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1. To mitigate the effects of climate change, it is important to understand species'
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responses to increasing temperatures. This has often been done by studying survival or activity at temperature extremes. Before such extremes are reached,
however, effects on fertility may already be apparent.
2. Sex differences in the thermal sensitivity of fertility (TSF) could impact species
persistence under climate warming because female fertility is typically more limiting to population growth than male fertility. However, little is known about sex
differences in TSF.
3. Here we first demonstrate that the mating system can strongly influence TSF
using the seed beetle Callosobruchus maculatus. We exposed populations carrying
artificially induced mutations to two generations of short-term experimental evolution under alternative mating systems, manipulating the opportunity for natural
and sexual selection on the mutations. We then measured TSF in males and females subjected to juvenile or adult heat stress.
4. Populations kept under natural and sexual selection had higher fitness, but similar
TSF, compared to control populations kept under relaxed selection. However, females had higher TSF than males, and strikingly, this sex difference had increased
over only two generations in populations evolving under sexual selection.
5. We hypothesized that an increase in male-induced harm to females during mating
had played a central role in driving this evolved sex difference, and indeed, remating under conditions limiting male harassment of females reduced both male and
female TSF. Moreover, we show that manipulation of mating system parameters
in C. maculatus generates intraspecific variation in the sex difference in TSF equal
to that found among a diverse set of studies on insects.
6. Our study provides a causal link between the mating system and TSF. Sexual conflict, (re)mating rates and genetic responses to sexual selection differ among ecological settings, mating systems and species. Our study therefore also provides
mechanistic understanding for the variability in previously reported TSFs which
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can inform future experimental assays and predictions of species responses to
climate warming.
KEYWORDS

climate change, fecundity, fertility, heat shock, sexual conflict, sexual selection, sperm,
thermal fertility limits

1 | I NTRO D U C TI O N

been suggested that male reproduction is more affected by elevated
temperature in both endotherms (Hansen, 2009) and ectotherms

To predict evolutionary trajectories of natural populations experienc-

(David et al., 2005; Jørgensen et al., 2006). However, male and fe-

ing warming climates, it is necessary to understand selection on, and

male reproductive physiologies are vastly different (García-Roa et al.,

the genetic architecture of, traits whose expression depends heavily

2020; Kodric-Brown & Brown, 1987), questioning whether genetic

on temperature (Bubliy et al., 2012; Chevin et al., 2013; Hoffmann

responses to selection on TSF in one sex would be consequential for

& Sgrò, 2011; Walters et al., 2012). Typical estimates of thermal

TSF in the other. On the other hand, some general buffering mech-

sensitivity describe the temperatures at which individuals fail to

anisms against elevated temperature, such as antioxidant defences

maintain basic physiological functions such as controlled locomotion

(Dowling & Simmons, 2009) or molecular chaperones aiding protein

and respiration (Lutterschmidt & Hutchison, 1997). Approaches to

translation and folding (Feder et al., 2000), are costly to produce and

predict organismal responses relying exclusively on such measures

may depend strongly on the overall condition and genetic quality of

are however bound to neglect a variety of sublethal effects that will

the individual. Such responses may therefore be much more likely to

arise at less extreme temperatures, the most important being reduc-

share a genetic basis between the sexes (Andersson, 1994; Rowe &

tions in fertility (Angilletta, 2009; Chirgwin et al., 2021; Hoffmann

Houle, 1996; Tomkins et al., 2004).

et al., 2013; Kellermann & van Heerwaarden, 2019; Parratt

Sex differences are often rooted in the operation of sexual selec-

et al., 2021; Walsh et al., 2019). Indeed, already a slight decrease in

tion and mating systems, and it is possible that sex specificity in TSF

fertility can have dramatic effects on population viability (Degioanni

could trace back to general differences in male and female reproduc-

et al., 2019) and thermal plasticity in reproductive traits affecting

tive physiologies ingrained in the evolution of anisogamy (Schärer

fertility is widespread (Dell et al., 2011; Deutsch et al., 2008; Frazier

et al., 2012). However, fine-grained variation in sexual selection and

et al., 2006) and often observable at a significantly lower tempera-

mating systems is also likely to play an important role in shaping male

ture threshold than responses in viability (Angilletta, 2009; Gerking

and female TSF (García-Roa et al., 2020; Gómez-Llano et al., 2020;

& Lee, 1983; Hoffmann, 2010; Loisel et al., 2019; van Heerwaarden

Martinossi-Allibert, Rueffler, et al., 2019; Martinossi-Allibert, Thilliez,

& Sgrò, 2021). Hence, it is crucial to incorporate estimates of the

et al., 2019; Pilakouta & Ålund, 2021; Svensson et al., 2020). For exam-

thermal sensitivity of fertility (from hereon: TSF) into predictions of

ple, success under post-copulatory sexual selection (i.e. sperm compe-

population persistence (Angilletta, 2009; Parratt et al., 2021; Walsh

tition) can depend on both gamete quality (Gage et al., 2004; Hosken

et al., 2019).

