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Understanding the development of social relationships can provide insights into the processes by which
social network structures emerge and vary across species. Here we extend a previous analysis (Vilette
et al., 2022, Animal Behaviour, 194, 205e223) that tested Kohn's (2019, Animal Behaviour, 154, 1e6) model
of social relationship formation in three groups of wild juvenile vervet monkeys, Chlorocebus pygerythrus.
This previous analysis showed that, although developmental patterns did not conform to the exploration,
pruning and consolidation phases identified by Kohn (2019), juveniles formed a core of strong social ties
(a social ‘bubble’) across development. Here, we use a novel approach to objectively extract strong ties
and ask whether Kohn's (2019) phases are more appropriately evaluated with reference to the subset of
strong ties that constitute social bubbles. We investigate social bubble formation and composition, as
well as the role of maternal behaviour in the development of these bubbles. As before, spatial and
grooming social bubbles did not develop according to Kohn's (2019) framework. On the one hand, spatial
bubbles were composed mainly of juveniles and showed increased association rates for family members
during the annual birth season. Juvenile grooming bubbles, on the other hand, were stable over time and
restricted solely to their mothers. Resulting from this, we found that juveniles did not simply groom their
closest spatial associates but distributed their grooming towards specific partners. Finally, we found that
a mother's grooming ties and her offspring's grooming weak ties remained mostly different as juveniles
developed. This finding supports a previous analysis on our population (Jarrett et al., 2018, Proceedings of
the Royal Society B: Biological Sciences, 285(1876), Article 20172668), where juveniles had to develop
connections with nonmaternal associates in order to replicate the overall grooming network. These
results indicate that the structure and composition of social bubbles in our sample reflect both the
behaviour under consideration (grooming or spatial proximity) and group demography.
Crown Copyright © 2023 Published by Elsevier Ltd on behalf of The Association for the Study of Animal

Behaviour. All rights reserved.
The prolonged developmental period of juvenile primates has
been argued to contribute to their becoming the ‘best possible
adult' (Alexander, 1990; Fairbanks& Pereira, 1993). In linewith this,
a number of authors have suggested that juveniles use their
extended developmental period to acquire the social knowledge
needed to navigate their social groups, negotiate their social envi-
ronments and establish and sustain fitness-enhancing social re-
lationships (Archie et al., 2014; Bray et al., 2021; Cameron et al.,
2009; Cheney et al., 2016; Deputte, 2000; Fairbanks, 2002;
Feldblum et al., 2021; Frere et al., 2010; Schülke et al., 2010; Silk
et al., 2003, 2009, 2010a; Stanton & Mann, 2012). In this regard,
sex differences in social engagement also become relevant, given
evier Ltd on behalf of The Associa
that these have been shown to develop prior to sexual maturation
(Cords et al., 2010; Jarrett et al., 2018; Kohn et al., 2011, 2013;
Lonsdorf et al., 2014; Nakamichi, 1989) and vary with social struc-
ture. For example, where females are philopatric and males
disperse at maturity, young females develop stronger social bonds
than males (spatial and grooming associations: Kulik et al., 2015;
grooming associations: Cords et al., 2010; spatial associations: Fr�ere
et al., 2010; Stumpf et al., 2009; maternal association: Andres et al.,
2013; Nakamichi, 1989). Males, conversely, play more than females
do (Kulik et al., 2015; Meredith, 2013).

