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Abstract
[bookmark: OLE_LINK51][bookmark: OLE_LINK54]There is increasing awareness that the toxicity of pesticides can to a large extent be modulated by warming, and that temporal exposure scenarios may strongly affect the impact of two stressors. Nevertheless, we lack information on how the exposure duration to warming may shape pesticide toxicity under warming. Furthermore, despite that bioenergetic responses have the potential to generate mechanistic insights in how toxicants interact with warming, this has been understudied in ecotoxicology. To investigate whether warming duration modifies pesticide toxicity, mosquito larvae were exposed to a control temperature at 20 ℃ or three warming treatments at 24 ℃ (acute, developmental and transgenerational warming), and to four pesticide treatments (solvent control, and three chlorpyrifos concentrations) in a full factorial design. Chlorpyrifos increased mortality, growth rate and the energy consumed, and reduced the AChE (acetylcholinesterase) activity, the energy available, and the net energy budget (estimated as cellular energy allocation). The warming treatments did not affect mortality, AChE activity, and the energy consumed. However, acute warming increased the growth rate and decreased the energy available, while both acute and developmental warming decreased the cellular energy allocation. A first key finding was that the lethal and sublethal effects of chlorpyrifos were less strong under warming because of a higher degradation in the medium under warming. A second key finding was that, among the warming treatments, the pesticide toxicity was more increased under acute warming than under transgenerational warming. This could be explained by the negative impact of acute warming but not transgenerational warming on the net energy budget. The results in this study provide mechanistic insights that the exposure duration to warming can play an important role in modulating the impact of pesticides under warming. Therefore,including ecologically relevant temporal scenarios of exposure to warming is important in ecotoxicological studies.
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Introduction
[bookmark: OLE_LINK52][bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK39][bookmark: OLE_LINK50][bookmark: OLE_LINK183]Freshwater ecosystems are increasingly exposed to multiple stressors that moreover may interact with each other (Birk et al., 2020). Pesticides applied in agriculture can enter freshwater ecosystems through runoff and cause adverse ecological effects on non-target communities (Beketov et al., 2013; Schulz et al., 2021). Another anthropogenic stressor that can cause biodiversity loss is global warming (Heino et al., 2009). The net impact of pesticides under warming is typically not additive. On the one hand, warming magnifies the toxicity of many pesticides (Moe et al., 2013; Hooper et al., 2013; Noyes and Lema, 2015) due to a higher metabolic rate, a higher uptake, or a faster internal conversion of pesticides to a more toxic metabolite (Harwood et al., 2009; Noyes et al., 2009; Hallman and Brooks, 2015). On the other hand, warming can speed up the external degradation rate of pesticides and may buffer or even overrule the warming-induced higher toxicity. While the latter mechanism has been predicted (Hooper et al., 2013) and is important in assessing the net combined effects, it has still rarely been documented (but see Op de Beeck et al., 2017). Note that under both scenarios, warming on its own may not be necessarily stressful to the organism. In other words, these scenarios may operate without warming itself reducing fitness and performance. 
[bookmark: OLE_LINK40][bookmark: OLE_LINK41]The temporal exposure scenarios to two stressors are of importance in driving the direction and strength of their combined impact, and therefore are getting increasing attention in multistressor studies (overviews in Gunderson et al., 2016, Orr et al. 2020, Jackson et al., 2021). Despite the fact that warming can strongly affect the toxicity of pesticides (e.g. Delnat et al., 2019; Meng et al., 2020a&b; overview in Noyes and Lema, 2015), no study so far tested whether different exposure durations to warming differ in modulating the toxicity of pesticides. While pesticides are typically applied as acute pulse-like stressors, warming may go from an acute to a chronic stressor. Different exposure durations to warming may generate different plastic responses (Sgro et al., 2016). In general, three types of exposure scenarios to warming are identified: acute warming (typically hours to days), developmental warming (typically weeks), and transgenerational warming (where warming already occurs in the previous generation). Transgenerational warming is especially relevant for organisms with a short life cycle (Sgro et al., 2016). Since under developmental and transgenerational warming, organisms may already be acclimated to warming, these warming scenarios may be experienced as less energetically demanding compared to acute warming (Leung et al., 2021; Veilleux et al., 2015; Sørensen et al., 2003). Synergistic interactions with pollutants are more likely to occur when the second stressor is energetically costly (Liess et al., 2016). One could therefore hypothesize that acute warming may be more likely to magnify the toxicity of pesticides than developmental and transgenerational warming. 
