-induced increase in toxicity (Hooper et al., 2013; Op de Beek et al., 2017). 
Another largely neglected aspect in studies on the impact of pesticides under warming is the exposure duration to warming. In general, temporal aspects of stressor interactions need more attention as these may strongly determine their net impact (Orr et al. 2020; Meng et al., 2020a,b). Most ecotoxicological studies co-exposed organisms for a couple of days to warming and to a pesticide (reviewed by Noyes et al., 2009; Holmstrup et al., 2010; Wang et al., 2019). Nevertheless, as warming is typically a chronic stressor (except for heat extremes) and pesticides are pulse stressors, organisms may often already experience warming before being exposed to a pesticide. Three types of exposure duration to warming, and associated thermal plasticity, can be distinguished and may determine how organisms respond to warming (Sgrò et al., 2016), and therefore also how warming may shape the toxicity of a pesticide. Organisms may respond differentially to temperature when they are exposed for a short period (typically hours-days, acute plasticity), for a longer period (typically weeks, developmental plasticity), and when also their parents have already been exposed (transgenerational plasticity) (Sgrò et al., 2016). While animals may show adaptive acute plasticity to warming, long-term developmental (Rohr and Palmer, 2013) and transgenerational (Veilleux et al., 2015; Tran et al., 2018) exposure to warming may cause negative effects (Kingsolver and Woods, 2016), thereby likely further increasing the sensitivity to pesticides at higher temperatures. Notably, studies of transgenerational exposure to warming followed by pesticide exposure are rare (but see Tran et al., 2018; Pham et al., 2020) but highly relevant. Indeed, in organisms with a short life cycle both parents and their offspring can be expected to experience the same level of warming, and how offspring deal with warming can thereby be modulated by the thermal exposure history of their parents, which is defined as transgenerational plasticity (Bell and Hellmann, 2019; Donelson et al., 2018). Thus, how the exposure duration to warming and the associated type of thermal plasticity will interact with pesticide exposure is highly relevant for risk assessment. Nevertheless, no studies so far compared how the three types of exposure duration to warming (and associated thermal plasticity) affect pesticide sensitivity.
[bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK30]Two important fitness-related traits that are much less quantified in multi-stressor studies compared to the traditional life history traits are heat tolerance and antipredator behaviour. The heat tolerance of organisms is important to quantify as it correlates with the tolerance to mild warming (Åsheim et al., 2020) and reflects the ability to deal with heat extremes (Kaspari et al., 2015; Jørgensen et al., 2019). Heat extremes have increased during last decade and are expected to further increase in frequency and intensity under global warming (Stillman, 2019; IPCC 2014). Antipredator behaviour is another crucial trait, especially in freshwater systems where predation is an important structuring force (Wellborn et al., 1996). When stressors impair antipredator behaviour this will increase mortality due to predation, which eventually may affect the persistence of populations (Relyea and Hoverman, 2006). Pesticides have been shown to reduce the heat tolerance (Hooper et al., 2013; Moe et al., 2013; Noyes et al., 2009), and to negatively affect antipredator behaviour (e.g. Pestana et al., 2010; Reynaldi et al., 2011). Acclimation to higher temperatures can increase the heat tolerance and thereby partly buffer the negative effect of the pesticide on heat tolerance (Meng et al., 2020a; Op de Beek et al., 2017), and modulate the negative effect of the pesticide under warming on antipredator behaviour (Janssens et al., 2014; Tran et al., 2019). However, it has not been tested whether the three types of exposure duration to warming (acute, developmental and transgenerational) differentially affect the heat tolerance and antipredator behaviour, and more importantly how these types interact with exposure to pesticides.
[bookmark: OLE_LINK129][bookmark: OLE_LINK97][bookmark: OLE_LINK120][bookmark: OLE_LINK122][bookmark: OLE_LINK228][bookmark: OLE_LINK229]In this study, we tested how acute, developmental and transgenerational 4 ℃ warming determine the sensitivity of mosquito larvae to a pesticide. We thereby focused on effects on two ecologically relevant fitness-related traits: heat tolerance and antipredator behaviour. Aquatic stages of insects are considered especially sensitive to warming and pesticides as they cannot escape exposure (Woodward et al., 2010, Brönmark and Hansson, 2002). Mosquitoes may reach a high biomass and therefore play an important role as food in aquatic and terrestrial food webs (Becker et al., 2010). We studied the mosquito Culex pipiens form molestus (Forskal, 1775). This is a commonly distributed species in Europe and North America (Fonseca et al., 2004). As pesticide, we used the organophosphate chlorpyrifos which is listed among the top ten chemicals threatening aquatic organisms (Johnson et al., 2017). It is commonly used worldwide (although in some countries, its use was banned or restricted recently), and shows an increased toxicity at higher temperatures in aquatic insects (e.g. Lydy et al., 1999; Dinh et al., 2016; Verheyen et al., 2019). Compared to other aquatic insects, C. pipiens is especially sensitive to chlorpyrifos (Rubach et al. 2012). Based on previous work in the study species and other aquatic insects (Meng et al., 2020a; Verheyen et al., 2019; Tran et al., 2019), we expected chlorpyrifos to reduce the heat tolerance, warming to increase the heat tolerance, and each stressor to reduce the antipredator behaviour. Chlorpyrifos is known to degrade faster at higher temperatures (Buchwalter et al., 2003; Op de Beeck et al., 2017). We allowed pesticide degradation during the exposure period, and thereby tested whether the net impact of the pesticide under warming is determined mainly by the increased toxicity under warming or by the higher degradation under warming. Given that long-term exposure to warming is stressful to C. pipiens (Tran et al., 2018), we expected a longer exposure duration to generate more negative effects, including a higher sensitivity to the pesticide.
