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Most mammals live in social groups in which members form
differentiated social relationships. Individuals may vary in their degree
of sociality, and this variation can be associated with differential
fitness. In some species, for example, female sociality has a positive
effect on infant survival. However, investigations of such cases are still
rare, and no previous study has considered how male infanticide
might constrain effects of female sociality on infant survival. In-
fanticide is part of the male reproductive strategy in many mammals,
and it has the potential to override, or even reverse, effects of female
reproductive strategies, including sociality. Therefore, we investigated
the relationships between female sociality, offspring survival, and
infanticide risk in wild white-faced capuchin monkeys using long-term
data from Santa Rosa, Costa Rica. Female capuchins formed differen-
tiated bonds, and bond strength was predicted by kin relationship,
rank difference, and the presence of female infants. Most females
formed stable bonds with their top social partners, although bond
stability varied considerably. Offspring of highly social females, who
were often high-ranking females, exhibited higher survivorship during
stable periods compared with offspring of less social females.
However, offspring of highly social females were more likely to die
or disappear during periods of alpha male replacements, probably
because new alpha males are central to the group, and therefore
more likely to target the infants of highly social, central females. This
study shows that female sociality in mammals can have negative
fitness consequences that are imposed by male behavior.
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In group-living mammals, individuals often form differentiated
social relationships with other group members, resulting in
variation in their degree of sociality (1). Over the past 14y, several
studies have investigated the fitness consequences of individual
variation in sociality. For example, female chacma baboons (Papio
ursinus) (2) and female yellow baboons (Papio cynocephalus) (3)
with strong and stable bonds have a longer life expectancy than
females with weaker and less stable bonds. More social male and
female Barbary macaques (Macaca sylvanus) also have a higher
chance of survival during adverse conditions, such as very cold
winters (4, 5). Although published data with regard to sociality and
male reproductive success are rare, Schiilke et al. (6) found that male
Assamese macaques (Macaca assamensis) with strong bonds sire
more offspring than do males with weaker bonds. In terms of fe-
male sociality and reproductive success, studies on yellow baboons
(7), chacma baboons (8), bottlenose dolphins (Tursiops sp.) (9), and
feral horses (Equus caballus) (10) have shown that offspring survival
is higher for females with stronger social bonds or better social
integration compared with less social females. However, the num-
ber of publications on sociality and fitness is still relatively small.
Even primate research, which represents a considerable proportion
of the literature on this topic, has been limited to species belonging
to the Old World monkey tribe of Papionini.

Furthermore, previous studies on female sociality and re-
productive success mainly focused on the role of female strategies,
but such strategies do not occur in isolation and can be affected by
male strategies. Male and female reproductive strategies differ
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from one another considerably in most mammals: Female mam-
mals usually invest more energy in each offspring via gestation and
lactation, whereas males invest more into intense competition over
access to a larger number of receptive females (11). These di-
vergent reproductive strategies can, and do, often result in highly
pronounced sexual conflict (11, 12). The killing of dependent
offspring by unrelated males, infanticide, is one of several mani-
festations of sexual conflict that has been reported in many species
of social mammals (13-15). The most widely supported explana-
tion for this behavior is that infanticide is a reproductive strategy
whereby males can maximize their number of offspring by killing
unrelated dependent infants (16). In his review of infanticide
across primates, Palombit (16) found that infanticide as a male
reproductive strategy coincides with a changeover in the group’s
alpha male, and is particularly relevant for species showing a high
reproductive skew. The killing of dependent infants can induce a
female to resume cycling earlier than if the infant survives and
open up the possibility that she will reproduce with the new alpha
male. For females, losing an infant to male infanticide can destroy
substantial reproductive effort within moments and negate female
social strategies that would otherwise be beneficial to infant sur-
vival, such as forming social bonds with other females.

To extend our knowledge about the adaptive value of female
social bonds in mammals, and to investigate whether male in-
fanticide can interfere with female sociality as a strategy that in-
creases infant survival, we analyzed behavioral and life-history
data from a population of white-faced capuchin monkeys (Cebus
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capucinus imitator) in Santa Rosa, Costa Rica. This species of New
World monkey (Platyrrhini) lives in multimale-multifemale groups
in which the philopatric females are highly social (17-19). Fur-
thermore, females that groom each other more often also tend to
form coalitions more often (19). However, the fitness repercussions
of such bonds have not been thoroughly investigated. Males, on the
other hand, disperse from their natal group at ~4 y of age and
continue to disperse throughout their lives, changing groups at ~4-y
intervals (20, 21). This pattern of frequent male movement between
groups leads to complete (or near-complete) changeovers in male
group members, including alpha males. Infant mortality is signifi-
cantly greater in the context of alpha male replacements (AMRs)
than during times of group stability (18, 22-24).

