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Socially bonded females face more sexual coercion
in a female-philopatric primate

Nikolaos Smit,1,5,* Jules Dezeure,2 Loı̈c Sauvadet,2 Elise Huchard,1,4 and Marie J.E. Charpentier1,3,4

SUMMARY

Sexual coercion is amanifestation of sexual conflict increasingmalemating successwhile inflicting costs to
females. Although previous work has examined inter-individual variation in male sexually coercive tactics,
little is known about female counter-strategies. We investigated whether social bonding mitigates the
extent of sexual coercion faced by female mandrills (Mandrillus sphinx), as a putative mechanism linking
sociality to fitness. Surprisingly, females faced the most coercion from those males with whom they
formed the strongest bonds, while the strength of a female-male bond was also positively correlated
with coercion from all other males. Finally, greater social integration in the female network was positively
correlated with coercion, through a direct ‘public exposure’ mechanism and not mediated by female
reproductive success or retaliation potential. Altogether, this study shows that neither between- nor
within-sex bonds are protective against sexual coercion and identifies, instead, a hidden cost of social
bonding.

INTRODUCTION

The attempt to control reproductive opportunities is a fundamental aspect of animal social evolution1 that often leads to within-sex compe-

tition2 and between-sex conflict.3 Sexual conflict emerges from the diverging evolutionary interests of males and females and appears ubiq-

uitous from insects to mammals.4 Sexual coercion, often described as a third form of sexual selection,5,6 is one behavioral manifestation of

sexual conflict, in which males use aggression (often inflicting injuries7 or stress8) toward females to increase their mating success.5,9 A few

recent studies have investigated the benefits of coercion to males,10 or the sources of variation among males in coercive tendencies.11

Much less is known, however, about the strategies used by females to mitigate their exposure to coercion and its associated costs.

In response to sexual conflict, females may develop physiological adaptations to minimize male monopolization potential, such as syn-

chronizing sexual receptivity12 to dilute male coercion or manipulating the detectability13,14 or reliability15 of fertility signals to deceive

males.16 They may also use behavioral strategies, such as sneaky copulations,17 promiscuous mating18 or some form of social defense.19,20

Females might, specifically, use alliances with males or other females to prevent or resist male coercive tactics.5 To date, the only relevant

studies have focused on the protective effect of female-male bonds against infanticide across several species21 or against sexual harassment

in orangutans.19 Therefore, female social relationships with males or other females might mitigate sexual coercion in ways that have not been

investigated yet.

A large body of work highlights the positive effect of social relationships on fitness across many taxa, but the mechanismsmediating these

effects remain partially understood.22 Social relationships may protect against chronic social stress23,24 and conspecific harassment.25 Be-

tween-sex bonds, in particular, are associated with a reduced risk of social harassment and mortality in female baboons and humans.26–30

Thus, females may form long-term associations with certain males to minimize the risk of conspecific aggression.31 In addition, females

may sustain stronger bonds with certain males to reduce aggression from them,32 possibly because affiliation allows males to mate with their

female associates without using coercion. Lastly, female-female bonds might also prove protective. In South American sea lions (Otaria fla-

vescens), females breed in large groups to dilute the risk of male harassment33 and in feral horses, more socially integrated females face less

male social harassment34 perhaps because males are reluctant to assault bonded females who could form coalitions to retaliate against

them.5,35 Notably, female-female coalitions have likely contributed to prevent the evolution of sexual coercion in bonobos36 in contrast to

the congeneric sexually coercive chimpanzees8 where such coalitions are rare.37 Overall, the fitness benefits of social bonds may be partially

mediated by their protective effect against aggression, including sexual coercion, but this ‘protective bonds’ hypothesis has received limited

attention in the sexual selection framework.
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Social bonds might, contrarily, be associated also with costs in the context of sexual coercion (‘costly bonds’ hypothesis). First, strongly

socially connected females often enjoy higher reproductive success than poorly connected ones,34,38 potentially attracting male mating in-

terest and coercion. For example, male chimpanzees (Pan troglodytes) prefer mating with older, parous females because they show higher

reproductive success than younger ones,39 likely explaining why parous females also face more coercion.8 Second, affiliation history often

predicts coalition formation in mammals.40,41 Highly socially connected females might thus enjoy greater coalitionary support that they could

use to retaliate more frequently in response to coercive males (similarly to powerful women who respond assertively against their co-

ercers42,43), which in turn might increase the risk of escalation by males. Finally, females who occupy central positions in a group’s social

network typically interact more with their groupmates, potentially leading to higher spatial ‘centrality’, exposing them to greater coercion

simply because they are more visible and encounter males more often than peripheral females.

