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In a wide range of taxa, including baboons, close social bonds seem to help animals cope with stress and
enhance long-term reproductive success and longevity. Current evidence suggests that female baboons
may benefit from establishing and maintaining highly individuated relationships with a relatively small
number of partners. Here, we extend previous work on the stability of female baboons’ social
relationships in three different ways. First, we assess the stability of females’ social relationships in two
distinct and geographically distant sites using the same method. Second, we conduct simulations to
determine whether females’ social relationships were more stable than expected by chance. Third, we
examine demographic sources of variance in the stability of close social bonds. At both sites, females’
relationships with their most preferred partners were significantly more stable than expected by chance.
In contrast, their relationships with less preferred partners were more ephemeral, often changing from
year to year. While nearly all females experienced some change in their top partners across time, many
maintained relationships with top partners for several years. Females that lived in smaller groups and
had more close kin available had more stable social relationships than those that lived in larger groups
and had fewer close kin available.
� 2012 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
A growing body of evidence suggests that close social bonds with
same-sex partners help animals cope with stress and enhance
long-term reproductive success and longevity. Female rats, Rattus
norvegicus, that have well-balanced affiliative relationships exhibit
lower glucocorticoid levels than those with less symmetric rela-
tionships (Yee et al. 2008). In chacma baboons, Papio hamadryas
ursinus, or P. ursinus, grooming relationships enhance females’ ability
to cope with various sources of stress, such as the immigration of
potentially infanticidal males or instability of the dominance
hierarchy (Engh et al. 2006a; Crockford et al. 2008; Wittig et al.
2008). Females have lower glucocorticoid levels during months in
which they focus their grooming on a small number of partners than
in months in which they distribute grooming to a wider subset of
groupmembers (Crockford et al. 2008). Females also display marked
increases in glucocorticoid levels after a preferred partner dies or
disappears from the group (Engh et al. 2006b).

These findings are complemented by evidence suggesting that
social bonds confer fitness advantages on individuals (reviewed in:
pology & Center for Society
90095-1553, U.S.A.

dy of Animal Behaviour. Published
Silk 2007; Seyfarth & Cheney 2012). For example, female house
mice, Mus musculus, which often share nests with other females
and rear their pups communally, reproduce more successfully
when they are allowed to choose their nestmates than when
nestmates are assigned randomly (Weidt et al. 2008).
Well-balanced social relationships also enhance the longevity of
female rats (Yee et al. 2008). Female yellow baboons (Papio ham-
adryas cynocephalus, Papio cynocephalus) living in the Amboseli
basin of Kenya that are more socially integrated into their groups
have higher survivorship among their infants than females that are
less socially integrated (Silk et al. 2003). Similarly, female chacma
baboons in the Moremi Reserve of the Okavango Delta of Botswana
that maintained strong bonds with other adult females had higher
survivorship among their offspring than females withweaker social
bonds (Silk et al. 2009). Moreover, in Moremi, females that had
stronger and more consistent relationships with preferred partners
lived longer than other females in their group (Silk et al. 2010a).
Positive correlations between sociality and reproductive success
have also been documented in female horses, Equus equus
(Cameron et al. 2009) and bottlenose dolphins, Tursiops truncatus
(Frère et al. 2010), as well as male Assamese macaques, Macaca
assamensis (Schülke et al. 2010).
by Elsevier Ltd. All rights reserved.
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Table 1
Numbers of adult female baboons observed in each group in Amboseli and Moremi

Group Years
analysed

Average number of adult
females present each year

Total number of
females in sample

Amboseli
Alto 5 21.6 34
Dotty 7 12.3 21
Nyayo 4 15.3 16
Hook 11 20.9 38
Linda 5 10.8 14
Weaver 5 12.4 14

Moremi 7 29.1 49

J. B. Silk et al. / Animal Behaviour 83 (2012) 1511e15181512
These findings suggest that females gain benefits from estab-
lishing and maintaining highly individuated relationships with
a relatively small number of partners, rather than interacting less
selectively with awider range of social partners. This has important
implications for the proximate mechanisms through which social
bonds confer benefits and the ultimate forces that shape the
dynamics of close social bonds among female baboons, and by
extension, other species that form highly individuated social bonds.