To clarify the effect of female sociality on infant survival in the
context of both male and female reproductive strategies, we in-
vestigated the predictors of female bond strength, the stability of
female bonds, and the consequences of female sociality for off-
spring survival in wild capuchin monkeys across periods of varying
group stability. Because of the similarities between the capuchin
social system and the social system of baboons, we expected that
offspring survival would be correlated with female sociality.
However, because of the impact of AMRs on infant survival, we
expected that female sociality would only have a positive effect on
infant survival during times of group stability. Alpha males are
usually located centrally within the group (25); therefore, we had
earlier postulated that the offspring of more central females would
be more vulnerable to aggression by new alpha males than the
offspring of more peripheral females (26). Because we predicted
that the most social females are also the most central ones, we
expected that when infanticide risk is high during AMR periods,
highly social females would have poorer infant survival rates than
do less social ones.

Results

Predictors of Dyadic Bonds. Female social bonds were highly vari-
able between dyads and within the same dyads over time. The
average coefficient of variation (CV) for the dyadic sociality
index (DSI) was 86% between different dyads within the same
year, compared with 67% within the same dyad over different
years. This variation in bond strength within and between dyads
was significantly related to three of the tested predictor variables:
relatedness, dominance rank difference, and presence of female
infants (Table 1). Dyads with higher R-values (i.e., estimated re-
latedness) and dyads in which female infants were present showed
stronger bonds than did other dyads. Also, dyads with larger dif-
ferences in rank showed weaker bonds than did dyads with more
adjacent rank positions. The presence of male infants and age
differences had no effect on bond strength.

Table 1. Predictors of dyadic bond strength

Term Estimate (SE) XZ P

(Intercept) -0.356 (0.077) — —

R-value 0.207 (0.042) 19.106 <0.001
Age difference —0.016 (0.043) 0.131 0.717
Rank difference —0.210 (0.038) 24.988 <0.001
Male infant present 0.053 (0.065) 0.643 0.423
Female infant present 0.240 (0.064) 13.396 <0.001

Results of an LMM with log-transformed DS/ (+0.1) values as the response
variable. The full model was significantly better than the null model (> =
58.810, df = 5, P < 0.001). R-value, age difference, and rank difference were
scaled to a mean of 0 and an SD of 1 before running the model. The original
mean =+ SD values were as follows: R-value = 0.184 + 0.195, age difference =
6.349 + 4.745; and rank difference = 0.423 + 0.249 (n = 557 data points from
151 different dyads and 32 different females). Significant results are shown
in boldface.
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Running the same model with kinship categories instead of

R-values groduced similar results. We found, as before, that
kinship (x~ = 33.079, df = 4, P < 0.001), rank differences (X
18.791, df = 1, P < 0.001), and presence of female infants (x* =
26.617, df = 1 P < 0.001) had a significant effect on bond
strength (Table S1). More specifically, mother-daughter dyads
formed stronger bonds than did maternal sibs, paternal sibs, and
nonkin dyads, but did not differ in bond strength from full-sib
dyads (Fig. 1). Full sibs formed stronger bonds than did nonkin
dyads, whereas maternal and paternal sibs could not be distin-
guished from each other or from nonkin dyads.

Number of Top Partners. The DS/ values of the three strongest bonds
per female were, on average, significantly stronger than the mean
DSI of 1 (results from one-sided ¢ tests using log-transformed
DSI + 0.1 values: first top partner vs. mean DSI: t = 11.746, df =
31, P < 0.001; secondary bond partner vs. mean DSI: t = 7.481,
df = 31, P < 0.001; tertiary bond partner vs. mean DSI: t = 2.805,
df = 31, P < 0.01; and quaternary bond partner vs. mean DSI: t =
—2.313, df = 31, P = 0.986; Fig. S1). The three partners with the
highest DSI values were therefore considered as top partners.

