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Abstract 
Male-male bonds may confer substantial fitness benefits. The adaptive value of these 
relationships is often attributed to coalitionary support, which aids in rank ascension and female 
defence, ultimately resulting in greater reproductive success. We investigated the link between 
male-male sociality and both coalitionary support and reproductive success in wild Guinea 
baboons. This species lives in a tolerant multi-level society with reproductive units comprising 
a male and 1-6 females at the core. Males are philopatric, form differentiated, stable, and 
HTXLWDEOH� DIILOLDWLYH� UHODWLRQVKLSV� �µVWURQJ� ERQGV¶�� ZLWK� RWKHU� PDOHV�� DQG� ODFN� D� FOHDU� UDQN�
hierarchy. Here, we analysed behavioural and paternity data for 30 males and 50 infants 
collected over four years in the Niokolo-Koba National Park, Senegal. Strongly bonded males 
supported each other more frequently during conflicts, but strong bonds did not promote 
reproductive success. Instead, males that spent less time socializing with other males were 
associated with a higher number of females and sired more offspring. Notably, reproductively 
active males still maintained bonds with other males, but adjusted their social investment in 
relation to life-history stage. Long-term data will be needed to test if the adaptive value of male 
bonding lies in longer male tenure and/or in promoting group cohesion. 
 
Keywords: Male-male relationships; social bonds; coalitionary support; reproductive success; 
Papio papio 

 

Introduction 

According to sexual selection theory [1,2], males with higher quality should have greater 
reproductive success. In numerous species, males with the best fighting ability, i.e., the greatest 
strength or the best weapons, have advantages in male-male competition, gain higher 
dominance ranks and better access to fertile females, and sire the highest number of offspring 
[3]. A classic case are Northern elephant seals (Mirounga angustirostris), where the heaviest 
males reap the vast majority of matings [4]. Such intrasexual competition is typically more 
distinct in males, whereas mate choice is more prevalent in females [5,6]. Females may prefer 
males that have more exaggerated ornaments [1,7] or that spend more time and energy in 
elaborate courtship displays [8]. In group living animals, male reproductive success may not 
only depend on strength or µbeauty¶, but also on µVRFLDO�FDSLWDO¶��that is, the ability to cooperate 
and forge bonds with other males. 
 
As observed in a wide range of taxa, including non-human primates, lions, horses, dolphins, 
and some species of bird and fish, cooperation between males can aid in female defense 
resulting in longer tenure and/or increased number of females and offspring [9±15]. A prime 
example are male lions (Panthera leo) where larger coalitions are more successful in taking 
over female prides resulting in longer tenure and greater number of surviving offspring [9]. 
Similar mechanisms occur in some multi-OHYHO� SULPDWH� VRFLHWLHV��ZKHUH� µOHDGHU�PDOHV¶�ZLWK�
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DVVRFLDWHG�µIROORZHU�PDOHV¶�KDYH�longer tenure, higher numbers of females, and more offspring 
[12,13]. 
 
Enhanced reproductive success has also been linked to µVWURQJ�ERQGV¶�EHWZHHQ�PDOHV��GHILQHG�
as affiliative relationships that are differentiated, equitable, and stable over time [16]. A number 
of studies have shown that investments in strong bonds are linked to increased coalitionary 
support, which in turn results in rank ascension and, ultimately, enhanced reproductive success 
[17±19]. In Chimpanzees (Pan troglodytes) males siring success is also associated to the 
establishment of a large network of strong ties with other males [18]. In addition, male-male 
bonds may also affect female choice, as male coalitions may reduce harassment from other 
males and decrease infanticide risk [10,12,20] or offer better protection against predators [21]. 
 
We investigated the reproductive benefits of strong bonds between males in wild Guinea 
baboons (Papio papio). Guinea baboons live in a nested multi-OHYHO� VRFLHW\�� ZLWK� µXQLWV¶�
FRPSRVHG�RI�D�µSULPDU\¶ male, one to six associated females, and immatures at the core of the 
society [22]��6HYHUDO�XQLWV��WRJHWKHU�ZLWK�µEDFKHORU¶�PDOHV��PDNH�XS�D�µSDUW\¶�DQG�WZR�WR�WKUHH�
SDUWLHV�UHJXODUO\�DJJUHJDWH�LQWR�µJDQJV¶�ZLWK�RYHUODSSLng home ranges [23]. Most primary males 
(76.5%) have one or more associated bachelors and bachelor males are often (66.7%) 
associated to multiple units [24]. Primary males maintain largely exclusive affiliative and sexual 
relationships with the females in their unit, while bachelors exchange a smaller proportion of 
social interactions with females and are usually not reproductively active [25]. µ6ROLWDU\¶�PDOHV��
as observed in hamadryas baboons [26], occur only rarely [24]. Males are predominately 
philopatric, display a high degree of spatial tolerance, form strong bonds, and support each 
other in coalitions [23,24]. Strongly bonded males are on average more closely related than 
less strongly bonded males indicating that kin selection plays a role in male-male bonding [24]. 
Nevertheless, relatedness does not seem to fully explain male-male relationship patterns in our 
study population [22]. Compared to other baboon species, males show low rates of aggression 
and no clear dominance hierarchy [24], while females have high levels of spatial freedom and 
play an active role in the formation and maintenance of inter-sexual relationships [25].  
 
We predicted that strong bonds between males ± enhanced by coalitionary support ± would 
result in higher male reproductive success via the attraction of more females, resulting in a 
higher number of offspring. To test this prediction, we determined bond strength following Dal 
Pesco et al. [24] and assessed the link between bond strength and coalitionary support. We 
predicted that dyads with stronger bonds would be more likely to cooperate during conflicts. 
Our core analysis examined whether male bond strength and the number of strong bonds a 
male has were linked to enhanced reproductive success in the form of increased numbers of 
associated females and sired offspring. 
 
 
Materials and Methods 
 
Field site, study subjects, and data collection 
 
Throughout the course of 45 months (April 2014 - December 2017), we collected data on wild 
Guinea baboons ± one of six baboon species [27] - at the Centre de Recherche de Primatologie 
(CRP) Simenti field station in the Niokolo-Koba National Park in Senegal (described in [22]). 
During the study period, the Simenti Guinea baboon community comprised ~ 400 individuals 
including five habituated parties in two gangs. The two parties with the highest number of males 
were selected as our study groups (party 9 from the Mare gang and party 6 from the Simenti 
gang). We used the party as our group unit and restricted all analyses to within-party 
interactions [24,28]. Party size and composition varied during the study period due to 
maturation, dispersal/migration, and mortality with an average of 43 individuals in party 6 
(range: 35-48, average adult sex ratio (male:female) of 1.03) and 46 individuals in party 9 
(range: 38-51, average adult sex ratio (male:female) of 0.48).  
 
We performed behavioral observations of all adult and all small and large subadult males 
belonging to the two study parties (n=30; party 6, n=16; party 9, n=14). Males were included as 
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focal subjects when they were first classified as small subadult (~ 6 years old). At this age, they 
already establish close affiliations and display strong bonds and coalitionary support [24,29] 
with adult males. All details about male presence and age category changes, age category 
assessment, and criteria for subject selection/exclusion can be found in supplementary 
appendix 1, tables S1 and S2, and figure S1. We conducted behavioral observations for a total 
of 872 observation days (1956 contact hours for party 6 and 1954 contact hours for party 9). 
All data were collected using customized electronic forms developed for our long-term data 
collection in the Pendragon 7.2 software (Pendragon Software Corporation, USA) on Samsung 
Note 2 handhelds. We recorded census information about demographic changes (including 
birth, death, dispersal/migration, presence/absence), health status, and female reproductive 
state [25] on every observation day. In all analyses, we controlled for the time a male was 
present in the study party, due to entering the sub-adult age category or death/disappearance. 
 
We conducted 20-mins focal follows [30] balanced between subjects and time of day, for an 
average of five monthly protocols per individual and a total focal time of 1547 h (total number 
of focal protocols = 4787). Protocols included recordings of continuous focal animal activity 
(i.e., moving, feeding, resting, and socializing) and all occurrences of social behaviors such as 
approach within 1 m, retreat, grooming, contact-sit, and greeting. All grooming and contact-sit 
durations were recorded to the nearest second. Instances of aggression, coalitionary support, 
copulation and grooming were additionally recorded ad libitum. Coalitionary support was scored 
every time two or more individuals simultaneously directed aggression toward a common target 
that could be a single male or another male-male coalition. Only coalitions involving two male 
allies against a common male target were included in our analysis. Due to the very low rate of 
aggression, all occurrences of coalitionary support between males, including both focal and ad 
libitum events, were included in our analysis. 
 
Male-male social bonds and unit composition 
 
We used the dyadic composite sociality index (hereafter DSI [31]) to quantify dyadic affiliative 
relationship strength. This index ranges from 0 to infinity with a mean of 1, and measures the 
deviation of affiliative behavior of a given dyad compared to all other dyads in the same group. 