Such findings support the idea that social relationships are
established in the juvenile period and prepare animals for their
sex-specific adult roles (Kulik et al., 2015; Nakamichi, 1989; Suomi,
2005), which have been seen as an attempt to build towards the
optimal end goal of adulthood. More recent studies have shown,
tion for the Study of Animal Behaviour. All rights reserved.
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however, that the juvenile period may be a continuous process of
social network adjustments to the prevailing social environment
(Jarrett et al., 2018; Vilette et al., 2022), where the structure of the
network is more relevant than the identity of the individuals who
comprise the network. In other words, although social processes
remain geared towards social integration into the group, they may
not, at this stage at least, reflect the formation and consolidation of
enduring social bonds between particular individuals. More spe-
cifically, an empirical assessment of Ilany and Akçay's (2016) model
of social inheritance by Jarrett et al. (2018) found only limited ev-
idence for the inheritance of maternal bonds in vervet monkeys,
Chlorocebus pygerythrus; that is, there was relatively little overlap
between mother and offspring grooming partners. Jarrett et al.
(2018) suggested that this mismatch could be accounted for by
the fact that juveniles are exposed to, and must learn to cope with,
temporal shifts in maternal network structure. In other words, their
findings indicated that maternal social networks present too much
of a moving target for offspring to match effectively, as well as
suggesting that, if theywere to replicate and sustain the group level
network structure over time, juveniles would need to form bonds
with nonmaternal associates. This implies that the stability of
mothers' networks, combined with the demography of social
groups, regulates the availability of potential partners towards
whom juveniles can direct their social effort. This effort will, in
turn, lead to the strengthening of certain social relationships (Kohn,
2019; Schülke et al., 2010; Silk, Altmann, et al., 2006; Silk et al.,
2003), and thereby to variation in the structure of both ego and
global networks across time and between groups.

Social effort is known to vary across and within social re-
lationships, leading to the notion of strong and weak ties (or re-
lationships). Weak ties are characterized by interactions that are
infrequent, while strong ties represent frequent and sustained
levels of social interaction. Differentiating between social ties in
this way is important because females with stronger social re-
lationships have been shown to experience fitness-related benefits
such as increased longevity (Archie et al., 2014; Silk et al., 2010b),
enhanced likelihood of surviving extreme events (Lehmann et al.,
2015; McFarland & Majolo, 2013), enhanced infant survival (wild
baboons: Silk et al., 2003, 2009) and increased individual repro-
ductive performance (Kulik et al., 2012; Schülke et al., 2010). By the
same token, however, some studies have also shown that there are
advantages to having a wide range of partners. For instance, the
number of weak bonds a female possessed predicted infant 12-
month survival and infant longevity in baboons (McFarland et al.,
2017), while vervet monkey females that invested in grooming a
wider array of partners were at lower risk of predation (Josephs
et al., 2016) and less susceptible to nocturnal hypothermia
(McFarland et al., 2015).

Weak and strong ties therefore characterize the two ends of the
relationship spectrum, where both can deliver fitness-related
benefits and where the relative merits of each are likely to be
contingent on particular demographic and ecological conditions
(which themselves may shift over time). This suggests that juve-
niles may benefit from having both strong and weak associations at
their disposal.Whereas strong social tiesmight soften the impact of
stressful interactions with novel individuals (Kohn et al., 2022),
weak ties may persist because they aid in predator avoidance or
thermoregulation (Josephs et al., 2016; McFarland et al., 2015;
Ostner & Schülke, 2018), or they may simply be the result of social
time budget limits that preclude the ability to invest high levels of
effort into all potential partners. In line with this, we have found
that juvenile vervet monkeys embed themselves in secure ego-
network structures composed of strong ties, while retaining the
benefits of broader integration in the group through the presence of
weak ties (Vilette et al., 2022). As expected, sex differences emerge
early on (~8 months of age), with females putting more effort into
grooming interactions and maintaining a tighter subset of strong
grooming partners than males. This sex difference may have fore-
shadowed females' integration and acceptance into their social
group, whereas males grooming patterns may be viewed as a
prelude to emigration from their natal group.

The formation of these ego-network structures, however, did
not conform to Kohn's (2019) proposed model of social relationship
formation, whereby individuals explore their social environment
forming many social connections in the group, then subsequently
prune and consolidate a subset of these connections (Kohn, 2019).
While Kohn's (2019) socialization framework focused more on the
identity of social partners, Vilette et al.'s (2022) findings drew
attention to the structure of these ego-networks themselves. That
is, these ego-network structures (a core of strong ties constituting a
‘social bubble’ and a periphery of weaker ties) were formed early
and remained moderately stable over time (Vilette et al., 2022).
These structures, however, were not composed of particular
network ties. One explanation for this pattern might be that the
exploration, pruning and consolidation phases apply only to the
formation of the social bubble composed of strong ties and not to
the overall ego-network.