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Despite the widely different modes of action about how stressors operate, they all tend to reduce the overall energy budget and to increase the allocation of energy to defense and repair mechanisms away from other functions such as growth and development (Calow and Sibly 1990; Sokolova, 2013; Verberk et al. 2020), as described in the dynamic energy budget theory (Nisbet et al., 2000; Sousa et al., 2008). Therefore, information on how stressors singly and in combination affect the energy budget is important to understand the multistressor impact on organismal fitness (Kaunisto et al., 2016; Liess et al., 2016; Verberk et al., 2020). Nevertheless, the potential of bioenergetic responses to advance mechanistic insights in multistressor effects is still underexplored in ecotoxicology (but see e.g. Verheyen and Stoks, 2020; Meng et al., 2020a; Wu et al., 2021).
[bookmark: OLE_LINK31]This study investigated whether and how the duration of exposure to warming can predictably modify pesticide toxicity, and thereby contrasted the effects of acute, developmental, and transgenerational warming on the toxicity of chlorpyrifos in larvae of the mosquito Culex pipiens form molestus (Forskal, 1775). The aquatic larvae of mosquitoes can serve as an important food source in aquatic food webs since they can reach a high biomass (Becker et al., 2010). The organophosphate chlorpyrifos was chosen since it lists in the top ten of hazardous chemicals that pose threats to aquatic organisms (Johnson et al., 2017). While recently banned in some countries, it is still widely used (Rahman et al., 2021). Chlorpyrifos has been shown to be more toxic at higher temperatures (Buchwalter et al., 2003; Tran et al., 2018; Meng et al., 2020a). In a companion study (Meng et al., 2021), it has been shown that the degradation rate of chlorpyrifos was faster under warming, and that transgenerational warming made the larvae less sensitive to chlorpyrifos compared to acute warming in terms of heat tolerance and antipredator behaviour. Here, this study was extended to pesticide toxicity: effects on survival, growth, and the inhibition of acetylcholinesterase (the target enzyme of chlorpyrifos). Moreover, the effects on bio-energetic variables were quantified to obtain mechanistic insights. We have two key predictions. First, it is expected that chlorpyrifos will have less impact under warming because of a faster external degradation. Second, assuming higher energetic costs of acute warming (Veilleux et al., 2015; Sørensen et al., 2003), it is expected that of the three warming treatments the toxicity of the pesticide will be highest under acute warming and lowest under transgenerational warming. 
Materials and methods
Experimental setup
To examine how the sensitivity of mosquito larvae to the pesticide chlorpyrifos under warming is regulated by different types of thermal plasticity, a two-generation experiment was conducted where mosquito larvae were exposed to one of the 16 temperature-by-chlorpyrifos treatment combinations (four temperature treatments crossed by four chlorpyrifos treatments) as shown in Figure 1. The chlorpyrifos exposure was only applied for four days in L4 (final instar) larvae in the offspring generation. Exposure of L4 larvae is recommended by WHO (2005) as this is the most tolerant mosquito stage. The four temperature treatments consisted of a temperature control at 20 °C and three warming treatments at 24 °C (acute, developmental  and transgenerational warming). In the temperature control, both the parents and their offspring never experienced warming (temperature parents – offspring until L4 – offspring during L4: 20-20-20). Under acute warming (20-20-24), the offspring were only exposed to warming in L4 during the pesticide exposure period. Under developmental warming (20-24-24), exposure to warming started from the egg stage. Finally, under transgenerational warming (24-24-24) both the parents and their offspring were continuously exposed to warming. The four-day pesticide treatments started in the offspring generation once the larvae entered the L4 stage. Mosquito larvae then were exposed to the solvent control or a chlorpyrifos concentration either at 20 °C in the temperature control (20-20-20), or at 24 °C in each of the three warming treatments. The temperature of 20 °C reflects the current mean summer water temperature of ponds in Germany where the mosquito culture originated from (Tran et al., 2016), while 24 ℃ represents the temperature expected by 2100 under a 4 ℃ increase in mean temperature based on IPCC (2014) scenario RCP 8.5.