et al., 2003; McNamara et al., 2014) and the overall genetic quality of

In many sexually reproducing species, population growth is

the male (Hosken et al., 2003), suggesting that sexual selection for

mainly dependent on female fertility (Caswell, 2006). Female TSF

genetic quality could increase tolerance to thermal stress. However,

may therefore be more consequential for population viability under

sperms’ tolerance of oxidative stress, and therefore likely also of high

climate warming than male TSF, highlighting the need for a more

temperature, can be affected by investment in precopulatory traits

thorough understanding of sex differences in TSF (Iossa, 2019). For

(Dowling & Simmons, 2009; Helfenstein et al., 2010) and studies have

example, if male fertility is more sensitive to elevated temperatures

suggested that male gamete quality may trade-off with investment

so that selection for thermal tolerance acts more strongly in males,

into reproductive competition (Baur & Berger, 2020; Silva et al., 2019).

and assuming some shared genetic basis for TSF in the two sexes,

Female reproduction is also sensitive to temperature, especially be-

then genetic variation with deleterious effects on female TSF could

cause egg maturation and oviposition are two highly temperature-

effectively be purged via males. This in turn could limit the cost of

dependent processes (Angilletta, 2009; Berger et al., 2008; Kingsolver

adaptation (sensu Haldane, 1957) at high temperature mainly to

& Huey, 2008; Schou et al., 2021), and it is likely that female TSF

males. Such male-biased purging of deleterious alleles affecting TSF

could be modulated further by pre- and post-fertilization mating in-

could thus pursue with little reduction in population growth, which

teractions. For example, physical harm inflicted via male harassment

would aid evolutionary rescue of sexually reproducing species facing

of females during copulation, or physiological harm mediated via toxic

warming climates (Godwin et al., 2020; Manning, 1984; Martinossi-

ejaculate compounds (Arnqvist & Rowe, 2005; Dougherty et al., 2017;

Allibert, Rueffler, et al., 2019; Martinossi-Allibert, Thilliez, et al.,

Parker, 2006), could increase female TSF if TSF is dependent on the

2019; Plesnar-Bielak et al., 2012; Whitlock & Agrawal, 2009). It has

condition of the individual and costly thermal buffering mechanisms.
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seeds and the larvae burrow into the seed where they complete their

cial effects in females (Arnqvist & Nilsson, 2000; Karlsson et al., 1997;

development within 3 weeks under standard laboratory conditions

Oku et al., 2019; Parrett & Knell, 2018; Reinhardt et al., 2009; Savalli

(29℃, 12L:12D light cycle, 55% rel. humidity), on their preferred host,

& Fox, 1999), and remating could potentially improve male fertility via

Vigna unguiculata (Fox, 1993). Unless otherwise stated, the stand-

gamete renewal. This suggests that sex differences in TSF are bound to

ard laboratory conditions, outlined above, were used for population

vary dynamically with mating system parameters.

maintenance in all the experiments described below. Egg-to-adult

Here we explore the role of the mating system in shaping sex

survival is above 90% in the populations used here (J. Baur, pers.

differences in TSF in populations of the polyandrous seed beetle

obs.). Adults are facultatively aphageous and start reproducing within

Callosobruchus maculatus. We first quantified how two generations

hours after emergence. Under laboratory conditions without food or

of natural and sexual selection on artificially induced mutations af-

water adult beetles live just over 1 week with most of the reproduc-

fected short-term evolutionary responses in male and female TSF.

tion taking place within the first few days (Fox, 1993). Callosobruchus

This approach was motivated by (a) theory often assuming that sex-

maculatus has a polyandrous mating system with documented sexual

ual selection is a more potent force of purifying selection against

conflict over (re)mating and high remating rates, leading to both pre-

deleterious genetic variation compared to natural selection (Rowe &

and post-copulatory sexual selection on males (Berger et al., 2016;

Houle, 1996; Tomkins et al., 2004; Whitlock & Agrawal, 2009) and

Crudgington & Siva-Jothy, 2000; Eady, 1995; Gay et al., 2009; Hotzy

that purging of deleterious genetic variation is much more efficient

& Arnqvist, 2009). Once a male manages to successfully initiate copu-

via sexual selection in males in C. maculatus (Grieshop et al., 2016,

lation, spines on its genitalia help to prevent it from being dislodged

2021), (b) the notion that compensatory physiological responses to

but at the same time harm the female (Bagchi et al., 2021; Edvardsson

temperature stress are costly (Feder et al., 2000), suggesting that

& Tregenza, 2005; Rönn & Hotzy, 2012; Rönn et al., 2007). The ef-

TSF may be dependent on the condition and overall genetic quality

fects of the genital spines and the harm imposed on the females

of the individual, and (c) the observation that elevated temperature

have been found to correlate with a male's sperm competitiveness

can increase the effects of deleterious genetic variation in ecto-

(Hotzy & Arnqvist, 2009) and, in a congener that exhibits similar geni-

therms (Berger et al., 2021).

tal structures, also increase female oviposition rate as a response to

To this end, we induced an appreciable genetic load via muta-

genital scarring (Haren et al., 2017). Female reproductive behaviour

genesis in replicate populations that were subsequently propagated

is further modulated by lifespan-extending nutrients and water (Rönn

for two generations under three alternative experimental evolution

et al., 2006) and likely also other functional compounds in the male

regimes: polygamy (imposing natural and sexual selection), enforced

ejaculate (Bayram et al., 2019), suggesting that the male ejaculate can

monogamy (natural selection only) and relaxed selection (natural

have both positive and negative effects on female fertility (Arnqvist

and sexual selection removed). Comparisons to the ancestral (non-

et al., 2004; Yamane et al., 2015).

