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While interactions with global warming and multigenerational effects are considered crucial to improve risk
assessment of pesticides, these have rarely been studied in an integrated way. While heat extremes can magnify
pesticide toxicity, no studies tested how their combined effects may transmit to the next generation. We exposed
mosquito larvae in a full factorial, two-generation experiment to a heat spike followed by chlorpyrifos exposure.
As expected, the heat spike magnified the chlorpyrifos-induced lethal and sublethal effects within both gener-
ations. Only when preceded by the heat spike, chlorpyrifos increased mortality and reduced the population
growth rate. Moreover, chlorpyrifos-induced reductions in heat tolerance (CTmax), acetylcholinesterase (AChE)
activity and development time were further magnified by the heat spike. Notably, when parents were exposed to
chlorpyrifos, the chlorpyrifos-induced lethal and sublethal effects in the offspring were smaller, indicating
increased tolerance to chlorpyrifos. In contrast, there was no such multigenerational effect for the heat spike.
Despite the adaptive multigenerational effect to the pesticide, the synergism with the heat spike was still present
in the offspring generation. Generally, our results provide important evidence that short exposure to pulse-like
global change stressors can strongly affect organisms within and across generations, and highlight the impor-
tance of considering multigenerational effects in risk assessment.

1. Introduction

Pesticides are threatening non-target organisms in freshwater eco-
systems, and their current ecological risk assessment is failing, partly
because it does not include other stressors that have intensified in recent
years (Beketov et al., 2013; Topping et al., 2020; Schulz et al., 2021).
One such major stressor is global warming, whereby particularly
simultaneous exposure to higher mean temperatures has been well
documented to modulate, and in most cases increase, the toxicity of
many pesticides (Hooper et al., 2013; Moe et al., 2013; Noyes and Lema,
2015). Vice versa, exposure to pesticides often has been shown to reduce
the heat tolerance (Noyes et al., 2009; Moe et al., 2013; Hooper et al.,
2013), which is another key reason why the effects of pesticides on
populations of aquatic organisms may be underestimated in a warming
world.

While the focus has been mainly on simultaneous exposure to a
pesticide and warming, evidence is accumulating that also sequential
exposure may cause synergisms (e.g. Meng et al., 2020a; overview in
Gunderson et al., 2016). Sequential exposure is especially relevant when
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studying pulse-like stressors such as pesticide pulses and heat spikes. In
general, when stressors are applied in close succession, synergistic in-
teractions can be expected because the delayed effects of the first
stressor may weaken the ability of organisms to deal with the second
stressor (Gunderson et al., 2016). In general, the impact of heat extremes
in ecotoxicology has been much less studied compared to the impact of
increases in mean temperatures. Nevertheless, heat spikes are increasing
in frequency, duration and intensity, and this is expected to continue
under global warming (IPCC, 2014; Stillman, 2019). Moreover, the
impact of heat extremes may be much stronger on populations compared
to the impact of increased mean temperatures (Vasseur et al., 2014; Ma
et al., 2015).

There is increasing evidence that multigenerational effects, whereby
exposure to stressors of the parents affects the overall fitness of the
offspring and/or their ability to deal with stressors over several gener-
ations (Bell and Hellmann, 2019; Bonduriansky et al., 2012; Salinas
et al., 2013), may be important in ecotoxicology (Shaw et al., 2017;
Head, 2019) and global warming research (Salinas and Munch, 2012;
Donelson et al., 2018). Multigenerational effects can cause a negative
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impact of stressors experienced in the parental generation in offspring
generations that were never exposed to these stressors (Guillaume et al.,
2016; Blanc et al., 2021). Moreover, multigenerational effects of a
parental stressor may reduce the tolerance of the offspring to the same
stressor. Such maladaptive multigenerational effects have been shown
both for warming (e.g. Tran et al., 2018) and for pesticide exposure (e.g.
Sanchez et al., 2000), and can be expected when the parents do not
adapt to a stressor (Uller, 2008). When ignored, maladaptive multi-
generational effects may underestimate the total impact of stressors on
populations. Yet, multigenerational effects may also be adaptive and
overall increase the fitness in the offspring generation (Kopp and
Matuszewski, 2014; Oppold et al., 2015) and/or the ability of the
offspring to deal with the same stressor (for warming: e.g. Shama et al.,
2014; for pesticides: e.g. Oppold et al., 2015). Despite the frequent
interplay between the effects of pesticide pulses and warming, combined
multigenerational effects of these stressors have, however, been rarely
studied (but see e.g. Tran et al., 2018) and never for heat spikes.

