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Summary

1. Thermodynamic processes increase metabolic rate and decrease longevity at high tempera-

tures in ectotherms. However, how sustained long-term increase in temperature affects the

evolution of longevity is poorly understood.

2. Stress theory of ageing predicts that increased longevity is positively genetically correlated

with resistance to different types of environmental stressors implying that evolutionary trajec-

tories of ageing may be mediated by correlative selection for robust phenotypes under thermal

stress.

3. Here, we test this hypothesis by using replicate populations of the seed beetle Callosobru-

chus maculatus, evolving under two thermal environments: ancestral 30 °C and incremental

increase towards novel 36 °C.
4. Beetles evolving under climate warming became larger, more fecund and lived longer than

the beetles evolving under 30 °C across both environments. However, the increase in longevity

was partly due to parental effects because after two generations of acclimatization it persisted

only in males.

5. Our results support the hypothesis that evolution of stress resistance confers increased lon-

gevity through positive pleiotropy but demonstrate that such effects can be sex specific. These

findings suggest that sex differences can evolve as correlated responses to selection under

environmental change.

Key-words: adaptation, ageing, climate change, longevity, phenotypic plasticity, senescence,

stress resistance

Introduction

There is tremendous variation in longevity and ageing both

within and across taxa (Promislow 1991; Roff 2001; Fox

et al. 2006; Ricklefs 2010); however, the underlying reasons

for this variation are not fully understood and have been a

major topic of a recent debate. In 1957, G. C. Williams

proposed antagonistic pleiotropy of fitness across age clas-

ses, that is, that genes conferring high fitness in younger

age classes will induce costs later in life, as a possible cause

for ageing. Such antagonistic alleles can go to fixation

when there is a net fitness advantage, and ageing evolves as

an adaptation generated by selection for high reproductive

success early in life (Williams 1957). However, provided

that genes have moderately age-specific effects, ageing may

also evolve without antagonistic pleiotropy since alleles

that are expressed during later life stages will be largely

hidden from selection and therefore accumulate more

mutations (Medawar 1952; Charlesworth 1994). Under

both of these, not mutually exclusive, evolutionary scenar-

ios, intrinsic life span is expected to correlate negatively

with the level of extrinsic mortality of the population.

A major extension of the classic theory is the recent idea

that evolution of ageing can be affected by the interactions

between mortality rate, mortality source and the condition

of individuals in the population (Abrams 1993; Williams &

Day 2003; Williams et al. 2006). At the heart of this new

theory lies an argument that if senescence in a given trait

increases organism’s susceptibility to an environmental

hazard, increased mortality due to this hazard will increase

selection against senescence in this trait (Williams & Day
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2003; Williams et al. 2006). Such condition-dependent

mortality can result in a broad spectrum of evolutionary

outcomes, often resulting in postponement of the onset of

ageing (Williams & Day 2003). The effects on mean

longevity can be equally variable and at least two empirical

studies suggest that increased condition-dependent mortal-

ity can result in the evolution of longer intrinsic life span

(Reznick et al. 2004; Chen & Maklakov 2012). The

hypothesis that the evolution of ageing is driven by

selection for genotypes robust to common sources of

mortality is broadly in line with the large body of literature

connecting stress resistance with increased longevity

(reviewed in Parsons 1995; Kirkwood & Austad 2000;

Sørensen, Nygaard Kristensen & Loeschcke 2003; Vermeu-

len & Loeschcke 2007). For example, extrinsic condition-

dependent mortality by heat shock was used to demon-

strate divergent evolution of longevity in lines that

experience the same rate of extrinsic mortality, but differ

in how this mortality is imposed (Chen & Maklakov

2012).

Increase in longevity and stress resistance often comes at

the cost of reduced growth, fecundity or competitiveness

(Sørensen, Nygaard Kristensen & Loeschcke 2003; Jen-

kins, McColl & Lithgow 2004). For example, in Caenor-

habditis elegans, environmentally induced stress response

improves survival by buffering effects of conditionally dele-

terious mutations. However, it also leads to reduced repro-

ductive potential (Casanueva, Burga & Lehner 2012).

