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Despite the far-reaching evolutionary implications of sexual conflict, the effects of metapopulation structure, when populations

are subdivided into several demes connected to some degree by migration, on sexual conflict dynamics are unknown. Here, we

used experimental evolution in an insect model system, the seed beetle Callosobruchus maculatus, to assess the independent and

interacting effects of selection histories associated with mating system (monogamy vs. polygamy) and population subdivision on

sexual conflict evolution. We confirm traditional predictions from sexual conflict theory by revealing increased resistance to male

harm in females from populations with a history of intense sexual selection (polygamous populations) compared to females from

populationswith a history of relaxed sexual selection (monogamous populations). However, selection arising frommetapopulation

structure reversed the classic pattern of sexually antagonistic coevolution and led to reduced resistance in females from polyga-

mous populations. These results underscore that population spatial structure moderates sexual selection and sexual conflict, and

more broadly, that the evolution of sexual conflict is contingent on ecological context. The findings also have implications for

population dynamics, conservation biology, and biological control.
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Impact Summary
The reproductive interests of the sexes often differ in sexu-

ally reproducing species and this sexual conflict pervades the

biology and evolution of the interactions between males and

females. Virtually all research on the causes and consequences

of sexual antagonism has been conducted using simple popu-

lation/ecological scenarios. Despite natural populations being

frequently subdivided, the role of metapopulation structure on

the dynamics of sexual conflict and sexually antagonistic co-

evolution is unknown. In this study, we address this gap by ap-

plying an experimental evolution approach in an insect model

system that is characterized by intense sexual conflict. We ma-

nipulated selection arising from population spatial structure

and connectivity, and also manipulated sexual selection/sexual

conflict evolutionary history by enforcing, or not, a monoga-

mous mating system across generations. Subsequently, we in-

vestigated sexually antagonistic coevolution trajectories at dif-

ferent points in time under different intensities of sexual inter-

actions. Therefore, we were able to study for the first time the

interaction between selection history associated with mating

system and selection history related to metapopulation struc-

ture. The results of our study support traditional sexual con-

flict theory by showing that females from populations with a

history of intense sexual selection exhibit increased resistance

to male harm. However, our study also reveals startling find-

ings: selection arising from metapopulation structure reverses

the classic pattern of sexually antagonistic coevolution. Fe-

males from subdivided polygamous populations experienced

an evolutionary reduction in resistance to male harm. These

findings show that metapopulation structure moderates sexual
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selection and sexual conflict. More broadly, they show that the

evolution of conflict between males and females is contingent

on ecological context. These results have direct implications

for many aspects of sexual selection as well as for population

dynamics, conservation biology, and biological control.

The evolutionary interests of males and females over mat-

ing and reproduction often differ (Parker 1979; Arnqvist and

Rowe 2005). Conflicts concerning traits whose expression is de-

termined by different loci in males and females (inter-locus sex-

ual conflict) frequently leads to the evolution of traits in one sex

(generally males) that are harmful to the opposite sex (Holland

and Rice 1999; Pitnick and Garcia-Gonzalez 2002; Arnqvist and

Rowe 2005). Such adaptations in the harming sex may in turn

select for counter-adaptations in the other sex, ultimately lead-

ing to sexually antagonistic coevolution (Holland and Rice 1998;

Arnqvist and Rowe 2002; Rowe and Day 2006; Dougherty et al.

2017). The evolutionary consequences of sexual conflict and sex-

ually antagonistic coevolution are far from trivial. For instance,

male harm to females can result in a tragedy of the commons,

whereby strategies shaped by sexual conflict can dramatically re-

duce population viability (Rankin et al. 2007; Hollis and Houle

2011; Rankin et al. 2011; Berger et al. 2016). This effect on popu-

lation persistence may be aggravated by the fact that the costs and

benefits of sexual conflict are not carried by the same individuals

(Kokko and Brooks 2003). Ultimately, sexual conflict may thus

lead to population extinction (Le Galliard et al. 2005), but this

is just one of the evolutionary implications of sexual conflict, as

evidence gathered over the last two decades has also shown that

sexual conflict has consequences for the evolution of sexual di-

morphism, genomic organization, diversification and speciation

(Gavrilets 2000; Arnqvist and Rowe 2005; Rankin et al. 2011;

Gavrilets 2014; Sayadi et al. 2019).

Most research on sexual conflict to date, however, has been

conducted in uniform environments. It is becoming increasingly

evident that the ecological context needs to be considered when

assessing the consequences of sexual antagonism (Arbuthnott

et al. 2014; Perry et al. 2017; De Lisle et al. 2018; Perry and Rowe

2018; García-Roa et al. 2019; García-Roa et al. 2020). In addi-

tion, recent research on the effects of dispersal and kin selection

on sexual conflict has hinted at the importance of moving beyond

studying simple population structures when assessing the evolu-

tion of sexual antagonism (Eldakar et al. 2009; Wild et al. 2011;

McDonald et al. 2013; Carazo et al. 2014; Pizzari et al. 2015;

Faria et al. 2020; Lymbery et al. 2020; Rodrigues et al. 2021).

Nevertheless, the role of population subdivision and demes’s con-

nectivity on the dynamics of sexual conflict and sexually antago-

nistic coevolution is unknown. This is surprising since the spatial

structuring of populations has been the focus on intense research

over the past decades. Natural populations are frequently subdi-

vided into demes of various sizes that are interconnected by mi-

gration, and there is now overwhelming evidence that metapopu-

lation structure has far-reaching evolutionary and ecological con-

sequences (Levin 1974; Hanski 1999; Hanski et al. 2011).