In this study, we conducted a two-generation experiment to test the
within- and multigenerational single and combined effects of a heat
spike and exposure to a pesticide on a mosquito species. Specifically, we
investigated the single and combined effects of exposure to a heat spike
followed by exposure to the pesticide chlorpyrifos in both the parental
and the offspring generations with a full factorial design. We thereby
tested whether and how the legacy from exposure to a stressor in the
parents affected the fitness of the offspring in general and their tolerance
to these stressors, with special attention for the interactive effect be-
tween stressors. The study was conducted with the mosquito Culex
pipiens form molestus (Forskal, 1775). This species is commonly distrib-
uted in Europe and North America (Fonseca et al., 2004), and its aquatic
larvae inhibit shallow ponds where heat extremes frequently occur
(Jacobs et al., 2008). The aquatic larvae of mosquitoes can reach a high
biomass, thus can serve as important food sources in freshwater eco-
systems (Becker et al., 2010). The organophosphate chlorpyrifos lists in
the top ten hazardous substances that cause high risk for aquatic eco-
systems (Johnson et al., 2017), and although it has been banned in some
countries recently, it is still used in large amounts worldwide (Rahman
et al., 2021). Chlorpyrifos has been shown to be more toxic under higher
mean temperatures (e.g. Lydy et al., 1999; Tran et al., 2018) and after a
heat spike (Meng et al., 2020a), and to reduce the heat tolerance (Meng
et al., 2021). We therefore expected that within a generation the heat
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spike would increase the toxicity of chlorpyrifos, including a stronger
reduction in heat tolerance. Depending on multigenerational effects of
warming and pesticide exposure being (mal)adaptive we expected these
to reduce or increase the synergism in the offspring generation.

2. Materials and methods
2.1. Experimental setup

We set up a full factorial experiment in both the parental and the
offspring generations to test how the legacies of a heat spike and/or
chlorpyrifos exposure in the parental generation modulate the single
and combined effects of a heat spike and chlorpyrifos exposure in the
offspring generation (Fig. 1). In the parental generation, there were four
treatment combinations with two heat spike levels (absence vs presence)
crossed with two chlorpyrifos concentrations (absence vs presence).
Each of these four combinations was then split into the same four
treatment combinations in the next generation, thus resulting in 16
treatment combinations in the offspring generation. Both the heat spike
and the chlorpyrifos exposure were applied in L4 (= final instar) larvae,
the most robust larval stage, thereby following the guidelines by WHO
(2005). We first exposed the larvae to the heat spike and subsequently to
chlorpyrifos as this has the strongest impact on the study species (Meng
et al., 2020a). Larvae were exposed in sets of 30 per jar. There were 24
replicate jars for each of the four treatment combinations in the parental
generation (in total 96 jars; 2880 larvae), and 21-25 replicate jars for
each of the 16 treatment combinations in the offspring generation (in
total 394 jars, 11 820 larvae). For the heat spike treatments, 20 °C was
chosen as the temperature control as this matches the mean summer
water temperature of the shallow water bodies in Germany where the
mosquito culture originated from, and 30 °C was set for the heat spike
treatment since this temperature can exist for several days in the original
habitat (Tran et al., 2016).

We started the parental generation by collecting 24 sets of six egg
clutches (in total 144 egg clutches) from a lab culture. The newly (<24
h) hatched L1 (= first instar) larvae from each set of six egg clutches
were split into three white 2 L containers containing 1 L dechlorinated
tap water at a density of 120 larvae per container. This resulted in 24 sets
of three white 2 L containers. Containers were placed in a temperature-
controlled room at 20 °C. When larvae entered L4, we pooled the newly
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Fig. 1. Scheme of the bifactorial transgenerational experimental design to test how legacies of the heat spike and/or the exposure to chlorpyrifos in parents affect the
sensitivity of offspring when dealing with the heat spike and chlorpyrifos. In both generations, L4 larvae were first exposed to 20 °C (temperature control) or 30 °C
(heat spike) for 48 h, then to a solvent control (SCT) or chlorpyrifos solution (CPF) for another 48 h.
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(<24 h) moulted L4 larvae from each set of three white 2 L containers,
and then randomly distributed them into four glass jars (210 mL) that
were placed in water baths. Each jar was filled with 125 mL dechlori-
nated tap water and contained 30 larvae. So, for each of the 24 sets, we
started four jars with 30 L4 larvae that per set experienced the same heat
spike treatment. Half (12) of these sets were randomly selected and kept
constantly at 20 °C, the other half experienced a heat spike. To impose
the heat spike, the jars were first heated from 20 to 30 °Cin 5 h, and kept
at 30 °C for 38 h, then cooled from 30 to 20 °C in 5 h. The total duration
of the heat spike was 48 h with a realistic ramping rate of 2 °C per hour
(Cambronero et al., 2018). The chlorpyrifos treatment started immedi-
ately after the heat spike ended, when all larvae were at 20 °C. Two of
the four jars from each set were randomly exposed to 0.32 pg/L chlor-
pyrifos, the other two to the solvent control (ethanol). This chlorpyrifos
concentration was based on a pre-trial (see Appendix A for details). The
duration of chlorpyrifos exposure was 48 h with the medium refreshed
after 24 h. When the chlorpyrifos exposure finished, the surviving larvae
were transferred to new jars with dechlorinated tap water and kept there
till metamorphosis. The adults from each couple of two jars from the
same set with the same pesticide treatment were moved to one insectary
using an aspirator. This way, we installed 48 insectaries (12 for each of
the four treatment combinations) in the parental generation.

