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Abstract 
Climate change is associated with the increase in both the mean and variability of thermal conditions. Therefore, the use of more realistic fluc-
tuating thermal regimes is the most appropriate laboratory method for predicting population responses to thermal heterogeneity. However, the 
long- and short-term implications of evolving under such conditions are not well understood. Here, we examined differences in key life-history 
traits among populations of seed beetles (Callosobruchus maculatus) that evolved under either constant control conditions or in an environment 
with fluctuating daily temperatures. Specifically, individuals from two distinct genetic backgrounds were kept for 19 generations at one of two 
temperatures, a constant temperature (T = 29 °C) or a fluctuating daily cycle (Tmean = 33 °C, Tmax = 40 °C, and Tmin = 26 °C), and were assayed 
either in their evolved environment or in the other environment. We found that beetles that evolved in fluctuating environments but were then 
switched to constant 29 °C conditions had far greater lifetime reproductive success compared with beetles that were kept in their evolved 
environments. This increase in reproductive success suggests that beetles raised in fluctuating environments may have evolved greater thermal 
breadth than control condition beetles. In addition, the degree of sexual dimorphism in body size and development varied as a function of genetic 
background, evolved thermal environment, and current temperature conditions. These results not only highlight the value of incorporating diel 
fluctuations into climate research but also suggest that populations that experience variability in temperature may be better able to respond to 
both short- and long-term changes in environmental conditions.
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Introduction
Climate change is leading to a rise in both the mean and vari-
ability of global temperatures (Folguera et al., 2011; Kotz et 
al., 2021; IPCC, 2021; Morón Lugo et al., 2020; Vasseur et 
al., 2014; Wang & Dillon, 2014).

Until recently, the majority of laboratory studies have 
focused solely on variation in mean temperature, maintain-
ing populations at constant conditions for the duration of the 
experimental assay (Bauerfeind & Fischer, 2014; Colinet et al., 
2015; Enders & Boisclair, 2016; Fischer et al., 2011; Folguera 
et al., 2011; Matsubara, 2018; Thompson et al., 2013). 
However, the impact of increased temperatures, which have 
been shown to negatively impact various life-history traits 
across a range of species (Alfonso et al., 2021; Bauerfeind & 
Fischer, 2014; Berger et al., 2017; Chen et al., 2018; Godwin 
et al., 2020; Ivimey‐Cook et al., 2021; Klepsatel et al., 2019; 
Ontoria et al., 2019; Rogell et al., 2014; Vasudeva et al., 
2014), are predicted to intensify as the environment becomes 
more variable (Bozinovic et al., 2016; Deutsch et al., 2008; 
Morón Lugo et al., 2020; Renault et al., 2022; Slein et al., 
2023; Vasseur et al., 2014). Indeed, in an analysis of 38 glob-
ally distributed invertebrates, Vasseur et al. (2014) found that 
a change in mean temperature explained only 32% of future 
species performance, whereas combining both the mean and 
variance simultaneously explained 93%.

Fortunately, there is now a well-accepted requirement that 
empirical studies incorporate more realistic thermal regimes 
into their experimental design, including changes to both the 
mean and variability of temperatures (Hokanson et al., 1977; 
Niehaus et al., 2012; Paaijmans et al., 2013; Bozinovic et al., 
2016; Matsubara, 2018; Schaum et al., 2018, 2022; Buckley & 
Kingsolver, 2021). Populations exposed to fluctuating rather 
than constant conditions have been shown to exhibit marked 
life-history differences (Bauerfeind & Fischer, 2014; Buckley 
& Kingsolver, 2021; Folguera et al., 2011; Hokanson et al., 
1977; Kellermann & van Heerwaarden, 2019; Matsubara, 
2018; Schaum et al., 2018, 2022). For example, thermal 
reaction norms of the mosquito Anopheles stephensi under 
fluctuating thermal regimes were fundamentally different in 
shape from those under constant temperatures (Paajimans et 
al., 2013). Similarly, in the tropical butterfly Bicyclus anyana, 
life-history traits, such as development time, pupal weight, 
and wing length, were strongly influenced by both the mean 
and the amplitude of the experimental thermoperiod. More 
specifically, thermoperiods with increasing amplitudes led to 
faster development time, which in turn reduced pupal weight 
and wing length (Brakefield & Mazzotta, 1995).

Most studies of thermal variation have focused on very 
short timescales, which a recent meta-analysis suggests might 
underestimate the impacts of climate change on life-history 
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traits (Slein et al., 2023). Thus, there is still a need to under-
stand how long-term evolution under naturally variable 
conditions impacts the ability to persist and adapt to novel 
temperatures, compared to long-term evolution under more 
constant and benign conditions. To this end, we investigated 
the long-term effects of fluctuating diel temperatures on key 
life-history traits of the seed beetle (Callosobruchus mac-
ulatus) from two distinct genetic backgrounds. In addition, 
we examined the short-term effects of exposure to a novel 
environment for beetles that had evolved under two different 
thermal regimes. Beetles were either kept at a constant con-
trol temperature of 29 °C or exposed to diel variation that 
fluctuated around a mean temperature of 33 °C. Beetles were 
either kept in these two environments for the entirety of the 
experiment or were switched to the other environment for 
two generations without selection prior to assaying develop-
ment time, body mass, and reproductive fitness. This experi-
mental design allowed us to ask several questions pertaining 
to thermal performance, genetic background, and sexual 
dimorphism both in the long term (after evolution under con-
stant or fluctuating conditions) and in the short term (after 
exposure to a novel environment).