Here, we test the influence of female-male social bonds and female-female social integration on the intensity of male sexual coercion that

females face, using a 9-year dataset onwildmandrills. Mandrills are seasonally breeding primates of theCercopithecidae family, living in large

polygynandrous groups.44 Males are 3.5-times heavier than females45 and this physical asymmetry probably facilitatesmales to obtainmating

opportunities through sexually coercive strategies rather than bribing females by offering services. Indeed, males rarely groom females but

they often mate-guard those who display large sexual swellings around ovulation.46 Additionally, a recent study has shown that male aggres-

sion before the swelling phase of a female’s estrus cycle increases male mating success during the subsequent swelling phase.47 Thus, male

aggression occurring before the swelling phase qualifies as sexual coercion (i.e., sexual intimidation), while aggression occurring during the

swelling phase does not, since it is not associated with male mating success.47 Nonetheless, male mandrills may also potentially protect fe-

males: they are occasionally observed directing aggression to rivals who previously directed aggression to females and they might also enter

coalitions of females that chase rival males away, regardless of the dominance rank asymmetry amongmales (NS personal observation).While

most males enter the group at the onset of the mating season and often leave afterward, females are philopatric48 and therefore, they might

depend more on their more stable bonds with other females in order to defend themselves against males. Indeed, female-female bonds

appear to be crucial in this species: social integration (measured as the number of individuals a female affiliates with or her rate of overall

affiliation) is positively correlated with both dominance rank49 and younger age at first reproduction.38 Females can thus form strong social

bonds with kin50,51 that occasionally translate into coalitions against other groupmates. Notably, coalitions of females can chase away or

sometimes even physically attack males.52

We made the following predictions with respect to the protective bonds’ hypothesis in a mating context: (P1) female mandrills who form

strong bonds with males face less coercion from them; (P2) females who form strong bonds with their ‘top male partners’ face less coercion

from all other males; and (P3) females who are well-connected in the female social network and/or have larger matrilines face less male coer-

cion overall. Because our results were opposite to those predicted, supporting rather the costly bonds’ hypothesis, we further tested whether

well-connected females face more coercion because they (1) have higher reproductive success and thus are more attractive to males (‘repro-

ductive success’ indirect path), (2) are high-ranking and are thus likely to retaliate against coercive males (‘retaliation’ indirect path), or (3)

occupy central positions in the social network, which may expose them to more coercion (‘public exposure’ direct path).

RESULTS

Do females receive less coercion from males with whom they form stronger affiliation bonds (P1)?

Female-male dyads who exchangedmore grooming were also characterized by higher coercion rates (Figure 1A; Table 1). Similarly, in dyads

with higher proximity scores, males were more coercive (Chisq = 26.190, p value < 0.001; Figure 1B). Particularly, one standard deviation in-

crease in grooming or proximity score was associated with 0.25 and 0.42 additional aggression events, respectively. Males in their prime were

more coercive than younger and older ones (Table 1). Moreover, there was a marginally non-significant trend for older females to face more

coercion (Table 1). All other variables, including male-female rank difference, were not significant (Table 1). Results were qualitatively similar

when adding male and female rank as two explanatory variables instead of male-female rank difference (not shown).

Does a female’s top grooming/social partner protect her against coercion from other males (P2)?

The bond of a female with her topmale partner did not protect her against coercion from other males. Instead, females who exchangedmore

groomingwith their topgroomingpartner receivedmorecoercion fromall othermales (Figure 1C; Table2). Particularly, one standarddeviation

increase in grooming rate was associated with 0.49 additional aggression events. However, females who stood closer to their top proximity

partner did not face more or less coercion from other males (Chisq = 2.231, p value = 0.135). All other variables did not influence the results.

Does female integration in the female-only network or the number of maternal kin in the group protect her against male

coercion (P3)?

We found that more central females (i.e., with higher eigenvector centrality; Figure 2A; Table 3) and those with higher strength (Chisq = 9.490,

p value = 0.002; Figure 2B) in the female-only grooming network faced more sexual coercion from all males. Additionally, females with larger

matrilines also faced more coercion (Chisq = 4.288, p value = 0.038; Figure 2C) though the corresponding model did not control for female

rank which was correlated with matriline size (when adding female rank, the effect of matriline size becamemarginally non-significant Chisq =

3.00, p value = 0.08). Finally, there was a marginally non-significant trend for higher-ranking females to face more coercion (Table 3). Female

age and the operational sex ratio did not influence the results.
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Is the effect of female centrality on sexual coercion direct, or indirectly mediated by female reproductive success or

retaliation potential?

Themediation (path) analysis suggested that the correlation between female centrality in the female-only grooming network and sexual coer-

cion was independent from our proxies of female reproductive success and female retaliation potential, failing to support the ‘reproductive

success’ and ‘retaliation’ indirect paths (Figure 2D Table 4). In contrast, female centrality positively and directly correlated with the coercion a

female faced, supporting the ‘public exposure’ direct path (Figure 2D; Table 4). This effect did not appear to be a simple byproduct of female-

male association because the model considering a female’s overall spatial proximity to males on the probability of coercion from all males

performed worse than the model including female centrality (D AIC = 42.47); and the overall spatial proximity to males was marginally non-

significant (Chisq = 3.60, p value = 0.058). Finally, female rank and age were positively correlated with reproductive success but they did not

influence the probability of facing sexual coercion (Table 4).