Here, we consider this possibility and investigate Kohn's (2019)
socialization steps at the level of the social bubble alone (see Fig. 1
for a visual representation of the social bubble across these steps).
We do so by isolating the subset of strong ties present within ju-
veniles' ego-networks that comprise such bubbles. We then go onto
consider the composition of social bubbles and their formation in
order to investigate whether these bubbles are likely to provide
social benefits to juveniles. For example, in spectacled parrotlets,
Forpus conspicillatus, juveniles form strong relationships with sib-
lings immediately after fledgling, which offers them a stable social
position during their transition from the family group to the wider
flock (Wanker et al., 1996). Kohn et al., (2022) also found similar
evidence in Gouldian finches, Erythrura gouldiae. In vervets, we
hypothesize that a social bubble of strong ties provides individuals
with the chance to hone their social strategies in the context of a
secure environment, as well as reducing the number of unpre-
dictable, and potentially more risky, social encounters. That is, a
stable social bubble represents a low-risk network of predictable
partners that buffers juveniles from potentially stressful situations.
For example, in terms of spatial proximity, an animal with a more
consistent social bubble of strong spatial ties may increase pro-
tection against unfamiliar conspecific competitors (Kohn et al.,
2022), while a social bubble of strong grooming ties may, for
example, reduce glucocorticoid levels (Crockford et al., 2008). As
socialization is heavily influenced by the availability of social
partners and group composition, the specific characteristics of
available group members can have a significant effect on social
development (Deputte & Quris, 1997; Pereira & Leigh, 2003;
Rosenblum & Coe, 1977). A social bubble is therefore likely to set
the social conditions to which juveniles are exposed (Kohn et al.,
2022). This raises the prospect that useful insights into the social-
ization process may be gained by investigating the composition and
stability of social bubbles over time and how this relates to the
nature of the social environment and reflects individual social
preferences (Snyder-Mackler et al., 2020).

In what follows, we consider social bubble formation in male
and female juvenile vervet monkeys in both the spatial and
grooming domains. These provide a useful contrast, as grooming
generally requires mutual attraction between partners, and there-
fore more active social engagement, in the effort invested and the
partners targeted, whereas spatial proximity can often be achieved
unilaterally, as a more passive social engagement that requires
animals to be merely tolerant of each other. Our analysis comprises
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three parts. The first investigates Kohn's (2019) socialization steps
at the social bubble level. To do so, we study the spatial and
grooming social bubble structures by looking at their size, the effort
invested in them and the similarity in partners through time (see
Fig. 1 for a visual representation of our predictions). We then
examine the composition of bubbles in order to assess the pro-
portion of group members to which juveniles are exposed over
their development and how varied their exposure is to both kin and
nonkin adults and juveniles. Taken together, these address the
question of whether social bubbles provide a stable and predictable
social environment for juveniles during their development.

Finally, we consider the processes at play in the formation of
social bubbles. We address two main issues. As spatial and
grooming bubbles are confounded to some degree (Henzi et al.,
2013), we ask how the grooming bubble compares to the spatial
bubble. To do so, we determine whether juveniles develop distinct
spatial and grooming bubbles that conform to Kohn's (2019) so-
cialization steps. We reconsider Jarrett et al. (2018) and Ilany and
Akçay's (2016) findings by investigating the similarity between
the grooming partners of mothers and offspring. Based on Jarrett
et al.'s (2018) findings, we expect maternal networks to present a
moving target (i.e. to shift in composition over time) that hinders
the ability of offspring to prune and consolidate strong relation-
ships with maternal contacts and hence become part of their own
social bubbles. This instability, however, may lead mothers'
grooming associates to be found outside of juveniles' social bubbles
(i.e. they will comprise a juvenile's weak ties). We therefore assess
the extent to which a mother's grooming ties overlap with her
offspring's weaker grooming ties.

METHODS

Study Population and Subjects

Data were collected between June 2014 and June 2017 from
three troops of vervet monkeys occupying adjacent and over-
lapping home ranges in the Samara Private Game Reserve in the
semi-arid Karoo biome, Eastern Cape, South Africa (Pasternak et al.,
2013). The three study groups (mean ± SD group size: PT
group: ¼ 39 ± 8; RBM group: 49 ± 6; RST group: 57 ± 7) were fully
habituated from 2008 for RST and RBM and from 2012 for PT. All
animals were individually identifiable from natural markings. The
study subjects comprised three birth cohorts from the 2013, 2014
and 2015 birth seasons. The number of juveniles, as well as the
number of each sex, varied across cohorts and years (see Table 1).