The DSI is calculated using the following formula: ܫܵܦ௫௬ ൌ
σ

೑೔ೣ೤
೑ഥ೔

೏
೔సభ

ௗ
 where ௜݂௫௬ is the behavioral 

rate for dyad ݕݔ and behavior ݅ , ݂ ҧ௜ is the average behavioral rate for behavior ݅ calculated across 
all dyads in the party, and ݀ is the number of behaviors included in the index calculation [31]. 
We computed yearly DSI values (January to December) for each male-male dyad within the 
party using the following positively correlated affiliative behaviors: grooming frequency and 
duration, contact-sit frequency and duration, and frequency of within 1 m approaches [24]. To 
avoid redundancies with other behaviors, only approaches that were not followed by social 
behavior (positive or negative) within 10 s were considered in the DSI calculation. Individual 
bond stUHQJWK�ZDV�FDOFXODWHG�DV�WKH�VXP�RI�D�PDOH¶V�WRS�WKUHH�'6,�YDOXHV�[32]. The number of 
strong bonds per male was based on the number of higher than average DSI values [33].  
 
Data on female-male interactions (i.e., frequency of copulations, grooming bouts, contact-sit 
bouts, greetings, and aggression events and duration of grooming and contact-sit bouts), unit 
composition, and female unit transfers were recorded on every observation day. Following 
established methodologies [24,28] based on previous findings showing that females exchange 
significantly higher rates of interactions with their primary male [25], we used female-male 
interaction occurrence to verify daily unit composition within each study party. 
 
Genotyping and paternity analysis 
 
To establish paternity, we collected fecal samples of all subadult and adult males (n=30) and 
subadult and adult females (n=33) in party 6 and party 9. Fifty infants were born during the 
study period in these two parties. We were able to collect fecal samples from 36 infants for 
paternity analysis, while the remaining 14 infants deceased before sampling could occur. To 
check for extra-party paternities, we additionally sampled all subadult and adult males (n=17) 
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belonging to the other three habituated parties of our study population as well as two adult 
males that were associated with party 6 for only 36 days (see supplementary appendix 1). 
 
We evaluated individual allelic variation based on 24 polymorphic autosomal microsatellite 
markers. This microsatellite panel [34] is an optimized version of the panel that was successfully 
used in several studies of Guinea baboons [e.g. 35] and our own study population [23]. Genetic 
sample collection, storage, DNA-extraction, and genotyping methodologies are described in 
detail in Dal Pesco et al. [34]. Detailed information about number and type of samples available 
per individual can be found in supplementary appendix 2 and 3. 
 
Following the methodologies in Dal Pesco et al. [34], we calculated descriptive statistics for all 
24 markers (including FIS, expected and observed heterozygosity) and tested for Hardy-
Weinberg equilibrium (HWE) and presence of null alleles (see table S3). All loci were 
polymorphic with allele numbers averaging 4.0 (SD=1.4, range=2.0 to 7.0). As locus D1s548 
showed signs of null alleles, it was excluded from the paternity analysis, which was therefore 
performed using a total of 23 loci. 
 
We estimated paternity using the software Cervus (version 3.0.7) [36] and following the 
methodologies explained in detail in Dal Pesco et al. [34]. We recorded the identity of the 
mother during field observations, and additionally checked all mother/offspring pairs with a 
maternity likelihood analysis (criteria for acceptance: identification as candidates with 0 
mismatches). All mothers were confirmed with 0 mismatches. We then used a trio likelihood 
approach where the identity of the mother was known to determine the most likely father (see 
table S4). A male was considered to have sired an offspring when he was assigned as the most 
likely father, had a maximum of 1 mismatched allele, and the confidence level for the 
DVVLJQPHQW�ZDV�PRUH�WKDQ������µVWULFW¶�FULWHULRQ�� 
 
Statistical analyses and modeling 
 
All statistical analyses and figure preparation were performed in the R environment (version 
4.0.5) [37] using the RStudio interface (version 1.4.1106-5) [38]. We ran Generalized Linear 
Mixed Models (GLMM) [39] XVLQJ�WKH�5�SDFNDJHV�µOPH�¶��YHUsion 1.1-26) [40] for all Poisson 
PRGHOV� DQG� µJOPP70%¶� �YHUVLRQ� ������������ [41] for the beta model used in our post-hoc 
analysis. 
 
To reduce type I error rates, we used the maximal random-effect structure comprising all 
theoretically identifiable random slope components [42] excluding the correlations between 
UDQGRP�LQWHUFHSWV�DQG�VORSHV�ZKHQ�³XQLGHQWLILDEOH´��L�H���DEVROXWH�FRUUHODWLRQ�SDUDPHWHU�a���
[43]. To ease model conversion and estimate comparison, all covariates were z-transformed to 
a mean of zero and a standard deviation of one prior to fitting each model [44]. Detailed 
information about sample size, model complexity, checks for the need of zero inflation, random 
slopes, data standardization/transformation (including means and standard deviations of 
original values), model stability, and the use of non-default optimizers can be found in the 
supplementary appendix 4 and the tables S5-S10. 
 
Before inference, all models were validated using diagnostic checks. We assessed the absence 
of collinearity among predictors calculating the Variance Inflation Factors (VIF) [45] using the 
µYLI¶�IXQFWLRQ�RI�WKH�SDFNDJH�FDU��YHUVLRQ����-10) [46] on reduced general linear models with all 
random effect structures and optimizers excluded. With an overall maximum VIF value of 1.95 
we ruled out collinearity for all our models. We evaluated the assumption of normality for each 
random effect component by visually inspecting histograms of each random intercept and 
slope. No obvious deviation from these assumptions was recorded. For all models (see details 
in each sub-section) we calculated the dispersion parameter to check for potential type I errors 
due to overdispersion. 
 
In models with multiple predictors of interest, we first determined the significance of the full 
model (also including all predictors of interest) against a null model comprising only the control 
predictors and the random-effect structure using a likelihood ratio test [47]. This allowed us to 
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test the overall effect of ouU�SUHGLFWRUV�RI�LQWHUHVW�DYRLGLQJ�µFU\SWLF�PXOWLSOH�WHVWLQJ¶�[48]. P-values 
IRU�LQGLYLGXDO�SUHGLFWRUV�ZHUH�REWDLQHG�XVLQJ�WKH�OLNHOLKRRG�UDWLR�WHVW�RI�WKH�µGURS�¶�5�IXQFWLRQ�
ZLWK�DUJXPHQW�µWHVW¶�VHW�WR�µFKLVT¶�[42]��7KH�IXQFWLRQ�µERRW0HU¶�RI�WKH�SDFNDJH�µOPH�¶�ZDV�XVHG�
to perform a parametric bootstrap (1000 bootstraps) and obtain 95% model estimate 
FRQILGHQFH�LQWHUYDOV��(IIHFW�VL]HV�ZHUH�FDOFXODWHG�XVLQJ�WKH�µU�VTXDUHG*/00¶�IXQFWLRQ�RI�WKH�
µ0X0,Q¶� 5� SDFNDJH� �PHWKRG� 7ULJDPPD�� YHUVLRQ� ��������� [49] DQG� WKH� µU�¶� IXQFWLRQ� RI� WKH�
µSHUIRUPDQFH¶�5�SDFNDJH��YHUVLRQ��������[50] for all Poisson models and the beta model used 
in our post-hoc analysis, respectively.  
 
Male-male sociality and coalitionary support 
 
To investigate whether males with stronger bonds were more likely to support each other in 
coalitions we ran a GLMM [39] with Poisson error structure and log link function [51] where 
dyadic coalitionary support frequency per year (including both focal and ad libitum events) was 
the count response and yearly DSI (log- and then z-transformed) was the predictor of interest. 
To control for observation effort, we included the log-transformed contact time in hours as an 
offset term [51]. Note that contact time was calculated using the total time spent working with 
each study party during each daily working session and taking into account demographic 
changes for each male-male dyad. We included year and party membership as fixed control 
factors, and male identities (subject identity and coalition partner identity) and dyad identity 
(composed by subject identity followed by coalition partner identity) as random intercepts. The 
following random slope components were also included: year (manually dummy coded and 
then centered) and DSI (z-transformed) within both male identities. The model was not 
overdispersed (dispersion parameter= 0.289). 
 
Male-male sociality and reproductive success 
 
To examine if greater levels of male-male sociality were associated with enhanced male 
reproductive success we analyzed two different measures of male reproductive success: 
number of associated females and number of sired offspring. To account for unit size variation 
due to female transfers and demographic changes, we used daily unit size data to calculate the 
number of associated females within each year as a yearly mode per male (i.e., the most 
frequent unit size value). The number of sired offspring was calculated as the sum of sired 
offspring per male within each year (n=49; one offspring was fathered by a male of another 
party; see table S4). As within each unit paternity probability for the primary male is very high 
�IRU� WKLV� GDWDVHW� ������ RI� RIIVSULQJ� ZHUH� VLUHG� E\� WKH� PRWKHU¶V� SULPDU\� PDle at time of 
FRQFHSWLRQ���IRU�WKH����RIIVSULQJ�IRU�ZKRP�ZH�KDG�QR�JHQHWLF�GDWD��ZH�VHOHFWHG�WKH�PRWKHU¶V�
primary male at the time of conception as the most likely father. Our measures of male-male 
sociality were male bond strength, calculated as the yearl\� VXP�RI� D�PDOH¶V� WRS� WKUHH�'6,�
values, and number of strong bonds, calculated as the yearly number of higher-than-average 
DSI values per male. 
 