First, we can investigate whether long-term evolution 
under predictable fluctuating conditions selects individuals 
with either enhanced or reduced thermal breadth. A species’ 
thermal breadth can influence performance and fitness (one 
measure of which is lifetime reproductive success [LRS]) both 
in the long term, with the ability to survive and persist under 
periods of diel variation, or in the short term, upon exposure 
to novel environmental conditions. We may expect several 
differing responses to evolution under thermal fluctuations. 
For instance, species could broaden their thermal breadth in 
order to match the fluctuating environment (Bonnefond et 
al., 2017; Gilchrist, 1995; Kassen, 2002; Ketola et al., 2014; 
Lynch & Gabriel, 1987; Shah et al., 2017), which may ulti-
mately help with persistence and performance under stressful 
diel fluctuations and exposure to novel conditions. Indeed, 
fluctuating environments have been shown to increase the 
expression of heat-shock proteins in comparison to stable 
environments (Ketola et al., 2004). However, this broadening 
of thermal tolerance may result in lowered optimal perfor-
mance (often referred to as the “jack-of-all-trades a master of 
none”; see Huey & Hertz, 1984; Huey & Kingsolver, 1989; 
Lynch & Gabriel, 1987) and could manifest in stable but not 
maximized fitness across all environments, including when 
exposed to short-term novel conditions (Bennett et al., 1992; 
Berger et al., 2014; Grether, 2005; Van Tienderen, 1991).

Interestingly, a trade-off between thermal breadth and 
maximal performance has not always been found (Angilletta 
et al., 2003; Hughes et al., 2007; Berger et al., 2014; but see 
Bennett et al., 1992), suggesting that we may see the evo-
lution of superior performance across all temperatures in 
comparison to those evolved in more homogenous environ-
ments (“jack-of-all-temperatures master of all”; see Huey & 
Hertz, 1984). Conversely, we may see a narrowing of ther-
mal breadth where critical functions are contained when 
diel fluctuations are more favourable, often termed the “diel 
narrowing hypothesis” (Gilchrist, 1995; Kefford et al., 2022; 
New et al., 2014). If selection acts on organisms to repro-
duce when conditions are optimal, we may see analogous or 
even increased performance among individuals that evolved 
under specific constant conditions (Gilchrist, 1995; Ketola et 
al., 2013, 2014), which has been suggested to lead to thermal 

specialization (Bennett et al., 1992; Gilchrist, 1995; Kassen, 
2002). Ultimately, we will determine whether fluctuating 
thermal conditions select environmentally robust individuals 
(i.e., large thermal breadth with little change between envi-
ronments) or individuals that have narrowed their niche (i.e., 
better performance only in optimal conditions).

Second, we could ask whether genetic background influ-
ences a population’s response to long-term thermal regimes 
and exposure to novel environmental conditions. Although we 
had no a priori predictions about if and how any population- 
level differences would manifest, previous research has high-
lighted the substantial genotypic and phenotypic differences 
that exist between populations of C. maculatus (Fox, Bush, 
et al., 2004; Messina, 1990; Rankin & Arnqvist, 2008). 
Therefore, we may expect similar variation, with population- 
specific patterns emerging for all measured life-history traits 
across both the long- and short-term timescales.

Third, we can examine whether sexual dimorphism in body 
size and development time changes after long- and short-term 
exposure to constant or fluctuating environments. In this spe-
cies, these two measures of sexual dimorphism are positively 
correlated (Hallsson & Björklund, 2012). Although females 
are consistently bigger than males across all conditions, body 
size dimorphism has been shown to vary with rearing tempera-
ture and environmental conditions (Hallsson & Björklund, 
2012; Stillwell & Fox, 2007). Two hypotheses could explain 
potential differences in sexually dimorphic traits in this species 
and involve various assumptions surrounding the sex-specific 
importance of body mass (more important to female fitness 
as heavier females are more fecund) and developmental time 
(more important to male fitness as quicker development leads to 
faster access to potential mates) (Ceballos & Valenzuela, 2011; 
Hallsson & Björklund, 2012; Savalli & Fox, 1999). Under con-
dition dependence (or directional selection), it is predicted that 
as female mass is under stronger selection, it will exhibit greater 
sensitivity to environmental conditions than in males, resulting 
in decreased sexual dimorphism for body size at higher tempera-
tures. Conversely, for developmental time, as male development 
will be under stronger selection, sexual dimorphism is predicted 
to increase during periods of high temperatures and diel fluc-
tuations (Hallsson & Björklund, 2012; Stillwell et al., 2010). 
Alternatively, if adaptive canalization (or stabilizing selection) 
is occurring, sexual dimorphism for body size is predicted to 
increase under periods of higher temperature; female mass will 
remain constant, while male mass varies across environmental 
treatments. For development time, under the same hypothesis, 
males are expected to be less responsive to environmental con-
ditions compared with females, leading to a reduction in sex-
ual dimorphism at higher temperatures (Hallsson & Björklund, 
2012; Stillwell et al., 2010).