Clear predictions regarding how metapopulation structure

may shape sexual conflict dynamics are mostly absent. On the

one hand, metapopulation structure may favor the fixation of

polyandrous behavior under some conditions, for instance, when

temporal or permanent male infertility is pervasive in the popula-

tion (Garcia-Gonzalez 2004; Yasui and Garcia-Gonzalez 2016).

Variation in female mating frequency may modulate the total op-

portunity for sexual selection (Evans and Garcia-Gonzalez 2016),

and an increase in polyandry levels is associated with weaker pre-

copulatory but stronger postcopulatory selection on males (Collet

et al. 2012; Morimoto et al. 2019). If rates of female multiple mat-

ing are higher in subdivided populations compared to panmictic

populations this would then imply that post-copulatory sexual se-

lection could be more intense in spatially structured populations.

Following this logic, sexual conflict could be expected to be more

intense in metapopulations, at least in systems where sexual con-

flict stems to a large extent from adaptations to postcopulatory

sexual selection, as is the case in many study models (Wigby and

Chapman 2005; Hotzy and Arnqvist 2009; Cayetano et al. 2011;

Hotzy et al. 2012; Smith et al. 2017).

On the other hand, sexual conflict theory predicts more in-

tense sexual conflict in larger populations (Gavrilets 2000; Mar-

tin and Hosken 2003; Gay et al. 2009) and in fact this seems

to be the case (Gay et al. 2010). Indeed, reduced genetic drift

and higher levels of genetic variability in large, dense popula-

tions, along with higher probabilities for individuals to interact

with other individuals (mates and competitors) may fuel sexu-

ally antagonistic selection. If so, sexual conflict and the evo-

lutionary chases between the two sexes could be slowed down

or impeded at the metapopulation level. Furthermore, subpopu-

lations within a metapopulation can act as refuges for different

genotypes or strategies that would otherwise be selected against

in non-spatially structured large populations, for example, co-

existence of predators and prey, coexistence of different mat-

ing system strategists, and so on (Huffaker et al. 1963; Hassell

et al. 1991; Tilman 1994; Holyoak and Lawler 1996; Bonsall

et al. 2002; Yasui and Garcia-Gonzalez 2016). In other words,

metapopulation theory predicts that less competitive genotypes

can persist for longer under spatial structuring. Applied to sexual

conflict scenario, the prediction would be that less resistant fe-

males or less competitive males could persist for longer in small

subpopulations, implying less intense sexually antagonistic se-

lection in metapopulations.

Here we use experimental evolution in an insect model

system exhibiting marked sexual conflict, the seed beetle
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Figure 1. Outline of the experimental evolution protocol. Mat-

ing system variation (monogamy vs. polygamy) and variation in

metapopulation structure (no vs. yes) were combined to gener-

ate four different selection regimes. A single selection line is de-

pictedwithin each combination of the selection regime treatments

for simplicity, although there were four lines per each mating sys-

tem × metapopulation structure treatment combination (16 selec-

tion lines in total). In those cases in which there was metapopu-

lation structure, the selection line was subdivided into five differ-

ent demes (subpopulations). To allow gene flow, each generation

one randomly chosen individual from each sex and subpopulation

(highlighted in blue) was transferred to a different subpopulation

(determined at random), such that each subpopulation received

only one male-female migrant pair from another deme. The direc-

tion of the arrows connecting the subpopulations in the figure is

a random depiction of a hypothetical 20% migration scenario

Callosobruchus maculatus (Hotzy and Arnqvist 2009; Gay et al.

2010; Sayadi et al. 2019), to assess for the first time the indepen-

dent and interacting effects of selection associated with mating

system and metapopulation structure on the evolution of male

harm and female resistance. We relaxed sexual selection and

sexual conflict in eight selection lines by enforcing monogamy,

while keeping another eight populations under polygamy (intense

sexual selection and conflict). A critical novelty was imposed in

the experimental evolution protocol: half the selection lines were

maintained under conditions of population subdivision and con-

trolled migration among demes, whereas the remaining popula-

tions were kept undivided (Fig. 1). Our design is a simplifica-

tion of the real world, but it retains key metapopulation features

(population subdivision and population connectivity). For sim-

plicity, we use the term metapopulation structure throughout the

text to refer to the selection treatment generating subdivided pop-

ulations connected through migration, but we acknowledge that

metapopulations are characterized by more than just fragmenta-

tion and limited gene flow (e.g., local stochastic extinction and

re-colonisations, variation in deme size, etc.).

The evolution of male harm and female resistance was in-

ferred through different assays imposing varying levels of male

harassment and opportunities for conflict. Results suggest that

evolution under metapopulation structure ameliorates the detri-

mental consequences of sexual conflict for female fitness.

Methods
EXPERIMENTAL EVOLUTION PROTOCOL

We used the seed beetle Callosobruchus maculatus as a model

system. We sourced the beetles from an outbred population

(South Indian population) that we established in our laboratory

with over 450 individuals and that we keep with large population

sizes (in excess of 300 individuals) and non-overlapping genera-

tions (see the Appendix for further details). Previous studies have

shown that the South Indian population presents ample pheno-

typic and genetic variance (Fox et al. 2004; Bilde et al. 2008;