Data Collection

We began data collection when all cohort members were
nutritionally independent of their mothers and classified as juve-
niles (Jarrett et al., 2018), which corresponded to an age of
approximately 7 months (± 1 month) for the 2013 and 2014 co-
horts. Data collection began later for the 2015 cohort, at around 11
months (± 1 month), due to logistical reasons. Each troop was
followed on foot by one ormore researchers on each 10 h study day,
3e5 days a week (PT: 583 days; RBM: 601 days; RST: 613 days). We
used electronic hand-held data loggers and commercial software to
record data from all visible animals, using scan samples conducted
every 30 min (Young et al., 2017). Each scan sample lasted 10 min,
during which we collected data on each animal's activity (feeding,
moving, resting and grooming) and the identity of all its neighbours
within 3 m. When animals were recorded as grooming, we noted
the identity of their partners. For agonistic interactions, data were
collected ad libitum, with the identity of the individuals involved
recorded, along with the direction of the aggression and the
outcome (winner/loser) of the encounter (i.e. methods follow
Young et al., 2017).

Ethical Note

All protocols were noninvasive and adhered to the laws and
guidelines of South Africa and Canada. Procedures were approved
by the University of Lethbridge Animal Welfare Committee (Pro-
tocols 0702 and 1505).

Data Extraction

Grooming and spatial data were treated separately in our ana-
lyses. Using the ‘netTS’ package (Bonnell & Vilette, 2020) in R
version 3.5.2 (Team, 2017), both data sets were aggregated over a
60-day window that was then shifted successively by 30 days. We
used this period in line with our previous analyses. However, we
used the ‘check.windowsize’ function, specifying 1000 iterations, of
the ‘netTS’ package to estimate the convergence of our measures in
both the grooming and spatial proximity networks. The ‘check.-
windowsize’ function also allowed us to measure the sensitivity of
this subsampling. With spatial associations, we found highly
similar estimates (i.e. convergence) and low variation in estimates
of degree and strength using a 60-day window. This means that the
chosenwindow size was robust to subsampling and able to provide
good measures. The estimates were not as robust for cosine simi-
larity, suggesting the potential for noise in our predicted patterns.
With grooming associations, degree, strength and cosine similarity
showed lower estimates and higher variation. Although grooming
associations showed a relatively larger amount of noise, a window
size of 60 days nevertheless appeared to offer a good and usable
compromise (Supplementary Figs S1eS2). Within each window,
spatial association and grooming interactions were separately
aggregated to construct weighted, nondirected networks at the
node level (i.e. ego-networks). In other words, each juvenile pre-
sent within the window had a grooming and a spatial ego-network
that consisted of its direct connections. The age in days of each
juvenile was registered at the start of each time block, as were the
number of scans and the mean size of each troop. Applying a
temporal dynamic approach allowed us to detect the points at
which potential patterns emerged.

To extract ordinal ranks, we used the percolation and conduc-
tance (P&C) method (Fujii et al., 2015) from the ‘Perc’ package in R.
We chose this method following the trainingetesting approach
(Vilette et al., 2020), as it presented the best trade-off between the
optimal amount of data required to infer reliable ranks and the
ability of this method to infer reliable ranks. Therefore, we used a 4-
month burn-in period, specific to each troop, and calculated ordinal
ranks for each juvenile within each 60-day window, across the
entire study period. We included agonistic interactions between all
individuals (males, females, juveniles).

Strong ties extraction
To extract strong ties, it is common practice to select a user-