DISCUSSION

Social bonds and social integration are associated with important fitness benefits in several species (longevity22; reproductive success34)

including mandrills.38 We therefore investigated whether they also mitigate the intensity of sexual coercion that females face, providing a

putative behavioral mechanismmediating the link between sociality and fitness. Our results highlight that social bonding is, indeed, a crucial

factor modulating the expression of sexual coercion53 but not in the direction proposed by our central hypothesis. Specifically, we found that
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Figure 1. Coercion faced by females as a function of female-male dyadic affiliation rates

(A and B) Coercion within a dyad as a function of the rate of (A) grooming and (B) proximity of the dyad.

(C) Coercion faced by a female from all males except her top grooming partner as a function of the strength of her grooming rate with him. Grooming rates

correspond to the time spent by the female grooming the male divided by the total time of observation of each dyad. Proximity rates correspond to the

number of scans for which the dyad was recorded in proximity divided by the total number of scans of the dyad. The regression lines of the GLMMs are

shown. Shaded areas show 95% confidence intervals. The results hold with or without including the outliers (squares).

(D) An adult, cycling female mandrill grooming an adult male.
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social bonding failed to confer any protection against sexual coercion in mandrills. Instead, females with stronger bonds with either males or

females faced more coercion, revealing a hidden cost of sociality (‘costly bonds’ hypothesis).

Female mandrills received more coercion from males with whom they formed stronger bonds. In hamadryas baboons (Papio hama-

dryas hamadryas) and bottlenose dolphins (Tursiops aduncus), males aggressively enforce proximity with females to reduce the chances

that they will mate with rival males.54,55 Mandrill females might accordingly be forced into spatial associations maintained by coercive

males, similar to mate-guarding episodes, which can simply reflect male mating strategies rather than female initiated affiliation. However,

unlike hamadryas baboons or bottlenose dolphins, male mandrills rarely, if ever, use overt physical restraint, sequestering or ‘herding’

behaviors toward females; but they rather coerce females using milder aggressive tactics.47 While directional grooming of females toward

males may be less easily enforced by males than spatial proximity, a recent study in sexually coercive chacma baboons (Papio ursinus)7

indicates that females may regularly groom males as an appeasement strategy.56 In mandrills, females have been occasionally observed to

groom males after receiving aggression from them (NS personal observation), suggesting that a similar appeasement strategy might

explain our results.

It is also possible that the higher rate of coercion within bonded dyads is a simple by-product of dyadmembers’ spatial proximity, because

greater proximity may create more opportunities for coercion. Nevertheless, at least two points speak against this interpretation. First, while

affiliation and coercion can co-exist within female-male bonds, female-male bonds do not necessarily entail any violence even in species in

whichmales use sexual coercion. For example, in chacmababoons, the social bonds formedbetween amale and a lactating female around an

infant are typically characterized by high spatial proximity and frequent grooming but very low levels of male aggression toward the fe-

male.57,58 Second, we found that overall proximity to males is not strongly correlated with the probability of facing coercion from all males

in mandrills, suggesting that proximity alone cannot account for most variation in the intensity of coercion.

Male mandrills also did not provide protection to their female partners against sexual coercion from other males. While a male mandrill

might repel rivals during short mate-guarding bouts in the few days around ovulation in the mating season, he might not gain any additional

benefits fromprotecting a female outside these bouts. Finally, given that the highest-rankingmales are also themost coercive inmandrills,47 a

male would likely face high risks–regardless of his own rank–when confronting these high-ranking coercers to protect his female partner.

Instead of a protective effect, we unexpectedly found that female mandrills sharing stronger bonds with their top grooming partner received

more coercion from other males, but the reasons for that are not yet clear. In fact, this result might reflect a male competitive strategy, where

males harass and intimidate their rivals’ mates to disrupt their social bonds59 or provoke confrontations that they are likely to win.60 Alterna-

tively, it may be caused by an unidentified confounding factor, such as a higher sexual attractiveness of such females, who would make them

preferential targets of coercion.

Table 1. Drivers of variation in the intensity of sexual coercion within female-male dyads

Response variable: Aggression from the dyad male

Fixed factor Estimate CI 95% Chisq P-value

Grooming score 53.939 [14.580;93.298] 7.215 0.007

Rank difference �0.188 [-5.222; 4.846] 0.005 0.942

Operational sex ratio 1.635 [-0.691; 3.961] 1.899 0.168

Female age 0.061 [-0.011; 0.133] 2.773 0.096

Male age �3.617 [-12.178; 4.944] 7.695 0.408

Male age2 �14.032 [-23.982;-4.081] 7.695 0.006

The analysis included 801 intersexual dyads (composed of 51 females and 39males). Significant p values and confidence intervals that did not cross zero appear in

bold. The significance of each variable was assessed using chi-square tests (Chisq).