Berg and Maklakov 2012; Rodriguez-Exposito 2018; Zajitschek

et al. 2018; Canal et al. 2021). We set up an experimental evo-

lution protocol consisting in the combination of two selection

treatments with two levels each: metapopulation structure (no

vs. yes) and mating system (monogamy vs. polygamy; i.e., re-

laxed or intense sexual selection/conflict, respectively; see be-

low and Fig. 1). Briefly, eight populations (henceforth metapop-

ulation lines) derived from the stock population were each sub-

divided into five subpopulations, while another eight popula-

tions derived from the same source population were kept as

controls (i.e., undivided). Individuals from the source popula-

tion were randomized among these groups, keeping an equal

sex ratio, and all the populations were originated and main-

tained with 50 breeders each (25 females and 25 males). Im-

portantly, half of the lines in each level of the population struc-

ture treatment were kept under enforced monogamy and the

other half under polygamy, where sexual interactions and mat-

ings occurred in an unrestricted way among all the individu-

als in each population/subpopulation. Thus, the selection exper-

iment consisted of a 2×2 design (sexual selection x metapop-

ulation structure experimental evolution treatments), with 16

lines (see Fig. 1): four lines under polygamy (intense sexual se-

lection) and absence of metapopulation structure: non-structure

and polygamy lines, henceforth NSPoly lines; four lines kept

under metapopulation structure and polygamy, henceforth SPoly

lines; four lines with a selection history of absence of metapop-

ulation structure and monogamy (relaxed sexual selection and
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conflict), henceforth NSMono lines; four lines under metapop-

ulation structure and monogamy: henceforth SMono lines. While

there is some scope for choice and harm phenomena to affect fe-

males’ resource provisioning to eggs in the monogamous lines,

enforced monogamy effectively relaxes sexual selection and en-

suing sexual conflict to a large degree, because in these lines

precopulatory or postcopulatory paternity biases due to female

choice or male-male competition is absent. In addition, the mat-

ing system treatment can alter natural selection on females via bi-

ased allocation of male harm (Long et al. 2012), and monogamy

can also work to reduce intralocus sexual conflict (Hollis et al.

2014). The assays described below were carried out at genera-

tions 12, 30, 32, 43, and 47 of the selection experiment.

A critical aspect of metapopulation structure is the presence

of gene flow among demes (Hanski 1998; Hanski 1999; Han-

ski and Gaggiotti 2004). In each generation, one randomly cho-

sen individual from each sex and subpopulation (i.e., one male

and one female per each of the 5 subpopulations within each

subdivided population) were forced to migrate (i.e., were relo-

cated) to a different subpopulation within each metapopulation

line (Fig. 1). This imposed 20% migration rate was carried out

upon adult emergence using virgin individuals.

Using virgin individuals, we allowed sexual interactions and

ensuing egg laying by females for 2 days across all lines (Day

1 and Day 2 of the experimental cycle). The number of beans

per female was standardized (see Appendix) to ensure ad libitum

oviposition substrate so as to make sure that larval competition

was mostly absent (Fox and Messina 2018). On Day 3, the breed-

ing individuals were removed from the containers hosting the an-

imals. On Day 10, we randomly selected 150 inoculated beans

from each line. The great majority of the inoculated beans across

all treatments had only one egg per bean, indicative of a lack

of competition among females for oviposition substrate. Each of

the randomly selected inoculated beans (n = 2400 per generation

across the 16 lines) was isolated into an eppendorf tube with pin-

holes in the cap to allow airflow and kept until adult emergence

(starting typically on Day 21). This protocol ensured virginity of

the individuals to be used as breeders for the next generation.

Virgin adults were collected randomly among those emerged be-

tween Day 21 and Day 24 of the cycle so as to avoid inadvertent

selection on development time (Maklakov et al. 2010; Cayetano

et al. 2011). Typically nearly all individuals emerged within these

days. At this point the cycle started again, setting up 1–4 day-old

individuals as breeders for the next generation (Day 1 of the ex-

perimental cycle). Further details about the propagation of lines

can be found in the Appendix.

Apart from the measures of baseline longevity, all the assays

were run on the individuals after one or two generations of com-

mon garden breeding. To this end, we duplicated the number of

inoculated beans collected from each line (i.e., 4800 beans in to-

tal). We then established a set of 16 replicated common garden

lines all under NSPoly conditions. In this way divergence in the

traits assayed could be attributed to direct genetic effects rather

than to maternal/paternal or other environmental effects arising

from the type of breeding (Simmons and Garcia-Gonzalez 2008;

Garland and Rose 2009; Kawecki et al. 2012).

EFFECTIVE POPULATION SIZES (Ne)

In each generation, each selection line was seeded with 25 fe-

males and 25 males. Effective population sizes (Ne) may, how-

ever, vary across selection regimes. We estimated effective pop-

ulation sizes using different published methods, and also im-

plemented Monte Carlo simulations adjusted to each selection

regime to mimic the precise extraction protocol to obtain the

breeding individuals that we followed in our selection experi-

ment. We also implemented in our calculations scenarios where

infertile matings were considered (see Appendix for full details).

None of the different methods to estimate Ne returned significant

differences in effective population sizes among the different se-

lection conditions, and the estimates (the majority of them rang-

ing between 41–51), are not much lower than the census popu-

lation size (see Tables A2-A4 in the Appendix). Overall, popula-

tion subdivision yielded slightly higher Ne than conditions with

no spatial structure (see also Walsh and Lynch 2018). In addition,

the relaxation of sexual selection (enforced monogamy) resulted

in slightly higher Ne compared to polygamous conditions. Be-

sides the broader potential implications of these findings (e.g.,

population spatial structure increases to some extent Ne, and sex-

ual selection decreases Ne), the slight variation between selection

regimes are unlikely to lead to differences in inbreeding or drift in

our lines, and the empirical evidence thus far indicates so. First,

there are no differences in the prevalence of infertility among se-

lection regimes (Rodriguez-Exposito 2018). Second, there are no

differences in male or female baseline longevity among selec-

tion regimes (this study). Third, there are no differences in net

reproductive rates among selection regimes either (Rodriguez-

Exposito 2018). In sum, differences among treatments in the re-

sponses investigated in this study are attributable to selection.