Variation in ageing can thus be explained by trade-offs

across different life-history traits (Stearns 1992; Baudisch

2008; Baudisch & Vaupel 2012; Danko et al. 2012), with

positive pleiotropic effects between longevity and stress

resistance (Kirkwood & Austad 2000; Shanley &

Kirkwood 2000; Sørensen, Nygaard Kristensen & Loes-

chcke 2003; Vermeulen & Loeschcke 2007). However,

life-history traits are also strongly affected by resource

acquisition, and another possibility is that selection under

stressful conditions benefits genotypes with high resource

acquisition rates (Reznick, Nunney & Tessier 2000). There-

fore, longevity, as well as other life-history traits, may be

positively genetically correlated with resistance to different

types of environmental hazards (Houle 1991; de Jong &

van Noordwijk 1992; Rausher 1992; Lithgow et al. 1995;

Parsons 1995; Kirkwood & Austad 2000; Robinson &

Beckerman 2013).

Importantly, males and females often have different

adaptive optima for life-history traits (Trivers 1972; Rice

& Chippindale 2001), including life span (Promislow,

Montgomerie & Martin 1992; Liker & Szekely 2005;

Bonduriansky et al. 2008; Berg & Maklakov 2012). Thus,

many of the alleles and allelic interactions that affect life

span and other life-history characters are sex specific

(Nuzhdin et al. 1997; Leips & Mackay 2002; Fox et al.

2006; Bilde et al. 2009; Magwire et al. 2010), and the evo-

lution of these traits under stress is therefore likely to pro-

ceed along different trajectories in the two sexes. However,

despite this prediction from life-history theory, few studies

have investigated sex-specific evolutionary responses in life

span and ageing under environmental change (but see

Partridge et al. 1995 (novel temperature); Maklakov,

Fricke & Arnqvist 2007; Maklakov & Fricke 2009 (novel

mating system); Maklakov, Bonduriansky & Brooks 2009;

[novel life-history schedule); Fox et al. 2011; (novel host

plant)]. Even such a handful of studies produced different

results: in the fruit fly Drosophila melanogaster, both sexes

evolved higher longevity in their respective temperature

environments (Partridge et al. 1995), while sex-specific evo-

lution of longevity was reported in the three studies on the

seed beetle Callosobruchus maculatus (Maklakov, Fricke &

Arnqvist 2007; Maklakov, Bonduriansky & Brooks 2009;

Maklakov & Fricke 2009; Fox et al. 2011). The difference

between the studies may lie in the biological properties of

the different study systems or may be driven by different

agents of selection.

Here, we asked how sex-specific longevity, along with

correlated life-history traits, evolves during adaptation to

increasingly stressful temperatures in the seed beetle,

C. maculatus. Due to the current increase in global temper-

ature, there has been a strong focus on both ecological

and evolutionary responses to novel thermal environment

(Angilletta 2009; Hoffmann & Sgr�o 2011; Walters,

Blanckenhorn & Berger 2012). Temperature has profound

effects on ectotherm life-history traits such as fecundity

(Power et al. 2005), life span (Munch & Salinas 2009) and

growth rate (Angilletta et al. 2003) that have been attrib-

uted to thermodynamic constraints on ectotherm metabo-

lism (Gillooly et al. 2001; Brown et al. 2004). Accordingly,

warmer climates as well as high temperatures in laboratory

settings tend to increase adult mortality rates. Neverthe-

less, substantial interspecific variation in this temperature

sensitivity suggests scope for adaptation (reviewed in

Clarke 2003, 2006; Munch & Salinas 2009; Dell, Pawar &

Savage 2011; Huey & Kingsolver 2011), and while the

immediate effect of increased temperature on ectotherm

life span is well described, the evolution of sex-specific evo-

lutionary responses in life span in response to long-term

and systematic increase in ambient temperature has

received far less attention.