Materials and methods
Experimental setup
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4]To test how the three types of exposure duration to 4 ℃ warming influence the sensitivity to the pesticide chlorpyrifos under warming, we set up a 2-generation experiment with four temperature treatments crossed with four pesticide treatments (solvent control vs three nominal chlorpyrifos concentrations: 0.32, 0.34 and 0.36 µg/L) (Figure 1). The chlorpyrifos treatments were imposed in the offspring generation for four days when the larvae entered the final, fourth (L4) instar. This instar is recommended to be exposed by WHO (2005), as it is typically the most robust larval stage in mosquitoes. The four temperature treatments differed in the duration of exposure to warming (24 °C compared to the 20 °C control): never (parental temperature – offspring egg-to-L4 temperature – offspring L4 temperature: 20-20-20), only during the pesticide exposure period in L4 (acute exposure: 20-20-24), already from the egg stage (developmental exposure: 20-24-24), or already from the parental generation (transgenerational exposure: 24-24-24). Note that mosquito larvae in the offspring generation were exposed to the solvent control or to the pesticide at 20 °C in the thermal control treatment, yet at 24 °C in the three warming treatments. Note also that in all three warming treatments the animals were exposed to the pesticide for 4 days, so no differential degradation of the pesticide is to be expected among the three warming treatments. To keep the experiment feasible and because we were interested in the effect of exposure duration within and across generations, we did not include treatments where the warming treatment shifted back to the control temperature in the next stage. We measured the performance traits, heat tolerance and antipredator escape response (responsiveness and diving time), directly after the 4-day pesticide exposure period, hence in the absence of chlorpyrifos. During the entire experiment, larvae were fed daily 0.313 mg/per larva of a food mixture consisting of Supradyn® vitamins (3%), wheat germs (51%) and Olvarit® 7 cereal flakes (46%). This equals a high food amount (Op de Beek et al., 2016) and avoids an effect of food scarcity.
	The mosquito egg clutches were obtained from a lab culture which was housed at 20 ℃. This rearing temperature represents the current mean summer temperature in the German source populations that inhabit shallow water bodies (Tran et al., 2016). Because by 2100 a 4 ℃ increase in mean temperature is expected according to IPCC (2014) scenario RCP 8.5, larvae were exposed to 24 °C in the warming treatments. Currently, larvae may already experience temperatures of 24 °C during warm periods in summer.
[bookmark: OLE_LINK49][bookmark: OLE_LINK50][bookmark: OLE_LINK181][bookmark: OLE_LINK211][bookmark: OLE_LINK212][bookmark: OLE_LINK213][bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: OLE_LINK53][bookmark: OLE_LINK51][bookmark: OLE_LINK52]In both the parental and the offspring generations, all mosquitoes were reared from the egg stage in white 2 L containers filled with 1 L aged tap water. To start the parental generation, newly hatched L1 (= first instar) larvae from 144 egg clutches were combined in a white tray with 5 L aged tap water, and sets of 100 larvae were transferred to white 2 L containers. The containers were placed in temperature-controlled rooms at 20 ℃ or 24 ℃ depending on the temperature treatment. When the first pupa was detected, groups of three randomly selected containers at each temperature were combined into a white tray containing 5 L aged tap water from which adults could emerge. The trays were covered with white netting. After metamorphosis, the adults from three trays per temperature were transferred with an aspirator to one cage (25 cm × 25 cm × 40 cm) covered with netting and fed a 6 % glucose solution. We set up three cages with adults (ca. 400 in each cage) at 20 ℃ and three cages at 24 ℃. 