To start the parental generation, 144 egg rafts were obtained from a lab culture that was housed at 20 ℃. The freshly hatched larvae (less than 24h old) were pooled and transferred in sets of 100 to 2-L containers where they were kept till the pupal stage. The 2-L containers were put at 20 or 24 ℃ in temperature-controlled rooms based on the temperature treatment. When the pupation started, groups of three 2-L containers at each temperature were randomly selected and combined into white trays containing 5 L dechlorinated tap water which were covered by netting to avoid the escape of adults. The emerged adults from three white trays were moved to one insectary and fed with a 6% glucose solution. For both temperatures (20 and 24 ℃) in the parental generation, we installed 27 2-L containers resulting in nine white trays, hence three insectaries. 
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]To start the offspring generation, egg rafts were collected from all three insectaries at each temperature. The hatched larvae were reared in 2-L containers as in the parental generation and placed at 20 or 24 ℃ based on the temperature treatment. The egg rafts or larvae from different parental temperature treatments were never mixed. When the larvae entered L4, the acute warming treatment and the pesticide exposure were started. The L4 larvae were exposed in groups of 25 in 210 mL glass vials containing 125 mL solvent control or pesticide medium for 96 h, with a refreshment of the medium after 48 h. Each treatment combination was replicated in 18-31 vials (in total 352 vials, 8800 larvae).
[bookmark: OLE_LINK14]Throughout the experiment, larvae were daily fed with a food mixture consisting of Olvarit® 7 cereal flakes, Supradyn® vitamins and wheat germs at a high food level (0.313 mg per larva per day) (Beketov and Liess, 2007). 
Pesticide exposure concentrations
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK184]To determine nominal concentrations that caused low, moderate and high mortality, a pilot experiment was conducted where freshly moulted L4 larvae were exposed to a range of chlorpyrifos concentrations for 96h at 20 ℃ with the medium refreshed after 48h. Based on the results of the pilot experiment, three (0.32, 0.34, and 0.36 μg/L) nominal concentrations were chosen which induced ~15%, ~30%, and ~40% mortality, respectively. The three concentrations cover a narrow range but induced considerable differences in mortality because of the steep dose-response curve of chlorpyrifos in the study species (see in the companion study Meng et al., 2021; see also Delnat et al., 2021). The chosen concentrations are environmentally realistic as they are within the range of measured chlorpyrifos concentrations in European surface waters (Stehle and Schulz, 2015). The measured chlorpyrifos concentrations in the experimental vials for the three nominal concentrations were  0.262 ± 0.021 (mean ± SE), 0.297 ± 0.037, and 0.345 ± 0.023 μg/L at the start of the exposure. Concentrations were quantified using UPLC-MS/MS with Triple Quadrupole Mass Spectrometry based on two pooled samples of 10 vials per temperature. The chlorpyrifos medium was prepared from a stock solution of 100 μg/mL which was made by dissolving chlorpyrifos powder (purity > 99%) in absolute ethanol and was stored in the dark at 4 °C. Ethanol (3.6 μL/L) was added to the solvent control at the same concentration as in the high pesticide concentration (0.36 μg/L).
Life history variables
The number of dead larvae was recorded daily per vial during the 4-day pesticide exposure period and used to quantify the total mortality across the exposure period. Growth rate was quantified based on the increase in wet body mass (weighed to the nearest 0.01 mg) during the 4-day exposure period. At the start, the average body mass of 20 sets of five freshly molted L4 larvae was used as the start mass (SM). After the 4-day exposure period, the average mass of five pooled larvae from each experimental vial was used as end mass (EM). Growth rate was calculated per vial using the formula [ln(EM) − ln(SM)]/4. After weighing, the set of five larvae per vial was stored at −80 °C for physiological measurements. 
Physiological variables
[bookmark: OLE_LINK36][bookmark: OLE_LINK43]The activity of acetylcholinesterase (AChE) was quantified as this is the target enzyme inhibited by chlorpyrifos (Domingues et al., 2010), and a set of bio-energetic variables was determined to estimate the net energy budget. For the latter, the activity of the electron transport system (ETS) as an indicator of metabolic rate, and the body contents of the three major storage molecules (total proteins, total fat, and total carbohydrates) were measured. The cellular energy allocation (CEA) was calculated as an estimate of the total net energy budget (De Coen and Janssen, 1997), which was obtained as the energy availability (Ea) divided by the energy consumption (Ec) (Pestana et al., 2009). To quantify the energy availability (Ea), the total energy stored in the three major storage molecules was integrated following the energetic equivalents with the enthalpy of combustion of 39,500 mJ.mg-1 for lipids, 24,000 mJ.mg-1 for proteins, and 17,500 mJ.mg-1 for glycogen (De Coen and Janssen, 2003). The energy consumption (Ec) was determined based on ETS activity by transforming the total amount of O2 consumed per larva to energetic equivalents with the oxyenthalpic equivalent of 484 kJ.mol-1 for a mixture of the average lipid, protein and carbohydrate molecules (De Coen and Janssen, 2003). Both Ea and Ec were reported in mJ/mg larval mass.