We used an experimental approach that simulated slow

incremental increase in temperature from 30 °C to 36 °C
degrees for 18 generations, followed by a period of constant

temperature that stabilized at the upper value for another

13 generations. Such an approach is beneficial because it

more closely approximates a potential change in a natural

environment compared to an abrupt temperature change

that is more commonly used in studies of laboratory adap-

tation (Huey & Rosenzweig 2009). This is relevant since the

manner of an increase in temperature is likely to affect the

evolutionary response. Seed beetles are capital breeders,

and recent studies have shown that an increased tempera-

ture selects for increased body size (Hallsson & Bj€orklund

2012a, b). If thermal tolerance is genetically linked to

increased longevity and decelerated ageing via pleiotropic

effects, then adaptation to a warming climate should result
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in increased intrinsic life span. We thus predicted that lines

that are adapted to warm conditions will exhibit higher

fecundity (because of increased body size) and increased

mean longevity. However, differences across sexes in

resource acquisition and resource allocation towards

somatic maintenance vs. reproduction can result in sex-spe-

cific evolution under novel thermal conditions. Since the

trade-off between life span and reproduction is resolved dif-

ferently between males and females in seed beetles (Bilde

et al. 2009; Berg & Maklakov 2012), we were also interested

in sex-specific responses to temperature adaptation.

Materials and methods

STUDY ORGAN ISM

The seed beetle (C. maculatus) is a pest of leguminous crops that

colonized most of the tropical and subtropical regions of the

world. C. maculatus do not require food or water at the adult

stage in addition to resources accumulated at the larval stage to

complete their reproductive cycle (Fox 1993), that is, they are fac-

ultatively aphagous. Females mate and start producing eggs on

the day of eclosion. The eggs are glued onto the surface of the dry

beans and hatched larvae bore into the beans to complete their life

cycle. Adults emerge after 23–25 days at the intermediate tempera-

ture of 30 °C, to which the population used in this study had been

adapted to for at least >90 generations (see below). C. maculatus

have likely colonized human grain storages thousands of genera-

tions ago, which makes them an ideal laboratory organism as the

laboratory environment closely approximates their ‘natural’ envi-

ronment (Fox, Dublin & Pollitt 2003; Messina et al. 2009). Recent

studies indicated that 36 °C is a suboptimal temperature for this

species (Fox & Stillwell 2009).

LABORATORY EVOLUT ION L INES

The laboratory evolution lines were established from a large out-

bred population, which was created in 2002 by mass-mating three

laboratory populations of Nigerian origin (known as Nigeria

Mix; Fricke 2006). Several earlier studies found ample genetic var-

iation for life-history and reproductive traits in this population

(Fricke & Arnqvist 2007; Maklakov, Fricke & Arnqvist 2007).

The population has been maintained by transferring 250–300 bee-

tles each generation onto 120–140 g of host beans for >90 genera-

tions prior to this laboratory evolution experiment. Thus, the

population does not suffer from inbreeding depression, and the

large number of generations should have minimized linkage dis-

equilibrium, which might have been prevalent in the laboratory

founder population due to the admixture of genetically distinct

lines. During the laboratory evolution experiment, the beetles

were maintained at densities of 200 individuals per line in glass

jars filled with 100 g of black-eyed beans (Vinga unguiculata).

high-temperature lines (n = 4) and ‘control’ evolution lines (n = 4)

were developed as part of a project to study adaptation to chang-

ing climatic conditions (Hallsson & Bj€orklund 2012a,b,c). For the

first 18 generations, four replicate lines were kept at a constant

temperature of 30 °C (control), while the other four replicate lines

were exposed to an incremental increase in temperature of 0�3 °C
per generation (high-temperature). After the gradual increase in

temperature had reached 36 °C for the high-temperature lines, the

temperature was kept constant. During this second stage of the

experiment, we increased the population size in all lines and main-

tained the beetles at ~500 individuals per jar with 200 g of beans.

Further information on the initial lines can be found in Hallsson

& Bj€orklund (2012a, b). Previous studies with these new lines also

indicated the presence of genetic variation for several traits,

including fecundity and body size (Hallsson & Bj€orklund 2012a,

b).

Experimental procedures

We conducted two different assays. In the first assay, we recorded

longevity, body mass and development time, and it was preformed

after 31 generations from the start of the experiment (henceforth

‘longevity assay’). In the second assay, after 41 generations, we

recorded lifetime offspring production (henceforth ‘reproduction

assay’).

LONGEVITY ASSAY

In order to separate genetic adaptation from phenotypic plasticity,

we scored beetles which parents had been either directly moved to

the test temperature as virgins, or been allowed to acclimatize at

the test temperature for two generations prior to scoring of lon-

gevity. This was done by creating three replicates of each of the

eight lines (four control lines and four high-temperature lines).