irradiated) populations allowed us to assess the relative impact of

The stock used for the experimental populations originates from

the induced mutations and the extent to which the two mating sys-

41 iso-female lines sampled in Lomé, Togo (06°10#N 01°13#E; see

tems (polygamy and monogamy) had purged the mutations relative

Berger et al., 2014) that were mixed and maintained at large popula-

to the relaxed selection treatment. Thus, in addition to providing

tion size (N > 300) for roughly 50 generations under standard condi-

information on sex differences in TSF in C. maculatus, this panel of

tions prior to the start of this experiment.

populations allowed us to assess not only sex-specific effects of de
novo mutations on TSF but also how natural and sexual selection on
de novo mutations influence sex differences in TSF.

2.2 | Mutagenesis

We conducted the experiment using two different types of heat
stress. We applied a short-term but high intensity heat shock on adult

The stock population was split into three replicate founder popula-

beetles, reflecting extreme daily maximal temperatures, which are

tions (Figure 1a), each one serving as the starting population for an

predicted to increase in frequency due to climate change (Johnson

experimental block containing all four types of populations (a con-

et al., 2018). In a parallel experiment using the same populations,

trol and the three experimental evolution regimes). The blocks were

we applied long-term heat stress throughout the entire larval devel-

separated by 3 days. We first introduced a genetic load in the three

opment, as may result from increasing variation in average monthly

founders by exposing male beetles to 25 Gy of γ-radiation over 32 min

temperatures (Bathiany et al., 2018; Varela et al., 2020).

(dose rate: ~0.79 Gy/min). This dose is known to reduce fertility (i.e.
number of emerging adults) of the parental generation by roughly 70%

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Study population

and that of the F1 generation by roughly 40% (Baur & Berger, 2020;
Grieshop et al., 2016). All irradiated males (N = 150 per founder)
were virgin and eclosed between 0 and 24 hr prior to irradiation. All
males were then mated to a randomly assigned female (enforced monogamy). Matings were carried out in empty 60 mm petri dishes on a

Callosobruchus maculatus is a common pest on fabaceous seeds

heating plate and observed by an experimenter to ensure a success-

in tropical and subtropical regions. Females cement eggs onto host

ful mating. Subsequently, the females were transferred to a 2-litre jar
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F I G U R E 1 Experimental design used to obtain the two main data sets. (a) Founding populations, mutagenesis and experimental
evolution. (b) Juvenile heat stress (development at 35°C) and adult heat shock (20 min heat shock at 50°C) applied to all 12 populations. (c)
Lifetime reproductive output of all 12 populations in the benign environment (untreated). Shown are means ± 95% confidence intervals
containing host seeds ad libitum and allowed to lay eggs for 48 hr.

Rueffler, et al., 2019; Martinossi-Allibert, Thilliez, et al., 2019). To mini-

Egg-laden beans were mixed and distributed into three aliquots mark-

mize larval competition, all regimes were provided beans ad libitum

ing the starting point for the three experimental evolution regimes

(~4,800 beans) and females of all regimes were removed from the

(see below). At this point, all offspring are expected to carry a random

beans after 48 hr of egg-laying. The relatively large population size

set of mutations induced via their fathers. Another 150 control (non-

(Polygamy: Ne ≤ 100, Monogamy: Ne ≤ 120, Relaxed: Ne ≤ 200) and

irradiated) males were used to seed the control population for each

short time of the experimental evolution experiment should preclude

founder. These control populations were propagated according to the

effects of genetic drift affecting the results. Note that we here applied

same mating regime as the polygamy populations outlined below.

the following selection regimes over two generations to a population
carrying an artificially induced genetic load. The achieved effects must

2.3 | Experimental evolution regimes

not necessarily reflect the effects of a long-term experimental evolution study using standing genetic variation.

The selection regime protocols (Figure 1a), outlined below, have previously been described and used in several, more long-term (up to 60

2.3.1 | Polygamy

generations), experimental evolution studies in C. maculatus and have
been shown to result in pronounced sex-specific adaptations (Bagchi

This regime resembles the natural mating system, including sex-

et al., 2021; Baur et al., 2019; Baur & Berger, 2020; Martinossi-Allibert,

ual and natural selection on males and females. In all, 100 virgin
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males and 100 virgin females were picked within 72 hr after eclo-

(Figure 1a,b). Note that we measure thermal sensitivity of fertil-

sion and collected in a 1-litre jar with beans. The beetles could

ity (TSF) under both heat treatments and not the commonly used

freely interact, compete, mate and lay eggs for 48 hr. This mat-

thermal fertility limit (TFL). The main distinction being that the TFL

ing scheme was also used to propagate the non-irradiated control

describes the critical temperature at which all reproduction ceases,

populations.

while TSF is used to describe any reduction of fertility due to stressful temperatures.