For the offspring generation we followed the same experimental
procedure as for the parental generation. To start the offspring genera-
tion, we used two sets of six egg clutches from each insectary (in total 48
sets and 576 egg clutches). Of the two sets obtained from a single in-
sectary, one set was exposed as four groups of 30 larvae per jar to 20 °C
and the other set as four groups of 30 larvae per jar to 30 °C during the
heat spike period at the start of the L4 stage. Hence, per insectary we
started 8 jars. The 2-day chlorpyrifos exposure started when the 2-day
heat spike treatments ended as in the parental generation.

The used concentration (0.32 pg/L) is ecologically relevant as it falls
within the range of chlorpyrifos concentrations measured in European
surface waters: 95% CI = [0.07 pg/L, 0.69 pg/L] (Stehle and Schulz,
2015). The actual concentrations in the experimental jars at the start of
the exposure were 0.156 + 0.003 (mean =+ 1SE) pg/L and 24 h later (just
before the renewal of the medium) 0.053 + 0.003 pg/L. Concentrations
were measured by using UPLC-MS/MS with Triple Quadrupole Mass
Spectrometry based on four pooled samples of the medium from 11 jars.
The chlorpyrifos solution was prepared from a stock solution of 100
pg/mL by dissolving chlorpyrifos powder (purity grade > 99%,
Sigma-Aldrich, Missouri, USA) in absolute ethanol, and stored at 4 °C in
dark. The same amount of ethanol (3.2 pL/L) as in the chlorpyrifos
treatment was included in the solvent control. During the exposure to
the heat spike and chlorpyrifos, we took water samples from the
experimental jars at the start and 24 h later before the medium was
refreshed to measure the physio-chemical parameters: pH, dissolved
oxygen (mg/L), hardness (mg/L CaCO3) and conductivity (uS/cm) (see
Appendix B for details). During the entire experiment, larvae were fed
daily with a high amount of food mixture (0.313 mg/larva) (Beketov and
Liess, 2007) containing Supradyn vitamins (3%), wheat germs (51%),
and Olvarit 7 cereal flakes (46%).

2.1.1. Life history traits

During the total exposure period to the heat spike and pesticide, we
daily recorded the number of dead larvae in each jar and calculated the
mortality across the 4 days. When the 4-d exposure ended, one set of five
larvae per jar was collected and weighed to the nearest 0.01 mg using a
balance (AV135-S, Mettler Toledo, Columbus, OH, USA), and stored at
—80 °C for the physiological measurement. To calculate growth rate, the
mean wet mass of the five pooled larvae for physiology was used as end
mass (Me). At the start of the 4-d exposure period, extra groups of five
pooled larvae from each set of three white 2 L containers were weighed
and the mean value was used as start mass (Ms). The growth rate across
the 4-d exposure was calculated per jar as [In(Me)-In(Ms)]/4 days.
Development time was recorded per larva from the molt in L4 till adult
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metamorphosis, and the mean of all larvae per jar was used for analyses.
After metamorphosis, we collected three females per jar and took the
mean of their wing lengths as estimate of adult female size per jar. The
left wing was removed and photographed under a microscope (Olympus
B x 51) at a magnification 20 x using a digital camera (Basler, AG,
Ahrensburg, Germany) which was connected to a computer via
Streampix software (Norpix, Inc., Montreal, Canada). Pictures were
analyzed with ImageJ (Rasband, 1997-2014) to determine the wing
length. As an estimate of population growth rate, the composite index of
population performance (r’) was calculated based on Livdahl and
Sugihara (1984) (see Appendix C for details).

2.1.2. Heat tolerance

The heat tolerance was estimated as CTmax, the critical thermal
maximum. At the end of the 4-d exposure period, we obtained one mean
CTmax estimate per jar based on measuring three randomly selected
larvae following the protocol of Meng et al. (2020b). Specifically, larvae
were individually placed in 50 mL cups filled with dechlorinated tap
water and placed in a water bath. The water bath was heated at a rate of
0.3 °C per minute by a heater (TC120 optima immersion thermostat,
Cambridgeshire, UK). This ramping rate is commonly used for
measuring CTmax in aquatic invertebrates (Cambronero et al., 2018;
Verberk and Bilton, 2013). The temperature when the larva started
floating motionlessly at the water surface was recorded as the CTmax.
Thereafter, larvae were allowed to recover at 20 °C for 20 min, the
recovered larvae were weighed to the nearest 0.01 mg for mass
correction of CTmax. The larvae that died during the CTmax measure-
ment (5 out of 1500, 1.12%) were excluded from the analyses.

2.1.3. Physiology

We measured the activity of acetylcholinesterase (AChE), the target
enzyme of chlorpyrifos (Domingues et al., 2010), following the protocol
in Appendix B of Delnat et al. (2019). The measurements were con-
ducted based on the pooled sets of five larvae per jar, and one mean
value per jar was obtained from three technical replicates (see Appendix
D for detailed protocols).