Lastly, we may predict specific changes to the absolute val-
ues of body size and developmental time. The temperature–
size rule (Atkinson, 1994; Colinet et al., 2015; Verberk et al., 
2021) dictates that higher temperatures should lead to faster 
development with a correlated decrease in body size. As a 
result, we could see a similar pattern emerge after both short- 
and long-term exposures to the higher mean temperatures 
associated with diel fluctuations. However, it is important to 
acknowledge that the amplitude of fluctuation in addition 
to potential thermal injury can cause a variety of reactions, 
including delayed development coupled with smaller body 
size (Chen et al., 2019; Colinet et al., 2015; Kjærsgaard  
et al., 2013).
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Methods
Study system
Callosobruchus maculatus is an agricultural pest that 
originates from Africa and Asia but is currently found 
throughout the world. Adult seed beetles are facultatively 
aphagous, i.e., they do not require food or water to survive 
and acquire all the resources they need during the larval 
stage within the bean. Aphagous adults can live up to 2 
weeks, but adults with access to nutrients can live 3 weeks 
or more (Fox, 1993; Ursprung et al., 2009). Females lay 
their eggs on the surface of dried legumes, such as mung 
beans (Vigna radiata) or black-eyed beans (Vigna unguicu-
lata). Larvae from the fertilized eggs burrow into the bean 
and eclose as adults 23–27 days later. Females of this spe-
cies start to mate and lay eggs as soon as they emerge (Beck 
& Blumer, 2014).

In this experiment, we used two different strains of C. mac-
ulatus from differing genetic backgrounds: South India (SI) 
USA and SI Leicester (hereafter known as USA and LEIC, 
respectively). Both of these initially derived from a population 
of beetles collected in Tirunelveli, India, in 1979 (Mitchell, 
1991) but were subsequently raised at either the University 
of Kentucky, USA, or the University of Leicester, UK (from 
1992; Fricke & Arnqvist, 2004), respectively. We obtained 
these strains from Uppsala University in Sweden in 2015 
and maintained them at the American University of Paris for 
approximately 25 generations before establishing the lines for 
the current experiment. During this time, beetles were cul-
tured exclusively on mung beans and kept in climate cham-
bers at a constant 29 °C, 50% relative humidity, and a 12:12h 
light:dark cycle.

Beetles were housed at aphagy in 1-L jars with 250 g of 
beans, and approximately 250–350 newly hatched beetles 
were transferred to new jars with fresh beans every 24 days 
on a continuous basis. Sufficient beans were provided so that 
females could lay just one egg per bean, thereby eliminating 
competition among multiple larvae within a bean (Berg & 
Maklakov, 2012; Berg et al., 2019). This is important as lar-
val competition has been found to significantly reduce the fit-
ness (Vamosi & Lesack, 2007) and mass (Colegrave, 1993; 
Vamosi, 2005) of individuals at emergence. Indeed, in popu-
lations where larval competition is known to be high, females 
readily avoid laying additional eggs on previously laid seeds 
(Fox & Messina, 2018).

Thermal evolution lines and assay conditions
To create our treatment groups, we subdivided beetles from 
the USA and LEIC genetic backgrounds into eight repli-
cates (n = 4 for each genetic background) (Figure 1). We 
then maintained the eight replicates for 19 generations (i.e., 
approximately 15 months) prior to the experiment, a stan-
dard timeframe for experimental evolution in this species 
(Berg & Maklakov, 2012; Lind et al., 2015). During those 
19 generations, beetles were kept at the same humidity and 
light cycle conditions as above but differed in their long-term 
thermal regime (hereafter known as Thermal Regime; Figure 
1): Two replicates from both USA and LEIC (n = 4) were 
maintained at a “Constant” thermal regime of 29 °C, and two 
replicates from both USA and LEIC (n = 4) were kept under 
a “Fluctuating” regime where individuals were subject to a 
daily temperature cycle consisting of 12 separate 2-hr periods 
of constant temperature Ti,

Ti = Tmean +∆T sin

(
i− 12

12
π

)
,

where Tmean = 33 °C, ∆T = 7 °C, and i = 0, 1…11. This was 
a stepwise sinusoidal temperature cycle with Tmax = 40 and 
Tmin = 26 that mimics typical late spring conditions in south-
ern India, where this species evolved (see Supplementary 
Methods for further information on the rate of change expe-
rienced by different groups of beetles under these conditions). 
Importantly, our definition of environmental fluctuation dif-
fers from previous work on this species that used the same 
term (see Hallsson & Björklund, 2012). While we use the term 
to represent daily sinusoidal fluctuations around a constant 
mean, representative of the natural environment that a seed 
beetle could experience, Hallsson and Björklund (2012) used 
the term to describe the addition of thermal noise around a 
linear increase in temperature.