2.3.2 | Monogamy

Juvenile heat stress
1.1. This experiment was designed to resemble a longer period of

This regime removes sexual selection but applies natural (fecundity)

elevated temperature as, for example, a heat wave, which can occur

selection on females and males. Within 72 hr after eclosion, 100

in the months of March and April in Lomé, Togo. Current projections

virgins of each sex were picked and randomly paired and allowed

for Lomé predict an increase of the average daily maximal tempera-

to mate for 5 hr in an empty 60 mm petri dish. During this period,

ture in the months from February to April from 32℃ in the late 20th

the male and female could freely interact and mate repeatedly. After

century, up to a maximum of 37.2℃ by the end of the 21st century

5 hr, the males were removed, and all females were collected and

(Varela et al., 2020). Beetles assigned to this treatment developed at

placed together in a 1-litre jar containing host seeds.

an elevated temperature of 35℃ throughout their entire larval and
pupal stage (ca. 21 days in total). To estimate the sex-specific fertility loss due to development at 35℃ for each of the 12 populations,

2.3.3 | Relaxed selection

we crossed an individual from one family with an opposite-sex individual from another family (but same population), while varying the

This regime removes both natural and sexual selection to retain

treatment from which the individuals were picked. This resulted in

the induced (non-lethal) deleterious mutations in the populations.

a total of 818 untreated couples, 458 couples with a treated female

Within 72 hr after eclosion, 100 virgin females and 100 virgin males

and 443 couples with a treated male. Each couple was provided with

were assigned to form random monogamous couples (avoiding in-

beans ad-libitum in a 60 mm petri dish and allowed to mate and lay

breeding) as in the monogamous mating regime. However, under this

eggs for the rest of their lives. This type of assay gives an estimate

regime each couple was only allowed a single mating (in contrast to

of lifetime reproductive output under cohabitation, allowing for all

the 5-hr mating period under the monogamous regime). Thereafter,

sorts of male–female interactions including remating and male har-

males were removed, and each female was provided with beans.

assment. Emerging adult offspring were later counted to obtain the

In the next generation, offspring were picked so that each paren-

fertility of the couple.

tal couple contributed exactly one female and one male to the next
generation.

1.2. Remating and male harassment: To understand the mechanisms behind the results of experiment 1.1, we explored putative

We applied experimental evolution for only two generations on

effects of multiple mating via male ejaculatory compounds and

artificially induced deleterious mutations. Previous studies (Baur &

harmful physical interactions on female TSF. Using beetles from

Berger, 2020; Grieshop et al., 2016) have shown that induced mu-

the stock population, we exposed 24-hr-old virgin heat-treated

tations are quickly removed continuously with each additional gen-

(developed at 35℃) and untreated (developed at 29℃) females to

eration in the laboratory and we therefore assayed fertility of the

three male treatments (all males developed at 29℃). Females in the

populations following this short protocol, expecting this to result

first treatment underwent a single observed mating, after which

in the greatest chance to detect effects of the selection regimes

we removed the male and allowed the female to deposit eggs for

on mutation load. Thus, after two generations of propagation under

the rest of her lifetime. Females undergoing the second treatment

the selection regimes, we applied one generation of common garden

were mated once per day to the same male for three consecutive

relaxed selection (Figure 1b) to all 12 populations to both counter-

days with the male being removed between matings (multiple mat-

act potential influence of parental effects and to prevent further

ing without harassment). In the third treatment, we co-reared the

selection against deleterious mutations (Figure 1a). We then es-

male and female for their entire life, allowing them to interact freely

tablished 30 mating couples, later referred to as families, per pop-

as was the case in the original experiment (multiple mating with

ulation (total nfamily = 360). We kept track of these initial families

harassment).

throughout the experiment to avoid inbreeding during subsequent

1.3. Interaction of male and female heat stress: We tested whether

crosses. After mating, we allowed the female to lay eggs for 48 hr.

the effects of female and male juvenile heat stress act in an additive

We then removed the female and evenly split the beans from each

manner on a couple's fertility. We reared male and female beetles from

female into one half that was subjected to the Juvenile heat stress

the stock population at a benign (29℃) or a stressful (35℃) tempera-

treatment (outlined below), and one half that was kept developing

ture. Within 24 hr after emergence, we paired a male and female beetle

at benign 29℃ (Figure 1b). The beetles developing at 29℃ were

of which the male, the female, both sexes, or none of the sexes had

assigned to undergo the Adult heat shock treatment (outlined below)

developed at elevated temperature. Males and females were co-reared

or to remain untreated and serve as control for both heat treatments

for their entire life, and we counted the couple's reproductive output.
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Adult heat shock

and sire effects, were included as random effects. Additionally, an

2.1. This experiment was designed to simulate a short-term heat ex-

observation level random effect (OLRE) was included to control for

treme as occurring in the form of extreme daily maxima. We chose

over-dispersion.

an exposure intensity of 50℃ for 20 min because a pilot experi-

1.2. Remating and male harassment: We analysed main effects

ment showed that ca. 50% of the beetles were knocked-out in the

of female development treatment (29/35℃), mating (single/mul-

process (no more perceptible movement), but at the same time it

tiple) and cohabitation (isolated/cohabiting), as well as two-way

remains ecologically relevant as such temperatures are likely to be

interactions between development treatment and mating or cohab-

reached in sun-exposed microclimates within the range of this spe-

itation. Experimental date was added as an additional main effect.