All variables were quantified using spectrophotometry based on protocols adapted for mosquito larvae (Delnat et al., 2019). Physiological variables were quantified using the collected sets of five larvae per vial. The detailed physiological assays can be found in Appendix A. 
Statistical analyses
[bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK28][bookmark: OLE_LINK29]All statistical analyses were done using R v4.0.2 (R Core Team, 2020) with the following packages: “lme4” (v1.1-23, Bates et al., 2015), “afex” (v0.28-0, Singmann et al., 2017), “car” (v3.0-9, Fox and Weisberg, 2018), and “emmeans” (v1.5.1, Lenth et al., 2019). 
The effect of temperature during the pesticide exposure period on the measured concentration 48h later was analyzed using a general linear model, including temperature (20 and 24 ℃), nominal concentration, and their interaction as factors. The effects of the temperature and chlorpyrifos treatments, and their interaction on mortality (binary data) were analyzed using a generalized linear mixed model with a binomial error distribution and the logit-link function. The number of larvae that died and were alive in each vial was binary coded, and the experimental vial was included as a random factor to take into account that each vial started with 25 larvae. The main effects of the temperature and chlorpyrifos treatments, and their interaction on the other response variables (growth rate, AChE activity, Ea, Ec, and CEA) were analyzed separately using general linear models. Significant interactions between temperature and chlorpyrifos treatments were further analyzed using contrasts between treatment combinations, and the associated p-values were false discovery rate (FDR) corrected. 
Results
Pesticide concentrations
[bookmark: OLE_LINK58][bookmark: OLE_LINK56]The measured concentrations of chlorpyrifos 48h after the start (just before refreshing the medium) were ~3× lower under warming at 24 ℃ than in the temperature control at 20 ℃ (main effect Temperature: F1,6 = 14.96, P = 0.008; Figure 2), and this was so for all the three nominal concentrations (contrasts: all P < 0.001). There was no interaction between temperature and the nominal concentration (F2,6 = 2.51, P = 0.161).
Life history variables
[bookmark: OLE_LINK11][bookmark: OLE_LINK42]In the absence of chlorpyrifos, mortality was very low (0.2%) and was not affected by warming. Chlorpyrifos exposure caused mortality and this strongly depended on the temperature treatment (Chlorpyrifos × Temperature, Table 1, Figure 3A). At 20 ℃, chlorpyrifos caused mortality gradually going up to 52.6% at the highest concentration of 0.36 µg/L. In the three warming treatments at 24 °C, the chlorpyrifos-induced mortality also increased with increasing concentrations, but remained considerably lower than at 20 ℃ (Chlorpyrifos × Temperature). Across the three warming treatments, chlorpyrifos-induced mortality was consistently higher under acute warming (up to 17.4 % at 0.36 µg/L), lower under developmental warming (up to 11.4% at 0.36 µg/L), and lowest under transgenerational warming (up to 10.1% at 0.36 µg/L) (Figure 3A).
In the absence of chlorpyrifos, the growth rate was increased by acute warming, but not by developmental and transgenerational warming. Chlorpyrifos exposure increased the growth rate but this strongly depended on the temperature treatment (Chlorpyrifos × Temperature, Table 1, Figure 3B). At 20 ℃, chlorpyrifos exposure already increased the growth rate at the low concentration going up to an increase of 58.4% at the highest concentration. In the three warming treatments, chlorpyrifos only increased the growth rate at the highest concentration (0.36 μg/L) under acute warming (+23.1%), but never under developmental and transgenerational warming. 
Physiological variables
[bookmark: OLE_LINK17]In the absence of chlorpyrifos, warming did not affect the AChE activity. Chlorpyrifos exposure inhibited the AChE activity, especially at 20 °C (Chlorpyrifos × Temperature, Table 1, Figure 4A). At 20 ℃, chlorpyrifos decreased the AChE activity, especially at the two high concentrations. At 24 °C, the chlorpyrifos-induced reduction in AChE activity at 0.34 μg/L was less under acute (-42.4%) and developmental (-24.8%) warming than at 20 ℃ (-61.6%), and at 0.36 μg/L less under acute warming (-43.2%) than at 20 ℃ (-64.1%). 
In the absence of chlorpyrifos, the energy consumed (Ec) was not significantly affected by warming (Figure 4C), while the available energy (Ea) was decreased by acute warming, but not by developmental and transgenerational warming (Table 1, Figure 4B). This resulted in the net energy budget (CEA) being reduced by acute warming and slightly by developmental warming, but not by transgenerational warming (Figure 4D). Chlorpyrifos exposure generally increased the energy consumed (Ec) (main effect Chlorpyrifos, Table 1, Figure 4C), which was not affected by the temperature treatments. Instead, chlorpyrifos reduced Ea at 20 °C but not in the warming treatments (Chlorpyrifos × Warming, Table 1, Figure 4B). This resulted in chlorpyrifos reducing CEA at 20 °C, but not under the three warming treatments (Chlorpyrifos × Warming, Figure 4D).