Prior to conducting assays of body size, development time, 
and LRS (see next section), we divided each individual repli-
cate (listed above, n = 8) into two, thereby creating 16 repli-
cate populations in total. For each replicate, one group was 
kept at the same conditions to which it had evolved during the 
previous 19 generations, and the other was allowed to accli-
matize for two generations to the other set of conditions. We 
did this to separate genetic adaptation from phenotypic plas-
ticity, i.e., to control for the influence of parental effects (Lind 
et al., 2015; Lymbery et al., 2020). Furthermore, to remove 
the possible effects of natural selection via assortative mating, 
and thus rule out the possibility that rapid genetic responses 
might influence our measurements for the “acclimatized” 
treatments, we randomly paired 50 pairs of virgin beetles 
during each of the two generations prior to assays (Figure 1). 
The assay conditions were as follows (followed in each case 
by the notation of Thermal Regime–Assay Environment):

1.	 beetles evolved and assayed in Constant conditions 
(Constant–Constant);

2.	 beetles evolved and assayed in Fluctuating conditions 
(Fluctuating–Fluctuating);

3.	 beetles evolved in Constant conditions that were then 
acclimatized to Fluctuating conditions for two genera-
tions without selection prior to being assayed (Constant–
Fluctuating); and

4.	 beetles evolved in Fluctuating conditions that were then 
acclimatized to Constant conditions for two generations 
without selection prior to being assayed (Fluctuating–
Constant).

For the Fluctuating–Constant and the Constant–Fluctuating 
assays, the following steps were performed. First, we moved 
beans with fertilized eggs from jars into a 48-well virgin 
chamber (aerated plastic culture plates with a separate well 
for each individual) with one bean per well. When enough 
males and females had hatched (from Days 21 to 24 after 
hatch), we paired 60 males and 60 females in 60-mm Petri 
dishes with 100 beans in each dish and placed these in the 
assay environment chamber. As in the jars, we made sure that 
there were sufficient number of beans in each dish for females 
to lay just one egg per bean, thereby reducing larval competi-
tion (see above). To further reduce competition by larvae, we 
removed adult beetle pairs from the petri dishes after 72 hr. 
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After 19 days, before any offspring eclosed, we chose 50 Petri 
dishes with sufficient numbers of eggs to allow us to transfer 
48 beans with eggs on them from each dish into individual 
marked 48-well virgin chambers. One day after eclosion, we 
randomly selected and paired 50 females and 50 males and 

put them into 50-mm petri dishes with 80 beans. After 72 hr, 
the adult males and females were removed from the petri 
dishes. After 19 days, prior to eclosion, beans with fertilized 
eggs from each petri dish were transferred into 48-well virgin 
chambers. We then marked the date of hatch and sex of all 

Figure 1. An overview of the experimental design used to generate beetles involved in the various life-history assays from the 16 sampling populations.
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offspring and conducted assays of development time, body 
mass, and reproductive fitness (Fig. 1).

For the Constant–Constant and Fluctuating–Fluctuating 
treatments, we skipped the acclimatization steps and simply 
moved beans with fertilized eggs into virgin chambers prior 
to hatch, selecting 1-day-old males and females for all subse-
quent assays.

Body mass assay
One day after hatching, for each of the 16 sampling popu-
lations, males and females were separately weighed in two 
batches of 12 beetles each using an Ohaus Pioneer Plus 
Analytical Balance (Model PA214C), to the nearest 0.0001 g. 
This was then repeated four times for each of the replicate 
populations, aside from the USA Control, which was repeated 
eight times (Fig. 1). Beetles from the body mass assay were 
not used for the other assays.

Development time and fitness assays
Development time and fitness assays were done concurrently 
(Fig. 1). We paired 30 one-day-old male and female beetles 
and placed them into 60-mm Petri dishes filled with 85 beans. 
After 24 hr, each pair was moved together into a new 60-mm 
petri dish filled with 75 beans, and the first dish was set aside 
in the same climate chamber. The next day, this procedure 
was repeated. The beetles were left in the third and final set 
of dishes until they died. The first dishes for each pair were 
marked “Day 0,” the second dishes were marked “Day 1,” 
and the third and final dishes were marked “Day 2+.” After 
19 days for each dish, before any new beetles could hatch, all 
the beans with fertilized eggs were placed into virgin cham-
bers, which were monitored daily for the date of eclosion and 
the sex of all offspring. To calculate development time, we 
counted the number of days between the date that an egg 
was laid and the date the adult offspring eclosed. To calculate 
LRS, we calculated the number of male and female offspring 
that emerged for each pair, from all three sets of dishes (Days 
0, 1, and 2+).