2.2. Data analyses

The main and interactive effects of the heat spike and chlorpyrifos
exposure on the response variables (one value per jar) were analyzed
separately using general linear mixed models. To take into account the
non-independence of the four jars per set of larvae, we added “set” as a
random factor to the models when analyzing response variables in the
parental generation. Similarly, to take into account that we started eight
jars per insectary, we added “insectary” as random factor in the offspring
generation. Mortality was expressed as percentage per jar and was
arcsine square root transformed to meet the assumption of normality.
The body mass was added as covariate when analyzing CTmax, and sex
was added when analyzing the development time. In the offspring
generation, we included both the heat spike treatment of the parents
(Heat_P) and the offspring (Heat_O), and chlorpyrifos exposure treat-
ments of the parents (CPF_P) and the offspring (CPF_O), and their in-
teractions. We used the independent action (IA) model to formally assess
the interaction type for mortality, as this model takes into account the
situation that an individual killed by one stressor cannot be killed again
by the second stressor (Bliss, 1939; Schafer and Piggott, 2018) (see
Appendix E for details). An interaction is synergistic when the observed
95% confidence interval of mortality caused by the combined effects of
the heat spike and chlorpyrifos is significantly higher than the predicted
mean of mortality based on the sum of the single effects.

All analyses were conducted in R v4.0.2 (R Core Team, 2020). We
used the packages “Ime4” (v1.1-21, Bates et al., 2015) to fit the models,
“afex” (v0.25-1, Singmann et al., 2017) to set effect coding, “car”
(v3.0-3, Fox and Weisberg, 2018) to calculate the wald chi-square sta-
tistics and the p-values, and “emmeans” (v2.30-0, Lenth et al., 2019) to
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get contrasts (false discovery rate corrected for the associated p-values).
Contrast analyses were done whenever there was a significant interac-
tion between the heat spike and chlorpyrifos exposure to test whether
the effect of chlorpyrifos was significant in each of the heat spike
treatments separately. Therefore, all contrasts were made against the
solvent control.

3. Results
3.1. Mortality

In the parental generation, chlorpyrifos caused mortality, especially
in larvae pre-exposed to the heat spike (10.8% vs 0.6%) (Table 1,
Fig. 2A). This synergism was confirmed by the IA model (Appendix E).
The heat spike itself (in the solvent control) did not cause mortality
(contrast: P = 0.717). In the offspring generation, both the heat spike
(1.0%) and chlorpyrifos exposure (1.2%) in isolation slightly increased
mortality (Table 2, Fig. 3A). Moreover, the chlorpyrifos-induced mor-
tality was much higher after the heat spike (25.0%). This synergism was
confirmed by the IA model (Appendix E). Furthermore, when parents
were exposed to chlorpyrifos, the mortality induced by chlorpyrifos in
their offspring was less (11.6% vs 15.9%).

3.1.1. CTmax

In the parental generation, chlorpyrifos reduced CTmax, especially
in larvae pre-exposed to the heat spike (—3.4% vs —1.5%) (Table 1,
Fig. 2B). The heat spike itself did not affect CTmax. In the offspring
generation, chlorpyrifos also decreased CTmax, especially after the heat
spike (—5.7% vs —1.4%) (Table 2, Fig. 3B). In addition, when parents
were exposed to chlorpyrifos, the chlorpyrifos-induced reduction in
CTmax in their offspring was less (—2.5% vs —4.2%).

3.1.2. Growth rate

In the parental generation, chlorpyrifos generally increased the
larval growth rate (+10.3%), while the heat spike itself did not (Table 1,
Fig. 2C). In the offspring generation, chlorpyrifos also increased the
growth rate but only in offspring pre-exposed to the heat spike and
whose parents were not exposed to chlorpyrifos (+16.1%) (Table 2,
Fig. 3C).

3.1.3. AChE activity

In the parental generation, chlorpyrifos decreased the AChE activity,
especially in larvae pre-exposed to the heat spike (—57.9% vs —34.6%)
(Table 1, Fig. 2D). The heat spike itself (in the solvent control) did not
affect the AChE activity (contrast: P = 0.413). In the offspring genera-
tion, chlorpyrifos also reduced the AChE activity, and again especially
after the heat spike (—56.6% vs —37.1%) (Table 2, Fig. 3D). The
chlorpyrifos-induced reduction in AChE activity was smaller when
parents were exposed to chlorpyrifos than they were not (—42.6% vs

Table 1
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—50.8%). In addition, the heat spike decreased the AChE activity but
only when the parents had been exposed to chlorpyrifos.

3.1.4. Wing length
In the parental generation, chlorpyrifos reduced female wing length

but only in larvae pre-exposed to the heat spike (Table 1, Fig. 2E). The
heat spike itself did not affect wing length. In the offspring generation,
neither the heat spike nor chlorpyrifos affected female wing length. Yet,
parental exposure to chlorpyrifos generally reduced female wing length
in the offspring; this was most pronounced when the offspring were
exposed to both stressors (Table 2, Fig. 3E).