determined number of social bonds (Schülke et al., 2020; Silk,
Alberts, et al., 2006). This approach means that all individuals are,
in essence, arbitrarily allocated a certain number of strong bonds
(i.e. partners with whom they interact most frequently) regardless
of the actual frequency of interactions (i.e. the choices are not based
on any biologically or statistically principled criteria: Schülke et al.,
2010; Silk et al., 2010b). Furthermore, restricting the analysis to a
predetermined number of bonds eliminates the possibility of
examining variability in the number of bonds formed by in-
dividuals. To address this issue, some studies have simply used
higher-than-average composite sociality index (CSI) scores and
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Figure 1. Kohn's (2019) phases of socialization translated into ego-networks (social bubbles), associated with the predictions for degree, strength and cosine similarity during
juveniles' development. (1) Exploration: degree/strength are predicted to be high and cosine similarity should be low. (2) Pruning: degree/strength are predicted to decline and
cosine similarity is predicted to increase. (3) Consolidation: degree/strength are predicted to be low and cosine similarity is predicted to be high.
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lower-than-average CSI scores to identify strong and weakly
bonded partners as a continuous measure (McFarland et al., 2015;
Silk, Altmann, et al., 2006). Others have used several thresholds to
identify a strong tie from observational data alone and counted the
number of strong ties with strength above (1) the 0.9 percentile, (2)
the third quartile and (3) the mean value (Schülke et al., 2022).
Nevertheless, this approach also fails to consider the distribution of
the data itself and, more specifically, whether a clear distinction
betweenweak and strong ties exists (i.e. whether there is a skewed
distribution). We therefore developed an algorithm to model the
distribution of edge weights on the assumption that, if strong ties
(relatively large edge weights) were present, then the distribution
of edge weights would be skewed.

Overall, this algorithm follows the logic of a semi-supervised
classification where basic information (i.e. priors about what a
weak tie looks like and that strong ties should result in a skewed
distribution) is used to help perform unsupervised classification. We
performed two tests to assess our algorithm's accuracy. In the first,
we simulated a normal distribution (i.e. no strong ties were present)
and recorded how many false positives (i.e. strong ties) our function
detected. The second test consisted of adding a single strong tie to a
normal distribution. We then determined how many times that
strong tie was detected (i.e. the number of true positives). Both tests
were conducted on varying sample sizes (N ¼ 2e50 interactions),
with each sample size tested 10 times. These simulations helped us
tune our priors and the ‘min_diff’ parameter to get the best results
on simulated data before applying it to our real data. Using these two
tests, we compared our built function to commonly used methods
for the extraction of strong ties, such as counts of strong ties
(strength >0.9 percentile) and strength of strong ties (an individual's
top three ties; Supplementary Figs S3eS4). As our functionwasmore
reliable than thesemethods in detecting strong ties, we proceeded to
extract the strong ties present in our data using our model-based
approach. While this algorithm performed better than measures
Table 1
Size of cohorts at birth and at end of the study, as well as their composition

Cohort Number of infants born

2013 29

2014 30

2015 16
previously used, we should note that the algorithm requires further
tuning as some flaws remain. For example, by setting our ‘min_diff’
parameter to 5, the algorithm is able to distinguish between strong
and weak ties. However, the higher this parameter is set, the bigger
the difference between a weak and strong tie must be when sample
size is small (e.g. with a weight distribution of 1, 3, 15, no strong ties
will be detected). This was an issue in our analysis as the sample
sizes of spatial and grooming associations differed (average ± SD
interaction per individual across the study period: spatial:
33.03 ± 11.43; grooming: 10.87 ± 2.91). Therefore, we set the
‘min_diff’ parameter differently for each association type. That is,
when extracting strong spatial ties, we set ‘min_diff’ to 5 as the
sample size per individual, whereas for grooming interactions, this
parameter was lowered to 2. Doing so allowed us to make the
extraction of strong ties more conservative, based on the behaviour
under analysis.

Within each time-aggregated window, we extracted the ego-
network of each individual present, from which we assessed
whether its weight distribution was skewed. Our model-based
function proceeded as follows.

(1) The weight distribution was extracted for a given period,
representing the total number of times the focal animal was
recorded as interacting with each of its partners.

(2) We ran two models (weights ~1), using the ‘brms’ package
(Bürkner, 2017), specifying a skewed-normal and a normal distri-
bution, respectively. The priors for the mean weight (i.e. intercept)
were adjusted in order to reflect the observed weak ties distribu-
tion (normal (1,2) and normal (1,1) for the skewed-normal and
normal distribution, respectively) and can be tailored to what is
thought to be weak ties based on prior information. We also
specified priors (normal (0,10) and normal (0,1) for the skewed-
normal and normal distribution, respectively) on the sigma
parameter, which defines the range of weak tie values around the
Number alive at the end of the study Sex