We ran two GLMMs [39] with Poisson error structure and log link function [51], where the yearly 
mode of number of associated females and yearly number of sired offspring were the count 
responses and male bond strength and number of strong bonds were the predictors of interest. 
In both models, we included year and party membership as fixed control factors, and male 
identity as random intercept. The following random slope component was also included in both 
models: male bond strength (z-transformed) within male identity. Both models were not 
overdispersed (dispersion parameters=0.542 and 1.159). 
 
Post-hoc analysis: time males spent affiliating with other males by number of associated 
females 
 
In light of the results of our analysis, we performed a post-hoc investigation to look at the effect 
of the number of associated females on the proportion of time males spent affiliating (i.e., 
grooming and contact-sit) with other males. This allowed us to specifically look at male time 
budgets and to analyze interaction occurrence, which can in some cases represent social 
relationships more accurately and precisely compared to composite sociality indices [52]. 
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We ran a GLMM [39] with a beta error structure and logit link function [51,53] with the proportion 
of time males spent affiliating with other males as the response and number of associated 
females as the predictor of interest. To avoid response values being exactly zero or one, we 
transformed the response prior to fitting the model using the following formula x1=(x*(length(x)-
1)+0.5)/length(x) [54]. We included year and party membership as fixed control factors, and 
male identity as random intercept. The model presented signs of moderate overdispersion 
(dispersion parameters=1.283), which could not be resolved by specifically modelling 
GLVSHUVLRQ�ZLWK�WKH�DUJXPHQW�µGLVSIRUPXOD¶��7R�DGMXVW�IRU�RYHUGLVSHUVLRQ�DQG�WKH�LQFUHDVH�W\SH�
I error rate, we corrected the estimate standard errors by the overdispersion level according to 
*HOPDQ�DQG�+LOO��6(DGMXVWHG �6(�î�¥GLVSHUVLRQ�SDUDPHWHU��[55]. Furthermore, z- and p-values 
were determined again based on the adjusted standard error with z=estimate/ SEadjusted and 
p=2*pnorm(q=-abs(z)). 
 
 
Results 
 
Male-male sociality and coalitionary support 
 
Males maintained differentiated male-male relationships, with DSI values ranging from 0.00 to 
21.03 (SD=2.29; median=0.06). About a fifth (20.7%) of the dyads had a DSI above the party 
average. The average bond strength per male was 9.35 (SD=6.51; range=0.27 to 33.95) and 
the average number of strong bonds per male was 2.18 (SD=1.52; range=0 to 6). The average 
DSI across all strongly bonded male dyads was 4.37, indicating that these dyads affiliated four 
times as often/long as compared to the average of the party.  
 
A total of 290 two-against-one coalitions were recorded between males during the study 
duration (both from focal and ad libitum data) with 26.9% of dyads (n=53 of 197) engaging in 
at least one coalition. Overall, dyads supported each other on average 1.47 times (SD=4.78; 
range=0 to 36) across the study period with an average rate per hour of 0.001 (SD=0.003; 
range=0.000 to 0.021) coalitions. Dyads with higher DSI values were more likely to support 
each other in coalitions (estimate ± SE=0.781±0.108, CI[0.500,0.994], p<0.001, figure 1, also 
see table S5). 
 

 
Figure 1. Relationship between male-male dyadic bond strength (DSI value) and dyadic rate of coalitionary support. 
Dyads with stronger bonds were more likely to support each other in coalitions (GLMM: n=958, p<0.001). DSI values are 
represented in log-scale and binned in 19 bins. The area of the circles depicts the frequency with which a given number of 
coalitions per contact hour occurred in a given bin (mean=3.29, range=1 to 232). The solid line depicts the fitted model and 
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the dashed lines depict the bootstrapped 95% confidence intervals with all other predictors being at their average (party and 
year manually dummy coded and centered). 
 
Male-male sociality and reproductive success 
 
Twenty-one of the 30 study males had at least one associated female during part or the entire 
study period, while the remaining males were not associated with a female during the study 
period (see figure 2). Of the nine males that never had primary status, seven were subadult 
males and two were old adult males for most of the study time during which they were present 
in the study party, corroborating the observation that bachelor males are often subadult or late-
prime/old males [24]. Of the 21 males that had primary status at least once, twelve were adult 
males for their entire presence time, eight transitioned from subadult to adult during the study 
period, and one was a large subadult male during his presence time (see figure S1 for male 
age category changes).  
 

 
Figure 2. Visualization of the variation in male status and unit size (i.e., number of associated females) over the course 
of the study period (April 2014 - December 2017) for the 30 study subjects. NA (not assessed - in grey) indicates days 
when males were not present due to demographical changes (i.e., not associated to the study parties, not in the selected age 
category, or deceased, also see supplementary appendix 1 and figure S1). 
 
 
The average mode of the number of associated females per male per year was 1.09 (SD=1.40; 
range=0 to 6). This average was 1.29 (SD=1.43; range=0 to 6) if we excluded males that never 
had primary status throughout the study period. The full model including the two predictors of 
interest (male bond strength and number of strong bonds) accounted for significantly more 
variance compared to the null model (full null model comparison:�߯ଶ=22.237, p<0.001). While 
there was no obvious evidence that the number of strong bonds had an effect on the number 
of associated females (estimate±SE=-0.288±0.220, CI[-0.779,0.176], p=0.181), we found 
strong evidence that males with higher bond strength were associated with fewer females 
(estimate± SE=-0.749±0.266, CI[-1.381,-0.254], p=0.003; figure 3a and 4a, also see table S6). 
The negative effect of male bond strength held true when we analyzed a subset of data only 
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including adult and large subadult males within each year (estimate± SE=-0.739±0.259, CI[-
1.368,-0.281], p=0.002; see table S9). 
 

 
Figure 3. 5HODWLRQVKLS�EHWZHHQ�PDOH�ERQG�VWUHQJWK��FDOFXODWHG�DV�WKH�VXP�RI�D�PDOH¶V�WRS�WKUHH�'6,�YDOXHV��DQG�$��
number of associated females (mode per male per year) and B) number of sired offspring (count per male per year). 
Males with stronger bonds were found to have fewer associated females (GLMM: n=91, p=0.003) and to sire fewer offspring 
(GLMM: n=91, p=0.017). Points represent each subject in a given year (2014-2017). The solid line depicts the fitted model and 
the dashed lines the bootstrapped 95% confidence intervals with all other predictors being at their average (party and year 
manually dummy coded and centered and number of strong bonds z-transformed to a mean of 0 and standard deviation of 1).  
 
 
Overall males in the study parties sired 49 offspring (one offspring was fathered by a male of 
another party) with an average number of 1.63 (SD=2.13; range=0 to 8) offspring sired per 
male across the study period. The average number of offspring sired across the study period 
was 2.33 (SD=2.20; range=0 to 8) if we only considered males that had primary status at some 
point during the study period. The average number of offspring sired per male per year was 
0.54 (SD=0.78; range=0 to 3). This average was 0.64 (SD=0.81; range=0 to 3) if we excluded 
males that never had primary status throughout the study period. The full model with the two 
predictors of interest (male bond strength and number of strong bonds) accounted for 
significantly more variance compared to the null model (full-null model comparison:�߯ଶ=11.260, 
p=0.004). While there was no obvious evidence that number of strong bonds had an effect on 
the number of sired offspring (estimate±SE=-0.085±0.245, CI[-0.629,0.367], p=0.727), we 
found moderate evidence that males with higher bond strength sired fewer offspring (estimate± 
SE=-0.655±0.288, CI[-1.358,-0.144], p=0.017; see figure 3b and 4b; also see table S7). The 
negative effect of male bond strength held true when we analyzed a subset of data only 
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including adult and large subadult males within each year (estimate± SE=-0.664±0.289, CI[-
1.372,-0.151], p=0.013; see table S10). 
 

 
Fig 4. Relationship between number of strong bonds (calculated as the number of higher-than-average DSI values per 
male) and A) number of associated females (mode per male per year) and B) number of sired offspring (count per 
male per year). There was no evidence for a relationship between number of strong bonds and number of associated females 
(GLMM:, n=91, p=0.181) or number of sired offspring (GLMM: n=91, p=0.727). Points represent each subject in a given year 
(2014-2017). The solid line depicts the fitted model and the dashed lines the bootstrapped 95% confidence intervals with all 
other predictors being at their average (party and year manually dummy coded and centered and number of strong bonds z-
transformed to a mean of 0 and standard deviation of 1).  
 