3.1.5. Development time

In the parental generation, chlorpyrifos decreased the development
time, especially in larvae pre-exposed to the heat spike (—11.5% vs
—2.9%) (Table 1, Fig. 2F). The heat spike itself also reduced the devel-
opment time. Similarly, in the offspring generation, both the heat spike
(—8.8%) and chlorpyrifos decreased the development time, and the
chlorpyrifos-induced reduction in development time was again more
pronounced after the heat spike (—14.0% vs —1.2%) (Table 2, Fig. 3F).
When the parents were exposed to either chlorpyrifos or the heat spike,
the development time was less reduced by chlorpyrifos in the offspring.
In addition, the development time was slightly less reduced by the heat
spike when the parents were exposed to both the heat spike and
chlorpyrifos.

3.1.6. The composite index of population performance (r’)

In the parental generation, chlorpyrifos reduced the composite index
of population performance (r) but only after the heat spike (—5.8%,
Table 1, Fig. 2G). The heat spike itself did not affect r’. Also in the
offspring generation, chlorpyrifos only reduced the composite index of
population performance (r’) after the heat spike (—7.8%). Furthermore,
when the parents were exposed to chlorpyrifos, chlorpyrifos no longer
reduced r’. The heat spike itself decreased r’ when parents were not
exposed to the heat spike.

4. Discussion

Our results provide widespread evidence that the preceding heat
spike magnified the lethal and sublethal effects of chlorpyrifos within a
generation. Indeed, chlorpyrifos caused higher mortality, and the
chlorpyrifos-induced reductions in heat tolerance (CTmax), AChE ac-
tivity and development time were magnified in larvae pre-exposed to the
heat spike. In addition, wing length and the estimate of population
growth rate r’ were only reduced by chlorpyrifos when combined with
the heat spike. A key finding was that when the parents were already
exposed to chlorpyrifos, the chlorpyrifos-induced lethal and sublethal
effects were less pronounced in the offspring, indicating adaptive
multigenerational effects in response to chlorpyrifos exposure. This

The main and interactive effects of the heat spike (Heat) and chlorpyrifos (CPF) exposure on life history, heat tolerance and physiological variables in the parental

generation. Bold P-values represent significant effects (P < 0.05).

Mortality CTmax Growth rate AChE
7 Df p 7 Df p 7 Df P 7 Df P
Heat 26.47 1 < 0.001 0.33 1 0.566 0.50 1 0.478 7.78 1 0.005
CPF 152.66 1 < 0.001 32.59 1 < 0.001 5.54 1 0.019 92.75 1 < 0.001
Heat x CPF 63.16 1 < 0.001 5.91 1 0.015 0.03 1 0.874 3.90 1 0.048
Mass 0.56 1 0.454
Wing length Development time r’
7 Df P 7 Df P 7 Df P
Heat 0.20 1 0.656 11.41 1 < 0.001 0.01 1 0.912
CPF 0.65 1 0.420 24.35 1 < 0.001 5.68 1 0.017
Sex 630.72 1 < 0.001
Heat x CPF 4.12 1 0.042 4.31 1 0.038 10.91 1 < 0.001
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Fig. 2. The single and combined effects of the heat spike and chlorpyrifos exposure on life history, heat tolerance and physiological variables in the parental
generation of the mosquito Culex pipiens. (A) mortality (mortality is zero in the solvent control at 30 °C), (B) heat tolerance (CTmax), (C) growth rate, (D)
acetylcholinesterase activity (AChE), (E) wing length, (F) development time and (G) the composite index of population performance (r’). Means are given with one
standard error. P-values associated with contrast analyses are coded as follows: ‘ns’: P > 0.05; “*: P < 0.05; “**: P < 0.01; “***: P < 0.001.

adaptive multigenerational effect was not found for parental heat spike
exposure. Despite the adaptive multigenerational effect to the pesticide,
the synergism with the heat spike was still present in the offspring
generation.

While both generations responded overall very similar to the heat
spike and the pesticide, one obvious difference between generations was

that the mortality was overall about twice higher in the offspring than in
the parental generation. This may be explained by the higher density
that the parents were exposed to as larvae compared to the grandpar-
ents. The grandparental generation (as the entire lab culture) was reared
during the entire larval stage at a density of ~80 larvae/L. While the
parental generation was reared from the L1 stage at a density of 120
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The main and interactive effects of the heat spike and chlorpyrifos exposure in the parental (Heat_P and Heat_P) and in the offspring (Heat_O and CPF_O) generations on
life history, heat tolerance and physiological variables in the offspring generation. Bold P-values represent significant effects (P < 0.05).