[bookmark: OLE_LINK135][bookmark: OLE_LINK174]To start the offspring generation, we collected egg clutches from all cages at the same temperature and pooled the newly hatched L1 larvae into 2 L containers (as in the parental generation) which were then kept at 20 ℃ or 24 ℃ depending on the temperature treatment. When the larvae of the offspring generation entered L4, the acute warming treatment and the chlorpyrifos treatments started. At that moment, sets of 25 recently (< 24 h) moulted L4 larvae that were pooled from different 2 L containers at the same temperature were placed in 210 mL glass jars containing 125 mL medium (solvent control or chlorpyrifos solution) and exposed for 96 h. The medium during the chlorpyrifos exposure period was refreshed after 48 h. We ran 22-23 replicated jars for each treatment combination (total of 361 jars and 9,025 mosquito larvae).
[bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK184][bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK175][bookmark: OLE_LINK15][bookmark: OLE_LINK25][bookmark: OLE_LINK54][bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK179][bookmark: _Hlk49437825][bookmark: OLE_LINK158][bookmark: OLE_LINK159]Based on a range finding experiment where we exposed L4 larvae to chlorpyrifos for 96 h at 20 ℃ (Appendix A), we chose a nominal concentration of 0.32 μg/L as this caused low (~16%) mortality. To compare the effects of different chlorpyrifos concentrations, we included two higher concentrations: 0.34 μg/L and 0.36 μg/L, which caused ~27% and ~38% mortality in the range finder, respectively. These chlorpyrifos concentrations are ecologically relevant as these are within the range measured in European surface waters: 95% CI = [0.07 µg/L, 0.69 µ/L] (Stehle and Schulz, 2015; personal communication Sebastian Stehle). Note that these three concentrations are close, yet generate considerably different mortality due to the steep dose-response curve of chlorpyrifos in the study species (see the results of the range finder in Appendix A). 
Actual chlorpyrifos concentrations in the experiment were quantified by UPLC-MS/MS. Per concentration, two pooled samples (each sample pooled the medium of 10 jars) were taken at the start of the experiment, and per combination of concentration and temperature two pooled samples were taken after 48 h (just before renewal of the medium). To prepare the chlorpyrifos medium, a stock solution of 0.1 mg/mL was made by dissolving chlorpyrifos (purity grade ˃ 99%) in absolute ethanol, from which a secondary stock solution of 1 μg/mL was made in milliQ water. The same amount of ethanol (3.6 μL/L) as in the high chlorpyrifos concentration (0.36 μg/L) was included in the solvent control. This amount of ethanol is not expected to affect the larvae since ethanol concentrations of up to 500 μL/L do not affect survival and growth of the larvae of the study species (Tam Tran, unpublished data). 
Heat tolerance
[bookmark: OLE_LINK22][bookmark: OLE_LINK12][bookmark: OLE_LINK214][bookmark: OLE_LINK215][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK185][bookmark: OLE_LINK186][bookmark: OLE_LINK121][bookmark: OLE_LINK57][bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: OLE_LINK60]Heat tolerance was assessed by measuring the critical thermal maximum (CTmax) following the method of Meng et al. (2020b) immediately after the 4-day chlorpyrifos exposure period. Specifically, the larvae were heated separately in cups filled with 50 mL aged tap water and the CTmax was recorded as the temperature when the larvae started floating motionlessly at the water surface and did not respond to a slight disturbance. The cups containing the larvae were fixed at the water surface of a temperature-controlled tank which was heated by a heater (TC120 optima immersion thermostat, Cambridgeshire, UK) at a rate of 0.3 ℃/min. This ramping rate is within the commonly applied range when measuring the CTmax of aquatic organisms (e.g. Cambronero et al., 2018; Verberk and Bilton, 2013). The starting temperature for the measurements was 20 ℃ or 24 ℃, matching the rearing temperature during the chlorpyrifos exposure period. When the CTmax was reached, the larva was moved immediately to 20 ℃ or 24 ℃ (matching the rearing temperature during the chlorpyrifos exposure period) to recover. The few larvae that died (10 out of 738) were excluded from the analyses. The recovered larvae were weighed to the nearest 0.01 mg using an electronic balance (AV135-S, Mettler Toledo, Columbus, OH, USA) to mass-correct the CTmax value. CTmax was in most cases measured on two randomly selected larvae per jar, yet in 14 out of 361 jars three larvae per jar were tested (to make the number of larva measured as equal as possible across treatments). The exact sample sizes for each treatment combination are shown in Figure 3.
Alarm escape response
[bookmark: OLE_LINK123][bookmark: OLE_LINK124][bookmark: OLE_LINK125][bookmark: OLE_LINK126][bookmark: OLE_LINK235][bookmark: OLE_LINK236]Culex mosquito larvae stay most of the time at the water surface to obtain oxygen (Corbet et al., 2000). They react to a sudden change of light intensity by diving to the bottom; this is regarded as an alarm escape response to avoid predation (Reynaldi et al., 2011; Futami et al., 2008). A stronger escape response, being a higher percentage of mosquitoes that show the diving response (= responsiveness) and a longer diving time, is considered more effective against predators such as the water boatman Notonecta glauca (Reynaldi et al., 2011; Futami et al., 2008).