Discussion
[bookmark: OLE_LINK35][bookmark: OLE_LINK15]As expected, the used chlorpyrifos concentrations caused mortality and affected all studied sublethal variables. A first key finding was that warming, by inducing a faster external degradation of the pesticide, reduced the impact of chlorpyrifos. Indeed, the chlorpyrifos-induced lethal and sublethal effects were only present or more pronounced in the absence of warming. A second key finding was that the chlorpyrifos-induced toxicity predictably depended on the type of warming. Indeed, the pesticide-induced mortality and the sublethal effect on growth were less strong under transgenerational warming than under acute warming. Related to this, while acute warming decreased the net energy budget, this was not the case for transgenerational warming. In next parts, we first discuss the effects of single exposure to either warming or chlorpyrifos, then focus on the overall combined effects of warming and chlorpyrifos exposure (first key finding), and finally discuss how the exposure duration to warming shaped the pesticide toxicity (second key finding).
The effects of warming in the absence of chlorpyrifos
[bookmark: _Hlk80176055][bookmark: OLE_LINK2]In the absence of the pesticide, the 4 °C warming did not induce mortality and acute warming even increased the growth rate. This confirms previous work on the study species (Delnat et al., 2019) and other semi-aquatic insects (e.g. damselflies: Dinh Van et al., 2014) that 4 °C warming is not lethal and may even be beneficial for growth. This matches the general pattern in terrestrial ectotherms that ambient temperatures in temperate regions are lower than the optimal temperatures for fitness (Deutsch et al., 2008). In line with this, the AChE activity and the energy consumed were also not negatively affected by warming. The higher growth under acute warming may explain the reduced energy available and the net energy allocation under acute warming. Indeed, a faster growth is often associated with less energy storage (e.g. Janssens and Stoks, 2020). In addition, the energy budget was measured only four days after larvae of the acute warming treatment were switched to 24 °C, hence their lower budget may reflect the ongoing investment to adjust at the molecular/physiological level to the 4 °C higher temperature. The longer exposure duration to warming may have resulted in the disappearance of the effects of transgenerational warming on the energy-related variables (except for a smaller reduction in energy budget under developmental compared to acute warming). Related to this, the energetically costly upregulation of heat shock proteins has been shown only under acute warming but not under developmental and transgenerational warming (overview in Chen et al., 2018; Sørensen et al., 2003; Veilleux et al., 2015). 
In contrast with acute warming, the larvae did not increase their growth under developmental and transgenerational warming. This suggests these larvae had enough time to acclimate to the higher temperature, resulting in the disappearance of the potential beneficial effect on growth compared to acute warming (Schulte et al., 2011; Rohr et al., 2018). This may further explain the absence of (under transgenerational warming) or a smaller (under developmental warming) decrease in the net energy budget. 
[bookmark: OLE_LINK18][bookmark: OLE_LINK27]The effects of chlorpyrifos in the absence of warming
[bookmark: OLE_LINK38][bookmark: OLE_LINK19]As expected, chlorpyrifos exposure at 20 ℃, especially at high concentrations, increased mortality, growth rate and the energy consumed, and decreased AChE activity, the energy available and the cellular energy allocation. The chlorpyrifos-induced mortality may partly be explained by the chlorpyrifos-induced inhibition of AChE activity (Domingues et al., 2010) as shown before in the study species (e.g. Delnat et al., 2019). In addition, chlorpyrifos increased the energy consumed, and reduced the energy availability and the net energy budget as also recorded before (damselfly larvae: Verheyen and Stoks, 2020; for the study species: Meng et al., 2020a), resulting in less energy available for detoxification. Furthermore, the increased energy consumption by chlorpyrifos can also have generated more reactive oxygen species (Milatovic et al., 2006), hence increased oxidative stress, which may also have contributed to the lethal effect (Tripathi and Shasmal, 2010; Kumar et al., 2011). Despite the concentration-dependence of the increase in mortality, this was less so for the energy availability and the cellular energy allocation, which might be caused by survival selection removing the weakest larvae with the lowest energy available and the lowest cellular energy allocation.
Despite the chlorpyrifos-induced mortality and the negative effects on physiological variables at the cellular level, chlorpyrifos caused an adaptive increase in growth rate at 20 ℃. Accelerated growth caused by chlorpyrifos has been recorded several times in the study species (e.g. Meng et al., 2020b; Delnat et al., 2019) and other semi-aquatic insects (for damselfly larvae: Janssens and Stoks, 2013), and regarded as an adaptive response of semi-aquatic organisms to escape exposure to toxicants in the aquatic environment (Rohr et al., 2011). In addition, survival selection induced by chlorpyrifos may also have contributed to the increased growth by removing the weakest larvae with the slowest growth rate.