Post-hoc analysis: effect of number of associated females on time spent affiliating with other 
males 
 
Contrary to our predictions, male bond strength was linked to lower numbers of associated 
females. We therefore performed a post-hoc analysis focused on male time budget to explore 
the relationship between time spent affiliating with other males and the number of associated 
females. We found strong evidence that males with higher numbers of associated females 
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spent a lower proportion of time affiliating with other males (estimate±SE=-0.371±0.107, CI[-
0.550,-0.209], p<0.001; figure 5; see table S8). 
 

 

 
 
Figure 5. Effect of the number of associated females per male on the proportion of time males spent affiliating with 
other males. Males with higher numbers of associated females spent lower proportions of time affiliating with other males 
(GLMM: n=147, p<0.001). Points represent each dyad in a given year (2014-2017). The solid line depicts the fitted model and 
the dashed lines depict the bootstrapped 95% confidence intervals with all other predictors being at their average (party and 
year manually dummy coded and centered).  
 
 
Discussion  

 
Contrary to our predictions, we found no evidence that male-male sociality was linked to higher 
reproductive success. Instead, we observed a strong negative relationship between bond 
strength and male reproductive success (i.e., number of associated females and paternities). 
Guinea baboon males that were associated with a higher number of females spent less time 
affiliating with other males. While a number of now classic studies reported a positive 
relationship between sociality and reproductive success in both males and females across 
several mammalian [17,18,32,56] and bird species [14], our results indicate that male-male 
sociality need not directly translate into increased short-term reproductive success. Instead, 
males that invest time and energy in relationships with females, at the expense of relationships 
with males, have the highest reproductive success. 
 
Interestingly, reproductive success was not obviously negatively related to the number of strong 
bonds a male had, indicating that males do maintain differentiated relationships with other 
males, but mainly adjust their time budgets in relation to the number of females they are able 
to attract. As intersexual bonding patterns in this species are largely driven by female choice 
[25] and in light of the high paternity certainty within units (91.7% in this study), stable bonds 
with females confer direct fitness benefits. It therefore pays for males to invest in bonds with 
females, irrespective of their reproductive state [25]. Similar patterns were observed in horses 
(Equus caballus), where less successful stallions maintained stable alliances with others, while 
successful ones exclusively focused on their mares [10]. 
 
Guinea baboon males appear to face a trade-off between investments in same-sex and 
opposite-sex bonds, and the investment in different types of bonds varies with life-history stage: 
young and old bachelor males invest more in same-sex relationships, but turn their attention to 
females once they have become primary males ± at the expense of time available for their male 
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µIULHQGV¶��Similar effects are seen in male Barbary macaques (Macaca sylvanus) and snub-
nosed monkeys (Rhinopithecus bieti) across seasons, where investment in male-male affiliative 
relationships drops during the mating season [57,58].  
 
Long-term data will be needed to assess whether male-male bonds are related to an 
earlier/later acquisition of females, thus increasing tenure length and in this way reproductive 
success. Additionally, bonds may FRQVWLWXWH�D�³IDOO-EDFN´�RSWLRQ�IRU�PDOHV�RQFH�WKH\�lose their 
status as a primary male by providing support and tolerance in old age, and indirectly promote 
group cohesion. Indeed, Barbary macaque males rely more heavily on cooperative strategies 
during their post-prime phase [59], while older chimpanzees show greater levels of positive 
behaviors as well as higher numbers of mutual male-male relationships [60]. For now, we are 
confident that male-male sociality is negatively linked to reproductive success over the short 
time, but cannot exclude the possibility that bonds increase life-time reproductive success via 
earlier or longer male tenure.  
 
How do males manage their relations with other males, when most of their social investments 
go to females? Under time budget constraints, Guinea baboon males may use male-male 
ritualized greeting behaviour, characterized by quick, stylized and costly exchanges [28], to 
assess and maintain their relationships. We propose that the most intense and potentially costly 
forms of greetings, which occur more often between strongly bonded males [28], can play a 
central role in male-male bond maintenance once males acquire primary status and invest less 
time in affiliation. Similarly, in macaques, ritualized interactions between males have been 
proposed as efficient means in maintaining bonds when their social time with other males is 
limited [61].  
 
Regarding coalition formation, Guinea baboon males with stronger bonds supported each other 
more often during agonistic events, corroborating previous analyses in the same [23] and 
several other species [17,18,57,62]. Compared to macaques, however, rates of coalitionary 
support in Guinea baboons are low (0.001/hr; Assamese macaques, Macaca assamensis: 
0.11/hr [17]; Barbary macaques: 0.01-0.21/hr [57]), mirroring the low rate of aggression [24]. 
Given the lack of a clear dominance hierarchy between males [24] and the presence of frequent 
instances of coalitions targeting other coalitions [29], it is unlikely that coalitions serve in rank 
ascension. Why Guinea baboon males engage in possibly risky coalitions and what benefits 
strong bonds and cooperation may confer requires further investigation. 
 
Ultimately, Guinea baboon females may not gain much from preferring males with strong 
bonds, as males rarely attempt to takeover females from other males, and infanticide has not 
been observed in this population [22,25]. Moreover, females do not appear to choose males 
with strong bonds as means of protection from predators [21]. Instead, females may simply 
prefer males in good condition. Indeed, mane coloration and length, as well as hind-quarter 
coloration have been proposed as honest signals of male quality in hamadryas and Guinea 
baboons [63,64], a hypothesis that remains to be tested. In male geladas, redder chest patches 
are associated with higher status and larger units [65]. Our current working hypothesis is that 
male condition and attention to the female are the key determinants of female choice. Although 
females may have preferences for specific males, female benefits may decrease in larger units 
due to higher levels of female-female competition over social support and mating opportunities 
[66]. Female choices are therefore likely also affected by the size and composition of the unit. 
Considering that males sometimes show parental care (pers. observation) and are generally 
tolerant toward females, it is also possible that females take into account a male¶V willingness 
to provide care for offspring, as reported in mountain gorillas [67]��RU�D�PDOH¶V�GLVSRVLWLRQ�WR�
DFFHSW�IHPDOHV¶�VSDWLDO�IUHHGRP�[68]. Long-term data will be needed to test these ideas.   
 
Taken together, we suggest that female choice explains male-female associations, while 
female-female competition may result in an upper limit on unit size. Consequently, almost all 
males in their prime achieve some reproductive success and there is little to fight over. Variation 
in male-male sociality may thus be conceived as an outcome of males adjusting their affiliation 
SDWWHUQV�DFFRUGLQJ�WR�IHPDOHV¶�FKRLFHV� Our study reinforces the view that male strategies may 
vary considerably in relation to female leverage in mate choice, and that even among closely 
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related species, such as in the genus Papio, entirely different strategies may evolve. Our 
findings add a piece to the puzzle of understanding the co-evolutionary dynamics of male and 
female strategies.  
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Supplementary Information Text 
 
Supplementary appendix 1 - age category assessment and criteria for subject selection  
 
We observed all adult and subadult (i.e., small and large subadult) males belonging to the two 
study parties (party 6 and party 9). Independent observers differentiated developmental stages 
and assessed age categories using physical markers on a monthly basis (see tables S1 and 
S2). Males were introduced as focal subjects when they reached subadulthood (~ 6 years old), 
as subadult males already establish close affiliations with other males [1] and display male-
male strong bonds and coalitionary support [2,3]. Note that, in the light of more accurate aging 
data, the male age categories previously used for adolescent and adult males [e.g. 3] are 
updated and improved here. Based on newly acquired data on males that have known 
birthdates, we now merged the categories for large juvenile and small subadult males into a 
VLQJOH�FDWHJRU\�FDOOHG�µVPDOO�VXEDGXOW�PDOHV¶��7KLV�LV�EDVHG�RQ�WKH�IDFW�WKDW�PDOHV�LQ�WKH�WZR�
previous age categories are already 6 years old, are visibly bigger than adult females, and tend 
to show testicular enlargement. In addition, this update is in agreement with the criteria used 
for subadult categories in closely related species (e.g. geladas, [4]; yellow baboons, Amboseli 
Baboon Research Project Monitoring Guide: 
https://amboselibaboons.nd.edu/assets/384683/abrp_monitoring_guide_ 9april2020.pdf).  
 
All males that were associated with the two study parties during the study period and that were 
present in the study parties for more than 93 days (~3 month) were included (n=30). Following 
this rule, two adult males that transferred to and away from party 9 for just over a month (36 
presence days) were excluded from all analyses. Additionally, we used the same time criterium 
within each year to only include males that were present a minimum of 93 days within each 
yearly dataset. Following this rule, two males that became focal subjects because they reached 
WKH�µVPDOO�VXEDGXOW�PDOHV¶�DJH�FDWHJRU\�DW�WKH�HQG�Rf a study year (< 93 presence days), were 
only included in the following year due to the limited amount of observations in their first year 
as small subadult males.  
 