cies (Deutscher Wetterdienst, n.d.). From the beetles that developed

We assumed Poisson-distributed errors while correcting for over-

at benign 29℃, we randomly picked three adult female and three

dispersion via the quasi-extension in both models.

adult male beetles per family. We put beetles singly in a perforated

1.3. Interaction of male and female heat stress: We analysed ef-

0.5 ml Eppendorf tube, all beetles were then placed together in a

fects of female development treatment (29/35℃), male develop-

closed 200 mm petri dish on a heating plate set to 50℃. The air tem-

ment treatment (29/35℃) and their interaction as fixed factors

perature inside the upper part of the petri dish was also monitored

assuming Poisson-distributed errors.

and remained constant at 43℃ for the duration of the treatment.

2.2 Male recovery: To test for the effect of remating on male

We paired all heat-exposed beetles with an untreated individual of

TSF to heat shock, we ran a generalized linear mixed model with

opposite sex from a different family, but from the same population,

a Poisson response including treatment (untreated, heat shocked),

resulting in 818 untreated couples, 500 couples with a treated fe-

mating number (one (2 hr) or two (26 hr)) and their interaction as

male and 540 couples with a treated male. Each couple was provided

fixed effects, and male identity, as well as an OLRE, as random ef-

with ad-libitum beans in a 60 mm petri dish and lifetime reproductive

fects. When analysing the effect of recovery time without mating,

output was recorded.

male identity and the interaction term were dropped because males

2.2. Male recovery: Using the stock population, we investigated

only mated once.

whether recovery of the male after heat shock may have shaped the
observed sex differences in TSF in the main experiment (2.1) outlined above. We allowed one group of males to mate 2 hr after the

3 | R E S U LT S

heat shock treatment. Beetles of this group were then allowed to
mate again 26 hr after heat shock. The second group of male beetles

There were pronounced fertility differences between irradiated and

were only allowed to mate once, after 26 hr. Beetles assigned to the

control populations when assayed only in the benign environment

untreated control group were subdivided into the same two groups

(i.e. untreated beetles), illustrating that mutagenesis had induced

to control for a possible decline in fertility due to repeated mating,

a sizeable genetic load (χ2 = 60.88, df = 3, p < 0.001; Figure 1c;

although this has been shown to be minimal in C. maculatus (Rönn

Table S1 in Supporting Information). Pairwise post-hoc comparisons

et al., 2008). This allowed us to independently estimate effects of

revealed that the regime under relaxed selection carried a larger

recovery over time and recovery through mating, causing ejaculate

genetic load than the monogamy and the polygamy regime, dem-

replacement, on male TSF.

onstrating efficient purging of deleterious mutation during experimental evolution (Tukeyrelax-poly: z = −4.52, p < 0.001; Tukeyrelax-mono:
z = −5.16, p < 0.001). There was no difference in fertility between

2.4 | Statistical analysis

the monogamy and polygamy regime (Tukeypoly-mono: z = −0.68,
p = 0.91). All pairwise contrasts in Supporting Information Table S1.

All analyses were executed in R (R Core Team, 2020). We fitted
generalized linear mixed models assuming a Poisson distributed response using the package

lme4

(Bates et al., 2015, p. 4). We used

3.1 | Juvenile heat stress

generalized linear models to analyse those follow-up experiments
that lack random terms. The R package ggplot2 (Wickham, 2016) was

1.1. Elevated temperature during juvenile development strongly

used for graphical illustration. P-values were calculated using the

reduced the reproductive output of adults (χ2 = 179.07, df = 2,

package

(Fox & Weisberg, 2019) using type-II sums of squares.

p < 0.001). In the control populations, a female developing at 35℃

Planned post-hoc comparisons, applying Tukey correction, were

showed an average reduction in fertility of 32% (31 fewer offspring)

conducted using the package emmeans (Lenth, 2020).

compared to an untreated female, while male fertility was reduced

car

1.1 & 2.1 Sex-specific TSF in evolution regimes: Offspring number

by 22% (21 fewer offspring). To investigate whether the induced mu-

was used as the response while evolution regime and treatment

tations affected TSF (defined as proportional loss of reproductive

(male stress, female stress or untreated), as well as their interac-

output), we first compared the effect of heat stress in the control re-

tion, were added as fixed effects. We added experimental block and

gime and the regime evolving under relaxed selection (containing the

the identity of the experimenter counting offspring as additional

largest genetic load; Figure 1c). We found no evidence that genetic

terms. Population replicate crossed with treatment, as well as dam

load affected TSF (χ2 = 3.75, df = 2, p = 0.15). Strikingly, however,
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males, although this effect was not statistically significant (Tukeypoly_

χ = 14.04, df = 6, p = 0.029; Figure 2a,b). There were clear reduc-

male35-mono_male35:

tions in fertility via heat stress in both sexes in all but the polygamy

put are shown in Appendix S3.