[bookmark: OLE_LINK57]The overall effects of warming on chlorpyrifos toxicity 
[bookmark: _Hlk80177157][bookmark: OLE_LINK23]A first key finding was that the chlorpyrifos-induced lethal and sublethal effects were less strong under warming, and this is irrespective of the exposure duration to warming. Indeed, chlorpyrifos caused considerably less mortality at 24 °C than at 20 °C. This seems in contrast with the “climate change-induced toxicant sensitivity” (CITS) concept stating that many pesticides (including organophosphates) become more toxic at higher temperatures (Hooper et al., 2013; Moe et al., 2013; Noyes and Lema, 2015). This apparent deviation can, however, be explained by the here observed warming-induced higher external degradation rate overruling the warming-induced higher toxicity of chlorpyrifos. A similar pattern of lower toxicity of chlorpyrifos under warming because of faster degradation was recorded by Op de Beeck et al. (2017) in a study on damselfly larvae. Related to this, under warming chlorpyrifos inhibited the AChE activity less and increased the growth rate less. Also the chlorpyrifos-induced reductions in energy availability and in the net energy budget did not occur under warming, allowing more energy to be allocated to detoxification. 
[bookmark: OLE_LINK59]The effects of the exposure duration to warming on chlorpyrifos toxicity
[bookmark: OLE_LINK26]A second key finding was that, while in each of the three warming treatments the animals were exposed to chlorpyrifos at 24 °C for the same four-day period, acute warming caused a higher toxicity than developmental and transgenerational warming. In the three warming treatments, chlorpyrifos-induced mortality was indeed highest under acute warming, intermediate under developmental warming, and lowest under transgenerational warming. Similarly, when combined with warming, the chlorpyrifos-induced adaptive increase in growth only occurred under acute warming but not under developmental and transgenerational warming. The same pattern was also observed for chlorpyrifos-induced reductions in heat tolerance and in antipredator behaviours in the companion study (Meng et al., 2021). These different effects of the three warming treatments on chlorpyrifos sensitivity cannot be explained by a different degradation rate of chlorpyrifos because the chlorpyrifos solution in all the three warming treatments was exposed to 24 ℃ for the same duration (two days in between renewals). Our bio-energetic results suggest that under developmental and transgenerational warming, the larvae had already acclimatized to the higher temperature, hence experienced less combined energetic stress during the chlorpyrifos exposure period at 24 °C. Indeed, long-term warming did not (under transgenerational warming) or did less (under developmental warming) reduce the energy budget compared to acute warming as explained above. Instead, under acute warming, the larvae suffered from both chlorpyrifos exposure and a switch to a higher temperature (and associated lower energy budget) when they entered the L4 stage, which may explain that acute warming caused a higher toxicity. 
Conclusions
[bookmark: OLE_LINK25][bookmark: OLE_LINK53][bookmark: _Hlk72318047]While warming can magnify the toxicity of pesticides (overview in Noyes et al., 2009 and Moe et al., 2013), we here provide rare evidence that warming, by increasing the external degradation, can lower the lethal and sublethal impact of a pesticide. Moreover, while studies are increasingly highlighting the importance of temporal exposure scenarios (Orr et al., 2020; Jackson et al., 2021), no studies so far tested the role of exposure duration to warming in modulating the toxicity of pesticides under warming. By exposing mosquito larvae for three durations (acute, developmental, and transgenerational) to warming and the pesticide chlorpyrifos, it was found that under acute warming the larvae suffered more from chlorpyrifos compared to under transgenerational warming. This could be explained by the lowered energy budgets available for detoxification under acute warming. The results in this study provide evidence and mechanistic insights that the exposure duration to warming can play an important role in modulating the toxicity of pesticides under warming. This study thereby further highlights the importance of integrating ecologically relevant temporal scenarios of exposure to warming, and of the added value of quantifying bio-energetic variables in ecotoxicological studies. 
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[bookmark: OLE_LINK7]Table 1. The effects of chlorpyrifos exposure and the temperature treatments on life history and physiological variables in larvae of the mosquito Culex pipiens. Significant P-values (P < 0.05) are indicated in bold. Ea = energy available, Ec = energy consumed, CEA = cellular energy allocation.
	