27 F ¼ 15
M ¼ 14

29 F ¼ 15
M ¼ 15

15 F ¼ 8
M ¼ 8
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mean weight. Lastly, we also set a weakly informative prior with a
mean of 0 and SD of 4 on the magnitude of skew in the data: i.e.
alpha. To then check which distribution best fitted the extracted
weight distribution, we compared the skewed-normal and normal
distribution models using leave-one-out cross-validation (Vehtari
et al., 2017), which computed a formal difference score between
the two models, using the ‘loo_compare’ function of ‘brms’. The
presence of small sample sizes (i.e. when an individual had only one
or two partners), however, meant that the information present in
the weight distribution alone was inadequate, leading to a small
and unreliable difference between a skewed and a normal distri-
bution. To address this, we used a parameter (‘min_diff’) to indicate
how much evidence we were willing to accept in the difference
score, computed using the leave-one-out cross-validation, between
models with a skewed and a normal distribution in ties. This
min_diff parameter constrained the algorithm to select only models
for which therewas strong evidence of a skewed distribution. It was
set to a different value, based on the studied behaviour, in order to
make the selection of strong ties more conservative (see below).

(3) If a skewed distribution fit the data better, the largest weight
within the distribution was classified as a strong tie. To search for
the number of strong ties, we ran a model predicting weight using
the classification of strong or weak ties. This model-fitting
approach compared, again using loo, possible classifications of
strong versus weak ties, starting with the largest weight being
classified as the only strong tie, followed by the largest and second
largest being strong ties, and so on. Once model comparison had
identified the best model, we used that classification to define our
strong and weak ties.

(4) If the normal distributionwas a better fit to the focal animal's
weight distribution, then no strong ties were recorded.

Using these isolated strong ties, spatial and grooming ego-
networks were created for each individual, where nodes corre-
sponded to the identity (ID) of the focal individual's partner, while
edges indicated the frequency with which the two individuals
interacted, as well as the nature of the interaction (spatial or
grooming). From these networks, we extracted the following
measures.

Social Bubble Structure

We extracted three measures to capture the size, overall social
engagement and partner similarity in social bubbles. (1) Degree,
which is the sum of each node's strong connections. It captures the
number of strong ties a focal subject has and therefore indicates the
size of a social bubble. (2) Strength, which is the sum of each node's
connections weighted by the frequency of the interactionwith other
nodes. This measure specifies the overall effort invested in these
strong ties. (3) Cosine similarity, which is used to estimate similarity
in the patterning of values in two vectors (Jarrett et al., 2018;
Newman, 2010; Vilette et al., 2022). Here, we used the measure to
assess the similarity of the edge weights between two consecutive
ego-networks, with values that range between 0 and 1. An individual
whose social bubble (strong ties) changes markedly between time t
and t þ 1 will have a low cosine similarity, whereas individuals
whose social bubbles are similar at t and tþ 1 will show high cosine
similarity. More details on calculating cosine values are given in the
Supplementary material (see Cosine Similarity Measure).

Social Bubble Composition

To investigate social bubble composition, we extracted the (1)
rate of association with adults, which varies between 0 and 1, and
(2) rate of association with family members, composed of the
mother and any siblings, which also varies between 0 and 1. After
their first birth (~3.5 years), females were considered as adults,
while males were considered adults at >5 years of age.

Processes at Play: Social Bubbles Comparison

Cosine similarity is used to measure the extent to which the
patterning of values in two vectors (a, b) is similar (Newman, 2010).
Here, the measure assesses the similarity of the edge weights be-
tween two simultaneous ego-networks: the juvenile's spatial and
grooming networks at time t. That is, spatial and grooming net-
works were compared at the individual level, within each 2-month
time-aggregated window. We used cosine similarity as a multilayer
network measure, where values range between 0 and 1. An indi-
vidual whose strong ties to spatial and grooming partners differ
markedly will have a low cosine similarity, whereas individuals
whose spatial and grooming partners are similar will be associated
with a high cosine similarity.We applied the same reasoning for the
similarity between the mother's grooming partners and her off-
spring's grooming partners, where the mother's grooming ego-
network and the offspring's grooming ego-network were
compared at time t. When comparing the mother's grooming
partners and the offspring's grooming partners, we removed the
mothereoffspring dyad so that the mother did not appear as the
juvenile's tie and the juvenile did not appear as its mother's part-
ner. More details on calculating cosine values are given in the
Supplementary material (see Cosine Similarity Measure).