TESTER INDIVIDUALS

The evolution of male harm and female resistance was assayed on

focal animals mated to tester individuals that were sourced from

outside the selection experiment. In this way, confounding effects

due to within-line male-by-female coevolution were controlled

for. To standardize the background upon which traits in experi-

mentally evolved beetles were measured, tester individuals were

obtained from near-isogenic lines. This degree of experimental

control is especially important when assaying traits that are de-

termined by sexual interactions because it minimizes sampling

variance arising from the random sampling of mates differing in
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their effects on the traits measured in the focal individuals (see

for rationale and application Garcia-Gonzalez and Evans 2011;

Garcia-Gonzalez and Dowling 2015; Travers et al. 2015). The

Appendix provides specific details about the generation of tester

individuals.

EVOLUTION OF MALE INDUCED HARM AND FEMALE

RESISTANCE

The evolution of male harm and female resistance was investi-

gated by assessing the effects of mating interactions on female

fitness, namely female longevity and female lifetime reproductive

success (LRS). The evolution of male harm was inferred accord-

ing to the effects of focal males on tester female fitness, while

the effects of tester males on focal female fitness informed on

the evolution of female resistance. A series of assays and experi-

ments were run:

No sexual conflict assay: Baseline longevity
Differences among the different replicated populations in fe-

male longevity responses following sexual interactions can be

due to intrinsic survival differences, rather than to differences at-

tributable to the ability of females to resist harm. To take into

account this possibility we measured baseline longevity in the

selection lines (generation 43). We monitored lifespan in virgin

focal females and males when they were in isolation, excluding

therefore the influence of mate-driven factors affecting longevity.

Individuals from the different selection lines were collected from

infested beans that were individually isolated in 1.5 ml Eppen-

dorf tubes with pin holes for ventilation. These tubes were mon-

itored on a daily basis for adult emergence and subsequent adult

longevity. Longevity was measured in a total of 944 individuals

distributed in approximately 30 individuals from each sex per line

(n = 472 males and 472 females; see Table A1). Elytron length,

a proxy for body size, was measured in all individuals (see Ap-

pendix).

Low levels of sexual conflict assay: Female LRS and
longevity after single mating
These assays were carried out at generation 32 of the selection ex-

periment using individuals sourced after two generations of com-

mon garden. The assays focused on measuring LRS and longevity

after a single mating in 2–3 days-old females that were either fo-

cal females mated to tester males (thereby providing a measure of

female resistance to male-induced harm), or tester females mated

to focal males (thereby providing a measure of male-induced

harm). For each of these two assays, 10 focal virgin individuals

were randomly selected per each of the 16 replicated lines (total

number of focal individuals across the two sexes screened = 320;

Table A1). Each focal individual was paired with a single tester

individual of the opposite sex in a small glass container (10mm

diameter × 40 mm high). Each couple was allowed 15 min to ini-

tiate mating. After mating the male was removed and the female

was transferred to a small plastic container (30 ml) with ad libi-

tum beans to allow oviposition. Females remained in these con-

tainers until their death. Longevity data was recorded on a daily

basis and the containers with the newly emerged adult offspring

were frozen 29 days after their establishment, allowing enough

time for the emergence of the majority if not all offspring pro-

duced by females; a vast majority of offspring from singly mated

females is produced in the first 1–3 days after mating (Zajitschek

et al. 2018). Adult offspring production was later counted. Body

size was measured in all focal and tester males and females. Fig-

ure A1 provides an outline for the experiment.

Medium levels of sexual conflict assay: Female
longevity under variable female mating rates
In an additional experiment, we assessed female resistance by

looking at female longevity when controlling for variable female

mating rates. These assays were run at generations 12 and 30,

after one generation of common garden breeding. Seven females

per each of the 16 selection lines at generation 12 (n = 112), and

10 females per replicated line at generation 30 (n = 160), were

tested (final sample size for the analyses across the two gener-

ations was 262 females; see Table A1). All focal females were

1–3 days old. Each focal female was allowed to mate with a sin-

gle tester virgin male (see details in the Appendix) for 15 minutes

once daily for 12 (generation 12), or 10 (generation 30) days. All

mating opportunities were given in the mornings in clean glass

vials (38 mm high, 10 mm diameter). After 15 min the male was

removed and the female was transferred to a 1.5 ml Eppendorf

tube until the next mating opportunity (with a different male) 24

h later. Females were monitored daily for survival. Females did

not have access to oviposition substrate at any time during the as-

says or afterward. Under these conditions, longevity is extended

compared to situations where females can lay eggs (see below

and Messina and Fry 2003). No female died before completing

the mating opportunities period. Body size of experimental fe-

males was measured (Appendix). Figure A2 provides an outline

of these assays.

Extreme levels of sexual conflict assay: Female LRS and
longevity under continuous exposure to intense male
harassment
Male harm to females and female resistance to male harm follow-

ing lifelong sexual cohabitation was measured in beetles after 47

generations followed by one generation of common garden. Male

harm was estimated in assays in which we measured LRS and fe-

male longevity of standardized tester females housed with focal

males. The evolution of the female’s ability to resist male harm

was estimated in assays where LRS and longevity were assessed
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in focal females when they were housed with standardized tester

males (Fig. A3). Each female (approx. 2 days-old) was housed

with three males (1-4 days old) in a small plastic container (30

ml approx.) with approx. 85 beans for the first 24 hours (day 1).

On the second day, the individuals were transferred to a second

container with the same amount of beans, where they remained

for a week. Individuals were then transferred to a third container

with a similar amount of beans, where they remained until female

death. This protocol ensured that females had beans ad libitum to

lay eggs. Males that died before the female were replaced with

new males to keep the ratio of males to females in all containers

constant. The containers were kept for 29 days after the removal

of the experimental individuals, or after female death, to ensure

that all offspring completed development and emerged as adults.