[bookmark: OLE_LINK85][bookmark: OLE_LINK86][bookmark: OLE_LINK176][bookmark: OLE_LINK177][bookmark: OLE_LINK203][bookmark: OLE_LINK204][bookmark: OLE_LINK205][bookmark: OLE_LINK206][bookmark: OLE_LINK207][bookmark: OLE_LINK208][bookmark: OLE_LINK209][bookmark: OLE_LINK210]The alarm escape response was measured following the protocol of Tran et al. (2019) at the end of the 4-d chlorpyrifos exposure period. Specifically, five larvae were randomly selected from each experimental jar and transferred to a new jar containing aged tap water (irrespective of the chlorpyrifos treatment). Jars with larvae were first kept in the dark for 5 minutes and afterwards placed below a light source with an intensity of 1500 lux. When all five larvae were located at the water surface (within 5 minutes), the light was turned off and we recorded the number of larvae per jar that showed the diving response. Five seconds later we turned the light on again and recorded the time (diving time) needed for each larva to return to the water surface to the nearest 0.01 second using a chronometer. The temperature during the measurements matched the temperature the larvae experienced during the chlorpyrifos exposure period. All measurements were conducted by the same observer (Meng Shandong) between 11:00 to 14:00. One mean value for diving time was obtained per jar for the statistical analyses.
Statistical analyses
[bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK28][bookmark: OLE_LINK29]We analyzed all variables using R v3.6.1 (R Core Team, 2019) with the following packages: ‘lme4’ (v1.1-21, Bates et al., 2015), ‘afex’ (v0.25-1, Singmann et al., 2017), ‘car’ (v3.0-3, Fox and Weisberg, 2018), ‘emmeans’ (v2.30-0, Lenth et al., 2019) and ‘drc’ (v3.0.1, Ritz et al., 2015). 
The effect of temperature on the measured chlorpyrifos concentrations after 48 hours was analyzed using a general linear model with temperature, nominal chlorpyrifos concentration and their interaction as factors. The main effects of the warming treatments and chlorpyrifos exposure, and their interaction on CTmax were analyzed by a general linear mixed model with the body mass of the larva as a covariate and experimental jar as a random factor. The main effects of the warming treatments and chlorpyrifos exposure, and their interaction on the diving response were analyzed using a generalized linear mixed model with a binomial error structure and the logit link function. We categorized the number of larvae showing and not showing the diving response in each jar. We added the date of testing as a random factor. The main effects of the warming treatments and chlorpyrifos exposure, and their interaction on diving time were analyzed using a general linear model. When there was an interaction between warming and exposure to chlorpyrifos we compared the estimated marginal means of the different treatment combinations with the function contrasts in the package ‘emmeans’; the obtained p-values were false discovery rate (FDR) corrected and coded on the figures. Based on these posthoc tests, we first described the effects of single exposure to warming (in the absence of chlorpyrifos), single exposure to chlorpyrifos (in the absence of warming), and then how the warming treatments (exposure duration) shaped the effect of chlorpyrifos. 
Results
Chlorpyrifos concentrations
The measured chlorpyrifos concentrations at the start of the exposure period for the three nominal concentrations of 0.32, 0.34 and 0.36 μg/L were (mean ± SE) 0.262 ± 0.021, 0.297 ± 0.037, and 0.345 ± 0.023 μg/L (N = 2 pooled samples per concentration), respectively. For all three nominal concentrations, the measured concentrations in the experimental jars after 48h were ~ 61.8% lower at 24 ℃ than that at 20 ℃ (main effect Temperature: F1,6 = 14.96, P = 0.008, Figure 2, contrasts between 20 ℃ and 24 ℃ for each concentration: all P ≤ 0.001). No significant interaction between temperature and nominal concentration was observed (Temperature × Nominal concentration: F2,6 = 2.51, P = 0.161).