While one of the replicates was kept in the native environment,

the two others were moved into the novel environment, but at dif-

ferent times. The first translocated replicates were moved into the

novel environment immediately and were hence allowed to accli-

matize for two generations prior to longevity scoring (‘acclima-

tized’ assay). The remaining replica was moved the generation

before the assay and may thus contain both environmental paren-

tal effects and immediate phenotypic responses (‘non-acclimatized’

assay). The ‘acclimatized’ and the ‘non-acclimatized’ assays were

conducted simultaneously.

From the parental beetles placed at the test temperatures, we

produced 48 male and 48 female virgin beetles from each line: test

temperature: acclimatization treatment combination by isolating

individual beans and monitoring them daily for emerging beetles.

We used beetles from beans that had between three and five eggs

only, to minimize variance in individual condition (in principle,

there can be between one and ten beetles successfully hatching

from one bean). The newly emerged focal beetles were then placed

individually into ‘virgin chambers’ – 48-well plates from Falcon

and scored for mortality on a daily basis. Development time was

estimated as the number of days between placing the parental bee-

tles together for mating and the date of eclosion of the focal bee-

tles. Longevity was defined as the number of days between

eclosion and death of the focal beetles. For each of the eight lines,

two replicate estimates of weight at eclosion were taken per sex:

test temperature: acclimation treatment combination, by taking

the mean weight of two independent batches of 24 offspring not

scored for longevity.

REPRODUCT ION ASSAY

For the reproduction assay, each replicate line was split among

the two test temperatures and acclimatized to the test tempera-

tures for two generations prior to the assay (performed after 41

generations; 23 generations under stable temperatures after the ini-

tial incremental increase of 18 generations). The non-acclimatized

assay was omitted, since our main interest in this assay was in

genetic response to novel temperature. We paired ten virgin males

and females per line: test temperature combination. Each pair was

placed in a Petri dish with 100 beans as egg-laying substrate,

which is a sufficient amount to remove any density-dependent

selection among offspring. Lifetime reproductive success was

defined as the number of emerging adult offspring of both sexes

from each pair.
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STAT IST ICAL ANALYSES

Our main objectives were to test if longevity, development time,

lifetime reproductive success and body mass were affected by sex,

selection regime and test temperature treatment.

When analysing the longevity data, we made two types of com-

parisons. First, we directly compared the longevity of beetles

evolved under the control (30 °C) and high-temperature (36 °C)
regime, at both test temperatures without acclimatization (‘non-

acclimatized’ assay). In this comparison, both genetic effects and

phenotypic plasticity could contribute to potential differences

between selection regimes. Secondly, we compared the longevity

of beetles evolved under the two temperature regimes, when bee-

tles exposed to novel test temperatures had been allowed to accli-

matize to them for two generations (‘acclimatized’ assay). This

comparison includes mostly differences in genetic effects, because

phenotypic effects are unlikely to carry over the two generations

of acclimatization. The acclimatization was started two genera-

tions prior to scoring longevity, and all experimental beetles were

thus of the same generation and were tested in parallel. We note

that the two comparisons are full factorial designs asking different

questions; first, the analysis of the ‘non-acclimatized’ assay com-

pares the performance of high-temperature and control beetles

when phenotypic plasticity and genetic effects are combined, and

the analysis of the ‘acclimatized’ assay asks whether there has

been a genetic change in lines that evolved under different temper-

atures.

We analysed how longevity and development time in C. macul-

atus were affected by selection (high-temperature vs. control

regimes), test temperature (30 and 36 °C) and sex, as well as all

possible interactions between these three factors using linear

mixed-effect models. Replicate line, crossed by sex and test tem-

perature, and nested within selection regime, was added as ran-

dom effect to the model in order to avoid pseudo-replication.

Lifetime reproductive success was analysed in the same way,

except that sex was not included in the model as both parents con-

tributed to offspring production. Because body mass had lower

level of replication, it was only possible to include line nested

within selection regime as random effect. All models were checked

for homoscedasticity across experimental units using diagnostic

plots, and life span was log-transformed in order to fulfil this

assumption. All models were fit using a maximum likelihood algo-

rithm implemented in the package lme4 (Bates, Maechler & Bolker

2012) available for R (R Development Core Team 2009). The sig-

nificance of the fitted model was assessed using analysis of vari-

ance (ANOVA) with type III sums of squares tested with an analysis

of deviance on a chi-square distribution using the R package car

(Fox 2002). Since the denominator degrees of freedom are not well

defined for mixed models, we present analysis of deviance tables

rather than the more traditional F-values.