In addition to our subject selection criterium, the party composition changed due to 
demographical changes such as age category changes, party transfer from/to our study parties, 
and death/disappearance. Overall, seven males that transitioned to small subadult status and 
two males that transferred into the two study parties were included as focal subjects later in the 
study, while a total of eight males disappeared during the study period (seven likely due to 
predation and one due to migration to another gang). See figure S1 for a visual representation 
of male presence and age category changes during the study period.  
 
 
Supplementary appendix 2 - Genetic analysis: number and type of analysed samples  

When DNA extracts from tissue samples were available from previous studies (n=17; see [5]), 
at least one additional fecal sample was fully genotyped in order to cross-check individual 
identity. To rule out identification errors during fecal sample collection, for all remaining 
individuals (n=101) up to five samples were extracted and genotyped (mean=2.86, range=1 to 
5). While for 64 individuals, available extracts were fully genotyped and compared for 
mismatches, for the remaining 37 individuals we fully genotyped only the best quality extract 
and test-genotyped the remaining extracts at 6 microsatellite loci (i.e. we checked for 
mismatches across extracts in 6 loci and considered the extract to belong to the same individual 
only if no mismatches were present; also see Stldele et al. [6] for a similar methodology). After 
extract exclusion due to mismatches (8 on 289 extracts excluded), the average number of 
available samples per individual was 2.78 (range=1 to 4). As the offspring sampling is more 
difficult and therefore more likely to include a greater number of identification errors compared 
to the sampling for adolescents/adults, all offspring samples were additionally validated using 
a PCR-based sexing assay to confirm the reported sex (see supplementary appendix 3). The 
results were in agreement with the reported sex for all samples.  
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Supplementary appendix 3 - Genetic analysis: sex-determination protocol  
 
For sexing, two primers were used to amplify a region of Dead Box gene (F: GGA CGR ACT 
CTA GAT CGG, R: GTN CAG ATC TAR GAG GAA). The primers amplify one fragment in the 
female and two fragments in the male. Sexing-3&5�ZDV�FDUULHG�RXW�LQ�D���ȝO�YROXPH�XVLQJ�WKH�
QIAGEN Multiplex PCR Kit. ReactionV�FRQWDLQHG���ȝO�RI��[�4,$*(1�0XOWLSOH[�3&5�0DVWHU�
0L[������ȝO�%7���ȝO�RI�HDFK�SULPHU����S0��DQG����-�ȝO�'1$��:DWHU�ZDV�DGGHG�DV�QHHGHG�WR�
reach the final volume. PCR conditions comprised a pre-denaturing and polymerase activation 
step at 94°C for 15min, followed by 40-50 cycles at 94°C for 30sec, annealing at 58°C for 30sec 
and 72°C for 30sec. A final extension step was carried out at 72°C for 5 minutes. Negative 
controls (only water added) and positive controls (high quality DNA of known male and female 
sex) were carried along for all amplifications. Sex determination was done by visual inspection 
of the PCR products on a 2.5% Agarose gel stained with ethidium bromide.  
 
Supplementary appendix 4 - Data analysis and modeling supplementary information  
 
Before each analysis, we assessed the number of available data points per estimated term 
(including the intercept, all random effects, and the residual standard deviation). Note that this 
estimate can be considered conservative as it includes all estimated terms. We determined 
model complexity to be adequate for all four models with ratios (data points per term) ranging 
from 10.11 to 56.40. 

To reduce type I error rates, we initially used the maximal random-effect structure comprising 
all theoretically identifiable random slope components. These also included parameters for the 
correlations between random intercepts and slopes [7,8]. In all models, however, such 
FRUUHODWLRQV� ZHUH� ³XQLGHQWLILDEOH´� �L�H�� DEVROXWH� FRUUHODWLRQ� SDUDPHWHU�  and were ([9] ;1׽
therefore excluded from our final models. Comparisons of log-likelihoods values suggest that 
model fit was only minimally affected in all cases (tables S5-S10). To ease model conversion 
and estimate comparison, all covariates were z-transformed to a mean of zero and a standard 
deviation of one prior to fitting each model [10]. Detailed information about sample size, data 
standardization/transformation (including means and standard deviations of original values), 
and the use of non-default optimizers can be found in the supplementary model tables (tables 
S5- S10). 

As our datasets included many zero values in the response variable, for all Poisson models we 
checked the potential need of zero-inflation by sampling 1000 times as many fitted values as 
the number of residuals of our models and comparing the number of zeros present in each 
sample with the number of zero present in our original datasets. We additionally used the 
IXQFWLRQ�µFKHFNB]HURLQIODWLRQ¶�RI�WKH�µSHUIRUPDQFH¶�5�SDFNDJH��YHUVLRQ�������� [11]) to check if 
the ratio of observed and predicted zeros is within the tolerance range. Both methods showed 
that all models were not underfitting zeros and therefore no zero-inflation was required.  

We assessed model stability using a function kindly provided by Roger Mundry, which 
compares estimates obtained by running models excluding the levels of the random effects one 
at a time [12]. All models displayed good to adequate levels of stability.  
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Fig. S1. Visual representation of male age categories and male presence for the 30 study 
subjects during the study period (April 2014 - December 2017). NA (not assessed - in grey) 
indicates days when males were not present due to demographical changes (i.e. not associated 
to the study parties, not in the selected age categories, or deceased, also see supplementary 
appendix 1). Age categories are the following: SSAM= small subadult male; LSAM= large 
subadult male; EPAM= early prime adult male; MPAM= middle prime adult male; LPAM= late 
prime adult male; OAM= old adult male.  
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Table S1. Age category definitions for adolescent and adult males.  

 

Adolescent 

SSAM 
´6PDOO�VXEDGXOW�PDOHµ 

Individuals are visibly bigger than adult females, but still have a lanky appearance and 
are visibly smaller than adult males (i.e. have not yet attained full body size). Males 
start experiencing testicular enlargement and have an enlarged scrotum by the end of 
this phase. Canines start extending beyond tooth row and the mantle start to develop 
marks. Secondary sexual characteristics are partially but not fully developed (mantle, 
canine ridges, long canine teeth). 

LSAM 
´/DUJH�VXEDGXOW�PDOHµ 

Individuals no longer have a lanky appearance but have not yet attained full body size 
or muscle mass. Body shape is more similar to the one of adult than small subadult 
males. 

Adult 

EPAM  
´(DUO\-prime adult 

PDOHµ 

Secondary sexual characteristics and body size are fully developed. The coat is long 
and shiny. The ischial callosities become square and wide and the butt may take on 
reddish color. Teeth in category 5. 

MPAM  
´0LG-prime adult 

PDOHµ 
The mantle may show some breaks. The teeth start decaying (categories 3 or 4). 

LPAM  
´/DWH-prime adult 

PDOHµ 
The mantle starts to thin out. The male has less muscle mass. Teeth in categories 2 
or 3. 

OAM  
´2OG�DGXOW�PDOHµ 

The mantle thins out visibly. The male has lost most of his muscle mass. Teeth in 
categories 1 or 2. 
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Table S2. Tooth status category definitions [from 13]. 
 

Tooth Category Definition 

5 White teeth with sharp unchipped points. 

4 White teeth or slight yellowing on one or two teeth, some chipping or wear on one tooth. 

3 Some discoloration on several teeth, breaks chipping or tooth wear very evident. 

2 Extensive discoloration, one or both canines missing or broken. 

1 Extensive discoloration, one or both canines missing or worn to the level of premolars and substantial 
damage to other teeth. 

 

 

 

  

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 19, 2022. ; https://doi.org/10.1101/2022.04.19.488751doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.19.488751
http://creativecommons.org/licenses/by/4.0/


 

 

 

 

23 

Table S3. Characteristics of the 24 microsatellite loci used to estimate paternity 
(calculated using the genotypes of all males, females and offspring included in the analysis; 
n=118). 

Loci Alleles 
Inbree- 

ding 
Heterozygosity NAFE Null 

Locus 

 ID 

Locus 

 No. 

Allele 

range 

No. 