Stability of Bonds with Top Partners. Despite the large temporal
variation in bond strength within dyads over years (CV = 67%,
discussed above), the comparison between observed partner sta-
bility index (PSI) values calculated for the top three partners and
randomized PSI values indicated that observed bonds were more
stable than expected by chance (one-sided Wilcoxon test: Wilcoxon
test statistic V = 133, P < 0.05, n = 31). However, the difference
between observed and randomized PSI values was relatively small
(mean + SD: observed PSI = 0.382 + 0.207, simulated PSI = 0.309 +
0.072), and females showed considerable variation in observed bond
stability, ranging from 0 to 1, whereas simulated PSI values only
ranged from 0.206 to 0.430 (Fig. S2). Thus, some female capuchin
monkeys formed stable strong bonds, but other females changed
their top three partners often.

Predictors of Annual Sociality Indices. Overall sociality of each fe-
male during each year was significantly related to two of the tested
predictor variables (Table 2). First, high-ranking females were
more social than low-ranking females [Table 2; plus a Pearson’s
correlation test between annual sociality indices (4S57) and rank
indicators: r = 0.499 and P < 0.001]. Second, adult females with
female infants were more social than females without female in-
fants. In accordance with our results on dyadic bond strength, the
presence of male infants did not have such an effect.

Sociality and Centrality. Annually calculated centrality values of
females ranged from 0.591 to 0.991 (mean + SD = 0.847 + 0.094).
Thus, despite considerable variation among females, no female
was exclusively peripheral. Nevertheless, results from a linear
mixed model (LMM) with ASI as the predictor variable for cen-
trality values indicate that highly social females were more central
than less social females (estimate + SE: ASI = 0.089 + 0.029, x> =
7.319, P < 0.01, n = 84 data points from 31 different females and 3
different years; Fig. S3).

Infant Survival. In total, 75 infants were included in this study. Fifty
of these infants were at low risk of being killed by a new alpha
male, and 76% of these 50 infants survived their first year of life.
The other 25 infants were at high infanticide risk and only 44%
survived their first year of life (Table S2). Infant survival was
significantly predicted by the interaction between A4S/ and in-
fanticide risk, which means that the effect of female sociality on
infant survival was dependent on the level of infanticide risk (Fig.
2 and Table 3). In comparison to infants of mothers with a low
sociality value, infants of highly social mothers had a higher
probability of surviving their first year of life during times of low
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Fig. 1. Differences in bond strength among different kin categories. Each
point represents the log-transformed DS/ (+0.1) value for each dyad during
each year in which both females were coresident (n = 499 data points from
134 dyads and 32 females; dyads with insufficient information about kin
relationships and grandmother-granddaughter dyads, of which only two
existed within our dataset, were sorted out). The boxes represent the esti-
mate of the LMM with upper and lower 95% confidence limits for each of
the kin categories (assuming mean values for all other variables in the
model). The lines and asterisks at the top of the figure denote the significant
differences between kin categories. *P < 0.05; ***P < 0.001 (P values were
adjusted using the Tukey method).

infanticide risk but a lower probability of surviving during periods
of high infanticide risk. This result was confirmed when we divided
the data into two sets: one that only included infants at low in-
fanticide risk and the other that only included infants at high in-
fanticide risk. We ran a generalized linear mixed model (GLMM)
with each of these two datasets testing ASI as a predictor variable
(low infanticide risk, estimate + SE: ASI = 0.946 = 0.400, X2 =
6.706, P < 0.01; high infanticide risk, estimate + SE: AST = —1.180 +
0.729, y* = 4.799, P < 0.05).

From a lifetime perspective, neither infants of highly social or
less social females had a higher survival probability, because a
model excluding the interaction between ASI and infanticide risk
showed no main effect of female sociality (estimate + SE: ASI =
0.150 + 0.288, ¥* = 0.277, P = 0.598; Table S3, model b). Nev-
ertheless, the model confirmed previous results (22, 23) that in-
fants at low infanticide risk show a higher survival probability than
infants at high infanticide risk (estimate + SE: infanticide risk
(low) = 1.601 + 0.643, x* = 8.008, P < 0.01). Infants of females
with stable top-bond partners had no survival advantage either. A
model with PSI as the predictor variable showed no significant
relation between PSI and infant survival (estimate + SE: PSI =
0.478 + 0.356, x> = 2.266, P = 0.132; Table S3, model c).