Statistical analyses
All statistical analyses were performed in R v. 4.2.3 (R 
Core Team, 2016) using glmmTMB v. 1.1.8 (Brooks et al., 
2017; Magnusson et al., 2019), with pairwise interactions 
and slopes compared using emmeans v. 1.8.9 (Russell et al., 
2018), which were corrected for multiple comparisons using 
the “mvt” function from emmeans, which refers to the mul-
tivariate t distribution. ggplot2 v. 3.4.4 (Wickham, 2011) 
was used for all graphical visualization. The overall effects 
of each variable were identified using the Type 3 ANOVA 
function from car v. 3.1-2 package with sum-to-zero con-
trasts (where possible; Fox et al., 2012). No model selection 
on any main model parameters or higher-order interactions 
took place. However, as we had no a priori reason to expect 
zero inflation (ZI) to be due to a particular predictor, we 
performed model selection on the zero-inflated parameters 
if ZI was indeed identified (see below). Lastly, if significant 
dispersion was detected even after accounting for ZI, we also 
performed model selection to identify the best-fitting dis-
persion parameters (all model selection tables are located in 
Supplementary Material).

To answer questions relating to thermal performance, 
genetic background, and sexual dimorphism, we fit the fol-
lowing models to the following traits:

1.	 To investigate short- and long-term thermal perfor-
mance under constant or diel fluctuations, we fit two 
models involving age-specific reproduction and LRS. 
More specifically, for both traits, we fit generalized lin-
ear mixed-effects model with a Poisson distribution and 
all higher-order interactions between the fixed factors 
of genetic background, thermal regime, and assay envi-
ronment. In addition to a linear covariate of day (with 
all higher-order interactions included), a random inter-
cept of individual ID was also added to the age-specific 
reproduction model to account for repeated measures. 
This random effect of individual ID was nested within 
a 16-level factor of the sampling population to account 
for the non-independence of individuals from the same 
rearing environment prior to assaying (for LRS, only this 
16-level factor was added). Both models were checked 
for overdispersion and ZI using DHARMa v. 0.4.1 
(Hartig, 2020) by simulating the residuals of a Poisson 
model with and without an object-level random effect. If 
significant ZI was identified, a variety of error distribu-
tions (including Poisson, negative binomial, generalized 
Poisson, and Conway–Maxwell–Poisson) with/without 
zero-inflated parameters were then fitted and the best 
model was identified by Akaike’s information criterion 
(see Supplementary Material for model selection). Tested 
zero-inflated parameters included the main effects of 
genetic background, thermal regime, assay environment, 
and, if age-specific reproduction, the linear covariate of 
day.

2.	 When considering if genetic background influenced a 
population’s response to long-term thermal regimes and 
exposure to novel environmental conditions, a two- 
factor variable of genetic background (USA/Leicester) 
was added to all models (along with all higher-order 
interactions).

3.	 Lastly, to examine whether sexual dimorphism was 
altered after short- and long-term exposure to constant 
or fluctuating environments, we fit two models involv-
ing the body mass of parents and the developmental 
time of offspring. For development time and body mass, 
a Gaussian linear mixed-effects model was fit (after 
log-transforming development time to reduce right 
skew) with the fixed effects of genetic background (USA/
Leicester), thermal regime (Constant/Fluctuating), assay 
environment (Constant/Fluctuating), sex (M/F), and all 
higher-order interactions. The same 16-level random 
effect was added as above. Lastly, for the models involv-
ing development time, the random effect of parental ID 
was added to account for potential pseudoreplication 
and was nested within the 16-level factor of the sampling 
population.

Results
The highest-order interaction involving genetic background, 
thermal regime, and assay environment (see Supplementary 
Tables S1C and D/G and H, S2A and B, and S3A and B; for 
body mass and development time, sex was also included; for 
age-specific reproduction, day was also included), was only 
statistically significant when analysing age-specific reproduc-
tion (age-specific reproduction: p < .001; body mass: p = .124; 
LRS: p = .433; development time: p = .765). However, as we 
were interested in specific comparisons (e.g., between males 
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and females or between genetic backgrounds) and to avoid 
model reduction, we instead interpreted estimated marginal 
means (EMMs, adjusted for multiple comparisons) from 
these models regardless of overall significance. In all cases, 
results are presented as Thermal Regime–Assay Environment.