However, there is presently some debate about the temporal
stability of social relationships among female baboons. We have
previously shown that female yellow baboons in Amboseli and
female chacma baboons in Moremi maintain consistent preferences
for favoured partners across time. For example, adult females form
their strongest ties to their own mothers, and their mothers will be
among their top three partners as long as their mothers remain alive
(Silk et al. 2006a,b, 2010b). In contrast, chacma baboons in South
Africa are reported to show little temporal consistency in female
partner choice from month to month (Henzi et al. 2009; but see
Seyfarth 1977) or across years (Barrett & Henzi 2002).

Here, we extend our previous analyses to assess the stability of
female baboons’ social relationships in threeways. First, we assessed
the stability of females’ social relationships in two distinct and
geographically distant sites (Amboseli and Moremi) using the same
method. This allowed us to assess the generality of our results across
populations. Second, we conducted simulations in which females’
partners were chosen at random each year from the set of available
females; then, we determined whether female social relationships
were more stable than expected by chance, by comparing these
simulated patterns of partner stability with observed patterns.

Third, we examined demographic sources of variance in partner
stability. Previous analyses revealed that female baboons form the
strongest relationships with their mothers and sisters, and with
agemates (Silk et al. 2006a,b, 2010b). However, the availability of
these preferred types of partners could affect the stability of partner
preferences and could explain apparent differences between social
groups or populations of female baboons in the formation of stable
relationships. That is, it is possible that baboons have stable partner
‘preferences’, but the opportunity to sustain relationships with
preferred partners from one year to the next is limited by demo-
graphic factors. The stability of close social bonds may reflect
a compromise between the preferences that guide partner choice and
demographic factors that constrain the ability of individuals to
exercise those preferences. The number of adult females within
a group is likely to affect the stability of females’ associations because
the chance of having the same top partner from one year to the next
by chance is higher when there are fewer potential partners than
when there are many potential partners. Because females form the
strongest bonds with close kin, particularly their mothers and
daughters, the availability of close kin is also likely to influence the
stability of social bonds. Finally, if females compete for access to
preferred partners, then we might expect high-ranking females,
which generally have priority of access to resources, to have more
stable social bonds than lower-ranking females.

METHODS

Amboseli

The study site is located in the Amboseli Basin,which straddles the
border between Kenya and Tanzania and lies at the foot of Mount
Kilimanjaro. Data are derived from observations of 137 adult female
baboons living in six well-habituated groups over a 16-year period
(Table 1). Alto’s group has been monitored since 1971, and Hook’s
group has been monitored since 1980. Both of these groups shifted
their ranges in response to deteriorating ecological conditions and
subsequently fissioned (Fig. 1a). Alto’s group fissioned into Dotty’s
groupandNyayo’s group (formore details about the studygroups, see
Altmann & Alberts 2003). The fission took several years to complete
and was followed by a period of limited behavioural (but not demo-
graphic) data collection in thenewly formedgroups.Asa consequence
of the paucity of focal behavioural observations during this period,
focal samples were available for only three females both in Alto’s
group and in one of the daughter groups. Hook’s group fissioned into
Linda’s group and Weaver’s group, but there was no lull in focal
behavioural observations during the fission. Fourteen females were
observed both inHook’s group and in one of the twodaughter groups.
All procedures were approved by the Institutional Animal Care and
Use Committee of Duke University (Protocol number A028-12-02).

Grooming and proximity maintenance are widely considered to
provide meaningful measures of social relationships among
nonhuman primates and they make up the major components of
female baboons’ social time. Focal samples conducted on adult
females provided information about grooming partners and spatial
proximity. Females were sampled on a random schedule during
daylight hours. At 60 s intervals within each 10 min focal sample,
the activity of the focal female and the identity of her nearest
neighbour within 5 m were recorded.

Dyads that had high rates of grooming also had high rates of
association, so we used the frequency of grooming and proximity to
compute a composite sociality index (CSIA) for eachdyad ineachyear:

�
Gij

Gxy
þ Pij
Pxy

þ
�

2

The first term in the numerator is the adjusted frequency of
grooming for dyad ij in year y divided by the mean adjusted
frequency of grooming for all dyads in group x in year y. The second
term in the numerator is the adjusted frequency of proximity for
dyad ij divided by the mean frequency of proximity for all dyads in
group x in year y. The CSIA measures the extent to which each dyad
deviated from other dyads. The mean of the CSIA is defined as 1, but
the values can range from 0 to infinity. High values of the CSIA
represent dyads that had stronger social bonds than the average
female dyad in the group in the same year, and low values of the
CSIA represent dyads that hadweaker social bonds (for more details
about observation and analysis procedures, see Silk et al. 2006a,b).