Table 2. Female grooming bonds with their top male grooming partner in relation to sexual coercion from all other males (n = 97 estrus cycles of 46

females)

Response variable: Aggression from all males except the male partner

Fixed factor Estimate CI 95% Chisq P-value

Grooming strength 31.530 [16.036;47.025] 15.907 < 0.001

Female rank �2.250 [-10.568; 6.069] 0.281 0.596

Partner rank �11.216 [-36.814; 14.382] 0.737 0.390

Female age 0.045 [-0.082; 0.172] 0.479 0.489

Operational sex ratio 3.406 [-0.762; 7.575] 2.565 0.109

Significant p values and confidence intervals that did not cross zero appear in bold. The significance of each variable was assessed using chi-square tests (Chisq).
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Earlier hypotheses propose that female aggregations and alliances may represent counterstrategies to sexual coercion.5,36,61 In contrast,

we found that more socially integrated female mandrills (with higher centrality or strength in grooming networks or larger matrilines) face

more sexual coercion, despite their occasional violent coalitions against males.52 The results of our path analysis did not support the ‘repro-

ductive success’ indirect path proposing that male coercion preferentially targets central females because these have higher reproductive

success – andmight be thusmore attractive tomales. Nevertheless, other proxies of female attractivenessmight bemore suitable than repro-

ductive success. Male mating effort typically varies with female fertility, which can be advertised by sexual swelling size in cercopithecids.62 A

future study using a combination of swelling size and hormonal measures of fertility might help to clarify the association between female

attractiveness and male coercion. Similarly, the results of our path analysis did not support the ‘retaliation’ indirect path: female centrality

did not predict rank and rank did not mediate the effect of centrality on coercion. Finally, in contrast to previous results47 (see also Table 3)

our path analysis suggested that female rank is not associated with coercion (Table 4), calling for future studies using, for example, more fine-

grained estimations of female rank, to clarify this association, or lack thereof.

More socially integrated females in the female-only network appeared to face more sexual coercion (‘public exposure’ direct path), likely

because they are more central in the social life of the group and are thus more visible or spatially close to coercive males. Such interpretation

may explain why females who are more socially connected with both males and females face more coercion. Social and spatial centrality are

associated with lower predation risk63 and male primates are commonly the main defenders of social groups against predators.64 Our results

highlight that female primateswho live in groupswithmalesmight experience trade-offs between these predation related benefits and sexual

coercion. Moreover, although the risk of sexual or social coercion are often higher for socially isolated females in some species (humans65;

feral horses34), our results echo observations in white-faced capuchins (Cebus capucinus imitator) where new alpha males preferentially kill

infants of strongly socially connected and central females,66 indicating that social connections may represent a risk factor for sexual coercion
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Figure 2. Coercion faced by females as a function of their integration in the female social network

(A–D) Predicted coercion faced from all males as a function of a females’ (A) eigenvector centrality and (B) strength in the female grooming network, as well as of

(C) her matriline size. The regression lines of the GLMMs are shown. Shaded areas show 95% confidence intervals. Panel (D) illustrates the path analysis, including

the hypothetical direct and indirect effects of female social bonds on coercion faced from all males (solid black lines). The different effects may follow two indirect

paths, respectively mediated by female reproductive success (‘reproductive success’; top solid line) and dominance rank (‘retaliation’; bottom solid line), as well

as a direct path (‘public exposure’; middle solid line). Dashed line color represents positive (teal) or negative (red) relationships, alongwith the estimates. Only the

direct path, ’public exposure’, was significant (in bold).
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in some societies. Finally, our results might reflect alternative pathways that we could not test for. For example, recent studies suggest that

social bonds and support can influence woman health and fertility.67,68 Thus, male primates might prefer to mate with (and coerce the most)

central females because of their better health or higher fertility.

These results add to a growing literature describing the costs of social integration and social bonds. For example, social integration is

associated with reduced offspring survival in female eastern gray kangaroos (Macropus giganteus;69) and reduced longevity in yellow-bellied

marmots (Marmota flaviventer).70 Nonetheless, these currently appear as exceptions in a broader picture in which social integration is bene-

ficial for individual fitness.22 Placing our findings into this picture requires comparing the possible costs of coercion with the overall benefits of

social integration on female reproductive success and survival. Although sexual coercion is associated with an increased risk of injury for fe-

male mandrills,47 these costs might be short-lived, i.e., concentrated during a relatively short period before conception. Conversely, the ben-

efits of social bondingmight be long-lasting and independent of life stage or reproductive state. Ultimately, although our studymight reveal a

potential mechanism throughwhich sexual conflict shapes social evolution, further studies need to clarify the strength of its selective pressure.