All- 

eles 

FIS He Ho 
HWE 

* 

Brook- 

field 

Chakra- 

borty 

alleles  

 

presence 

D6s264 Locus1 94-98 3 0.051 0.529 0.500 0.442 0.019 0.028 no 

D7s503 Locus2 152-166 5 -0.028 0.757 0.754 0.343 0.001 0.002 no 

D12s375 Locus3 165-181 5 -0.101 0.724 0.797 0.848 -0.042 -0.048 no 

D3s1766 Locus4 195-203 2 -0.111 0.259 0.288 0.314 -0.024 -0.054 no 

D14s306 Locus5 169-177 3 -0.050 0.534 0.559 0.625 -0.017 -0.023 no 

D1s533 Locus6 187-199 4 0.010 0.595 0.593 0.349 0.001 0.002 no 

D2s1329 Locus7 212-224 4 0.054 0.589 0.559 0.048 0.019 0.026 no 

D2s1326 Locus8 251-259 3 -0.032 0.377 0.390 0.251 -0.009 -0.017 no 

D10s611 Locus9 133-141 3 -0.066 0.580 0.593 0.036 -0.008 -0.011 no 

D8s1106 Locus10 148-156 3 -0.066 0.473 0.500 0.899 -0.018 -0.028 no 

D17s791 Locus11 166-172 4 -0.013 0.578 0.576 0.063 0.001 0.002 no 

D6s501 Locus12 172-188 5 -0.057 0.678 0.712 0.035 -0.020 -0.024 no 

D17s1290 Locus13 195-207 4 -0.050 0.452 0.475 0.765 -0.016 -0.025 no 

D6s311 Locus14 228-230 2 -0.134 0.387 0.390 1.000 -0.002 -0.003 no 

D5s1457 Locus15 128-136 3 -0.173 0.390 0.458 0.101 -0.046 -0.077 no 

D8s505 Locus16 147-151 2 -0.054 0.329 0.347 0.78 -0.014 -0.027 no 

D10s1432 Locus17 158-170 7 -0.057 0.749 0.763 0.363 -0.008 -0.009 no 

D5s820 Locus18 179-199 6 0.030 0.774 0.746 0.343 0.020 0.024 no 

D3s1768 Locus19 169-209 5 0.035 0.565 0.542 0.525 0.015 0.021 no 

D7s2204 Locus20 228-244 5 -0.011 0.700 0.678 0.086 0.013 0.016 no 

D1s207 Locus21 133-135 2 -0.113 0.483 0.508 0.690 -0.017 -0.026 no 

D4s243 Locus22 147-167 6 -0.018 0.618 0.619 0.024 -0.0004 -0.001 no 

D1s548 Locus23 192-208 5 0.047 0.724 0.636 0.045 0.051 0.065 yes 

D21s1142 Locus24 230-246 5 -0.129 0.658 0.686 0.172 -0.017 -0.021 no 

Mean - 4.0 -0.043 0.563 0.570 - -0.005 -0.009 - 

SD - 1.4 0.063 0.145 0.138 - 0.021 0.030 - 

Min - 2.0 -0.173 0.259 0.288 - -0.046 -0.077 - 

Max - 7.0 0.054 0.774 0.797 - 0.051 0.065 - 

FIS= inbreeding coefficient according to Nei (1987); He= expected heterozygosity; Ho= observed heterozygosity; HWE= Hardy-Weinberg equilibrium (* note that 
p-value was corrected for multiple testing with the Bonferroni adjustment, Į = (0.05/ 24) = 0.00208); NAFE= null alleles frequencies estimators calculated based on 
Brookfield (1996) and Chakraborty et al. (1992) and presence of null alleles. 
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Table S4. Results of the paternity analysis for offspring born during the study period 
(2014-2017) in party 6 and 9. Samples and genotypes were available for a total of 36 offspring, 
ZKLOH�IRU�WKH�RWKHU����RIIVSULQJ�QR�JHQHWLF�LQIRUPDWLRQ�ZHUH�DYDLODEOH��VHH�WKH�FROXPQ�µ2IIVSULQJ�
VDPSOLQJ¶���5HVXOWV�IURP�WKH�SDWHUQLW\�DQDO\VLV�FRQGXFWHG�ZLWK�&HUYXV������YHUVLRQ��������[14]). 
The offspring, mother and most likely father identity are reported in the table per each study 
party. Date (month and year) of conception, date of birth, and identity of the primary male at 
the time of FRQFHSWLRQ�DUH�DOVR�UHSRUWHG��7UDQVIHU�RI�PRWKHUV�WR�DQRWKHU�SULPDU\�PDOH¶V�XQLW�
EHWZHHQ�WLPH�RI�FRQFHSWLRQ�DQG�ELUWK�RFFXUUHG�LQ�RQO\�������RI�FDVHV��VHH�WKH�FROXPQ�µ8QLW�
WUDQVIHU� GXULQJ� FRQFHSWLRQ�SUHJQDQF\¶��� 1PLV� LQGLFDWHV� QXPEHU� RI� PLVPDWFKHV�� 7ULR� /2D 
indicates the scores of the logarithm of the likelihood ratio; trio Delta is defined as the difference 
in LOD scores between the most likely and the second most likely candidate father. The 
confidence level of the Cervus paternity assignments was set to ���� �µVWULFW¶� FULWHULRQ���$Q�
asterisk in the confidence level column indicates a statistical confidence on paternity 
assignment higher than 95%. An asterisk in the most likely father column indicates fathers that 
were not the primary male at the time of conception. In particular, one asterisk indicate a father 
belonging to the same party and two asterisks a father belonging to a different party of the 
same gang. 
 

Party 
Off- 

spring 

Time 
of 

birth 

Time 
of 

Conception 
Mother 

Offspring 
sampling 

Most- likely 
father 

Primary male at 
time of conception 

Unit transfer during 
conception/pregnancy 

Nmis 
Trio 
LOD 

Trio 
Delta 

Conf- 
level 

6 CRS Jan-14 Aug-13 EKA Yes RDI* JKY No 0 1.35E+15 1.28E+15 95%* 

9 NOA Mar-14 Oct-13 IGR Yes SNE SNE No 0 8.93E+14 1.61E+14 95%* 
6 QNN Apr-14 Nov-13 XNA Yes MLK MLK No 0 1.51E+15 1.51E+15 95%* 
6 LNO Jun-14 Jan-14 MCY Yes JKY JKY No 0 9.20E+14 9.20E+14 95%* 
9 PCO Jul-14 Mar-14 AMT Yes BAA BAA No 0 1.24E+15 1.24E+15 95%* 
6 PTC Jul-14 Feb-14 LCY Yes MLK MLK No 0 8.21E+14 8.21E+14 95%* 
9 SPT Aug-14 Apr-14 SND Yes DRK DRK No 0 9.93E+14 9.93E+14 95%* 
9 HIK Sep-14 Mar-14 GNR Yes AND AND No 0 1.01E+15 1.01E+15 95%* 
6 EML2 Sep-14 Mar-14 EML No / RBT No / / / / 
9 KTE Oct-14 Apr-14 TBY Yes SNE SNE No 0 5.14E+14 5.14E+14 95%* 
9 OLV Oct-14 May-14 YKO No / MRX No / / / / 
6 SRY Jan-15 Sep-14 DSL Yes RBT RBT No 0 1.16E+15 9.87E+14 95%* 
9 KKI Feb-15 Sep-14 TAR Yes DRK DRK No 0 7.07E+14 7.07E+14 95%* 
9 LLU Mar-15 Sep-14 VTR Yes WNT WNT No 0 1.29E+15 1.29E+15 95%* 
9 SBY Apr-15 Nov-14 KIR Yes WNT WNT No 0 1.20E+15 1.20E+15 95%* 
6 BIC May-15 Jan-15 EML Yes RBT RBT No 0 1.06E+15 4.11E+14 95%* 
9 DJO May-15 Nov-15 RXN Yes NDR** DRK No 0 7.26E+14 7.26E+14 95%* 
6 FIN May-15 Nov-14 SLY Yes MLK MLK No 0 9.88E+14 9.09E+14 95%* 
9 GRM May-15 Jan-15 ELI No / MRX No / / / / 
6 MWL Jun-15 Feb-15 LEA Yes WLD WLD No 0 1.05E+15 1.05E+15 95%* 
6 ATA3 Jul-15 Feb-15 ATA No / TBS No / / / / 
9 BMB Jul-15 Jan-15 IGR No / AND No / / / / 
9 THL Aug-15 Mar-15 MMI Yes MRX MRX No 0 9.80E+14 4.21E+14 95%* 
9 LEO Dec-15 Jul-15 DPH Yes AND AND No 0 6.49E+14 6.49E+14 95%* 
9 YSH Apr-16 Oct-15 YKO Yes MRX MRX No 0 1.50E+15 1.50E+15 95%* 
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9 BRN May-16 Dec-15 BTR Yes WNT WNT No 0 1.49E+15 1.49E+15 95%* 
6 EFF May-16 Nov-15 EKA Yes IND* JKY No 0 1.22E+15 1.22E+15 95%* 
9 HVN May-16 Nov-15 HLN Yes AND AND No 0 9.45E+14 9.45E+14 95%* 
9 JRR May-16 Nov-15 JAN Yes MRX MRX No 0 9.94E+14 9.94E+14 95%* 
6 LCY3 May-16 Dec-15 LCY No / MLK Yes / / / / 
6 MCY4 May-16 Nov-15 MCY No / JKY Yes / / / / 
6 ACH Jun-16 Dec-15 ATA Yes LOU LOU No 0 1.04E+15 1.35E+14 95%* 
9 SFF Jun-16 Mar-16 SND Yes DRK DRK No 0 1.21E+15 1.21E+15 95%* 
9 ANR Jul-16 Feb-16 ANI Yes MRX MRX No 0 1.06E+15 1.06E+15 95%* 
6 XYA Jul-16 Jan-16 XNA Yes MLK MLK Yes 0 8.57E+14 8.57E+14 95%* 
6 DIT Aug-16 Apr-16 DSL Yes RDI RDI No 0 1.33E+15 5.22E+14 95%* 
9 AMT3 Aug-16 Apr-16 AMT No / BAA No / / / / 
9 GRG Sep-16 Mar-16 GNR Yes AND AND No 0 1.26E+15 1.26E+15 95%* 
9 TTN Sep-16 Mar-16 TBY No / BAA No / / / / 
6 SLY2 Feb-17 Jun-16 SLY No / ASN Yes / / / / 
6 EWN Mar-17 Jul-16 EML Yes WLD WLD No 0 9.70E+14 9.70E+14 95%* 
6 LLT Mar-17 Jul-16 LEA Yes WLD WLD No 0 1.06E+15 1.06E+15 95%* 
9 RVL Mar-17 Nov-16 RXN Yes DRK DRK No 0 8.92E+14 8.92E+14 95%* 
9 KRN Mar-17 Nov-16 KIR No / WNT No / / / / 
9 TQL May-17 Jan-17 TAR Yes DRK DRK No 0 9.47E+14 9.47E+14 95%* 
9 ENZ May-17 Nov-16 ELI No / MRX No / / / / 
9 SMM Jun-17 Jan-17 SPR Yes WNT WNT No 0 1.10E+15 1.10E+15 95%* 
6 RSI Jul-17 Jan-17 RAH No / LOU No / / / / 
9 MRO Sep-17 Mar-17 MMI No / MRX No / / / / 
6 SNV Nov-17 May-17 SLY Yes SPC SPC No 0 1.32E+15 1.32E+15 95%* 
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Table S5. Model 1 - Male-male dyadic composite sociality index (DSI) and coalitionary 
support. Model table of male±PDOH�'6,¶V�HIIHFW�RQ�FRDOLWLRQDU\�UDWH�SHU�FRQWDFW�KRXU�  