Thermal performance
For beetles assayed under constant conditions, LRS was high-
est for those that evolved in fluctuating environments, and 
this pattern held across both genetic backgrounds (LEIC 
Fluctuating–Constant—LEIC Constant–Constant = 17.16, 
p < .001; USA Fluctuating–Constant—USA Constant–
Constant = 23.52, p < .001; Figure 2A; Supplementary Table 
S1E). For those assayed under fluctuating environments, no 
differences were found between thermal regimes (both com-
parisons p > .05; Figure 2A). Indeed, differences between assay 
environments only became detectable for individuals that 
had evolved under fluctuating conditions (LEIC Fluctuating–
Constant—LEIC Fluctuating–Fluctuating = −24.67, 
p < .001; USA Fluctuating–Constant—USA Fluctuating–
Fluctuating = −28.17, p < .001; Figure 2A; Supplementary 
Table S1E). These differences suggest a contrasting ability of 
individuals to deal with short-term changes in environmen-
tal conditions. While constant-evolved beetles performed 
similarly across assay environments, the fluctuating-evolved 

beetles performed better under constant conditions. Lastly, 
long-term exposure to diel fluctuations (Fluctuating–
Fluctuating) did not appear to adversely reduce thermal per-
formance; those beetles performed similarly to beetles that 
had evolved under and been assayed in constant conditions 
(Constant–Constant) (all comparisons p > .05; Figure 2A; 
Supplementary Table S1E).

Genetic background (all traits)
No statistical differences were found in body mass between 
the two genetic backgrounds across treatments (p for all 
EMM comparisons > .05; Figure 3A and B; Supplementary 
Table S2C). However, the relative difference between male 
and female body size (discussed further below) was back-
ground specific. Beetles from the LEIC population exposed 
to Fluctuating–Fluctuating conditions showed a reduction 
in male–female body size differences (LEIC F-M differ-
ence: −2.08, p = 1.000; USA F-M Estimate: 18.55, p < .001; 
Figure 3B; Supplementary Table S2C). For development 
time, there were several differences between the two genetic 
backgrounds. In the Constant–Constant treatment, males 
and females from the LEIC population developed faster than 
males and females from the USA population (F-Constant–
Constant LEIC–USA difference: 0.992, p < .001; 
M-Constant–Constant LEIC–USA difference: 0.985, 

Figure 2. (A) Lifetime reproductive success (LRS). (B) Age-specific reproduction of individuals from Leicester (left) or USA (right). Colours correspond to 
each combination of Regime–Assay Environment. Points with error bars represent estimated marginal mean values with accompanying standard errors 
that have accounted for multiple comparisons using a multivariate t distribution (see Methods).
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p < .001; Figure 4A; Supplementary Table S3C). A similar 
difference was found between the two backgrounds in the 
Fluctuating–Constant treatment, with LEIC developing 
faster than USA (F-Fluctuating–Constant LEIC–USA differ-
ence: −0.924, p < .001; M-Fluctuating–Constant LEIC–USA 
difference: 0.929, p < .001; Figure 4A; Supplementary 
Table S3C). Both backgrounds showed the same differences 
between male and female development time (discussed fur-
ther below; Figure 4B; Supplementary Table S3C).

Lastly, there were significant differences in the thermal 
performance of the two populations (Figure 2A). With the 
exception of the Fluctuating–Constant treatment, LEIC indi-
viduals had greater LRS than USA individuals (all compari-
sons significant to p < .001; Figure 2A and B; Supplementary 
Table S1E). This was in part due to large differences in the 
reproductive schedule between the two genetic backgrounds, 

particularly those from the Constant–Fluctuating and 
Fluctuating–Constant treatments (Figure 2B). Interestingly, 
Fluctuating–Constant beetles showed opposing reproductive 
strategies, with those from LEIC exhibiting a decline and 
those from USA exhibiting an increase in reproduction over 
time. This ultimately contributed to the lack of difference in 
LRS (Figure 2A and B).

Sexual dimorphism (body mass and development 
time)
Within treatments, females had higher body mass in all but 
one (see below) of the regime–assay–background combina-
tions (all comparisons p < .001; Figure 3A; Supplementary 
Table S2). The relative differences between sexes, or degree of 
sexual dimorphism, were similar across the various treatments 
(all pairwise contrasts p > .05: Figure 3B; Supplementary 

Figure 3. (A) Average body mass of 12 male (triangle) or female (circle) beetles; (B) average difference between female and male body mass. The 
line across zero denotes no difference, while points above the line indicate heavier females. Colours correspond to each combination of Regime–
Environment. Points with error bars represent estimated marginal mean values with accompanying SE that have accounted for multiple comparisons 
using a multivariate t distribution (see Methods).
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Table S2D) aside from Fluctuating–Fluctuating beetles from 
the LEIC population, which exhibited significantly reduced 
sexual dimorphism in body size (all contrasts p < .05; 
Supplementary Table S2D).

Body size also differed between treatments. LEIC males 
from the Fluctuating–Fluctuating treatment were heavier than 
males from the two treatments assayed in constant environ-
ments (p for all EMM comparisons > .05; Constant–Constant 
and Fluctuating–Constant; Supplementary Table S2C). A 
similar trend was found for USA males, albeit without the 
difference between Fluctuating–Fluctuating and Constant–
Constant treatments (p = .948; Supplementary Table S2C). In 
contrast, there were no significant differences in female body 
size between treatments (p for all EMM comparisons > .05; 
Figure 4A and B; Supplementary Table S2C).