Mortality CTmax Growth rate AChE

7 Df P 7 Df P 7 Df P 7 Df P
Heat P 13.9 1 0.394 0.78 1 0.376 0.46 1 0.496 0.25 1 0.620
CPF_P 0.11 1 0.344 0.65 1 0.420 0.00 1 0.974 0.50 1 0.481
Heat O 263.87 1 < 0.001 33.41 1 < 0.001 0.28 1 0.594 13.37 1 < 0.001
CPF_O 342.27 1 < 0.001 284.38 1 < 0.001 3.86 1 0.049 297.80 1 < 0.001
Heat P x CPF_P 1.63 1 0.825 0.51 1 0.477 0.14 1 0.703 0.00 1 0.989
Heat P x Heat O 4.35 1 0.258 0.23 1 0.629 0.11 1 0.739 0.20 1 0.652
CPF_P x Heat O 0.28 1 0.860 0.99 1 0.319 0.46 1 0.498 7.73 1 0.005
Heat P x CPF_.O 8.66 1 0.778 1.23 1 0.267 1.14 1 0.285 0.25 1 0.619
CPF_P x CPF.O 3.93 1 0.016 7.50 1 0.006 4.52 1 0.034 4.84 1 0.028
Heat_ O x CPF_.O 0.41 1 < 0.001 92.90 1 < 0.001 0.06 1 0.799 12.28 1 < 0.001
Heat P x CPF_P x Heat O 3.04 1 0.416 0.00 1 0.951 1.07 1 0.301 0.03 1 0.859
Heat P x CPF_P x CPF_.O 0.76 1 0.446 0.63 1 0.426 3.09 1 0.078 0.10 1 0.758
Heat P x Heat O x CPF_.O 4.99 1 0.790 0.20 1 0.659 0.78 1 0.377 0.00 1 0.999
CPF_P x Heat O x CPF_.O 1.29 1 0.775 0.26 1 0.608 3.87 1 0.049 0.09 1 0.769
Heat P x CPF_P x Heat O x CPF_.O 2.25 1 0.398 0.33 1 0.569 0.00 1 0.975 0.38 1 0.536
Mass 0.02 1 0.888

Development time Wing length r
7 Df P 7 Df P 7 Df P

Heat P 1.01 1 0.316 0.16 1 0.687 0.50 1 0.479
CPF_P 0.08 1 0.780 4.46 1 0.035 0.34 1 0.561
Heat O 458.83 1 < 0.001 1.05 1 0.305 3.44 1 0.064
CPF_O 51.24 1 < 0.001 2.18 1 0.140 16.33 1 < 0.001
Sex 1642.96 1 < 0.001
Heat P x CPF_P 0.16 1 0.69 0.29 1 0.592 0.10 1 0.754
Heat P x Heat O 0.01 1 0.944 0.59 1 0.441 3.98 1 0.046
CPF_P x Heat O 0.36 1 0.551 0.81 1 0.367 0.07 1 0.788
Heat P x CPF_O 8.87 1 0.003 0.86 1 0.353 0.65 1 0.420
CPF_P x CPF_.O 6.16 1 0.013 0.00 1 0.972 6.32 1 0.012
Heat O x CPF.O 22.47 1 < 0.001 0.67 1 0.414 13.09 1 < 0.001
Heat P x CPF_P x Heat O 5.80 1 0.016 0.01 1 0.909 0.45 1 0.504
Heat P x CPF_P x CPF_.O 1.32 1 0.250 0.00 1 0.997 0.42 1 0.517
Heat P x Heat O x CPF_.O 0.07 1 0.795 0.00 1 0.981 0.31 1 0.580
CPF_P x Heat O x CPF.O 0.00 1 0.996 3.93 1 0.047 0.18 1 0.675
Heat P x CPF_P x Heat O x CPF_.O 1.74 1 0.187 0.61 1 0.435 0.32 1 0.571
Mass

larvae/L, and from the L4 stage at a density of 240 larvae/L. So the
higher density during the parental generation could have caused the
parents to produce weaker offspring even in the absence of any stressor.
Note, this would not bias the patterns in the multigenerational effects of
the heat spike and chlorpyrifos since larvae of all treatments within the
same generation followed the same rearing procedure at the same
density. Given the variation in larval densities in natural populations,
multigenerational effects caused by larval densities might be an
important avenue for future research.

4.1. Within-generation effects of the heat spike and chlorpyrifos exposure

In both generations chlorpyrifos caused only minor mortality, unless
larvae were first exposed to the heat spike. This synergistic interaction
between the heat spike and chlorpyrifos exposure confirms previous
results in the study species (Meng et al., 2020a) and is in line with the
“climate change induced toxicant sensitivity” (CITS) concept (Hooper
et al., 2013; Moe et al., 2013; Noyes and Lema, 2015). This synergism
may be explained by the heat spike that reduced the energy budget of
the larvae as we observed before in the study species (Meng et al.,
2020a). This reduced energy budget would leave less energy available
for chlorpyrifos detoxification, defense and repair. Exposure to a heat
spike may reduce the energy budget by impairing ATP synthesis (Harada
et al, 2019; Stillman, 2019). Related to this, the stronger
chlorpyrifos-induced reduction in AChE activity when combined with
the heat spike may also have contributed to the synergism for mortality
(Domingues et al., 2010). The stronger pesticide-induced mortality after
a heat spike, combined with a stronger reduction in wing length which is

a validated proxy of female fecundity in the study species (Costanzo
et al., 2014), resulted in the negative effect of the pesticide on the es-
timate of population growth rate (r’) only being present in larvae that
first experienced a heat spike.