	Mortality
	
	Growth rate
	
	AChE activity

	
	χ2
	Df
	P
	
	F
	Df
	P
	
	F
	Df
	P

	Chlorpyrifos
	186.06
	3
	< 0.001
	
	8.06
	3,331
	< 0.001
	
	59.13
	3,320
	< 0.001

	Temperature
	22.73
	3
	< 0.001
	
	18.33
	3,331
	< 0.001
	
	2.88
	3,320
	0.036

	Chlorpyrifos × Temperature
	17.07
	9
	< 0.001
	
	2.52
	9,331
	0.008
	
	2.37
	9,320
	0.013

	
	Ea
	
	Ec
	
	CEA

	
	F
	Df
	P
	
	F
	Df
	P
	
	F
	Df
	P

	Chlorpyrifos
	4.91
	3,288
	0.002
	
	6.68
	3,298
	< 0.001
	
	4.45
	3,266
	0.005

	Temperature
	19.35
	3,288
	< 0.001
	
	1.77
	3,298
	0.152
	
	22.20
	3,266
	< 0.001

	Chlorpyrifos × Temperature
	1.94
	9,288
	0.046
	
	0.66
	9,298
	0.741
	
	2.18
	9,266
	0.023
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Figure 1. Scheme of the experimental design to test the effects of different exposure durations to warming on the sensitivity to chlorpyrifos. In the offspring generation, freshly moulted L4 (final instar) larvae were exposed to the solvent control (SCT) or one of the three chlorpyrifos (CPF) concentrations (0.32, 0.34, or 0.36 µg/L). In the temperature control (20-20-20), both the parents and their offspring always stayed at 20 ℃. In the three warming treatments, exposure to 24 ℃ started from the L4 stage in the offspring generation for acute warming (20-20-24), from the egg stage in the offspring generation for developmental warming (20-24-24), or already from the egg stage of the parental generation for transgenerational warming (24-24-24).
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Figure 2. The effect of temperature during the chlorpyrifos exposure period on the measured concentrations of chlorpyrifos in the experimental vials for the three nominal start concentrations (0.32, 0.34 and 0.36 μg/L) 48h after the start of the exposure. Means were based on two pooled samples of 10 vials and are shown with standard error. Significant differences (P-value < 0.05) are coded as *.
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[bookmark: OLE_LINK8]Figure 3. The effects of chlorpyrifos exposure and the temperature treatments on life history variables of L4 larvae of the mosquito Culex pipiens: (A) mortality and (B) growth rate. Means are shown with standard error. Different letters above the bars indicate significantly different means (false discovery rate corrected P < 0.05).
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Figure 4. The effects of chlorpyrifos exposure and the temperature treatments on physiological variables of L4 larvae of the mosquito Culex pipiens: (A) AChE (acetylcholinesterase) activity, (B) Ea (the energy available), (C) Ec (the energy consumed), and (D) CEA (cellular energy allocation). Means are shown with standard error. Different letters above the bars indicate significantly different means (false discovery rate corrected P < 0.05).
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