At that moment the containers were frozen at −20°C for later

counting of LRS. The body size of all females was measured.

Male-induced harm was measured in 10 replicate units per se-

lection line, and female resistance in additional 10 replicates per

selection line (n = 320 replicated units across both tests; Table

A1).

STATISTICAL ANALYSES

Linear Mixed Models (LMMs) were fitted using the function

lmer in the package lme4 (Bates et al. 2015). In the analysis of

fitness traits after single mating or continuous male-female co-

habitation we had data on the evolution of male harm (fitness

of tester females mated to focal males), and data on the evo-

lution of female resistance (fitness of focal females mated to

tester males). The response variables in this group of assays were

female longevity and LRS (squared). We also measured base-

line longevity data in virgin individuals. As predictors, the mod-

els included the mating system experimental evolution treatment

(two levels), the metapopulation structure experimental evolu-

tion treatment (two levels), and the interaction of these two fac-

tors, as fixed effects. Body size was included as a covariate in

all the analyses, and in the analyses of responses in male harm

and female resistance we also included the second order interac-

tions between male or female body size and the treatments be-

cause male body size might be associated with male harm and fe-

male body size with female resistance (see results, Appendix, and

Pitnick and Garcia-Gonzalez 2002), and the influence of body

size on harm/resistance could be expected to differ according

to treatment. To account for reproduction-survival relationships

(Williams 1966; Messina and Slade 1999; Roff 2002; Messina

and Fry 2003; Canal et al. 2021), female longevity was included

as a covariate in the analyses of LRS, while LRS was included

in the models where female longevity was the response variable.

While the experimental procedures ensured minimal variation in

female age when entering the assays (see Appendix), this variable

was also included, as a control covariate in the models.

In the assays with variable female mating frequency, only

female longevity was measured, as in these assays females were

not allowed to lay eggs. Predictors in these models included the

two experimental evolution treatments, female body size, and the

second order interactions involving these three predictors. Age,

generation, and female mating frequency were included as con-

trol covariates. Covariates were mean-centered in all analyses

(Schielzeth 2010).

Line ID was included as a random effect in the models. We

fitted by-line ID random intercept and random slopes models to

avoid inflation of type I error (Schielzeth and Forstmeier 2009;

Barr et al. 2013; Bates et al. 2015; Arnqvist 2020). The correla-

tions between intercept and slopes were also included in the mod-

els, excepting when there were issues of convergence in complex

models (see Barr et al. 2013 and extended methods in the Ap-

pendix). For covariates that were included in the model as control

predictors random slopes were not modeled (Barr et al. 2013 and

see Appendix).

Significance of the fixed effects in LMMs was calculated

with Type II (Type III when interactions are significant) Wald

Chi-square tests, on maximum likelihood models, while parame-

ter estimates were calculated using Restricted Maximum Likeli-

hood (Zuur et al. 2009). We report mean ± standard error values

throughout. Complete details on statistical analyses can be found

in the Appendix. Final sample sizes are in Table A1, and Table

A5 shows the means for the response variables for the different

selection regimes across experiments.

Results and Discussion
NO SEXUAL CONFLICT ASSAY

The different selection regimes did not lead to divergence in the

longevity of virgin females, which was only influenced by female

body size (Appendix, Table A6, Fig. A4).

LOW LEVELS OF SEXUAL CONFLICT ASSAY

The evolution of male harm under low levels of sexual con-

flict was assessed in experimental assays in which females were

mated singly. In such tests, female body size was the only variable

significantly predicting female longevity. The LRS of females

was only influenced (positively) by the body size of their mates

(Table 1), suggesting the existence of direct benefits from mat-

ing associated with the receipt of (larger) ejaculates (Savalli and

Fox 1999; Zajitschek et al. 2018). These findings thus support

the view that mating is both beneficial and costly (see below) for

females, and that the outcome of sexual interactions is the result

of a complex balance.

In the evolution of female resistance test, both female

longevity and LRS were positively and significantly influenced
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Table 1. Evolution of male harm (effects of focal males on tester females) assessed after single copulations: Linear mixed models (LMMs)

on the effects of focal males on the longevity and LRS of tester females with whom they mated singly. Monogamy is the reference level

for the mating system treatment, and no population subdivision is the reference level for the metapopulation structure treatment. Due to

convergence issues with the maximal models, the correlations between random intercept and random slopes were removed, to simplify

the random effects structure of the models (see text). P-values were calculated using type II sums of squares on maximum likelihood

models, while parameter estimates were calculated using REML models. P-values in bold are significant at <0.05.

Fixed predictors β Type II Wald χ2 Wald test df P-value

Longevity
Intercept 8.11
Mating system treatment [Poly.] 0.18 0.08 1 0.7780
Metapopulation structure treatment [Yes] 0.25 0.73 1 0.3928
Female body size 2.78 11.57 1 <0.001
Male body size −0.21 0.00 1 0.9969
LRS −0.01 2.37 1 0.1233
Mating system ∗ Metapop. structure −0.16 0.02 1 0.8976
Mating system ∗ Female body size 2.66 1.61 1 0.2045
Mating system ∗ Male body size −1.13 0.15 1 0.6952
Mating system ∗ LRS 0.01 0.23 1 0.6298
Metapop. structure ∗ Female body size −1.37 0.38 1 0.5389
Metapop. structure ∗ Male body size 1.57 0.32 1 0.5689
Metapop. structure ∗ LRS 0.00 0.11 1 0.7362
LRS
Intercept 3205.43
Mating system treatment [Poly.] −146.83 0.10 1 0.751
Metapopulation structure treatment [Yes] −223.80 0.02 1 0.896
Female body size 965.45 2.24 1 0.134
Male body size 3970.13 6.56 1 0.010
Longevity −151.92 1.58 1 0.208
Mating system ∗ Metapop. structure 451.58 0.78 1 0.376
Mating system ∗ female body size 2351.27 1.08 1 0.298
Mating system ∗ male body size −2478.79 0.33 1 0.567
Mating system ∗ LRS 11.80 0.03 1 0.852
Metapop. structure ∗ female body size −369.27 0.00 1 0.953
Metapop. structure ∗ male body size 2982.37 1.37 1 0.241
Metapop. structure ∗ LRS 21.61 0.01 1 0.921

by female body size (Table 2). The interaction between the

mating system and the metapopulation structure experimental

evolution treatments on female longevity was not significant.