 
Model formula:  

Glmer(Coalition_Count ~ z.log.DSI + Party + Year +  

(1 + z.log.DSI + Year_code.2 + Year_code.3 + Year_code.4 || Subject_ID) + (1 + z.log.DSI + 
Year_code.2 + Year_code.3 + Year_code.4 || Partner_ID) +(1|Dyad_Subject+Partner_ID) + 
RIIVHW�ORJ�'\DGLFB&RQWDFWB+RXUV����IDPLO\ �´SRLVVRQ���GDWD G��FRQWURO &RQWU� 

&RQWU JOPHU&RQWURO�RSWLPL]HU ´ERE\TD���RSW&WUO OLVW�PD[IXQ �������� 

 Estimate Std. 
Error 2.5% CI 97.5 % CI 2ݔ df Pr(Chi) 

Intercept -9.429 0.375 -10.495 -8.857 (3) (3) (3) 

z.log.DSI(1) 0.781 0.108 0.500 0.994 27.760 1 <0.001 

Party 9(2) 0.332 0.346 -0.341 0.993 0.919 1 0.338 

Year_2015(2) 0.430 0.375 -0.425 1.205 

14.174 3 0.003 Year_2016(2) -0.588 0.524 -1.756 0.392 

Year_20172) -1.520 0.421 -2.475 -0.638 

Estimates calculated from the generalized linear mixed model with standard errors. Models examine the effects or 
predictors indicated on the left on coalitionary rate per contact hour (main predictors above the dotted line; control 
predictors below). CI = confidence interval. 

The sample for this model consisted of: number of obs: 958; groups: Dyad_Subject+Partner_ID=388; Subject_ID=30; 
Partner_ID=30. 

Dispersion parameter =0.289 (no concern for overdispersion; value < 1.0). 

Effect sizes - R2��5�P ��������5�F ��������FDOFXODWHG�ZLWK�WKH�PHWKRG�´7ULJDPPDµ�DQG�WKH�´U�VTXDUHG*/00µ�IXQFWLRQ�
RI�WKH�´0X0,Qµ�5�SDFNDJH 

Comparisons of log-likelihoods between model with/without correlations between random intercepts and slopes: full 
model including the correlation parameters: -449.4 (df=37); full model lacking the correlation parameters: -459.8215 
(df=17) 

(1) The predictor of interest DSI was log-transformed and afterwards z-transformed to a mean of 0 and a standard 
deviation (SD) of 1; original mean (SD): 1.000 (2.291); log-transformed mean (SD): 0.399 (0.641). 

(2) Year was dummy coded with 2014 being the reference category. Party was dummy coded with Party 6 being the 
reference category. 

(3) Not shown due to very limited interpretability. 
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Table S6. Model 2 - Mode number of associated females and male-male sociality (male 
bond strength and number of strong bonds). Model table of male bond strength and number 
of strong bonds effect on the mode number of associated females (calculated as mode per 
male per year). 

 
Model formula:  

Glmer(Nfemales.mode ~ z.Bond_Strenght_top3DSI + z.N_StrongBonds + Party + Year + (1 + 
z.BRQGB6WUHQJKWBWRS�'6,�__�0DOHB,'���IDPLO\ �´SRLVVRQ���GDWD G��FRQWURO &RQWU� 

&RQWU JOPHU&RQWURO�RSWLPL]HU ´ERE\TD���RSW&WUO OLVW�PD[IXQ �������� 

 Estimate Std. 
Error 2.5% CI 97.5 % CI 2ݔ df Pr(Chi) 

Intercept -0.625 0.372 -1.522 0.017 (3) (3) (3) 

z.Bond_Strenght_top3DSI(1) -0.749 0.266 -1.381 -0.254 8.985 1 0.003 

z.N_StrongBonds(1) -0.288 0.220 -0.779 0.176 1.793 1 0.181 

Party 9(2) 0.191 0.446 -0.665 1.040 0.177 1 0.674 

Year_2015(2) -0.100 0.290 -0.791 0.498 

1.319 3 0.725 Year_2016(2) -0.263 0.301 -1.000 0.321 

Year_2017(2) -0.320 0.308 -0.952 0.267 

Estimates calculated from the generalized linear mixed model with standard errors. Models examine the effects of predictors 
indicated on the left on mode number of associated females (main predictors above the dotted line; control predictors below). CI = 
confidence interval. 

The sample for this model consisted of: number of obs: 91; groups: Male_ID=30.  

Dispersion parameter = 0.542 (no concern for overdispersion; value < 1.0). 

Effect sizes - R2��5�P ��������5�F ��������FDOFXODWHG�ZLWK�WKH�PHWKRG�´7ULJDPPDµ�DQG�WKH�´U�VTXDUHG*/00µ�IXQFWLRQ�RI�WKH�
´0X0,Qµ�5�SDFNDJH 

Comparisons of log-likelihoods between model with/without correlations between random intercepts and slopes: ͒full model 
including the correlation parameter: -101.436 (df=10); full model lacking the correlation parameter: -103.471 (df=9) 

(1) The predictors of interest were z-transformed to a mean of 0 and a standard deviation (SD) of 1; original mean (SD):  
Bond_Strenght_top3DSI 9.353 (6.506); N_StrongBonds 2.176 (1.525). 

(2) Year was dummy coded with 2014 being the reference category. Party was dummy coded with Party 6 being the reference 
category. 

(3) Not shown due to very limited interpretability. 
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Table S7. Model 3 - Number of sired offspring and male-male sociality (male bond 
strength and number of strong bonds). Model table of male bond strength and number of 
strong bonds effect on number of sired offspring (calculated as count per male per year). 

 
Model formula: 

Glmer(NsiredOffspring ~ z.Bond_Strenght_top3DSI + z.N_StrongBonds + Party + Year + ͒            
(1 + z.Bond_Strenght_top3D6,�__�0DOHB,'���IDPLO\ �´SRLVVRQ��� data=d, control=Contr) 

&RQWU JOPHU&RQWURO�RSWLPL]HU ´ERE\TD���RSW&WUO OLVW�PD[IXQ ��������� 

 Estimate Std. 
Error 2.5% CI 97.5 % CI 2ݔ df Pr(Chi) 

Intercept -1.035 0.349 -1.969 -0.495 (3) (3) (3) 

z.Bond_Strenght_top3DSI(1) -0.655 0.288 -1.358 -0.144 5.738 1 0.017 

z.N_StrongBonds(1) -0.085 0.245 -0.629 0.367 0.122 1 0.727 

Party 9(2) 0.288 0.295 -0.315 0.959 0.936 1 0.333 

Year_2015(2) 0.078 0.418 -0.796 1.005 

1.205 3 0.752 Year_2016(2) 0.260 0.399 -0.553 1.146 

Year_2017(2) -0.168 0.429 -1.140 0.806 

Estimates calculated from the generalized linear mixed model with standard errors. Models examine the effects of predictors 
indicated on the left on number of sired offspring (main predictors above the dotted line; control predictors below). CI = 
confidence interval. 