Chlorpyrifos exposure reduced the heat tolerance estimated as
CTmax, which is consistent with the “toxicant induced climate change
sensitivity” (TICS) concept (Noyes et al., 2009; Moe et al., 2013; Hooper
et al., 2013). Chlorpyrifos-induced reductions in heat tolerance have
been recorded in the study species (e.g. Meng et al., 2020a,b,2021) and
other aquatic insects (e.g. damselfly larvae: Verheyen et al., 2019). The
observed absolute reduction in CTmax caused by chlorpyrifos (ca.
1.5 °C) is likely biologically relevant. For example, it matches the
observed difference in CTmax between latitudes in another semi-aquatic
insect that shows latitude-associated thermal adaptation, and
low-latitude populations can better deal with heat waves than
high-latitude populations (Janssens et al., 2021). CTmax occurs when
the oxygen demand can no longer be met by the oxygen supply (Verberk
et al., 2016). Chlorpyrifos exposure is expected to shift this mismatch to
a lower temperature by both increasing oxygen demand (e.g., Narvaez
et al., 2016) and by reducing oxygen supply caused by the impaired
respiratory system (e.g., Negro and Collins, 2017; Marigoudar et al.,
2018). Interestingly, although the previous heat spike did not signifi-
cantly affect CTmax, it magnified the chlorpyrifos-induced reduction of
CTmax. Likely, the preceding heat spike increased the energy, hence
oxygen, demand for repair mechanisms thereby further lowering the
temperature at which the mismatch between oxygen demand and supply
occurred. A similar pattern was also found in the study species by Meng
et al. (2020a).
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Fig. 3. The single and combined effects of the heat spike and chlorpyrifos exposure in the parental and the offspring generations on life history, heat tolerance and
physiological variables in the offspring generation of the mosquito Culex pipiens. (A) mortality, (B) heat tolerance (CTmax), (C) growth rate, (D) acetylcholinesterase
activity (AChE), (E) wing length, (F) development time and (G) the composite index of population performance (r"). Means are given with one standard error. SCT =
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< 0.001.
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In contrast with the negative effects on survival and heat tolerance,
chlorpyrifos exposure accelerated growth and shortened the develop-
ment time, and the latter was further magnified by the heat spike.
Chlorpyrifos-induced accelerations of growth and development have
been recorded several times in the study species (Meng et al., 2020a&b;
Delnat et al., 2019) and other aquatic insects (in damselfly larvae:
Janssens and Stoks, 2013), and may be an adaptive response for
semi-aquatic organisms to escape exposure to toxicants in their aquatic
habitat (Rohr et al., 2011). Alternatively, this is also in line with the
phenomenon that sublethal pesticides exposure can cause hormetic ef-
fects, positively influencing life history traits (Margus et al., 2019;
Brevik et al., 2018). The absolute reduction in development time (ca. 1
d) can have a strong impact on fitness as it allows an earlier meta-
morphosis into the terrestrial adult stage. It thereby may make the dif-
ference between being able or not to avoid being exposed to another
pesticide pulse in their pond, and to escape death by drying out of the
temporary ponds the species often inhabits.

4.1.1. Multigenerational effects of the heat spike and chlorpyrifos exposure

Overall, parental exposure to either the heat spike or chlorpyrifos did
not cause lethal and sublethal effects on themselves (in the absence of
the other stressor) in the offspring generation. Similar absences of a
main multigenerational effect on offspring were, for example, also
described in zebrafish when parents were exposed to coumarin 47
(Blanc et al., 2020), and in the ladybird beetle Coccinella septempunctata
when parents were exposed to tolfenpyrad (Chi et al., 2021). In contrast,
other studies showed negative (e.g. Tran et al., 2018) or positive (e.g.
Lim et al., 2021) effects of stressors in the parental generation on
offspring survival. The timing and exposure duration to the stressors
experienced by the parents are critical for the expression of multigen-
erational effects (Donelson et al., 2018). Particular critical periods are
early development, like embryogenesis, and prior to and during repro-
duction (Feil and Fraga, 2012; Burton and Metcalfe, 2014). Therefore,
our result may be explained by the fact that we applied a short-term
exposure (2 d vs. the entire life cycle) in the relatively less sensitive
final larval stage.

A key finding was that the lethal and sublethal effects of chlorpyrifos
were reduced in the offspring generation when parents also had been
exposed to chlorpyrifos. This indicates that exposure of parents to
chlorpyrifos caused adaptive responses increasing the tolerance of the
offspring when dealing with the same stressor. This effect was likely not
driven by survival selection, since the mortality caused by chlorpyrifos
in the parents can be neglected (less than 1 out of 30 larvae per jar). The
observation that the activity of AChE was also reduced less by chlor-
pyrifos in the offspring whose parents had also been exposed to the
pesticide, may partly explain the observed multigenerational pattern in
mortality. In addition, parental exposure to chlorpyrifos reduced the
accelerated growth and development, and the decrease in population
growth rate caused by chlorpyrifos in the offspring, also suggesting that
parental exposure to chlorpyrifos reduced the sensitivity of offspring to
chlorpyrifos.