Heat tolerance (CTmax)
[bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK90][bookmark: OLE_LINK91][bookmark: OLE_LINK127][bookmark: OLE_LINK128][bookmark: OLE_LINK83][bookmark: OLE_LINK84][bookmark: OLE_LINK87][bookmark: OLE_LINK92][bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK134][bookmark: OLE_LINK160][bookmark: OLE_LINK161][bookmark: OLE_LINK162][bookmark: OLE_LINK163][bookmark: OLE_LINK164][bookmark: OLE_LINK199]Warming, exposure to chlorpyrifos and their interaction significantly shaped CTmax (Table 1, Figure 3). Warming in general increased CTmax (main effect Warming, Table 1). In the absence of chlorpyrifos, CTmax increased under acute warming (20-20-24) but no longer under developmental (20-24-24) and transgenerational warming (24-24-24). Exposure to chlorpyrifos in general decreased CTmax (main effect Chlorpyrifos, Table 1). This chlorpyrifos-induced reduction of CTmax was stronger (up to -2.0 °C) at 20 °C (20-20-20) than under the three warming treatments at 24 °C (up to -1.6 °C) (Chlorpyrifos × Warming, Table 1). At 20 °C, chlorpyrifos reduced CTmax more at 0.34 and 0.36 µg/L than at 0.32 µg/L. At 24 °C, CTmax was more sensitive to chlorpyrifos under acute warming than under transgenerational warming at 0.32 µg/L: the chlorpyrifos-induced reduction of CTmax was 2.8 times larger under acute warming than under transgenerational warming. Yet, at 0.34 and 0.36 µg/L there was no longer a difference among warming treatments in the extent the heat tolerance was reduced by chlorpyrifos.
Alarm escape response
[bookmark: OLE_LINK79][bookmark: OLE_LINK80][bookmark: OLE_LINK95]Warming, exposure to chlorpyrifos and their interaction significantly affected the percentage of mosquitoes that showed an escape diving response (= responsiveness) (Table 1, Figure 4a). Warming in general reduced the responsiveness (main effect Warming, Table 1). In the absence of chlorpyrifos, the responsiveness was higher under acute warming (20-20-24) than under developmental (20-24-24) and transgenerational warming (24-24-24). Exposure to chlorpyrifos in general decreased the responsiveness, which further depended on the warming treatment (main effect Chlorpyrifos, Chlorpyrifos x Warming, Table 1). At 20 ℃, exposure to chlorpyrifos reduced the responsiveness, and this reduction was stronger at 0.34 and 0.36 µg/L (-23.2%) than at 0.32 µg/L (-9.0%). At 24 °C, the responsiveness was more sensitive to chlorpyrifos under acute warming than under long-term warming. Under acute warming (20-20-24), all chlorpyrifos concentrations reduced the responsiveness to the same degree (-22.5%); however, under developmental warming (20-24-24) only the highest chlorpyrifos concentration (0.36 μg/L) significantly reduced the responsiveness (-31.3%), and under transgenerational warming (24-24-24) none of the three concentrations reduced the responsiveness.
Warming, exposure to chlorpyrifos and their interaction significantly shaped the escape diving time (Table 1, Figure 4b). In the absence of chlorpyrifos, warming shortened the diving time by 34.3%, and this to the same extent across warming treatments. At 20 ℃, exposure to chlorpyrifos shortened the diving time by 60.6%, and this did not depend on the concentration (Figure 4b). The chlorpyrifos-induced reduction of diving time was smaller at 24 °C than at 20 °C (Chlorpyrifos × Warming, Table 1). At 24 °C, the diving time was more sensitive to chlorpyrifos under acute warming than under transgenerational warming. Under acute warming the chlorpyrifos-induced reduction was -46.6% and this already at 0.32 μg/L and did not further reduce at 0.34 and 0.36 µ/L. Instead, under developmental warming the chlorpyrifos-induced reduction in diving time went from -22.0% at 0.32 μg/L to -46.5% at 0.36 μg/L, and under transgenerational warming the diving time was only significantly reduced at the highest concentration (0.36 μg/L) by -40.3%. 
[bookmark: OLE_LINK187]Discussion 
Effects of warming in the absence of chlorpyrifos
Our results support the hypothesis that developmental and transgenerational warming were energetically more costly than acute warming. Indeed, only acute warming resulted in an adaptive increase of CTmax, and the maladaptive reduction in diving responsiveness was smaller under acute compared to long-term warming. These patterns cannot be explained by differential effects of the three warming treatments on body mass (see Appendix C).
[bookmark: OLE_LINK230][bookmark: OLE_LINK231][bookmark: OLE_LINK93][bookmark: OLE_LINK94][bookmark: OLE_LINK107][bookmark: OLE_LINK108]Acute 4 ℃ warming increased the heat tolerance measured as CTmax, which is in line with the general adaptive pattern that the upper thermal limit increases after acclimation to higher temperatures (Gunderson and Stillman, 2015). Note that the observed increase in CTmax under warming is conservative and not a result of the higher start temperature during the CTmax test (see Appendix B). This higher heat tolerance may be caused by increased levels of heat shock proteins (King and MacRae, 2015; Dahlhoff and Rank, 2000). Notably, the warming-induced increase in heat tolerance did no longer exist when the duration of warming was prolonged under developmental and transgenerational warming. This can be explained by observations that heat shock genes no longer are upregulated and can even be downregulated under long-term developmental and transgenerational exposure to warming because of associated energetic costs (Chen et al., 2018; Veilleux et al., 2015; Dixon et al., 2015; Meyer et al., 2011). In general, the increase in metabolic rate can be much higher than the increase in feeding rate at evaluated temperatures reducing the energetic efficiency under warming (Vucic‐Pestic et al., 2011). This mechanism may indeed make long-term exposure to warming energetically more costly compared to short-term exposure (see also Meyer et al., 2011; Cloyed et al., 2019). Notably, this may occur also at abundant food levels (e.g. Veilleux et al., 2015) as in the current study.