Because maternal rank and ASI were highly correlated (dis-
cussed above), we did not include rank in the original GLMM
testing for the effect of sociality on infant survival. When we
replaced ASI with rank in this model, we obtained similar results:
The interaction between rank and infanticide risk was significantly
related to infant survival (x> = 4.287, P < 0.05; Fig. S4 and Table
S3, model d). Infants of high-ranking mothers showed a higher
chance of survival when they were at low infanticide risk (estimate +
SE: rank = 0.788 + 0.429, X2 =4.711, P < 0.05). However, we did
not detect a significant effect of rank on survival of infants at
high risk (estimate + SE: rank = —0.774 + 1.445, y* = 0.994, P =
0.319). Similar to sociality, a model excluding the interaction
between rank and infanticide risk did not indicate a lifetime
effect of rank on infant survival (estimate + SE: rank = 0.338 +
0.300, X2 = 1.321, P = 0.250; Table S3, model e).
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The comparison of different model fits indicated that sociality
accounted for components of variation in infant survival not
explained by rank. The model with both interactions included
(ASLinfanticide risk + rank:infanticide risk) was significantly bet-
ter than the model only including the interaction rank:infanticide
risk (X2 = 7.589, df = 2, P < 0.05; Table S3, models d and f).
However, the model with both interactions included was not sig-
nificantly better than the model only including the interaction ASI:
infanticide risk (X2 =1.551, df = 2, P = 0.4605; Table S3, models a
and f). Thus, although sociality explained variation in infant sur-
vival distinct from the effect of rank, the addition of rank did not
significantly increase the explanatory value of the model.

Discussion

Female white-faced capuchin monkeys form highly variable social
bonds with other females, and variation in individual sociality has
consequences for offspring survival. Similar to other highly social
mammals (27-30), the strength of social bonds was associated with
relatedness and rank differences (also ref. 31). Furthermore,
“natal attraction,” a phenomenon shown in numerous studies
whereby females with infants form stronger bonds than females
without infants (e.g., refs 32, 33), was also exhibited by females in
our study population, but this effect was limited to mothers with
female infants. Perhaps such is the case because female offspring
usually stay in the group, and therefore represent prospective bond
partners, whereas males emigrate as subadults or adults (18, 26).
Alternatively, females may simply have fewer opportunities to in-
teract with male offspring because adult males in this species show
great interest in infants (34), particularly in male infants (35).

As predicted from studies of other species (7-10), variation in
overall female sociality was associated with variation in offspring
survival in white-faced capuchins. This effect, however, was de-
pendent on male behavior; we observed a positive effect of ma-
ternal sociality on infant survival only for infants at low male
infanticide risk, whereas infants born during periods of high in-
fanticide risk (shortly before or after an AMR) had a higher
chance of survival if their mothers were less social females. Infants
at low infanticide risk and born to highly social females may
benefit from having better access to preferred food resources and
the protection provided by group males against predators. Addi-
tionally, infant white-faced capuchin monkeys often acquire sup-
plementary milk from other females [i.e., allonursing (18, 19, 36)],
and infants of highly social females may have more opportunities
to engage in allonursing. Furthermore, our results show that highly
social females are found significantly more often in the center of
the group; therefore, their infants may be less vulnerable to
predators (8).

However, alpha males are usually central to the group as well
(25), and if the resident alpha male is defeated and disperses, the
central females will slowly start to accept the presence of the new
alpha male by grooming him when he approaches (18). During the
period of accepting the new alpha male, the offspring of these
resident females [which are rarely weaned before 1y, and are
therefore close to their mother (36)] experience high rates of

Table 2. Predictors for AS/

Term Estimate (SE) XZ P
(Intercept) 0.458 (0.031) — —
Rank 0.147 (0.025) 16.617 <0.001
Male infant present —0.047 (0.065) 0.465 0.495
Female infant present 0.134 (0.062) 4.027 <0.05

Results from an LMM with AS/ as the response variable. The full model
was significantly better than the null model (XZ = 24.639, df = 3, P < 0.001).
Rank was scaled to a mean of 0 and SD of 1 before running the model. The
original mean + SD of rank was 0.500 + 0.330 (n = 149 data points from 32
females and 7 different years). Significant results are shown in boldface.
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wounding, death, and disappearance (this study and refs. 22-24).
Alternative explanations, such as increased predation pressure or
feeding competition, cannot account for this pattern. A previous
study showed that infant survival was much lower during periods
of AMRs compared with ecologically comparable periods of
group stability (22). Furthermore, annual rainfall, a proxy for re-
source availability, is not a significant predictor of infant survival in
our population (23). Therefore, it appears that the central posi-
tions of highly social females are responsible for the higher vul-
nerability of their dependent infants during and after AMR
periods (26). Offspring of less social females, on the other hand,
may benefit from the peripheral position of their mothers during
high-risk times.