Moremi

The study site is located in the Moremi Game Reserve in the
OkavangoDelta of Botswana. The data are derived from focal samples
on 49 adult females collected over a 7-year period in one well-
habituated group (Table 1). The number of adult females in the
study group ranged from 25 to 35 (Fig.1b). Formore details about the
study site and the history of the study population, see Cheney &
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Figure 1. Composition of baboon study groups. Number of adult females in (a) Amboseli and (b) Moremi study groups each year.
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Seyfarth (2007) and Cheney et al. (2004). All procedures were
approved by the Animal Care and Use Committee of the University of
Pennsylvania (Protocol number 19001).

During 10 min focal samples, observers recorded all approaches,
vocalizations and social interactions involving focal females using
a common protocol. The onset and termination of all grooming
bouts was also recorded to obtain information about the total
amount of time spent grooming. The frequency of femaleefemale
approaches and groom-presents, and the number and duration of
grooming bouts were correlated, so we constructed a composite
index (CSIM) for each femaleefemale dyad in each year using
basically the same procedure outlined above. The CSIM was based
on the rate of approaches, groom-presents and grooming initia-
tions, and the duration of grooming within dyads:
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The first term in the numerator is the adjusted frequency of
approaches for dyad ij in year y divided by the mean adjusted
frequency of approaches for all dyads in group x in year y. The
second term in the numerator is the adjusted frequency of
grooming initiations for dyad ij in year y divided by the mean
adjusted frequency of grooming initiations for all dyads in group x
in year y. The third term is the adjusted frequency of groom-pres-
ents for dyad ij divided by the mean frequency of groom-presents
for all dyads in group x in year y. (Groom-presents are recorded
when one individual positions her hindquarters in front of another
individual.) The fourth term represents the proportion of time
spent grooming by dyad ij divided by the mean proportion of time
spent grooming by all dyads. The CSIM measures the extent to
which each dyad deviated from other dyads; high values represent
dyads that had stronger social bonds than the average female dyad
in the group in the same year, and low values represent dyads that
had weaker social bonds (for more details about observation and
analysis procedures, see Silk et al. 2010b).



Table 3
Distribution of simulated values of the partner stability index for female DO

Number of
unique partners

Partner stability
index

Frequency Cumulative
probability

3 1.0000 0 0
4 0.8889 0 0
5 0.7778 0 0
6 0.6667 2 0.0002
7 0.5556 52 0.0054
8 0.4444 290 0.0344
9 0.3333 1524 0.1868
10 0.2222 3329 0.5197
11 0.1111 3510 0.8707
12 0.0000 1293 1

The simulation generates values of the partner stability index (PSI) under the
assumption that partners are chosen at random from among the available females in
the group each year. For female DO, who was present in the group for 4 years, the
minimumnumber of unique partners was 3 and themaximumnumberwas 12. Only
54 runs of the simulation generated a simulated PSI value that was as low as the
observed value, 7 (in bold).

J. B. Silk et al. / Animal Behaviour 83 (2012) 1511e15181514
Analysis

Partner stability index (PSI): stability of partner choice
For each female that was present for at least 2 years, we used the

values of the composite sociality index (CSIA, CSIM) to rank-order her
partners in each year. (For 17 females in the Amboseli population
that were observed before and after group fission, we computed
separate PSI values for them in each group.) The top-ranked partner
(i.e. the onewith thehighest CSI)was ranked1. Then, for each female
we tabulated the number of different partners that she had within
a range of ranks (e.g. rank orders 1e3, 4e6, 7e9) across years. For
example, a Moremi female, DO, was present for 4 years (Table 2).
One female was among DO’s top three partners in 3 of the 4 years;
three otherswere amongher toppartners in 2 years; and threewere
among her top partners in only 1 year. In all, seven different females
were among DO’s top three partners over the 4-year period.

For each female, we assessed her partner stability index using
the following formula:

NS� U
NS� S

� 2

where N is the number of years in which partner rank orders were
evaluated, S is the number of rank slots being evaluated, and U is
the observed number of unique partners. To conform to previous
analyses of females’ relationships with their top partners, S ¼ 3 in
all analyses reported here. The value of the partner stability index
(PSI) varies from 1 (females that had the same three partners in
each year) to 0 (females that had a completely different set of top
three partners in each year). For example, for female DO in Table 2,
N ¼ 4, S ¼ 3 and U ¼ 7, and PSI ¼ 0.56.