Previous hypotheses suggest that female social alliances represent a primary line of defense against male sexual coercion. We expected

this to be particularly overt in mandrills where female alliances are regularly observed and the extreme male-biased sexual size dimorphism

likely prevents unaided female defense against males. Conversely, our results showed that neither female alliances nor female-male bonds

confer such defense. Thus, our results call for the extension of a burgeoning field that investigates the social ecology of sexual coercion in

other societies, focusing, in particular, on the effect of social environment on the use and forms of male coercive strategies, as well as the

risks and costs of coercion faced by females.

Limitations of the study

Our study suffers from some limitations. First, it is observational, and thus does not allow us to make any firm inference on the causal relation-

ships linking female social bonds and male sexual coercion, which could be generated by confounding factors. In addition, the large size of

our study group as well as the dense vegetation and low visibility limited the resolution of our behavioral data for some individuals or het-

erosexual dyads. Finally, our results were opposite to our predictions and revealed an unexpected positive correlation between the variables

of interest, making the interpretation more complex and fragile. Nonetheless, the relationship linking social bonds and coercion was consis-

tently positive across different types of social partners and connections (i.e., the strength of male-female dyadic bonds, the strength and num-

ber of female-female bonds), and we propose several interpretative scenarios for it.

Table 3. Female-female social bonds and sexual coercion (n = 77 estrus cycles of 39 females)

Response variable: Aggression from all males

Fixed factor Estimate CI 95% Chisq P-value

Female centrality 0.939 [0.147;1.732] 5.399 0.020

Female rank 0.720 [-0.032; 1.473] 3.517 0.061

Female age �0.046 [-0.109; 0.016] 2.140 0.143

Operational sex ratio 0.671 [-1.964; 3.306] 0.249 0.618

Significant p values and confidence intervals that did not cross zero appear in bold. The significance of each variable was assessed using chi-square tests (Chisq).

Table 4. Direct and indirect effects of female-female social bonds on sexual coercion

Paths to coercion

Term Predictor Estimate(unstandardized) SE P

Female rank Centrality 0.098 0.118 0.405

OSR 0.049 0.179 0.785

Female age �0.014 0.008 0.082

Rep. Success Centrality 0.893 0.647 0.168

Female rank 2.546 0.633 < 0.001

Female age 0.425 0.044 < 0.001

Aggression Rep. Success �0.005 0.020 0.791

Female rank 0.013 0.122 0.917

Centrality 0.298 0.116 0.010

Female age �0.003 0.011 0.808

OSR 0.224 0.173 0.197

The path analysis included 77 estrus cycles of 39 females. Significant p values appear in bold.
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Lead contact

Further information should be directed to and will be fulfilled by the lead contact, Nikolaos Smit (snikos@tutanota.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Data are available at https://gitlab.com/nksmt/mandrills3
� All original code has been deposited at https://gitlab.com/nksmt/mandrills3
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethical guidelines

This study was approved by an authorization from the CENAREST institute (permit number, AR017/22/MESRSTTCA/ CENAREST/CG/CST/

CSAR) and followed all applicable international, national, and/or institutional guidelines for the care and use of animals.

Study population

We studied a natural population of unfed, non-manipulatedmandrills that range freely in the surroundings of Lékédi Park, in SouthernGabon.

The social groupwas initially founded by captivemandrills fromCIRMF (Centre International de RecherchesMédicales de Franceville, Gabon)

released on two occasions, in 2002 and 2006.77 The study group is habituated to human presence and daily observations are performedwithin

the framework of the Mandrillus Project, established in 2012 to study mandrills’ life-history, ecology and behaviour. In late 2021, the group

consisted of c.a. 220 individuals including only 7 females born in captivity (for more details on the origins of the group see48). We used be-

havioural and life-history data from 2012-2021, excluding 2020 due to COVID19 pandemic-related disruptions, for a total of 51 adult females

aged 4 yrs and older, and 39 subadult and adult males aged 9 yrs and older.45 We considered the mating season to occur from April 1st to

September 30th and the rest of the year to correspond to the birth season.44

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Cleaned data and code GitLab https://gitlab.com/nksmt/mandrills3

Experimental models: Organisms/strains

51 female and 39 male free-ranging mandrills Not applicable Not applicable

Software and algorithms

R R Core Team 2022 https://cran.r-project.org/

R package EloRating Neumann et al.71 https://cran.r-project.org/web/packages/EloRating/

R package igraph Csardi & Nepusz72 https://cran.r-project.org/web/packages/igraph/

R package glmmTMB Brooks et al.73 https://cran.r-project.org/web/packages/glmmTMB/

R package car Fox74 https://cran.r-project.org/web/packages/car/

R package DHARMa Florian75 https://cran.r-project.org/web/packages/DHARMa/

R package lavaan Rosseel et al. https://cran.r-project.org/web/packages/lavaan/

R package ggplot2 Wickham et al.76 https://cran.r-project.org/web/packages/ggplot2/