z = 1.41, p = 0.16). Full model specification and out-

regime, where exposed males showed no statistically significant

1.2. To gain more insights into the underlying mechanisms re-

fertility loss (Figure 2a; Table S2). To directly assess the effect of

sponsible for the evolved sex difference in TSF, we ran an addi-

sexual selection on TSF, we compared the monogamy (natural selec-

tional experiment on the stock population to investigate the role

tion) and polygamy (natural + sexual selection) regimes. This analy-

of repeated mating and male harassment on female TSF. Females

sis confirmed the results of the global model (sex:regime; χ2 = 6.96,

exposed to juvenile heat stress suffered more under cohabitation

df = 2, p = 0.030, Figure 2b). Heat-treated females from the polyg-

with a male than females developing at benign temperature (tem-

amy regime produced significantly fewer offspring than heat-treated

perature:cohabitation; χ 2 = 4.53, df = 1, p = 0.033, Figure 2c),

females from the monogamy regime (Tukeypoly_female35-mono_female35:

which could in part explain the evolved increase in female bias

z = −2.08, p = 0.04), while heat-treated polygamy males instead

of TSF observed in the polygamy regime, if polygamy males were

tended to produce more offspring than heat-treated monogamy

more persistent during mating. Interestingly, there was also a

F I G U R E 2 Sex differences in thermal
sensitivity of fertility (TSF) under juvenile
heat stress (experiments 1.1–1.3) (a)
Lifetime reproductive output of couples
with either the female (red symbols),
the male (blue symbols), or no parent
(open symbols) developing at elevated
temperature. (b) Relative loss in fertility
(1-stressed/control) per population. Sex
differences in TSF in all three blocks
are greater for polygamy populations
compared to all other regimes. (c) Lifetime
reproductive output of female beetles
developing at benign (black symbols) or
stressful (red symbols) temperature. (d)
Lifetime reproductive output of pairs in
which no parent (white), the female (red),
the male (blue), or both parents (purple)
were exposed to juvenile heat stress.
Panels a, c and d show means ± 95%
confidence intervals
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positive effect of remating, and this effect was more beneficial
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3.2 | Effects of adult heat shock

in females developing at elevated temperature (temperature:mating; χ 2 = 4.99, df = 1, p = 0.025). Crucially, however, the bene-

2.1. The adult heat shock treatment led to an overall loss of fertil-

ficial effect of remating depended strongly on the exclusion of

ity (χ2 = 17.17, df = 2, p < 0.001) even though its impact was much

the male between matings (Tukey single_35 vs. cohabitation_35: z = −1.62,

weaker compared to the impact of juvenile heat stress (average fer-

p = 0.24, Tukey single_35

tility loss for females was 10.2% and for males 4.2%). The effect of

vs. remated_35:

z = −4.345, p < 0.0001,

Figure 2c); and strikingly, remating with experimental exclusion

heat shock was significantly stronger in females (Tukey female – male:

of the male between matings sufficed to completely thwart the

z = −2.38, p = 0.045) and, in fact, not statistically detectable in

negative effect of developmental temperature stress in females

males (Tukeyuntreated – male: z = 2.08, p = 0.09; Figure 3a, Supporting

(Tukey remated_29 vs. remated_35: z = −0.40, p = 0.69). Hence, changes

Information Table S2). The effect of heat shock was generally too

in the relative costs and benefits of multiple mating between the

weak to be detected when analysing subsets of the data (results not

polygamy and monogamy regime are likely a driver of the evolved

shown), resulting in neither the induced genetic load (regimecontrol

sex difference in TSF.

vs. relaxed:treated

sex: χ2 = 0.44, df = 2, p = 0.88) nor sexual selection

1.3. We also explored whether the effect of males on female

(regimepolygamy vs. monogamy:treated sex: χ2 = 0.43, df = 2, p = 0.81) hav-

TSF was dependent on whether males had also been exposed to

ing a statistically significant effect on TSF. Full model specification

heat, as might be the more common situation in natural popu-

and output are shown in Appendix S4.

lations. As expected, we found strong effects of both male and
2

female developmental heat stress (Female: χ = 11.98, df = 1,

2.2. To elucidate underlying mechanisms explaining sex differences
in TSF under adult heat shock, we analysed effects of male recovery,

p < 0.001; Male: χ2 = 10.75, df = 1, p = 0.001; Figure 2d). The

in terms of both time and remating (inducing ejaculate renewal) after

interaction between female and male heat stress, however, was

heat shock. Our data show that male beetles can recover almost com-

non-significant (χ2 = 0.72, df = 1, p = 0.40), suggesting that the

pletely from the applied heat shock treatment within a 26-hr recov-

effects of female and male juvenile heat stress on TSF are mostly

ery period. Males showed strong TSF, signified by an 15% reduction

additive. This result might be explained by heat stress reducing

in fertility compared to the untreated control group, when mating

the expression of male traits with antagonistic effects on female

within 2 hr after heat shock (Tukeyuntreated – 2 hr: z = 2.91, p = 0.01,

TSF (level of male harm and beneficial ejaculate compounds) to

Figure 3b). If males were given 26 hr of recovery in isolation, however,

similar extent.

no significant effect on fertility could be found (Tukeyuntreated – 26 hr:

F I G U R E 3 Sex differences in thermal
sensitivity of fertility (TSF) under adult
heat shock (Experiments 2.1 & 2.2) (a)
Lifetime reproductive output depending
on the sex that underwent adult heat
shock (HS). (b) Recovery of male fertility
after adult heat shock. (c) Lifetime
reproductive output of untreated (black)
and heat-shocked (blue) males that were
mated to a virgin female 2 hr after the
treatment and again, to a second female,
26 hr after the treatment. All panels show
means ± 95% confidence intervals
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z = 1.27, p = 0.41; Figure 3b). Similarly, there was no reduction in

is presented in Supporting Information Table S6). This allowed us to

fertility in beetles that mated a second time 26 hr after the treatment

calculate and compare standardized estimates of sex differences in

(Tukeyuntreated 2 hr – 2 hr: z = 3.17, p = 0.008; Tukeyuntreated 26 hr – 26 hr:

TSF (Figure 4). The variability in this estimate obtained by manipulat-

z = 0.053, p = 0.99; Figure 3c). Recovery of males with or without

ing mating system parameters and the timing of heat stress relative

remating showed similar effects on TSF (Tukeytreated 26 hr mate – treated 26

to (re)mating in our study (mean TSF ±1 SD: 0.11 ± 0.93) roughly cor-

hr isolated:

z = 0.68, p = 0.50), suggesting that timing is crucial when

respond to that reported between species in previously published

assessing TSF, and that realized sex differences in TSFs in natural pop-

studies (0.20 ± 1.01), demonstrating that the mating system can be

ulations are state-dependent properties of mating system and ecology.

a main determinate of sex differences in TSF. Moreover, in contrast
to occasional claims of male-biased TSF, there is no such consistent
bias in the reviewed studies on insects estimating male and female

3.3 | Comparing intraspecific and interspecific
variation in sex differences in TSF

TSF under the same experimental conditions.

To put our results into perspective, we performed a (non-exhaustive)

4 | D I S CU S S I O N

literature search for studies on other insects that had estimated
effects of heat stress on both male and female fertility (extended

In this study, we have demonstrated that the mating system can

methods in Appendix S5 and a list of included studies and estimates

affect sex differences in TSF using the seed beetle C. maculatus.

(a)
This study

●

Callosobruchus maculatus
Tribolium castaneum
Drosophila suzukii
Drosophila virilis
Drosophila melanogaster
Sarcophaga crassipalpis
Plutella xylostella
Bicyclus anynana
Aphidius avenae
Nilaparvata lugens
−2

Male biased

−1

0

Standardised sex difference
1.00

1

2

Female biased

(b)

male TSF

0.75

0.50

0.25

0.00
0.00

0.25

0.50

Female TSF

0.75

1.00

F I G U R E 4 Intraspecific variation in the sex difference in thermal sensitivity of fertility (TSF) generated through manipulation of the
mating system and timing of heat stress relative to (re)mating in this study, compared to estimates from other studies on insects. Open
symbols represent heat treatments applied at a juvenile stage while closed symbols represent heat treatments applied during the adult
stage. (a) A standardized measure of the sex difference in TSF was calculated as: SDTSF = (TSFfemale -TSFmale)/((TSFfemale + TSFmale)/2),
where TSF is the relative fertility loss due to heat stress (1-benign/stress). A given SDTSF from this study was derived by first calculating the
TSF of one sex in a given experimental condition (e.g. TSFfemale with remating but no cohabitation from experiment 1.2) and then always
using the TSF observed in one of the two main experiments (1.1 for juvenile stress and 2.1 for adult stress) for the opposite sex from
control populations as comparison (e.g. TSFmale from experiment 1.1). 95% confidence intervals were calculated through propagation of
the uncertainty reported for measures of reproductive output within the respective studies. (b) Comparison of male and female TSF for
the studies presented in panel a. Further details, including inclusion criteria for reviewed studies and a table of all values, are presented in
Supporting Information Appendix S5and Table S6
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Strikingly, sexual selection on induced mutations over only two gen-

relatively weak effects on fertility, but with significant female bias in

erations of experimental evolution led to increased female bias in

TSF. However, our additional experiment showed that male fertility

TSF in polygamous populations experiencing developmental heat

is very sensitive within the first hours following heat shock but can

stress. Male harassment aggravated the negative effects of heat

fully recover over an additional 24-hr period, implying that the sex

stress on females, suggesting that stronger effects of male harass-

bias in TSF in adults is likely to change throughout life following heat

ment might explain the increased female bias in TSF in polygamous

exposure. In the case of juvenile heat stress, male harassment aggra-

experimental populations. In C. maculatus, sexual selection in males

vated the effects of heat stress on female fertility, while repeated

is more than three times as effective at purging deleterious alleles

mating instead had positive effects on both male and female TSF.

compared to fecundity selection on females under semi-natural

However, the size of the nuptial gift provided by male C. maculatus

laboratory setting, as used here (Grieshop et al., 2016, 2021). One

has been found to decrease with temperature, suggesting that this

plausible mechanism behind the result is therefore that sexual selec-

male compensatory effect may diminish when also males are heat

tion in the polygamous mating regime led to more efficient purging

stressed (Fox et al., 2006). Other studies on fruit flies (García-Roa

of alleles with deleterious effects on male mating success, relative

et al., 2019) and C. maculatus (Martinossi-Allibert, Rueffler, et al.,

to purging of alleles with deleterious effects on female viability

2019; Martinossi-Allibert, Thilliez, et al., 2019) have concluded that

and fertility. This could potentially shift the balance between male

heat stress generally reduces the female fertility cost of male co-

persistence and female resistance during (re)mating interactions.