Under warming, less larvae showed the alarm escape by diving away from the water surface, and those that did had a shorter diving time. This reduction in diving time under developmental warming was shown before in mosquito larvae (e.g. Tran et al., 2019). Similarly, diving beetles show at higher temperatures a decreased antipredator behaviour associated with a higher surfacing frequency (e.g. Calosi et al., 2007). An increased demand of oxygen under warming due to a higher metabolic rate (Verberk et al., 2011) may contribute to these patterns since mosquito larvae mainly obtain oxygen from the air (Silberbush et al., 2015). Furthermore, as diving is energetically costly (Olsson and Klowden, 1998), the shortened diving times under warming may also be associated with energy deficiency, as the total energy budget is decreased by warming in the study species (Meng et al., 2020a). Interestingly, the diving responsiveness was further reduced under developmental and transgenerational warming compared to acute warming. This further suggests that more energy was utilized, thus more oxygen was needed, to offset the negative effects of prolonged warming.
[bookmark: _Hlk44886042][bookmark: OLE_LINK96]Effects of chlorpyrifos in the absence of warming
At 20 °C, chlorpyrifos negatively affected CTmax and the two diving response variables. For CTmax and diving responsiveness this negative impact was stronger at 0.34 and 0.36 µg/L than at 0.32 µg/L. 
[bookmark: OLE_LINK156][bookmark: OLE_LINK157]As expected, exposure to chlorpyrifos decreased the heat tolerance, which supports the “toxicant induced climate change sensitivity” (TICS) concept (Hooper et al., 2013; Moe et al., 2013; Noyes et al., 2009). A chlorpyrifos-induced reduction in heat tolerance supports previous findings in the study species (e.g. Meng et al., 2020 a, b) and other freshwater organisms (e.g. damselfly larvae: Verheyen et al., 2019; fish: Patra et al., 2007). The heat tolerance of an organism is thought to be determined by a mismatch between the oxygen demand and supply (Verberk et al., 2013). This mismatch is likely to occur at lower temperatures under exposure to chlorpyrifos since the damage repair and detoxification mechanisms may increase the oxygen demand (Sokolova, 2013; for chlorpyrifos; Narváez et al., 2016), while an impaired respiratory functioning may decrease the oxygen supply (for chlorpyrifos: Marigoudar et al., 2018; Negro and Collins, 2017). CTmax values were much higher than the experienced mean rearing temperatures, which is a general pattern (e.g. Jørgensen et al., 2019). Yet, CTmax values are highly correlated with maximum environmental temperatures thereby being a good proxy of the relative ability to deal with thermal extremes (e.g. Huey et al., 2012; Jørgensen et al., 2019). Moreover, the heat tolerance of organisms correlates with the tolerance to mild warming (Åsheim et al., 2020), hence may inform about the ability of organisms to deal with mild warming. The chlorpyrifos-induced decrease in CTmax (ca. 2 °C) observed in the current study is likely ecologically relevant as such absolute changes match those observed among thermally adapted populations from different thermal environments differing in 4 °C (e.g. for damselfly larvae: Carbonell and Stoks, 2020; Janssens et al., 2021).
[bookmark: OLE_LINK172][bookmark: OLE_LINK173][bookmark: OLE_LINK165][bookmark: OLE_LINK166][bookmark: OLE_LINK167][bookmark: OLE_LINK168][bookmark: OLE_LINK169][bookmark: OLE_LINK170][bookmark: OLE_LINK171]The increased oxygen demand and possibly reduced oxygen supply under chlorpyrifos exposure together with the assumed energetic cost of diving may also explain why exposure to chlorpyrifos reduced the proportion of larvae showing escape diving and shortened the diving times. These reductions in escape responses match the previously recorded reduced responsiveness when exposed to the pesticide fenvalerate (Reynaldi et al., 2011), and the shortened diving time when exposed to chlorpyrifos (Tran et al., 2019) in the study species. Both a decreased escape responsiveness and a shortened diving time have been associated with increased risk of being killed by predators (Reynaldi et al., 2011; Tran et al., 2016), suggesting chlorpyrifos exposure increased the vulnerability of larvae to their predators.