For all but one treatment, males and females had sim-
ilar development times (p for all EMM comparisons > .05; 

Figure 4A and B; Supplementary Table S3C). However, for 
both genetic backgrounds, there was increased sexual dimor-
phism in the Fluctuating–Constant treatment, with males 
developing faster than females (Fluctuating–Constant M-F p 
values: LEIC = .003, USA = .020; Figure 4B; Supplementary 
Table S3C). However, this relative difference between male 
and female development time did not differ statistically from 
the other treatment differences (p for all EMM comparisons 
p > .05; Figure 4B; Supplementary Table S3D). For develop-
ment time, there were large differences between treatment 
groups across both sexes and genetic backgrounds. In gen-
eral, both sexes took longer to develop when individuals were 
assayed at Constant temperatures, particularly those from 
the USA background (all comparisons p < .001; Figure 4A; 
Supplementary Table S3C) and were faster to develop when 
evolved and assayed under Fluctuating conditions (Figure 4A; 
Supplementary Table S3C).

Figure 4. (A) Average development time in days of male (triangle) or female (circle) beetles; (B) average difference between female and male 
development time. The line across zero denotes no difference, while points above the line indicate that females had longer development. Colours 
correspond to each combination of Regime–Environment. Points with error bars represent estimated marginal mean values with accompanying SE that 
have accounted for multiple comparisons using a multivariate t distribution (see Methods).
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Discussion
The aim of this experiment was to evaluate both the short- 
and long-term impacts of evolving under realistic thermal 
fluctuations on the life-history traits of C. maculatus from 
two genetic backgrounds. First, we asked whether evolving 
under diel fluctuations would select for individuals with 
either enhanced or reduced thermal breadth. Early hypothe-
ses (Lewontin, 1974; Nevo, 1978) suggested that evolution in 
fluctuating environments should select for genetically variable 
individuals that are robust to a wide range of thermal con-
ditions with wide thermal performance curves (TPCs; Jin & 
Agustí, 2018; Kassen, 2002). In this experiment, individuals 
that evolved under diel fluctuations and were subsequently 
exposed to novel benign conditions (Fluctuating–Constant) 
had higher reproductive fitness (manifesting in higher LRS) 
than those that evolved in a constant environment and 
were then exposed either to novel fluctuating conditions 
(Constant–Fluctuating) or kept in a constant environment 
(Constant–Constant). These results are broadly in line with 
previous research conducted on the opportunistic bacterial 
pathogen, Serratia marcescens (Ketola et al., 2013), where 
bacterial clones that evolved under fluctuating conditions had 
faster growth and higher yield than those grown under con-
stant environments, even when introduced into the same con-
trol temperature of 31 °C (Ketola et al., 2013). This increased 
growth may be due to far greater selective pressure to remove 
mutations that could otherwise accumulate in more constant 
and benign environments (Ketola et al., 2013).

Moreover, our results suggest that individuals that evolved 
in Fluctuating thermal environments were able to tolerate and 
survive at wide thermal breadth and perform in an analogous 
manner to those evolved and assayed under Constant condi-
tions, but they reached maximal performance and experienced 
increased LRS only when conditions were benign and con-
stant. This suggests that diel fluctuations select not only for a 
broadening of thermal breadth, presumably by upregulation 
of heat-shock proteins (Ketola et al., 2004), but also for the 
maximization of fitness under optimal conditions (Gilchrist, 
1995; Kefford et al., 2022; New et al., 2014). This increase 
in reproductive performance could in part be due to differen-
tial gene expression as a result of exposure to a novel ther-
mal environment (also known as cryptic genetic variability, 
McGuigan & Sgro, 2009; Paaby & Rockman, 2014; Zheng 
et al., 2019). Individuals from the Constant–Fluctuating envi-
ronment may have expressed a similar form of cryptic genetic 
variation, since surprisingly, individuals suffered no cost to 
fitness upon switching from a benign constant to a stressful 
fluctuating environment and performed in a similar manner 
to those that evolved and were tested under fluctuating ther-
mal conditions. However, we note that the relative merits of 
cryptic genetic variability have been queried and require addi-
tional empirical testing (Edwards & Yang, 2021; Johansson 
et al., 2021; McGuigan & Sgro, 2009). It may also be that 
selective mortality of eggs or larvae during the acclimatiza-
tion process in Constant–Fluctuating treatments led to similar 
LRS as in the long-term evolution in Fluctuating–Fluctuating; 
however, we lack the data to address this. Importantly, not 
detecting any costs does not mean that they do not exist or 
are not manifesting in another trait that was not measured 
such as immune status (Ketola et al., 2013). Alternatively, 
there might not be a substantial cost to fitness if individu-
als are able to accurately predict future environmental con-
ditions and avoid the expression of suboptimal genes (Auld 

et al., 2010; Hoffmann & Bridle, 2022). Quantifying these 
costs would require an experimental design with additional 
thermal regimes beyond the scope of this current experiment.