However, the point estimates are in the same direction as the

statistically significant interaction under medium levels of sex-

ual conflict (Fig. 2 and see below). The uncertainty in those

estimates under low conflict is, nevertheless, substantial. There

was an effect of metapopulation structure increasing LRS (χ2
1

= 5.93, p = 0.015; Table 2, Fig. A5). Results also showed the

existence of a cost of reproduction in the form of a trade-off

between LRS and longevity, as expected in this species (Messina

and Slade 1999; Messina and Fry 2003; Ronn et al. 2006;

Fig. A6).

In summary, there seemed to be little scope for the detection

of male harm or female resistance in singly-mated individuals.

This is not surprising, as associations between adaptations to sex-

ual conflict and large fitness advantages (for males) or costs (for

females) are unlikely when the consequences of single mating are

inspected, given that at least one mating is needed for reproduc-

tion (Martin et al. 2004).

MEDIUM LEVELS OF SEXUAL CONFLICT ASSAY

We found a significant interaction between the mating system and

the metapopulation structure evolutionary treatments on female

longevity (χ2
1 = 7.77, p = 0.005; Fig. 2, Table 3). In undivided

populations, the results support predictions from sexual conflict

theory. Females from polygamous populations, who are expected

to evolve higher resistance to the damaging effects of harassment

and male adaptations that are pushed in polygamous populations,

lived longer than monogamous females when mating with stan-

dardized males (Fig. 2; and see Gay et al. 2010). However, the

pattern was reversed in females from subdivided populations. The
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Table 2. Evolution of female resistance (fitness of focal females when mated to standardized males) assessed after single copulations:

Linear mixed models (LMMs) on the effects of tester males on the longevity and LRS of focal females after single mating. Monogamy

is the reference level for the mating system treatment, and no population subdivision is the reference level for the metapopulation

structure treatment. Due to convergence issues with the maximal models the correlations between random intercept and random slopes

were removed in the LRS model (see text). P-values were calculated using type II sums of squares on maximum likelihood models, while

parameter estimates were calculated using REML models. P-values in bold are significant at <0.05.

Fixed predictors β Type II Wald χ2 Wald test df P-value

Longevity
Intercept 9.17
Mating system treatment [Poly.] 0.43 2.95 1 0.086
Metapopulation structure treatment [Yes] 0.40 3.39 1 0.065
Female body size 5.49 18.41 1 <0.001
Male body size −1.17 0.09 1 0.765
LRS −0.04 14.31 1 <0.001
Mating system ∗ Metapop. structure 0.00 0.02 1 0.891
Mating system ∗ Female body size −0.25 0.03 1 0.865
Mating system ∗ Male body size 0.75 0.06 1 0.810
Mating system ∗ LRS −0.01 0.44 1 0.509
Metapop. structure ∗ Female body size −0.14 0.03 1 0.863
Metapop. structure ∗ Male body size 3.07 1.57 1 0.210
Metapop. structure ∗ LRS 0.01 0.54 1 0.464
LRS
Intercept 4441.01
Mating system treatment [Poly.] −197.31 0.49 1 0.482
Metapopulation structure treatment [Yes] 251.45 5.93 1 0.015
Female body size 5660.15 4.86 1 0.027
Male body size −2366.07 0.05 1 0.821
Longevity −370.53 24.30 1 <0.001
Mating system ∗ Metapop. structure 1040.18 2.31 1 0.128
Mating system ∗ Female body size −3573.76 0.55 1 0.458
Mating system ∗ Male body size 3442.93 0.69 1 0.406
Mating system ∗ Longevity −195.06 0.81 1 0.367
Metapop. structure ∗ Female body size 1999.97 0.25 1 0.620
Metapop. structure ∗ Male body size 517.87 0.03 1 0.873
Metapop. structure ∗ Longevity −92.33 0.14 1 0.713

Table 3. Evolution of female resistance (longevity of focal females when mated to standardized males) assessed under variable mating

rates: Linear mixed models (LMMs) on the longevity of focal females mated to tester males. Monogamy is the reference level for the

mating system treatment, no population subdivision is the reference level for the metapopulation structure treatment, and generation

12 is the reference level for generation. Female age when entering the assays, number of matings, and generation are control predictors.

P-values were calculated using type III sums of squares on maximum likelihood models, while parameter estimates were calculated using

REML models. P-values in bold are significant at <0.05.

Fixed predictors Β Type III Wald χ2 Wald test df P-value

Intercept 24.15
Mating system treatment [Poly.] 2.01 4.19 1 0.041
Metapopulation structure treatment [Yes] 2.17 4.82 1 0.028
Generation 2.21 6.13 1 0.013
Female age when entering assay −0.07 0.00 1 0.994
Number of matings −0.38 0.92 1 0.336
Female body size 30.14 17.38 1 <0.001
Mating system ∗ Metapop. structure −3.90 7.77 1 0.005
Mating system ∗ female body size −11.90 1.32 1 0.250
Metapop. structure ∗ female body size −0.58 0.02 1 0.885
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Figure 2. Interaction between mating system and presence/absence of metapopulation structure in the evolution of female resistance

in assays with low (left) or medium (right) levels of sexual conflict. Means and SEs (bars) are depicted. Note that the differences in

absolute longevity across assays respond to the differences in whether females had access to oviposition substrate (see text): meaningful

comparisons in female longevity across selection regimes are those within assays

interaction was consistent across generations (Fig. A7). Female

longevity was positively influenced by female body size, regard-

less of selection history (Table 3, Fig. A8).