General effects of chlorpyrifos under warming
[bookmark: OLE_LINK9]Chlorpyrifos reduced the heat tolerance and the diving time less for the three warming treatments at 24 °C than for the control temperature of 20 °C. This may be explained by the higher degradation rate, as evidenced by the observed lower chlorpyrifos concentrations after 48h at 24 ℃ than at 20 ℃. This higher degradation at 24 °C hence overruled the documented stronger toxicity of chlorpyrifos at 24 °C in the study species (Delnat et al., 2019; Tran et al., 2018). Such pattern has been predicted in general (Moe et al., 2013), but has surprisingly only been rarely described (but see for the damselfly Ischnura elegans, Op de Beeck et al., 2017). In line with this explanation, lower chlorpyrifos concentrations indeed reduced the heat tolerance less as shown at 20 °C (see also Meng et al., 2020a). In addition, the warming-induced increase in heat tolerance may also partly have counteracted the chlorpyrifos-induced reduction in heat tolerance (for the study species: Meng et al., 2020a; for damselfly larvae: Verheyen et al., 2019). Warming may thereby have increased the CTmax to an upper limit value in the solvent controls, and as a result made the difference in CTmax between the solvent control and the three chlorpyrifos treatments smaller in each warming treatment. For diving time which was already strongly reduced by warming, the species may have tried to maintain a minimum diving time to guarantee a minimum effect of this antipredator behaviour. An alternative mechanism whereby warming initiated an overall stress response that helped the larvae to better deal with the pesticide seems less likely. Indeed, the general pattern is that warming magnifies the toxicity of organophosphate pesticides (Noyes et al., 2009; Holmstrup et al., 2010; Moe et al., 2013). More general, co-exposure to stressors is expected to cause synergistic interactions (Gunderson et al. 2016).
Differential effects of chlorpyrifos under the three warming types
[bookmark: _Hlk58613128][bookmark: OLE_LINK197][bookmark: OLE_LINK198][bookmark: OLE_LINK182][bookmark: OLE_LINK183][bookmark: OLE_LINK188][bookmark: OLE_LINK189][bookmark: OLE_LINK190][bookmark: OLE_LINK191][bookmark: OLE_LINK192][bookmark: OLE_LINK193][bookmark: OLE_LINK194][bookmark: OLE_LINK195][bookmark: OLE_LINK196][bookmark: OLE_LINK222][bookmark: OLE_LINK223][bookmark: OLE_LINK10]Contrary to our expectation, a key finding was that the negative effects of chlorpyrifos at 24 °C on CTmax and the two escape response variables were less pronounced under transgenerational, and to some extent also under developmental warming, than under acute warming. Notably, the chlorpyrifos-induced reduction in CTmax at the low concentration (0.32 μg/L) was nearly 3-fold smaller under transgenerational warming than under acute warming. Hence, transgenerational warming weakened the chlorpyrifos-induced negative effects on heat tolerance at 24 °C compared to acute warming. Similarly, the chlorpyrifos-induced reduction of escape diving at 24 °C was smaller under transgenerational warming since none of the three chlorpyrifos concentrations significantly reduced the responsiveness, and no significant reductions in diving time were detected at 0.32 and 0.34 μg/L. A similar pattern also tended to occur under developmental warming where chlorpyrifos concentrations of 0.32 and 0.34 μg/L did not statistically reduce the diving responsiveness, and 0.32 μg/L chlorpyrifos resulted in a longer diving time than under acute warming.  
[bookmark: OLE_LINK117][bookmark: OLE_LINK224]Intriguingly, while long-term exposure to warming was energetically more stressful than acute warming, particularly transgenerational warming reduced the sensitivity of mosquito larvae to the pesticide compared to acute warming (especially at the low concentration of 0.32 μg/L). We can exclude several potential reasons for this apparently counterintuitive pattern. First, any differential effects of the pesticide among the three warming treatments cannot be due to differential degradation of the pesticide as in all three warming treatments the pesticide was kept at 24 °C for the same duration. Moreover, this pattern is unlikely to be fully mediated by warming-induced effects on larval body mass. Indeed, the body mass in the solvent control (likely reflecting the body mass patterns at the start of the exposure period) was largest under acute warming, intermediate under transgenerational warming and smallest under developmental warming (Appendix C). Given that smaller larvae of aquatic insects are more vulnerable to chlorpyrifos (chironomid larvae: Buchwalter et al., 2002; damselfly larvae: Verheyen and Stoks, 2019), differences in body mass among the three warming treatments can therefore not explain our key finding that the negative effects of chlorpyrifos were strongest under acute warming and least strong under transgenerational warming (for more details see Appendix C). Furthermore, any limit values for CTmax or diving time may also not explain differential effects on these response variables among the three warming treatments.