In addition, to test the possibility that the observed differences

in life span were induced by changes in body size between treat-

ments, we fit a model with life span as response variable; sex,

selection regime and test temperature as factorial explanatory vari-

ables; and body mass as a covariate. This analysis was performed

on means of replicate line since life span and body mass were not

measured on the same individuals. Since both body mass and life

span were affected by the selection regime (see Results), both vari-

ables were scaled to a mean of zero and a standard deviation of

unity within each treatment to avoid problems associated with

collinearity among explanatory variables.

Results

NON-ACCL IMAT IZED LONGEVITY ASSAY

We found that test temperature and sex had strong effects

on life span in C. maculatus: higher temperature resulted in

shorter life span across both selection regimes, and males

lived shorter than females (Fig. 1, Table 1). The main effect

of selection on life span (high-temperature vs. control) was

significant, with lines adapted to high-temperature living

longer than control lines at both test temperatures. This

relationship was strongest in males as indicated by the sig-

nificant interaction between selection regime and sex

(Fig. 1, Table 1). The interaction between test temperature

and selection regime was not significant (Table 1).

High test temperature caused direct increase in body

mass through phenotypic plasticity and lines adapted to

high temperature were larger than control beetles (Fig. 2,

Table 1). In addition, there was a significant interaction

between selection regime and sex, resulting from a strong

sexual size dimorphism in the high-temperature lines that

was practically absent in the control lines (Fig. 2, Table 1).

All other interactions were non-significant, and body mass

had no significant effects on life span within selection treat-

ments (P = 0�30). Females had significantly longer develop-

ment times than males. However, there were no other

significant effects on development time (Table 1).

ACCL IMAT IZED LONGEV ITY ASSAY

We found significant effects of sex and test temperature on

life span also in the acclimatized assay. The main effect of

selection regime on life span was marginally significant,

and in combination with the significant interaction

15
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Fig. 1. The mean life span in days in the

non-acclimatized and acclimatized assays

across two test temperatures (30 and

36 °C). Control genotype is denoted as C,

the High Temperature-adapted genotype is

denoted as H, female F, and male M. Error

bars represent �1 SE.
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between sex and selection regime, it indicates that the

effect of selection observed in the non-acclimatized trial

was still present, but only in males. The interaction

between selection regime and test temperature was non-

significant (Table 1).

Furthermore, in the acclimatized assay, we found that

high test temperature increased the mass of the beetles and

that lines evolving at the high-temperature selection regime

were larger than control beetles (Fig. 2, Table 1). In this

assay, we found a significant interaction between sex and

test temperature, where females were smaller than males in

30 °C, but bigger in 36 °C (Fig. 2, Table 1). The three-

way interaction was also significant because high-tempera-

ture’, but not control beetles, exhibited crossing reaction

norms for sex across the test temperatures. Other interac-

tions were non-significant. Although body mass and life

span were positively associated (Fig. 3), this association

was not significant within selection regimes (P = 0�27). As

in the analysis of the data from the non-acclimatized

assay, we found that development time was affected by

sex, with females having a longer development time than

males (Table 1). There were also marginally significant

temperature x selection regime and sex x selection regime

interactions for this trait.

OFFSPR ING PRODUCT ION

High-temperature lines produced more offspring than

control lines at both test temperatures (v2 = 9�58,
d.f. = 1, P = 0�002, Fig. 4). As expected, there were also

large effects of test temperature on the number of off-

spring, with more offspring produced at 30 °C than at

36 °C (v2 = 51�96, d.f. = 1, P < 0�001, Fig. 4). The inter-

action between selection and rearing environment was

not significant (v2 = 0�38, d.f. = 1, P = 0�5, Fig. 4). We

also compared the proportional difference in offspring

production between the selection regimes across tempera-

tures by analysing data mean-scaled by the average off-

spring production for each temperature. However, even

though there was a tendency for larger difference

between selection regimes in 36 °C, implying that high-

temperature lines might have a larger relative advantage

Table 1. ANOVA table of the effect of treatment (‘Treat.’; selected in 36 or 30 °C), trial temperature (‘Temp.’; reared in 36 or 30 °C), sex,
and their interactions on longevity, body mass and development time of acclimatized and non-acclimatized Callosobruchus maculatus. v2 is
the chi-square value, d.f. is the degrees of freedom and Pr(>v2) the P-value