Simulation of partner associations across years
We also performed a simulation to compare the observed values

of the partner stability index against expected values if females
chose their partners within a given range of ranks (e.g. partners
rank-ordered 1e3) at random. For each focal female in eachyear that
she was present, S different partners were selected at random from
the available set of adult females,which included all females present
in the group in the given year except the focal female herself. Then,
the simulated value of the PSI was computed. This process was
repeated for each female 10 000 times to generate a distribution of
simulated values of the PSI for each focal female. The distribution of
simulated PSI values provides the likelihood of observing a value as
high as the observed value of the PSI by chance. The distribution of
simulated PSI values for female DO is shown in Table 3.

Statistical Analyses

In the analyses presented below, the unit of analysis is the
individual female and the primary outcome variable is the value of
the PSI. Paired t tests were used to compare the values of the PSI
with simulated values and to compare values of the PSI across
partner rank ranges (e.g. partners rank-ordered 1e3 versus part-
ners rank-ordered 4e6). Data from the Amboseli and the Moremi
populations were analysed separately. For the analyses of the
Table 2
Example for computing the partner stability index of adult female baboons

Female DO Top three partners

1 2 3

Year 1 GI BL AZ
Year 2 BL LX CO
Year 3 BA AZ TS
Year 4 BA AZ LX
sources of variation in the PSI among the Amboseli females, we
usedmultilevel regressionmodels (GLMM; Baayen 2008) to control
for effects of group membership and identity of females (N ¼ 17)
that were observed in more than one group. For the Moremi study
group, we used a generalized linear model (GLM) with robust
standard errors. All statistical analyses were conducted with Stata
11.0 (StatCorp 2009, College Station, TX, U.S.A.). Where appropriate,
we report means � SE. Two-tailed tests of significance were used
throughout.
RESULTS

Amboseli

Most preferred partners
We computed the stability of females’ preferences for their

three most preferred partners in the six Amboseli study groups.
Values of the PSI spanned the full range from 0 to 1, with a mean
across groups of 0.47 � 0.02 (Fig. 2a). The distribution of observed
values differed substantially from that of simulated values, as
simulated values always fell between 0 and 0.5 (mean -
� SE ¼ 0.32 � 0.01; Fig. 2a). For individual females, observed PSI
values were higher than simulated values in nearly all cases (83%;
paired t test: t122 ¼ 10.16, P < 0.001). The distribution of probabil-
ities associated with observed values of PSI was skewed to the left
with a mode at P < 0.05 (Fig. 2b).

A substantial fraction of females had significantly more stable
relationships with their most preferred partners than would be
expected if they chose their partners at random. However, for other
females, there was little consistency in the identity of their top
partners fromone year to the next. Females that lived in groups that
contained fewer adult females had significantly higher PSI values
(Table 4). In addition, females that hadmore close kin (mothers and
daughters) in the group had significantly more stable social bonds
than females that lived with fewer close kin. Neither a female’s
dominance rank nor her number of sisters affected the value of the
PSI, and the addition of these terms did not improve model fit.

Less preferred partners
Females had more stable relationships (higher PSI values) with

their three most preferred partners than with their less preferred
partners (Fig. 3). PSI values were significantly higher for partners
with preference rank orderings of 1e3 than for partners with
preference rank orderings of 4e6 (paired t test: t118 ¼ 6.15,
P < 0.0001), and PSI values for partners with preference rank
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Figure 2. Partner stability index (PSI) of adult female baboons in the Amboseli study groups. (a) Distribution of observed (black bars) and simulated (white bars) PSI values.
(b) Distribution of probability levels associated with observed PSI values. The distribution of simulated PSI values is shifted further to the left than the distribution of observed PSI
values, which indicates that females’ relationships with their top partners were generally more stable than expected by chance.
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orderings of 4e6 were significantly higher than PSI values for
partners with rank orderings of 7e9 (t112 ¼ 3.86, P ¼ 0.0002). PSI
values for partners with rank orderings of 7e9 did not differ from
those for partners with rank orderings of 10e12 (t110 ¼ 0.0050,
P ¼ 0.9960; sample sizes decline for lower rank orderings because
of multiple tied values of the PSI).