The reversal of female resistance patterns cannot be ex-

plained by differences in intrinsic longevity (see above). There

are no sizeable differences in effective population sizes, calcu-

lated using different methods including Monte Carlo simulations,

among the different selection conditions (see Methods). This, to-

gether with additional lines of evidence including that i) male

and female infertility rates are below 3% in all 16 selection lines

(Rodriguez-Exposito 2018), ii) there are no differences in male

or female baseline longevity among the 16 replicated popula-

tions, and iii) selection regimes has not led to divergence in net

reproductive rates (Rodriguez-Exposito 2018), indicates that the

reversal of female resistance patterns cannot be attributed to in-

breeding or genetic drift effects.

EXTREME LEVELS OF SEXUAL CONFLICT ASSAY

In these tests, each female was exposed to continuous lifelong

male harassment and mating attempts from three males. In the

tests of the evolution of male harm, there was a significant inter-

action between the mating system and the metapopulation struc-

ture treatments on female LRS, suggesting, again, a reversal of

the consequences of sexual conflict. In undivided populations,

males from polygamous lines imposed higher harm to tester fe-

males (females exhibited lower LRS) than males from monog-

amous lines, as expected (e.g., see Martin and Hosken 2004).

However, this pattern was reversed in subdivided populations

(χ2
1 = 4.43, p = 0.035; Table 4, Fig. 3). This pattern mirrors

the reversal patterns shown in the other assays for longevity, and

Figure 3. Interaction between mating system and metapopula-

tion structure in the evolution of male effects on tester female’s

LRS in assays with lifelong continuous male-biased sexual cohab-

itation. Means and SEs (bars) are shown

it is also reminiscent of findings in one of the few empirical stud-

ies on the effects of population size on sexual conflict (Gay et al.

2010). That study documented a relationship between the degree

of male-induced genital damage experienced by females and their

LRS that was dependent on whether males had evolved in larger

versus small populations, with the cost of genital damage on LRS
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Table 4. Evolution of male harm (effects of focal males on tester females) assessed under continuous male-female exposure: Linear

mixed models (LMMs) on the effects of focal males on the longevity and LRS of tester females with whom they cohabited during female

lifetime. Monogamy is the reference level for the mating system treatment, and no population subdivision is the reference level for the

metapopulation structure treatment. Female age when entering the assays is a control predictor. Due to convergence issues with the

maximal models, the correlations between random intercept and random slopes were removed, to simplify the random effects structure

of the models (see text). P-values were calculated using type II (longevity model) or type III (LRS model) sums of squares on maximum

likelihood models, while parameter estimates were calculated using REML models. P-values in bold are significant at <0.05.

Fixed predictors β Wald χ2 Wald test df P-value

Longevity
Intercept 7.76
Mating system treatment [Poly.] 0.02 3.34 1 0.068
Metapopulation structure treatment [Yes] 0.69 3.11 1 0.078
Female body size 3.46 13.62 1 <0.001
LRS 0.04 23.66 1 <0.001
Female age when entering assay 1.12 99.98 1 <0.001
Mating system ∗ Metapop. structure −0.67 3.12 1 0.077
Mating system ∗ Female body size −1.95 0.85 1 0.356
Mating system ∗ LRS −0.01 0.99 1 0.320
Metapop. structure ∗ Female body size 2.38 1.20 1 0.273
Metapop. structure ∗ LRS −0.01 0.71 1 0.399
LRS
Intercept 2927.53
Mating system treatment [Poly.] −233.94 0.38 1 0.540
Metapopulation structure treatment [Yes] −531.21 2.52 1 0.113
Female body size 1604.67 0.42 1 0.516
Longevity 673.77 15.44 1 <0.001
Female age when entering assay −748.73 15.01 1 <0.001
Mating system ∗ Metapop. structure 1017.32 4.43 1 0.035
Mating system ∗ Female body size 1687.08 0.28 1 0.594
Mating system ∗ Longevity −160.97 0.82 1 0.367
Metapop. structure ∗ Female body size 1569.93 0.50 1 0.479
Metapop. structure ∗ Longevity −186.16 1.23 1 0.267

being only apparent in females mated to males from larger pop-

ulations. Our results suggest that the female benefit/cost balance

derived from sexual selection adaptations in males is relatively

more inclined towards benefits in spatially structured populations

than in panmictic populations. Additional results from the ex-

treme levels of sexual conflict assays can be found in Table 5

(analysis of female resistance), and in the Appendix, but we are

cautious when interpreting the outcomes of our assays under con-

ditions of continuous male-biased sexual cohabitation. This is so

because the housing conditions in these assays (three males per

female in a confined space for life) may have led to unrealis-

tic heightened levels of harassment, at the same time that it may

have compromised copulations due to high levels of disruptions

of mating attempts by competitor males.

GENERAL CONSIDERATIONS

Sexual conflict theory predicts more intense sexual conflict in

larger compared to smaller populations (Gavrilets 2000; Martin

and Hosken 2003; Gay et al. 2010). In principle, a similar

expectation should apply when comparing undivided and divided

populations. For example, in our selection experiment, each indi-

vidual from a polygamous non-structured population was able to

interact with 25 individuals of the other sex and had to compete

with another 24 individuals of the same sex. In structured popu-

lations, these numbers are five and four, respectively, for sexually

interacting individuals and direct competitors, for each animal.