Longevity Body mass Development time

v2 d.f. Pr(>v2) v2 d.f. Pr(>v2) v2 d.f. Pr(>v2)

Acclimatized

Temp. 106�57 1 <0�001 94�8 1 <0�001 1�24 1 0�26
Treat. 3�84 1 0�05 57�5 1 <0�001 1�85 1 0�17
Sex 139�64 1 <0�001 7 1 0�008 24�36 1 <0�001
Temp.*Treat. 3�4 1 0�07 0�33 1 0�57 4�22 1 0�04
Temp.*Sex 6�45 1 0�01 39 1 <0�001 3�71 1 0�053
Treat.*Sex 10�02 1 0�001 0�25 1 0�62 24�72 1 0�03
Temp.*Treat*Sex 0�22 1 0�64 7�2 1 0�007 0�0025 1 0�96
Non-acclimatized

Temp. 774�5 1 <0�001 36�8 1 <0�001 2�67 1 0�10
Treat. 8�3 1 0�003 80�4 1 <0�001 0�007 1 0�93
Sex 273�6 1 <0�001 13�5 1 <0�001 26 1 <0�001
Temp.*Treat. 0�92 1 0�33 1�38 1 0�24 0�05 1 0�82
Temp.*Sex 19�8 1 <0�001 1�86 1 0�17 0�41 1 0�52
Treat.*Sex 20 1 <0�001 22�3 1 <0�001 0�29 1 0�59
Temp.*Treat*Sex 1�42 1 0�23 1�3 1 0�25 0�02 1 0�89

Fig. 2. The mean mass (g) in non-accli-

mated and acclimated Callosobruchus mac-

ulatus across two test temperatures (30 and

36 °C). Control line is denoted as C, the

high-temperature-adapted line is denoted

H, female F, and male M. Error bars repre-

sent �1 SE.
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over control lines in the high test temperature compared

to the control temperature (Fig. 4), the interaction

between selection regime and test temperature remained

non-significant also in this analysis (v2 = 3�16, d.f. = 1,

P = 0�075).

Discussion

Longevity was decreased, and offspring production was

lower at the high test temperature compared to the control

(ancestral) temperature. However, in sharp contrast with

previous work on Drosophila (Partridge et al. 1995), lines

that evolved under high temperature had increased longev-

ity and higher fecundity across both thermal environments

compared to lines evolving under ancestral thermal condi-

tions. Furthermore, increased longevity of high-tempera-

ture lines was observed in both sexes only when beetles

were not acclimatized to the test temperatures, and while

after two generations of acclimatization, the difference

between selection regimes was apparent only in males.

These results support the general hypothesis for evolution

of increased intrinsic life span under stress, but also sug-

gest that evolution under climate warming is likely to pro-

ceed along different trajectories in males and females.

Longevity has frequently been found to correlate posi-

tively with resistance to environmental stressors (Parsons

1995; Bijlsma & Loeschke 1997; Vermeulen & Loeschcke

2007) and since beetles evolving under high temperature

lived longer in both test temperatures, our results support

this notion. However, earlier work has shown that both

sexes of fruit flies adapted to either 16�5 or 25 °C lived

longer in their respective ‘native’ thermal environments

(Partridge et al. 1995). What physiological, morphological

or behavioural mechanism could explain the contrasting

patterns observed across these two studies? Previous exper-

iments with the same lines as used in this study showed

that high-temperature lines were bigger than control bee-

tles (Hallsson & Bj€orklund 2012a, b), and our results sug-

gest that this difference was maintained after 13 additional

generations of evolution under 36 °C. A larger body size

of a capital breeder is likely to reflect an increase in

resources that may boost an organism’s tolerance to desic-

cation. Previous laboratory experiments on other species

have found that selection for starvation or desiccation

resistance can lead to accumulation of resources and

increased body mass (reviewed in Gibbs & Gefen 2009;

Zera & Harshman 2009). Thus, the increased longevity

could be directly linked to increased body size in high-tem-

perature lines.