TikZ (TeX) The TikZ and PGF Packages https://www.ctan.org/pkg/pgf
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METHOD DETAILS

Behavioral observations

Observers blind to the topic of this study conducteddaily ad libitumbehavioural observations and 5-min focal sampling on individually-recog-

nized males and females. We considered a total of 24169 focal observations (18767 and 5402 on females and males, corresponding to 1564

and 450 hours, respectively). During focal observations, agonistic (aggressive: grasping/hitting, biting, chasing, lunging, slapping the ground

and head bobbing; submissive: avoidance, displacement, escape and submissive vocalization) and grooming interactions were recorded

along with other behaviours. These observations were interspersed with up to three proximity scans (every 2 minutes approximately)

recording the identities of all individuals located within 5m from the focal individual.

Individual traits

Dominance ranks

We used the function DS from the R package EloRating version 0.46.1171 to compute intersexual hierarchies based on submissive dyadic

interactions that were recorded between and within the sexes during focal or ad libitum observations, as per.49 This function produces indi-

vidual David’s scores78 using the proportion of wins of each individual in each dyad (corrected for the number of agonistic interactions;

prop=’’Dij’’). Differences between individual scores correspond to dominance asymmetries, calculated for each female-male dyad. Previous

results have shown that higher-ranking female mandrills receive significantly more male aggression and that higher-ranking males are more

coercive.47 In our models described below we therefore used both female and male rank as control variables, retrieved from the intersexual

hierarchy (based on both within and between-sex interactions) because high-ranking females occasionally outrank some males.49

Age

The exact birth date was known for 21 individuals. For the remaining 69 individuals, we estimated age based on body condition and patterns

of tooth wear and eruption.79 For 37 individuals the estimation uncertainty was < 1 year and for 32 individuals it was 1-3 years. We controlled

for both male and female ages because age may impact social relationships in primates.80 In addition, we considered the quadratic term of

female age because mid-aged females might be more attractive due to their higher fertility or reproductive success than young or old

females,81,82 possibly influencing male coercive behaviours.

Reproductive state and reproductive success

Observers recorded the reproductive state of each sexually mature female on a near-daily basis. During estrus periods, which mostly occur

during themating season, females exhibit sexual swellings which gradually inflate (recorded on a scale from 0 to 3 by increments of 0.544) until

reaching a maximal size, around ovulation, before deflating. Here, we considered only estrus cycles that ended with a conception and calcu-

lated male aggression from the beginning of the mating season until the beginning of this cycle in order to include all the episodes of sexual

receptivity in case a female had more than one estrus cycle within a mating season before conceiving. The exact number of estrus cycles is

hard to document in mandrills because a female’s sexual swelling might inflate and deflate several times before conception without always

reaching maximum size or deflating completely.

We calculated the number of surviving offspring (surviving > 6 months; see44) that a female had until each mating season, as a proxy of

female reproductive success in our path analysis.

Matriline size

For each female, we calculated matriline size as the number of adult females with whom she was sharing a common mother or a common

maternal grand-mother present in the group at the beginning of each mating season. Maternally related females who were released on

two different occasions from CIRMF (in 2002 vs 2006) were considered as belonging to two distinct matrilines due to major social disruptions

affecting the female social structure and hierarchical relationships. In particular, all females released in 2006 ended-up in a lower hierarchical

position than those released in 2002 (MJEC unpublished data).

Sex ratio

Monthly operational sex ratios (OSR) were calculated as the number of adult females that conceived that month divided by the number of

subadult and adult males (i.e. aged R 9 years) that were censused in the group at least two days that month. We counted only females

who conceived to be consistent with our proxy of sexual coercion that focuses on these females. For each mating season, we averaged

monthly OSRs across the six months of the season. We used OSR in our analysis to control for the fact that a male-biased OSR may be asso-

ciated with increased male-male competition and coercion.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantifying sexual coercion

Following previous results on sexual coercion inmandrills, we calculated sexual coercion, for each female-male dyad and eachmating season,

as the total number of male aggressive events towards the female recorded during a period starting at themale’s arrival in the group that year
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(for immigrant males) or at the arrival of the first immigrant male in the group that year (for resident males) and ending on the first day of the

swelling phase of a female’s estrus cycle.47 Although all male-to-female aggression events during this period might not reflect exclusively

sexual coercion, we grouped them under the term ‘sexual coercion’ throughout the manuscript because of their correlation with male mating

success.47 Conversely, we did not consider male-to-female aggression during the swelling phase as sexual coercion because it did not corre-

late with male mating success47 and thus, did not fall within the definition of sexual coercion.5 For each mating season, we considered as

residents thosemales whowere censused in the group in the threemonths preceding thatmating season (January-March), and as immigrants

those who were first censused that mating season (April-September). In addition, and for each estrus cycle, we calculated the coercion a fe-

male received from all males as the total number of aggressive events she received from them between the onset of the mating season and

first day of the swelling phase of her estrus cycle. A female received aggression on average 0.83G1.40 (GSD) times per hour of observation.