Second, we examined whether genetic background might 
influence a population’s response to different thermal 
regimes. As mentioned previously, such population-level vari-
ation among C. maculatus has been found to impact larval 
competition (Messina, 1991), various morphometric mea-
sures (Rankin & Arnqvist, 2008), egg-to-adult survival and 
offspring production (Rankin & Arnqvist, 2008), and adult 
longevity and mortality (Fox, Bush, et al., 2004, Fox, Czesak, 
et al., 2004). Here, we found population-level differences in 
(a) body mass, particularly an absence of difference between 
males and females in LEIC, when individuals evolved and 
were subsequently assayed under Fluctuating conditions; (b) 
development time, with LEIC typically developing faster than 
USA; and (c) thermal performance, with LEIC beetles exhib-
iting higher performance across all but one treatment group. 
Intriguingly, while a switch from a fluctuating regime to a con-
stant assay environment (Fluctuating–Constant) was associ-
ated with an increase in LRS across both genetic backgrounds, 
there was a noticeable difference in the age-specific reproduc-
tive schedules between USA and LEIC beetles. LEIC beetles 
produced more offspring on the first day (Day 0) and fewer 
on Days 1 and Days 2+, while the opposite was observed for 
USA beetles. Why such a difference in reproductive schedule 
exists warrants deeper investigation and suggests the need for 
a more direct measure of the genetic variance between beetles 
from different populations. However, together, this clearly 
highlights the benefits of comparing and contrasting results 
from multiple strains, as the response of species to environ-
mental change can often be highly background specific.

Third, we examined changes in the absolute values of two 
correlated traits, body mass and development time, in addi-
tion to relative levels of sexual dimorphism in response to diel 
fluctuations. Long-term exposure to fluctuating conditions 
(Fluctuating–Fluctuating) led to an increase in male body 
size, but this occurred without a corresponding increase in 
development time. This could be explained if diel fluctuations 
select males with rapid growth rates (Schaum et al., 2022) 
that develop quickly and attain a large body size. This change 
in mass for males makes logical sense, as large size provides 
both a fitness advantage due to sexual selection (Andersson 
& Iwasa, 1996) but, more importantly, offers protection 
from desiccation (Chown & Gaston, 2010; Le Lagadec et al., 
1998), which would be crucial for surviving the upper limits 
of diel fluctuation. Females showed a similar lack of trade-off 
between development time and body mass. They developed 
faster in long-term fluctuating environments (and slower 
in Constant–Constant), without a corresponding change in 
body mass between treatments. However, one constraint of 
our experimental design is that mass and development time 
were measured in different individuals, so they cannot be cor-
related within individuals. A future extension to this research 
should endeavour to investigate the trade-offs between these 
two correlated traits on an individual basis.

Sexual dimorphism also differed depending on the treat-
ment group. Similar to Hallsson and Björklund (2012), we 
found that sexual dimorphism in adult body size decreased 
when individuals evolved and were assayed under diel fluc-
tuations (Fluctuating–Fluctuating). Males exhibited increased 
body size under these conditions, whereas females showed a 
constant body size across all treatment groups. However, as 
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noted above, this increase in male body size only occurred 
in one of the sampled genetic backgrounds (LEIC). In addi-
tion, we found that sexual dimorphism in development time 
increased when individuals evolved under diel fluctuations 
and were assayed in constant environments (Fluctuating–
Constant), with males exhibiting faster development than 
females. Although not conclusive, this could suggest some com-
bination of adaptive canalization and condition-dependence  
acting on males and females that have evolved under long-
term diel fluctuations in temperature, a finding that is gener-
ally supported by previous work in C. maculatus by Hallsson 
and Björklund (2012). However, we note that in this study 
we were unable to calculate coefficients of environmental 
and genetic variation owing to a lack of full-sibling design. 
Nonetheless, our results suggest that long-term evolution in 
fluctuating environments can significantly influence dynamics 
between males and females and that sex-specific responses to 
thermal variation are likely to occur.

Conclusions
Our work adds to the growing pool of studies that sug-
gest that successfully mimicking natural conditions within 
the laboratory is paramount to understanding how species 
life histories will change in response to climate change. 
Although it is beyond the scope of the current experiment, 
assaying individuals at an array of temperature conditions 
would provide an even more comprehensive understanding 
of the evolution of thermal breadth (e.g., through the for-
mation of a species-specific TPC; Huey & Kingsolver, 1989; 
MacLean et al., 2019; Sinclair et al., 2016). Nevertheless, as 
temperatures increase and become more variable, the incor-
poration of more realistic conditions into laboratory studies 
will allow for more accurate predictions of how wild spe-
cies will respond to climate change. In addition, it will allow 
us to produce far more precise species- and population- 
specific thermal reaction norms (Buckley & Kingsolver, 2021; 
Paaijmans et al., 2013) that could eventually include a host 
of additional environmental variables that may also vary 
(Buckley & Kingsolver, 2021). Furthermore, carefully con-
sidering the genetic background, coupled with information 
on past and present environmental conditions, will give us 
additional valuable information about individual responses 
to climate change under conditions that mimic the natural 
environment.
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