habitation. In both these studies, the impact of sexual conflict was

Male-biased selection on deleterious alleles can also improve pop-

assessed directly in the stressful environment when both sexes

ulation fitness by sparing females the cost of adaptation (Agrawal,

were stressed, while in the present study the effects of mating in-

2001; Agrawal & Whitlock, 2010; Manning, 1984), if some of the

teractions on fertility were measured in a benign environment after

deleterious alleles in males also have deleterious effects in females

heat stress had been applied to one, or both sexes. Collectively, this

(Andersson, 1994; Bonduriansky & Chenoweth, 2009; Rowe &

limited set of studies suggest that there is a multitude of ways that

Houle, 1996; Tomkins et al., 2004), for which there is evidence in C.

temperature can modulate the consequences of sexual selection and

maculatus (Grieshop et al., 2021). However, once males and females

conflict (García-Roa et al., 2020), and conversely, that sexual selec-

in the polygamous populations are engaged in mating interactions,

tion and conflict can shape sensitivity to temperature (Martinossi-

the heightened genetic quality of male genotypes evolving under

Allibert, Rueffler, et al., 2019; Martinossi-Allibert, Thilliez, et al.,

strong sexual selection may have resulted in increased male harass-

2019; Parrett & Knell, 2018). Depending on population density,

ment of females, and the negative effects of this sexual conflict may

mating system and heat stress characteristics, laboratory experi-

have been exposed under female heat stress. In nature, the relative

ments may thus lead to erroneous estimates of TSFs, and in exten-

extent of this negative effect should strongly depend on ecological

sion, misjudgements of the threat on population growth imposed

settings and population densities modulating the degrees of conflict

by climate warming, even when efforts are made to measure TSF

(Arbuthnott et al., 2014; Gomez-Llano et al., 2018; MacPherson

sex specifically. Indeed, our comparison of variation in sex differ-

et al., 2018; Yun et al., 2017), and the fact that males and females

ences in TSF generated by mating system parameters in our study,

will often have experienced heat stress simultaneously. We also note

to that reported between species (Figure 4), suggests that TSF is a

that our comparison of monogamous and polygamous populations

highly dynamic property that responds to population structure and

evolving from inflated levels of mutational variation does not de-

ecological changes. Predicting the impact of such factors affecting

scribe a natural scenario of long-term evolution in populations under

TSF in natural populations is likely extremely difficult due to spatial

mutation-selection balance. Instead, our approach was designed

and temporal variation in population dynamics and densities, but we

to demonstrate that (sex-specific) natural and sexual selection can

urge researchers undertaking efforts to establish base values for

act on gen etic variation to shape TSF. Hence, our study provides a

sex-specific TSF of species under laboratory settings to appreciate

proof-of-principle for a direct link between the mating system and

how small details of the experimental design can fundamentally alter

sex differences in TSF.

the results.

At present, the scant literature available seems to suggest that

Directly comparing the effects of our two heat stress treatments

male reproduction is more sensitive to heat stress than female re-

is difficult as they were applied with different intensities over differ-

production (David etal., 2005; Porcelli et al., 2017; Sales et al., 2018),

ent time frames and life stages. Nevertheless, juvenile heat stress is

and male fertility has also been demonstrated to be very tem-

known to affect the development of reproductive organs and result

perature sensitive in C. maculatus (Berger et al., 2014; Martinossi-

in reduced sperm numbers in insects (Chirault et al., 2015; Kirk Green

Allibert, Rueffler, et al., 2019; Martinossi-Allibert, Thilliez, et al.,

et al., 2019; Nguyen et al., 2013; Vasudeva et al., 2014). Vasudeva

2019; Vasudeva et al., 2014, 2021). Our data show that C. maculatus

et al. (2014), found not only a decrease in sperm number but also a

females can in fact be more strongly affected by heat stress, and that

reduction in relative testis size by almost 25% in C. maculatus males

the realized TSF in males and females can be highly contingent on

exposed to similar juvenile heat stress as in our experiment. In a later

the experimental design (see also Terblanche et al., 2007) and mating

study, the same authors determined the first 20% of larval develop-

system parameters such as the extent of sexual conflict and remat-

ment to be the most temperature-sensitive period of testis develop-

ing rates. For example, the adult heat shock treatment resulted in

ment (Vasudeva et al., 2021). A recent study using the flour beetle
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and sexual selection in particular (Chenoweth et al., 2015; García-

development is likely during the pupal stage and that testis size can

Roa et al., 2020; MacPherson et al., 2018; Martinossi-Allibert,

be almost complete recovered in males exposed to heat stress at an

Rueffler, et al., 2019; Martinossi-Allibert, Thilliez, et al., 2019; Rankin

immature adult stage (Sales et al., 2021). Together, these studies sug-

et al., 2011; Yun et al., 2017) may affect population vulnerability and

gest that there are several time points with heightened temperature

adaptation to abiotic factors.

sensitivity throughout male reproductive development. Heat shock
treatments applied on adults have also been found to decrease num-
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