If being highly social has a negative effect on infant survival
during AMR periods, why do females not adjust their sociality
accordingly? Overall, sociality appears to be relatively variable
over time, and it would be reasonable to assume that lactating or
pregnant females could become less social (and therefore more
peripheral) during takeover times. The observation that infants of
highly social females are at higher risk of infanticide during such
periods, however, suggests that females either cannot or choose
not to do so. Other fitness benefits of high sociality could make it
worthwhile to remain highly social despite the high infanticide
risk. The results of the main-effect models indicate that neither
strategy, being highly social or less social, results in a long-term
benefit with regard to infant survival. Thus, high sociality could
provide advantages for female capuchins other than maximizing
infant survival, such as increasing longevity, which has been shown
for female baboons (2). Because long-lived iteroparous organisms
should prioritize individual survival over the survival of any par-
ticular offspring, high sociality may be favored by selection for
pregnant or lactating females even during AMR:s if the benefits in
terms of adult female survival are sufficiently strong.

Rank was positively correlated with individual sociality indices;
therefore, it is not surprising that we detected a similar effect of
rank on infant survival depending on infanticide risk. An associ-
ation (usually positive) between maternal rank and offspring sur-
vival is prevalent in many mammalian species (37, 38), but was not
documented in previous studies of our study population (39). In
the present study, we were able to detect this link because we
determined infanticide risk by assessing conception time and birth
date in relation to AMR events instead of using (rarely) confirmed
instances of infanticide, and we included the interaction between
infanticide risk and rank (or sociality) in our models. The idea that
maternal rank can affect the risk for infants of being attacked by
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infanticidal males has been suggested before (26, 40) but, to our
knowledge, not yet systematically tested. Our study shows that the
explicit consideration of infanticide risk is a promising approach to
studying the fitness consequences of both sociality and rank in
mammalian species that exhibit male infanticide.

The comparison of different models indicated that sociality
explained variation in infant survival distinct from rank as an ex-
planation for variation in infant survival. However, the reverse was
not the case in white-faced capuchin monkeys. Rank positions in
our population are relatively stable [about one rank change per
female every 2.34 y as a result of active challenge (41)]. In con-
trast, bond strength was highly variable and individual sociality
showed more variation over time than rank positions (Fig. S5). As
outlined above, pregnant and lactating females seem not to be
able to adapt their sociality during AMR periods, at least not
sufficiently to mitigate the higher mortality risk to infants. Such an
inability to adapt would be expected for a stable trait, such as rank,
but not for an apparently highly dynamic trait, such as sociality.
Therefore, future studies evaluating how females of different rank
positions and in different reproductive stages change their social
behavior during the establishment of new alpha males would help
to clarify why highly social females do not simply become less
social during periods of high infanticide risk.

Our study contributes to the understanding of fitness implica-
tions of sociality in mammals by providing another example of the
relationship between female sociality and offspring survival. In
particular, it provides much needed data on a Neotropical primate
by providing evidence that an association between sociality and

Table 3. Predictors of infant survival

Term Estimate (SE) x P

(Intercept) —0.205 (0.469) — —
Infanticide risk (low) 1.768 (0.711) —*
ASI —1.013 (0.509) —*

ASl:Infanticide risk (low) 2.067 (0.718) 11.369 <0.001

Results from a GLMM with infant survival (first year of life) as the
response variable. The full model was significantly better than the null
model (X2 =19.445, df =3, P < 0.001). Infanticide risk is a binary variable with
two categories: high risk and low risk. AS/ was scaled to a mean of 0 and SD
of 1 before running the model. The original mean + SD of AS/ was 0.535 +
0.360 (n = 75 infants). Significant results are shown in boldface.

*Because the interaction including this term is significant, the P value for the
main effect is not interpretable.
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offspring survival exists in a nonhuman primate species outside
Papionini, making more generalizable the claim that there are
fitness consequences of sociality. More importantly, however, we
have shown how male behavior, namely, infanticide during AMRSs,
can periodically render sociality as a female reproductive strategy
disadvantageous. This study also confirms that female—female
bonds seem not to represent an effective strategy in reducing male
infanticide risk; instead, they can even increase this risk. To our
knowledge, no other studies have demonstrated such a trade-off
for female sociality in a group-living mammal.