The sample for this model consisted of: number of obs: 91; groups: Male_ID=30. 

Dispersion parameter = 1.159 (no substantial concern for overdispersion; value 1.0׽) 

Effect sizes - R2��5�P ��������5�F ��������FDOFXODWHG�ZLWK�WKH�PHWKRG�´7ULJDPPDµ�DQG�WKH�´U�VTXDUHG*/00µ�IXQFWLRQ�RI�
WKH�´0X0,Qµ�5�SDFNDJH 

Comparisons of log-likelihoods between model with/without correlations between random intercepts and slopes: ͒full model 
including the correlation parameter: -79.107 (df=10); full model lacking the correlation parameter: -79.672 (df=9) 

(1) The predictors of interest were z-transformed to a mean of 0 and a standard deviation (SD) of 1; original mean (SD):  
Bond_Strenght_top3DSI 9.353 (6.506); N_StrongBonds 2.176 (1.525). 

(2) Year was dummy coded with 2014 being the reference category. Party was dummy coded with Party 6 being the reference 
category. 

(3) Not shown due to very limited interpretability. 
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Table S8. Model 4 - Post-hoc test: time males spent affiliating with other males by 
number of associated females. Model table of male number of DVVRFLDWHG�IHPDOHV¶�HIIHFW�RQ�
proportion of time males spent affiliating with other males (i.e. grooming plus contact-sit). 

 
Model formula:  

glmmTMB(tr.prop.aff ~ z.FocalMaleNfemales + Party + Year + (1|Male_ID), family = 
EHWDBIDPLO\�OLQN ´ORJLWµ���GDWD G� 

 Estimate Std. 
Error 2.5% CI 97.5 % CI z-value p-value 

Intercept -3.645 0.22 -4.04 -3.277 (3) (3) 

z.FocalMaleNfemales(1) -0.371 0.107 -0.55 -0.209 -3.479 0.001 

Party 9(2) -0.089 0.212 -0.442 0.289 -0.418 0.676 

Year_2015(2) 0.399 0.209 0.032 0.758 1.908 0.056 

Year_2016(2) 0.237 0.227 -0.15 0.644 1.046 0.296 

Year_2017(2) 0.186 0.223 -0.196 0.566 0.836 0.403 

Estimates calculated from the generalized linear mixed model with standard errors. Models examine the effects of 
predictors indicated on the left on proportion of time males spent affiliating with other males (main predictors above the 
dotted line; control predictors below). CI = confidence interval. 

The sample for this model consisted of: number of obs: 147; groups: Male_ID=30. 

Dispersion parameter = 1.283 (Moderate overdispersion) - Std. Error, Z- and p-values were corrected by the overdispersion 
level according to Gelman and Hill (2007) 

Effect sizes - R2��5�P ��������5�F ��������FDOFXODWHG�ZLWK�WKH�´U�µ�IXQFWLRQ�RI WKH�´SHUIRUPDQFHµ�5�SDFNDJH 

(1) The predictor of interest FocalMaleNfemales was z-transformed to a mean of 0 and a standard deviation (SD) of 1; 
original mean (SD): 1.442 (1.513).͒(2) Year was dummy coded with 2014 being the reference category. Party was dummy 
coded with Party 6 being the reference category. 

(3) Not shown due to very limited interpretability. 
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Table S9. Subset of Model 2 - Mode number of associated females and male-male 
sociality (male bond strength and number of strong bonds). This model was ran with a 
subset of data only including large subadult and adult males within each year - Model table of 
male bond strength and number of strong bonds effect on the mode number of associated 
females (calculated as mode per male per year). 

 
Model formula:  

Glmer(Nfemales.mode ~ z.Bond_Strenght_top3DSI + z.N_StrongBonds + Party + Year + ͒            
�����]�%RQGB6WUHQJKWBWRS�'6,�__�0DOHB,'���IDPLO\ �´SRLVVRQ���GDWD 6XEVHWBG��FRQWURO &RQWU� 

&RQWU JOPHU&RQWURO�RSWLPL]HU ´ERE\TD���RSW&WUO OLVW�PD[fun=100000)) 

 Estimate Std. 
Error 2.5% CI 97.5 % CI 2ݔ df Pr(Chi) 

Intercept -0.229 0.321 -0.969 0.379 (3) (3) (3) 

z.Bond_Strenght_top3DSI(1) -0.739 0.259 -1.368 -0.281 9.246 1 0.002 

z.N_StrongBonds(1) -0.201 0.214 -0.676 0.217 0.921 1 0.337 

Party 9(2) 0.294 0.365 -0.431 1.036 0.602 1 0.438 

Year_2015(2) -0.132 0.287 -0.787 0.431 

1.234 3 0.745 Year_2016(2) -0.285 0.297 -0.933 0.361 

Year_2017(2) -0.291 0.302 -0.893 0.377 

Estimates calculated from the generalized linear mixed model with standard errors. Models examine the effects of predictors 
indicated on the left on mode number of associated females (main predictors above the dotted line; control predictors below). 
CI = confidence interval. 

The sample for this model consisted of: number of obs: 76; groups: Male_ID=25.  

Dispersion parameter = 0.628 (no concern for overdispersion; value < 1.0). 

Effect sizes - R2��5�P ��������5�F ��������FDOFXODWHG�ZLWK�WKH�PHWKRG�´7ULJDPPDµ�DQG�WKH�´U�VTXDUHG*/00µ�IXQFWLRQ�RI�
the ´0X0,Qµ�5�SDFNDJH 

Comparisons of log-likelihoods between model with/without correlations between random intercepts and slopes: ͒full model 
including the correlation parameter: -95.465 (df=10); full model lacking the correlation parameter: -96.274 (df=9) 

(1) The predictors of interest were z-transformed to a mean of 0 and a standard deviation (SD) of 1; original mean (SD):  
Bond_Strenght_top3DSI 9.190 (7.038); N_StrongBonds 2.053 (1.582). 

(2) Year was dummy coded with 2014 being the reference category. Party was dummy coded with Party 6 being the reference 
category. 

(3) Not shown due to very limited interpretability. 
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Table S10. Subset of Model 3 - Number of sired offspring and male-male sociality (male 
bond strength and number of strong bonds). This model was ran with a subset of data only 
including large subadult and adult males within each year - Model table of male bond strength 
and number of strong bonds effect on number of sired offspring (calculated as count per male 
per year). 

 
Model formula: 

Glmer(NsiredOffspring ~ z.Bond_Strenght_top3DSI + z.N_StrongBonds + Party + Year + ͒            
�����]�%RQGB6WUHQJKWBWRS�'6,�__�0DOHB,'���IDPLO\ �´SRLVVRQ���GDWD G��FRQWURO &RQWU� 

&RQWU JOPHU&RQWURO�RSWLPL]HU ´ERE\TD���RSW&WUO OLVW�PD[IXQ �����0))  

 Estimate Std. 
Error 2.5% CI 97.5 % CI 2ݔ df Pr(Chi) 

Intercept -0.761 0.351 -1.705 -0.195 (3) (3) (3) 

z.Bond_Strenght_top3DSI(1) -0.664 0.289 -1.372 -0.151 6.197 1 0.013 

z.N_StrongBonds(1) 0.032 0.240 -0.513 0.489 0.017 1 0.895 

Party 9(2) 0.323 0.298 -0.243 1.004 1.191 1 0.275 

Year_2015(2) -0.030 0.418 -0.892 0.868 

0.766 3 0.858 Year_2016(2) 0.147 0.398 -0.670 1.009 

Year_2017(2) -0.200 0.429 -1.126 0.696 

Estimates calculated from the generalized linear mixed model with standard errors. Models examine the effects of predictors 
indicated on the left on number of sired offspring (main predictors above the dotted line; control predictors below). CI = 
confidence interval. 

The sample for this model consisted of: number of obs: 76; groups: Male_ID=25. 

Dispersion parameter = 1.004 (no substantial concern for overdispersion; value 1.0׽) 

Effect sizes - R2��5�P ��������5�F ��������FDOFXODWHG�ZLWK�WKH�PHWKRG�´7ULJDPPDµ�DQG�WKH�´U�VTXDUHG*/00µ�IXQFWLRQ�RI�
WKH�´0X0,Qµ�5�package 

Comparisons of log-likelihoods between model with/without correlations between random intercepts and slopes: ͒full model 
including the correlation parameter: -73.159 (df=10); full model lacking the correlation parameter: -73.159 (df=9) 

(1) The predictors of interest were z-transformed to a mean of 0 and a standard deviation (SD) of 1; original mean (SD):  
Bond_Strenght_top3DSI 9.190 (7.038); N_StrongBonds 2.053 (1.582). 

(2) Year was dummy coded with 2014 being the reference category. Party was dummy coded with Party 6 being the reference 
category. 

(3) Not shown due to very limited interpretability. 
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