Remarkably, parental exposure to chlorpyrifos also reduced the
chlorpyrifos-induced negative effects on CTmax. This adds a new
multigenerational dimension to the TICS concept (Noyes et al., 2009;
Moe et al., 2013; Hooper et al., 2013). CTmax has been shown to be a
good proxy of the ability to tolerate increases in mean temperatures
(/D%sheim et al., 2020) as well as extreme heat (Kaspari et al., 2015;
Jorgensen et al., 2019). This adaptive multigenerational effects of
chlorpyrifos on CTmax may help the larvae to deal better with thermal
stress in a warming, polluted world. As discussed above, parental
exposure to chlorpyrifos increased the tolerance to chlorpyrifos of the
offspring, thus may have reduced the chlorpyrifos-induced shift toward
lower temperatures of the mismatch between oxygen demand and sup-
ply (e.g. less energy needed for detoxification, and less affected energy
supply), contributing to a smaller chlorpyrifos-induced reduction in
CTmax.
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Adaptive multigenerational effects have been reported before, and
can be explained by in utero exposure to stressors of the developing
embryo (Heard and Martienssen, 2014; Lim and Brunet, 2013).
Remarkably, different from previous studies that applied stressors in the
most sensitive ontogenetic stages (e.g. Lim et al., 2021; reviewed by
Donelson et al., 2018; for toxicants: e.g. Reategui-Zirena et al., 2017;
Oppold et al., 2015) or across the entire life cycle (e.g. Shama et al.,
2014; for toxicants: e.g. Marshall, 2008), we here provide evidence that
even a short-term exposure to a pesticide in the relatively less sensitive
final larval stage can generate multigenerational effects and partly offset
the negative effects of a pesticide in the offspring. This may be important
at the population level as we could demonstrate that our estimate of
population growth rate was not affected by the pesticide in the offspring
when also the parents had been exposed.

In contrast, parental exposure to the heat spike did not change the
sensitivity to the heat spike in the offspring. This may be partly
explained by the fact the heat spike itself had less effect on the mosquito
larvae within a generation. However, this does not exclude the possi-
bility of a multigenerational effect after exposure to a heat spike for
more than two generations, an exposure scenario that is, however, much
less likely for heat spikes. Another important finding was that the syn-
ergistic interaction between the heat spike and the pesticide in the
offspring generation was not affected by the parental exposure history to
these stressors. This occurred despite the adaptive multigenerational
increased tolerance to the pesticide in offspring whose parents also had
been exposed to the pesticide. One reason for this may be that the overall
mortality level, hence likely also stress level, was higher in the offspring
generation. In addition, given that generating the adaptive multigen-
erational effects for chlorpyrifos can be energetically costly, this may
leave less energy available for tolerating the heat spike which has a
different mode of action from chlorpyrifos. This phenomenon is sug-
gested by the observation that the heat spike-induced mortality in
offspring whose parents were exposed to chlorpyrifos was somewhat
higher (2.1% vs. 0.8%).

5. Conclusions

While multigenerational effects of stressors are receiving increased
attention in ecotoxicology (Shaw et al., 2017; Brevik et al., 2018),
multigenerational studies are largely limited to a single stressor (but see
Tran et al., 2018), and rarely involve transient exposure to a stressor.
While heat extremes and pesticide exposure are two key threats to
aquatic ecosystems (Heino et al., 2009; Schulz et al., 2021), and heat
extremes can strongly alter pesticide toxicity (Meng et al., 2020a&b), no
study so far tested how their combined effects may transmit to the next
generation and alter the sensitivity of offspring to these stressors. We
detected adaptive multigenerational effects of parental exposure to
chlorpyrifos in terms of increased tolerance to chlorpyrifos in the
offspring. This finding has implications for current risk assessment as it
suggests that the effects of a toxicant can be underestimated in
field-collected animals in case their parents already experienced the
toxicant. This can be expected in animals with a short generation time,
such as mosquitoes, that live in edge-to-field water bodies where several
pulses of pesticides are applied during the crop growing season (Van
Drooge et al., 2001). Furthermore, our results also add a new multi-
generational dimension to the TICS concept (Noyes et al., 2009; Moe
et al., 2013; Hooper et al., 2013): parental exposure to a pesticide
reduced the negative impact of the pesticide on heat tolerance in the
offspring. The heat spike magnified the chlorpyrifos-induced lethal and
sublethal effects within both generations (CITS concept, Hooper et al.,
2013; Moe et al., 2013; Noyes and Lema, 2015). This synergism, how-
ever, did not change in the offspring generation despite the adaptive
multigenerational effect to the pesticide. Despite the importance of
temporal aspects in multi-stressor studies (Orr et al., 2020), multigen-
erational effects on interaction patterns are rare (but see Tran et al.,
2018), yet much needed to understand and predict how interaction
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patterns may change across generations. Generally, our results provide
important evidence that short exposure to pulse-like global change
stressors can strongly affect organisms within and across generations,
and highlight the importance of considering multigenerational effects in
risk assessment.
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