Materials and Methods

The research reported in this study adhered to the laws of Costa Rica, the United
States, and Canada, and complied with protocols approved by the Area de Con-
servacion Guanacaste, by Tulane University’s Institutional Animal Care and Use
Committee, and by the Canada Research Council for Animal Care through the
University of Calgary’s Life and Environmental Sciences Animal Care Committee.

Behavioral Observations and Life-History Data. We derived data on the social
behavior of females, and the dates of birth, death, or disappearance of females
and infants from the long-term Santa Rosa Primate dataset (39). This project
began in Costa Rica in 1983, and since its onset, life-history data have been
collected on a continuous basis from females in several study groups. For this
study, we considered females to be adult once they reached the age of 5y,
which is the youngest age at which females become pregnant (42).

We analyzed behavioral and life-history data from 32 adult females residing in
three different groups: Los Valles (LV), Cerco de Piedra (CP), and Guanacaste (GN).
For the LV and CP groups, we included data from 2005 until 2011, and for the GN
group, we included data from 2007 until 2011. Each female provided between
1and 7y of data (mean + SD = 4.7 + 1.9y), totaling to 149 female years. Groups
included five to 11 females, resulting in 151 coresident dyads during this study
period, and 557 data points if each dyad is counted once per year.

We derived information on social bonds from behavioral data collected
during focal sample observations. During each study year, data were collected
from each group for between 4 and 12 mo, and between 2.5 and 55.1 h per
individual (mean + SD = 13.7 + 13.7 h), resulting in 5-107.7 h of observation
time per dyad per year (mean + SD = 22.5 + 22 h). We calculated sociality
indices per year (discussed below); thus, interannual variation in focal hours
should not bias these indices, although indices may be more precise in years
with more focal data.

Dominance Ranks and Kin Relationship. We calculated ranks for each year
separately, based on focal and ad libitum data using the 1&SI (i.e., minimizing
number and strength of inconsistencies in dominance matrices) method (41).
We then scaled ranks from 0 (lowest rank in the group) to 1 (highest rank in
the group) by calculating 1 g Rank=t .

We used two different estimates to assess dyadic relatedness. First, we
calculated R-values from genotypes at 20 short tandem-repeat loci (43). These
values do not always fit the expected values for kin categories (44), but are
well-suited as continuous predictor variables to estimate in general the effect
of relatedness on social behavior. To obtain a better understanding of how kin
relationships would affect social bonds, we established different kin cate-
gories, including mother-daughter, full sibs, maternal sibs, paternal sibs, and
maternal grandmother—granddaughter dyads. We considered all other dyads
as “nonkin.” We determined members of kinship categories from known
mother-daughter relationships and from paternal relationships determined
via parentage analysis (34).

Dyadic Bond Strength. To make our results comparable to the results of
previous studies, we closely followed the procedures described by Silk et al.
(30) to determine social bonds in baboons and calculated the DS/, consid-
ering approaches and grooming (SI Materials and Methods, Method S1:
Calculation of DSI).

Predictors of Bond Strength. To investigate the determinants of bond strength,
we ran LMMs; we included R-values, age, rank differences within dyad, and the
number of male and female infants younger than 1y present in the dyad as
predictor variables. We considered infants as “present” if they were in the
group for at least 20% of the time during which the DS/ was assessed for
their mother. We then recalculated the model using kin categories instead of
R-values to obtain a better understanding as to how kinship affects social bonds,
and to test whether maternal kinship is more important than paternal kinship.
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Number of Top Partners and Stability of Top Bonds. For each female, we cal-
culated averaged DS/ values for each partner rank (S/ Materials and Methods,
Method S2: Calculation of Average DSl Values for Each Partner Rank). We then
used a one-sided t test with log-transformed values (+0.1) to test whether the
averaged DS/ for each partner rank was stronger than the average DS/ in the
group, the latter of which was 1 by definition (because dyadic rates of every
behavior were divided by the average rate within the group). We defined all
DSl partner ranks significantly stronger than 1 as “top partners.”