This should impose differences in the intensity of sexual selection

and effects due to hard (undivided populations) vs. soft (divided

populations) selection (Saccheri and Hanski 2006), ultimately

leading to increased sexual conflict and opportunity for sexually

antagonistic coevolution in polygamous undivided lines. This

is indeed the pattern we observed. These findings support the

notion that demes within a metapopulation can act as refuges for

different genotypes or strategies that would otherwise be selected

against in panmictic populations (Bonsall et al. 2002; Yasui and

Garcia-Gonzalez 2016). In our case, the implication is that less
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Table 5. Evolution of female resistance (fitness of focal females when mated to standardized males) assessed under continuous male-

female exposure: Linear mixed models (LMMs) on the effects of tester males on the longevity and LRS of focal females with whom

they cohabited during lifetime. Monogamy is the reference level for the mating system treatment, and no population subdivision is

the reference level for the metapopulation structure treatment. Female age when entering the assays is a control predictor. Due to

convergence issues with the maximal models, the correlations between random intercept and random slopes were removed in the LRS

model (see text). P-values were calculated using type III sums of squares on maximum likelihood models, while parameter estimates were

calculated using REML models. P-values in bold are significant at <0.05.

Fixed predictors β Type III Wald χ2 Wald test df P-value

Longevity
Intercept 7.56
Mating system treatment [Poly.] −0.08 0.14 1 0.707
Metapopulation structure treatment [Yes] −0.03 0.02 1 0.891
Female body size 0.03 0.00 1 0.983
LRS 0.06 37.55 1 <0.001
Female age when entering assay 0.92 7.80 1 0.005
Mating system ∗ Metapop. structure 0.51 2.83 1 0.093
Mating system ∗ Female body size −1.90 0.83 1 0.363
Mating system ∗ LRS −0.04 15.94 1 <0.001
Metapop. structure ∗ Female body size 4.95 5.76 1 0.016
Metapop. structure ∗ LRS −0.02 3.99 1 0.046
LRS
Intercept 5121.78
Mating system treatment [Poly.] 221.99 0.29 1 0.588
Metapopulation structure treatment [Yes] −250.28 0.53 1 0.465
Female body size 6980.48 4.31 1 0.038
Longevity 926.77 20.53 1 <0.001
Female age when entering assay −387.54 0.77 1 0.380
Mating system ∗ Metapop. structure 675.48 1.56 1 0.212
Mating system ∗ Female body size 5382.78 2.15 1 0.142
Mating system ∗ Longevity −640.67 5.79 1 0.016
Metapop. structure ∗ Female body size 2969.26 0.79 1 0.373
Metapop. structure ∗ Longevity −327.12 2.11 1 0.146

competitive genotypes (i.e., less resistant females, or less harmful

males) could persist for longer in metapopulations. In monoga-

mous populations, however, structuring should have no bearings

on sexual conflict intensity per se, but differences regarding

hard (undivided populations) versus soft (subdivided popula-

tions) selection may still exist. These differences may underlie

the maintenance of high levels of female resistance following

the release from sexual selection in monogamous structured

populations.

Genetic relatedness among competitors is known to mod-

erate sexual conflict (Carazo et al. 2014; Pizzari et al. 2015;

Łukasiewicz et al. 2017; Lymbery and Simmons 2017). If kin

selection played a role in our selection experiment, the expec-

tation would be for subdivided polygamous populations to ex-

perience less intense conflict than polygamous panmictic pop-

ulations (but see also Faria et al. 2020), a prediction indistin-

guishable from the expectation that the intensity of sexual con-

flict should increase with population size (in terms of the maxi-

mum number of interacting individuals). However, amelioration

of sexual conflict through kin selection cannot explain the rever-

sal of sexually antagonistic patterns because it would predict no

differences among undivided and subdivided monogamous pop-

ulations (among other things, in monogamous populations indi-

viduals do not compete with individuals varying in relatedness,

a prerequisite for kin selection to work). Furthermore, even con-

sidering only polygamous populations, it is unlikely that the pat-

terns are explained by kin selection resulting from individuals

locally competing with individuals that differ in genetic related-

ness, since we imposed a 20% migration rate among demes in

structured populations every generation. Thus, gene flow would

have prevented genetic structuring to a large extent, thus reducing

the scope for kin selection as well as differences among lines in

inbreeding depression (see above and Appendix). On a different

note, we were careful to impose equal and controlled migration
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rates for both sexes among demes, and thus our results cannot

be explained by the effects of sex-biased dispersal (Eldakar et al.

2009; Faria et al. 2015; Lymbery et al. 2020).

We have provided insights into sexual conflict evolution in

subdivided populations that are connected by migration. Beyond

confirming that sexually antagonistic arms races ensue in sce-

narios where sexual conflict is intense, our results reveal unex-

pected important consequences of population spatial structure on

sexual selection and sexual conflict. In addition, they suggest

that metapopulation structure modulates relationships (including

trade-offs) between lifespan and other life-history traits. Broadly,

our results underscore the importance of the ecological context

in moderating adaptations and counteradaptations to sexual se-

lection and conflict. The findings also not only have implications

for sexual conflict evolution, but also for conservation biology

and speciation (Arnqvist et al. 2000; Holman and Kokko 2013;

Gavrilets 2014). As a final note, in light of our results, we con-

tend that applying the geographic mosaic of coevolution’s per-

spective (Thompson 2005) to the realm of intra-specific sexual

interactions (Gosden and Svensson 2008), and in particular to the

study of sexually antagonistic coevolution, would bring impor-

tant insights.
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Figure A9. Measurement of elytron length.
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