We included both severe (grasping/hitting, biting, chasing; in 35 out of 801 dyad.years) and mild (lunging, slapping the ground, head

bobbing; in 79 out of 801 dyad.years) aggressive events because they both increase male mating success.47 A female received aggression

from a given male a maximum of five times (two cases) and on average she received aggression 0.04G0.20 (GSD) times per hour of

observation.

Quantifying social bonds

Female-male bonds (heterosexual networks)

For each female-male dyad, we calculated scores of grooming (total duration of grooming recorded during focal observations divided by the

total focal observation time of bothmembers of the dyad) and proximity (number of scans a dyad was recorded in spatial proximity divided by

the total number of scans collected from both members of the dyad), from the arrival of the male in the group (for immigrant males) or the

onset of the mating season (for resident males) until the beginning of the female’s estrus cycle. We included only grooming given by the fe-

male to the male because male mandrills rarely groom females and we considered female grooming effort to represent the investment in

maintaining a bond with a given male. We observed female-to-male grooming in 73 out of 801 dyad.years. In an average dyad the female

groomed the male for 0.04G0.28 mins (GSD) per hour of observation. For each female, we also determined her ‘top male partner’, either

as the male she groomed themost or as the one with whom she was most often in spatial proximity, from the beginning of the mating season

to her first estrus day. A female groomed her top grooming male partner for 0.38G0.94 mins (GSD) per hour of observation. In most cases,

except two, this male was present in the group for the whole duration of the sampling period. The resolution of our records of males support-

ing females against other males, or males directing aggression to rivals who have previously directed aggression to females did not allow any

quantitative analyses.

We constructed two separate heterosexual social networks based on (i) grooming interactions and (ii) spatial proximity; grooming may

better reflect affiliative bonds, while proximity may instead reflect females coming close to certain males when they are threatened by other

males. The edges (connections) among adjacent individuals were weighted either by grooming or proximity scores of the heterosexual dyads.

For each network, we calculated a female’s strength as the sum of weights of her edges. We constructed one heterosexual social network for

each estrus cycle of each female because networks may differ across seasons.

Female-female bonds (female-only networks)

We constructed female social networks including only grooming interactions because in many primates, grooming partners are likely to sup-

port each other during coalitions against conspecifics of either sex.83 A female was observed grooming with another female on average

4.91G5.35 mins (GSD) per hour of observation. For each mating season, we constructed a network using data from the three last months

of the preceding birth season (January-March), for two main reasons. First, female social interactions recorded just before the arrival of immi-

grant males are more likely to reflect the social landscape that these males face when entering the group and making decisions such as

choosing which female to target. Second, the birth season may be more appropriate to measure stable patterns of female-female social

bonds, independently of the stress and disruptions generated by sexual interactions, male-male competition, andmale hierarchical instability

in the mating season83,84 (for mandrills see also85).

We used two classical social network metrics to measure a female’s position in the female-only network: eigenvector centrality and

strength.86 First, eigenvector centrality is a proxy of individual connectivity that takes into account indirect connections (i.e. connectionsmedi-

ated by third parties) by weighing every connection according to the centrality of the relevant adjacent individuals.87 An individual has a higher

value of eigenvector centrality if connected to more central individuals.88 Second, female strength was computed as the total grooming she

gave to, or received from, other female groupmates (sum of all inward and outward edge weights in grooming networks) because in contrast

to between-sex grooming interactions, female mandrills may offer grooming to each other and may support both the one to whom they

give89 or from whom they receive90 grooming. High values of both eigenvector centrality and grooming strength in other species have

been associated with higher female fitness.91,92

We used the function graph_from_data_frame to create grooming and proximity networks and the functions centr_eigen and strength to

compute eigenvector centrality and strength of each individual, respectively (R package igraph version 1.4.172). Finally, we used TikZ (TeX) and

the R package ggplot276 to visualize our results.
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Statistical analyses

We first investigated the correlation structure of the different individual variables (age, rank, social variables) using pairwise Spearman’s rank

correlations to clarify which variables may fit together in multivariate models. Higher-ranking females had, on average, larger matrilines

(rho=0.36, p-value< 0.001) than lower-ranking females, but female rankwas not correlatedwith any other proxy of female-female social bonds

(not shown). Females with higher eigenvector centrality also had higher strength in the female-only network (rho=0.5, p-value < 0.001), sug-

gesting that these twometricsmight capture similar social dynamics. Therefore, we did not include them in the samemodel. All other pairwise

correlations were non-significant.

Do females receive less coercion from males with whom they form stronger affiliation bonds (P1)?