However, we found no support for a direct link between

longevity and body size as there was no correlation

between body size and longevity when controlling for the

effect of selection treatment. Although this test has weak

statistical power to pick up an effect due to very little vari-

ance in body size within selection regimes, previous studies

on the relationship between body size and longevity in

C. maculatus have also yielded incongruent results showing

both significant genetic correlations between body size and

life span (Moller, Smith & Sibly 1989; Messina & Fry

2003; D. Berg et al. unpublished data) as well as no rela-

tionship between the traits (Fox et al. 2004; Maklakov,

Bonduriansky & Brooks 2009), suggesting that environ-

mental conditions may be decisive in determining the

Fig. 3. Life span (days) plotted against

mass (g) in the 30 °C and the 36 °C test

temperatures. Each plot contains popula-

tion means of the control and high-temper-

ature-adapted lines of Callosobruchus

maculatus where females are denoted by

round symbols and males by wedges. Con-

trol lines are represented by unfilled sym-

bols, high-temperature lines by filled

symbols and the pre-acclimatized beetles by

grey symbols (i.e. control lines acclimatized

to 36 °C or high-temperature lines acclima-

tized to 30 °C).
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Fig. 4. The reproductive fitness (number of offspring) in control

and high-temperature-adapted lines of Callosobruchus maculatus

across two rearing environments (30 and 36 °C). The beetles were

acclimatized to the test temperatures for two generations prior to

the fitness assay. Error bars represent �1 SE.
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strength of this relationship. Moreover, while both sexes

evolved larger body size in the stressful environment, only

males showed a persistent increase in longevity after accli-

matization. It thus seems likely that other traits, such as

production of heat shock proteins known to buffer pheno-

types against both extreme temperatures as well as other

environmental stressors (Feder & Hofmann 1999;

Hochachka & Somero 2002), reduced water loss (Hoff-

mann & Parsons 1993) and proportion of water content in

the body (Gibbs, Chippindale & Rose 1997), are the causal

factors contributing to differences in life span between the

selected lines (Kearney et al. 2013). It is worth noting that,

at least in Drosophila, short-term selection experiments on

desiccation resistance do not change relative water content,

while long-term selection experiments do (reviewed in

Gibbs & Gefen 2009).

The increase in body size associated with high tempera-

ture is nevertheless notable as ectotherm size is usually

observed to decrease in warm conditions (Atkinson &

Sibly 1997; Angilletta 2009; Gardner et al. 2011). Further-

more, the increase was observed both as phenotypic plas-

ticity and as an evolutionary response, strongly indicating

that large size (or correlates thereof) is adaptive in hot

temperature in C. maculatus. Though we are unaware of

studies on other systems showing evolutionary increases in

body size as a response to increased temperature, there are

examples of increases through phenotypic plasticity

(reviewed in Atkinson 1994; Kingsolver & Huey 2008).

In addition to stress resistance as a mechanism explain-

ing larger size in hot temperatures, some theory suggests

that increased fecundity selection may favour larger adult

female body sizes at relatively warm temperatures (Frazier,

Huey & Berrigan 2006; Berger, Walters & Gotthard 2008;

Kingsolver & Huey 2008; Berger et al. 2012). This would

further predict sex-specific selection for increased resource

acquisition in the juvenile stage and/or sex-differences in

adult life span through differential investment of resources

into soma vs. reproduction.

Sex-specific response in longevity under environmental

stress is in fact a general expectation based on life-history

and sexual selection theories and the observation that

males and females often show differences in trait optima

and energy allocation to survival vs. reproduction (Trivers

1972; Lande 1980, 1981; Clutton-Brock & Parker 1992;

Bonduriansky et al. 2008; Maklakov & Lummaa 2013).

This is also the case in C. maculatus (Bilde et al. 2009;

Berg & Maklakov 2012), and thus, differences between

male and female reproductive strategies may have played a

role in explaining why high-temperature females did not

evolve increased longevity in the same way as males, but

were still more fecund and, similar or even more so than

males, bigger than control group beetles. In line with this

hypothesis, seed beetle females have a considerable level of

oogenesis in the absence of mating and even in the absence

of oviposition substrate (Ouedraogo & Huignard 1981).