Using the number of top partners, we calculated the PS/ as defined by Silk
et al. (45), but corrected the index for small group sizes (S/ Materials and
Methods, Method S3: Calculation of the PSI and Simulated PSI Values). The
resulting PS/ values range from 0 to 1; 0 means that the female had the
maximum number of different top partners, and 1 means that a female always
kept her top partners and bonds were thus highly stable over time. To de-
termine whether bonds were more stable than expected by chance, we sim-
ulated random PS/ values (45) (S/ Materials and Methods, Method S3:
Calculation of the PSI and Simulated PSI Values). Then, we compared simulated
PSI values of each female with the observed PS/ values using a Wilcoxon signed
rank test. We used a one-sided test because we were specifically interested in
whether females would form more stable bonds than expected by chance.

Predictors of Sociality. In addition to dyadic values, we were interested in
assessing whether females varied with regard to sociality in general and in
investigating the predictors and consequences of this variation. To obtain such
values, previous studies (2, 8) calculated a lifetime sociality index by averaging
DSl values with the top three partners during the entire study for each female.
Our results indicated that females had stronger than average bonds with the
top three partners, but there was a lot of variation over time with regard to
bond stability and many females had highly unstable top partners. Therefore,
we calculated AS/ instead of a lifetime sociality index by averaging the top
three partners each year. We scaled these values within each group and each
year from 0 (the least social female) to 1 (the most social female). The resulting
ASI reflects whether a female was more or less social compared with other
females in the same group during a specific year. This approach might also be
more appropriate if the basic ability to form strong bonds (compared with the
ability to form very long-lasting strong bonds) is important.

We then used an LMM to test if AS/ is related to the annual rank of a
female and/or the presence of male or female infants during each year.

Sociality and Centrality. To test whether highly social females are also more
central to the group, we used data on spatial position collected during focal
observations, which were available from 31 females in 3 different years (2009,
2010, and 2011). During each 10-min focal session, the position relative to the
group’s center (1 = central, 0.5 = intermediate, 0 = peripheral) was noted
every 2.5 min, resulting in five data points per focal session. We averaged
these values for each focal observation, resulting in a centrality index ranging
from 0 (completely peripheral) to 1 (completely central). Based on these val-
ues, we calculated average centrality values for each female per year.

Maternal Sociality and Infant Survival. To assess the effect of sociality on infant
survival, we calculated a GLMM using the binomial response of whether the
infant survived its first year of life (Yes/No). The predictor variables included
were ASl, male infanticide risk, and the interaction ASkinfanticide risk to test
whether the effect of maternal sociality on infant survival depends on the
level of infanticide risk. We considered infants to be “at high risk” if one of the
following two conditions applied: (i) The infant was younger than 1y during
an AMR, or (ii) the infant was born during the 5.5 mo following the estab-
lishment of a new alpha male, which is the gestation length for this species
(46), and we can thus assume that the infant was not sired by the new alpha
male. Because dominance rank and AS/ were highly correlated, we did not
include rank in these models, but we ran alternative models using rank instead
of ASI. To test for long-term effects of maternal sociality, rank, and partner
stability on infant survival, we calculated models that included sociality, rank,
or PSI, but not the interactions with infanticide risk.

To investigate whether the effect of sociality on infant survival simply re-
flects the effect of rank or, vice versa, rank simply reflects the effect of sociality,
we compared different models using 2 tests. Earlier, we did not calculate the
model with both sociality and rank because these two variables were highly
correlated. Here, however, we compared the model with both of these vari-
ables with the models with either sociality or rank included to investigate
whether the addition of the second variable would significantly increase the
model fit, and therefore the variation explained by the respective variable
(sociality or rank).
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Statistical Analyses. We conducted all statistical analyses in R version 3.1.2 (47).
We used the function “t.test” to conduct t tests, and the function “wilcox.test”
to conduct a Wilcoxon signed rank test. We used the Ime4 package version
1.1-11 (48) to calculate LMMs (function “Ilmer”) and GLMMs (function
“glmer”), with respective response and test variables. All model procedures
and the establishment of P values are described in detail in S/ Materials and
Methods, Method S4: Model Procedures. To conduct pairwise comparisons of
DSl values between different kin categories, we used the function “Ismeans”
from the package Ismeans version 2.20-23 (49) with the “Tukey” method to
adjust for multiple testing. We used the function “anova” with the argument
"test = ‘chisq’” to conduct ¥ tests for the comparison of (nested) models.
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