Instead, this pattern might be explained because under developmental and transgenerational warming larvae were already acclimated to 24 °C before being exposed to chlorpyrifos, while under acute warming larvae experienced both a switch to 24 °C and exposure to the pesticide when they entered the final L4 stage. The latter may have resulted in a stronger acute stress response. Related to this, as the energetically costly heat shock proteins have commonly been shown to be upregulated under acute thermal stress (reviewed by Sørensen et al., 2003; Chen et al., 2018) but no longer under developmental and transgenerational warming (Chen et al., 2018; Veilleux et al., 2015), larvae under the two long-term warming treatments may have had more energy available for detoxification. An alternative reason why transgenerational warming reduced the sensitivity may be that under transgenerational warming the parents were reared at 24 °C, hence likely had a smaller body mass (given that this was the case for the larvae reared from the egg stage at 24 °C, appendix C), compared to the parents of the three other warming treatments (that all developed at 20 °C). Bagni et al. (2020) showed in the moth Spodoptera littoralis that offspring from parents with a smaller maternal body mass were less sensitive to chlorpyrifos, which was unrelated to the offspring body mass. Unfortunately, they could not identify the underlying mechanism for this transgenerational effect. Nevertheless, even if partly contributing to our pattern, this mechanism cannot explain why larvae also suffered less from the pesticide under developmental warming than under acute warming, as the parents of both groups were reared under identical conditions (hence likely did not differ in mass).
Conclusions
[bookmark: OLE_LINK139]Despite the increased attention for temporal aspects of stressor interactions (Orr et al., 2020) and for effects of warming in ecotoxicological studies (Moe et al., 2013, Holmstrup et al., 2010), no study so far compared how different exposure durations to warming may affect pesticide sensitivity. Our results suggest that warming generally reduced the impact of chlorpyrifos on heat tolerance and antipredator behaviour, possibly caused by an increased degradation of chlorpyrifos. Notably, while long-term exposure to warming seemed energetically more stressful than acute warming, transgenerational warming did make mosquito larvae better in coping with the exposure to pesticide chlorpyrifos at 24 °C than acute warming. While our experiment simulated an increase of 4 °C by 2100 under IPCC (2014) warming scenario RCP8.5, mosquito larvae currently already may experience water temperatures of 24 °C making the observed effects also relevant for current populations during warm summers. Our results provide important evidence that the duration of warming may modulate the interactive effects with pesticides, thereby identifying a novel temporal aspect in ecotoxicological studies.
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Table 1. The main and interactive effects of the warming treatments and chlorpyrifos exposure on heat tolerance (CTmax), and the two alarm escape response variables (responsiveness and diving time). Significant P-values (P ˂ 0.05) are indicated in bold.
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	Responsiveness
	
	Diving time

	
	χ2
	Df
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	χ2
	Df
	P
	
	F
	Df
	P

	Chlorpyrifos
	177.93
	3
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	30.67
	3
	[bookmark: OLE_LINK67][bookmark: OLE_LINK68]˂ 0.001
	
	40.52
	3,288
	˂ 0.001

	Warming
	51.14
	3
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	57.37
	3
	˂ 0.001
	
	6.75
	3,288
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	[bookmark: OLE_LINK77][bookmark: OLE_LINK78]Chlorpyrifos × Warming
	25.48
	9
	0.002
	
	17.14
	9
	0.046
	
	3.01
	9,288
	0.002

	Mass
	3.06
	1
	0.080
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Figure 1. Scheme of the experimental design to test how exposure to 4 ℃ warming and its duration affects the sensitivity of mosquito larvae to chlorpyrifos. In the control temperature treatment both parents and offspring were continuously kept at 20 °C (parental temperature – offspring egg-to-L4 temperature – offspring L4 temperature: 20-20-20). In the three warming treatments, warming started in the L4 stage of the offspring generation (acute warming, 20-20-24), in the egg stage of the offspring generation (developmental warming, 20-24-24), or already in the parental generation (transgenerational warming, 24-24-24). When larvae had recently (< 24h) moulted into the L4 (= final instar) stage, they were exposed to the solvent control (SCT) or chlorpyrifos solution (CPF).
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Figure 2. The measured chlorpyrifos concentrations 48h after the exposure started in the experimental jars for the three nominal start concentrations at the two temperatures. Mean concentrations (± 1 standard error) are based on two pooled samples each of 10 experimental jars. 
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[bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: OLE_LINK81][bookmark: OLE_LINK82]Figure 3. Effects of exposure to chlorpyrifos, warming and their interactions on heat tolerance (CTmax) of L4 larvae of the mosquito Culex pipiens. Means are shown ± 1 standard error. Means that differ significantly (false discovery rate corrected P < 0.05) are indicated by different letters. Numbers in bars represent sample sizes (number of larvae measured).
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Figure 4. Effects of exposure to chlorpyrifos, warming and their interactions on the alarm escape diving response of L4 larvae of the mosquito Culex pipiens: (a) responsiveness and (b) diving time. Means are shown ± 1 standard error. Means that differ significantly (false discovery rate corrected P < 0.05) are indicated by different letters. Numbers in bars represent sample sizes. 
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