We ran two GLMMs with negative binomial distributions to examine the determinants of variation in sexual coercion across female-male

dyads (response variable: number of aggressive events received by the female from a given male). We considered the dyad observation

time (log-transformed) as an offset variable. We included the following explanatory variables: grooming score of the heterosexual dyad dur-

ing the period over which coercion was recorded, the difference between male and female David’s scores, male and female age and their

quadratic terms, and the operational sex-ratio. We included female and male identity as well as the year of observation as random factors.

We then re-ran this model including the proximity score of the heterosexual dyad, instead of the grooming score, due to the correlation of

these two scores (Spearman’s rank correlation test: rho=0.38, p-value < 0.001). Finally, we also ran the above model changing some param-

eters in order to verify the robustness of our results. First, we re-ran our analysis including male-to-female aggression during the swelling

phase of a female’s estrous cycle (response variable: number of aggressive events received by the female from a given male from his arrival

in the group until the end of the swelling phase of the female’s estrous cycle). Second, although in our analyses we included all dyads, regard-

less of their observation time, we repeated the analysis including only dyads observed for at least 20, 30, 45 or 60 mins. In all cases, our results

remained qualitatively similar to those presented above.

Does a female’s top grooming/social partner protect her against coercion from other males (P2)?

We ran two GLMMs with negative binomial distributions to study the effects of female-male social bonds on the overall sexual coercion a

female faces. First, we tested whether the intensity of sexual coercion faced by a female (response variable: number of aggression events

received by a female from all males except her top grooming partner) was associated to her out-strength with her topmale grooming partner

in the grooming network.We considered female observation time (log-transformed) as an offset variable.We also included the following con-

trol variables: female dominance rank, top male partner’s rank (in case male rank influences the ability to protect his female partner), female

age (and its quadratic term) and operational sex-ratio.We included female identity and the year of observation as random factors.We then re-

ran this model calculating both the response variable (coercion) and explanatory variables based on the top male proximity partner rather

than on the top male grooming partner.

Does female integration in the female-only network or the number of maternal kin in the group protect her against male coercion
(P3)?

We ran threeGLMMswith negative binomial distributions to study the effects of female-female social integration on the extent of sexual coer-

cion a female receives from all males (response variable: number of aggression events faced by a female from all males before her estrus

cycle). We used as the main explanatory variable a female’s eigenvector centrality in a first version of the model, and replaced it by female’s

strength in a second version, and by matriline size in a last version. Otherwise, the structure of control variables (female rank, age and oper-

ational sex-ratio), random effects and the offset variable were similar to the models described above.

We used R version 4.1.393 to run the abovemodels with the function glmmTMB from the package glmmTMB version 1.1.6.73We tested the

significance of all fixed factors with the function Anova from package car version 3.1.174 and we computed their 95% confidence intervals. We

tested for multicollinearities with the function cor.test and we validated the models by testing the residual distributions, using the functions

testDispersion and testUniformity from package DHARMa version 0.4.6.75

Is the effect of female-female bonds on sexual coercion direct, or indirectly mediated by female reproductive success or retaliation
potential?

We ran a mediation (path) analysis to test if females with high eigenvector centrality in the female-only network face more male coercion

because they reproduce successfully (‘reproductive success indirect path’) and/or they aremore powerful (‘retaliation indirect path’) or simply

because they are more exposed to interactions with coercive males (‘public exposure direct path’; Figure 2D solid lines). Under the first sce-

nario, because male mandrills are not permanent residents, they may be unable to know a female’s past reproductive history and may thus

infer it from females’ social environment, targeting females who are associated with infants and juveniles. In the second case, we approximate

female retaliation potential by her dominance rank in the intersexual hierarchy. This is based on results ranking certain females over some

males in the intersexual hierarchy and on occasional observations of females chasing away males. Similarly to other primates,94–96 the three

main variables in our path analysis (reproductive success, dominance rank and social bonds) are largely intertwined in mandrills38,49 and this

path analysis aimed to overcomepotential multicollinearities and disentangle the effects of these variables on sexual coercion. The rank of the

female in the intersexual hierarchy and her reproductive success were not correlated (Spearman’s rank correlation test: rho=0.09,
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p-value=0.387). We thus tested both variables simultaneously as potential mediators.97 In the same analysis, we specified, as above, female

age and operational sex ratio as control predictor variables. The root-mean-square error of approximation (RMSEA) was % 0.05, the chi-

square test was non-significant (p-value=0.424), the Comparative Fit Index was equal to 1.00 and the Tucker-Lewis Index was equal to

1.064, overall indicating good fit of the analysis.98 We used R package lavaan version 0.6.1599 for the path analysis.

Finally, following results obtained from the path analysis supporting the ‘public exposure’ hypothesis, we also ran a similar GLMM to those

described in P3, replacing a female’s eigenvector centrality with her strength in the heterosexual proximity network, in order to study if overall

proximity to males increases the probability of facing male coercion (response variable: number of aggression events faced by a female from

all males before her estrus cycle). Otherwise, the structure of control variables (female rank, age and operational sex-ratio), randomeffects and

the offset variable were similar to the models in P3.
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