Moremi

Most preferred partners
The pattern of partner choice in the Moremi study group was

similar to that in the Amboseli groups. In Moremi, the mean value
of the PSI for the three most preferred partners was 0.37 � 0.03
(range 0e0.67, N ¼ 44; Fig. 4a). As in the Amboseli groups, the
distribution of observed values was offset from the distribution of
simulated values (mean � SE ¼ 0.16 � 0.01, range 0e0.22; Fig. 4a),
and a substantial majority of females had higher PSI values than
Table 4
Sources of variation in the partner stability index (PSI) of adult female baboons in
Amboseli

Predictor variable Coefficient SE Z P

Number of adult females �0.0184 0.0045 �4.12 <0.001
Number of mothers and daughters 0.0524 0.0248 2.11 0.0350
expected by chance (82%; paired t test: t43 ¼ 7.86, P < 0.0001).
Probabilities associated with observed values of PSI were skewed to
the left with a mode at P < 0.05 (Fig. 4b).

Females that lived in the group when it contained fewer adult
females had higher PSI values than females that lived in the group
when it contained more adult females (Table 5). In addition,
females that livedwithmoremothers and daughters had higher PSI
values than other females. Other variables (presence of sisters,
female dominance rank, sampling effort) did not improvemodel fit.

Less preferred partners
Females had significantly more stable relationships with part-

ners with rank orderings of 1e3 than with partners with rank
orderings of 4e6 (t43 ¼ 5.79, P < 0.0001; Fig. 5). However, there
were no significant differences in the stability of females’ rela-
tionships with partners with rank orderings of 4e6 and partners
with lower rank orderings (P > 0.20 in all comparisons).

DISCUSSION

These analyses demonstrate that, in both Amboseli andMoremi,
female baboons’ relationships with their most preferred partners
(top partners) were significantly more stable than expected by
chance. In contrast, their relationships with less preferred partners
were more ephemeral, changing from year to year. While nearly all
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females experienced some change in their top partners across time,
many maintained relationships with top partners for several years.
The extent of stability in females’ relationships with their top
partners was a function of the presence of mothers and daughters
and the size of the groups in which they lived.
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Table 5
Sources of variation in the partner stability index (PSI) of adult female baboons in
Moremi

Predictor variable Coefficient SE Z P

Number of adult females �0.0248 0.0090 �2.75 0.006
Number of mothers and daughters 0.1484 0.0321 4.62 <0.001
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extent of stability in females’ relationships with top partners was
influenced by the availability of their most preferred partners.

Females living in larger groups had significantly less stable
relationships with their top partners than females living in smaller
groups. This was true even when demographic factors, like the
death of a close partner, were controlled for (Cheney et al. 2012).
There are several possible explanations for this finding. Females in
larger groups may face more competition for access to preferred
partners (Seyfarth 1977, 1980), and this may produce more vari-
ability in partner choice across time. Moreover, females living in
larger groupsmay find it beneficial to divide their attentions among
a wider set of partners (Henzi et al. 1997a,b), and this will also
reduce the consistency of partner choice across years. In addition to
these social factors, demographic factors that constrain partner
choice may play a more important role in large groups than in small
groups. In Moremi, rates of female mortality are highest in years
when the number of adult females is highest (Cheney et al. 2012).
Thus, females that lived in the group when it was larger may have
lost more favoured partners from one year to the next than females
that lived in the group when it was smaller.

Themethods presented here provide away to quantify the extent
of stability in social relationships across time and to compare
observed patterns to those expected to occur by chance. The partner
stability index provides an objective basis for comparisons of the
stability of social bonds. For example, while we have argued that
female baboons in Amboseli and Moremi form strong and enduring
bonds with preferred partners, Henzi & Barrett (2002) have argued
that females in De Hoop, South Africa, have unstable relationships.
However, PSI values among females in De Hoop (Barrett & Henzi
2002) did not differ substantially from those among females in
Moremi (Silk et al. 2010b). Thisfinding is in contrast to the qualitative
descriptions of social bond differences between these populations
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Figure 5. Mean þ SE simulated (open bar) and observed (solid bars) partner stab
and underscores the value of a quantitative method for assessing the
stability of relationships across time, populations and taxa.

These methods may be useful in comparative analyses of the
fitness consequences of social bonds in primates and other taxa.
Strong social bonds confer reproductive advantages in a number of
mammalian species outside the primate order, including housemice,
horses and bottlenose dolphins, but we do not know whether all of
these animals form enduring relationships with particular partners,
or whether the stability of close social bonds enhances fitness. In
other cases, enduring associations between individuals have been
documented (e.g. chimpanzees, Pan troglodytes: Gilby & Wrangham
2008; Mitani 2009; elephants, Loxodonta africana: Archie et al.
2006; Indian Ocean bottlenose dolphins, Tursiops aduncus: Connor
et al. 2000), but the adaptive consequences of long-term associa-
tions have not been documented. The methods we have developed
may provide the foundation for research on these questions.
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