Thus, the increased amount of resources acquired by the

high-temperature group beetles may have been allocated to

oogenesis in virgin females, while reproductive effort of

virgin males may have remained unchanged across selec-

tion treatments, resulting in longer life only in high-tem-

perature males.

Other traits could also have been important in generat-

ing the sex-specific response in life span. For example,

reduced respiratory water loss can be associated with

reduced activity levels (Williams, Rose & Bradley 1997)

and can lead to increased longevity. Male beetles are much

more active than females and this trait likely harbours sex-

specific genetic variation in the ancestral population

(Burgevin, Friberg & Maklakov 2013, D. Berg et al.

unpublished data). A change in the relative strengths of

sexual vs. natural selection on male activity levels between

the high-temperature and control selection regimes may

have reduced male activity in lines evolving at high tem-

peratures and therefore affected the evolution of life span

mostly in males.

Even so, it still remains unclear why the high-tempera-

ture line females lived longer than control females in the

non-acclimatized trial, unless acclimatization changed the

relative allocation of resource into reproduction vs.

somatic maintenance, and did so in a sex-specific manner.

Sex differences in plasticity, such as acclimatization

responses, are commonly observed in ectotherms in general

and seed beetles in particular (Stillwell et al. 2010). Fur-

thermore, sex-specific plasticity is predicted to mediate sex-

specific genetic responses as plasticity may weaken the

strength of selection for genetic change (Whitlock 1996;

Price, Qvarnstr€om & Irwin 2003; Walters, Blanckenhorn &

Berger 2012). We did find statistical support for sex-

specific acclimatization in body mass, but no statistically

consistent responses in longevity or development time (see

Table S1–S4, Supporting information). Given our experi-

mental design, it is also difficult to completely rule out the

possibility that rapid genetic responses over the two gener-

ations of acclimatization could be responsible for the

sex-specific differences in longevity between acclimatized

and non-acclimatized beetles. Thus, the final verdict on

the exact mechanism that led to the observed sex-specific

life-history evolution must await further experimental

investigation separating responses into their genetic and

plastic components. We are unaware of any study that

directly investigated the effects of sex-specific plasticity on

adaptation to climatic conditions, but current studies in

our laboratory are likely to shed light on this hypothesis.

Conclusions

More than 99% of all taxa are ectothermic (Atkinson &

Sibly 1997) and many of them are of large ecological and

economic importance. How these organisms will respond to

the current increase in global temperature is thus an impor-

tant and challenging area of research (Huey & Kingsolver

1989; Clarke 2003, 2006; Deutsch et al. 2008; Angilletta

2009; Kellermann et al. 2012; Walters, Blanckenhorn &

Berger 2012; Berger et al. 2013; Kingsolver et al. 2013).
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Our results demonstrate that evolution of life-history traits

during adaptation to climate warming can be rapid but pro-

ceed differently in the two sexes. While both sexes showed

evolution of increased body size under high temperature,

the evolution of longer life span was evident in males but

not apparent in acclimatized females. As lines evolving

under high temperature had higher reproductive perfor-

mance, the lack of genetic response in female longevity

could be driven by increased oogenesis. Although previous

studies have shown that longevity may be genetically corre-

lated with stress tolerance (Lithgow et al. 1995; Parsons

1995; Bubliy & Loeschcke 2005), the potential for sex speci-

ficity of these effects remains poorly acknowledged and has

not been the focus of experimental tests (but see Partridge

et al. 1995; Fox et al. 2011) despite expectations based on

sexual selection theory and life-history optimization (Clut-

ton-Brock & Parker 1992; Bonduriansky et al. 2008; Mak-

lakov & Lummaa 2013). Because sexes often have

profound differences in their life-histories, we suggest that

our finding is likely to reflect a general pattern and may

have important implications for how longevity evolves in

populations adapting to a warming climate. More broadly,

our results show that sexual dimorphism in life-history

traits can evolve as correlative response to selection for

stress resistance during adaptation to changing environ-

ments. Intriguingly, these data suggest that evolution under

higher temperatures resulted in increased genetic values of

three traits that are fundamental for population demogra-

phy – body size, longevity and offspring production, across

both novel and ancestral temperatures. It is likely that

heat-adapted lines suffer trade-offs with other traits. How-

ever, despite measuring several key life-history traits in our

data, we can find no clear support for costs associated with

the fitness advantages.
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