Environmental Conditions

As food availability contributes to the structuring of social as-
sociations (Bonnell et al., 2022), wemeasured troop level estimates
of resource availability using the normalized difference vegetation
index, NDVI (Willems et al., 2009). We generated area-weighted
NDVI averages for each territory for consecutive 33-day windows
(16 days post and prior to the date of each MODIS raster) by aver-
aging all NDVI values for points falling within the territory's 95%
isopleth and weighted by the troop's differential usage of its ter-
ritory during that period (Young et al., 2019). NDVI scores, which
range between �1 and 1, are higher in more photosynthetically
active areas and are therefore considered to indicate increased
plant food availability.

Statistical Analyses

We analysed our data within a Bayesian framework, using the
‘brms’ package (Bürkner, 2017) in R version 3.5.2 (R Core Team,
2017). We used hierarchical generalized additive mixed models
(HGAM), which allow the relationships between the explanatory
variables and the response to be described by smooth curves
(Pedersen et al., 2019). This approach is useful as it does not assume
a fixed trend, but instead estimates a nonlinear trend without a
theoretically prespecified shape. In other words, a smooth curve
gives the opportunity for nonlinear trends, if any, to emerge, hence
giving further freedom for the model to fit the data. We ran all
models with four chains and 1000 iterations after specifying
weakly informative priors (normal (0,1)). We performed prior
predictive checks to ensure that these priors did not drive the
patterns obtained from our predictions (see Supplementary
material, Prior Predictive Checks Compared to the Predicted Pat-
terns, Figs S5eS10). Model diagnostics confirmed MCMC conver-
gence, with all Ȓ < 1.1 (Gelman & Shalizi, 2012). We used the
‘posterior predictive check’ (‘pp_check function’) from the ‘bayes-
plot’ package (Gabry et al., 2019) to determine the quality of the
model fits to the data.
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Regarding the first part of our analyses, we constructed two
models for each of our measures (cosine similarity, degree, strength
and our two rates of association): one for grooming and one for
spatial associations. This generated 10 models. For the second part
of our analysis, a model was run for each of our two cosine simi-
larity measures. For all 12 models, the model structure was con-
stant (see Appendix, Table A1 for model structure). Our data set
structure consisted of repeated measures for individual, mother,
cohort and troop identity, as well as for sex. We therefore let the
effect of age vary by these five grouping variables, using factor
smooths (Pedersen et al., 2019). We also allowed the effect of
ordinal rank to vary by individual, using a factor smooth. Factor
smooths implicitly incorporate group-specific intercepts. That is,
they create an estimate for each level of the grouping variable but
only estimate one smoothing parameter for all groups of this
grouping variable. Put simply, these grouping variables deviate
from the mean and hence vary in their pattern. We expected each
grouping variable to vary in its ability tomaintain a certain network
structure as juveniles aged. Each of these interactions was added as
a single smooth. We controlled for variability in environmental
conditions by including NDVI as a single smooth to the model.
Additionally, a single smooth for troop number was included to
address variation in troop size, along with one for age, to account
for developmental variation.

Continuous variables were scaled and mean-centred. For the
count variables (i.e. spatial/grooming degree and strength), a
Poisson model was run, with the log of the total number of
observation sessions (i.e. scan samples) within the aggregated
sample period included as an offset variable to account for differ-
ences in observation effort. As dispersion issues are common with
Poisson models, we ran an analysis of residuals from the models
using the ‘DHARMa’ package (Hartig, 2020). We addressed identi-
fied dispersion issues by running models with a negative binomial
distribution. When this did not remove the dispersion issue, we ran
hurdle models (Hilbe, 2017). To determinewhichmodel to report in
the main text, we used three approaches in concert. (1) Models
were compared using leave-one-out cross-validation with the
‘loo_compare’ function of ‘brms’. (2) We assessed the magnitude of
the dispersion from the analysis of residuals. (3) We used the
posterior predictive checks. We then compared the estimates of the
best models with the estimates of our simpler, original Poisson
models. This was used to determine whether the influence of the
dispersion issue affected our results. With our grooming/spatial
degree and spatial strength models, the dispersion issue was
influential, hence we report the results from the negative binomial
models in the main text for these three variables. With respect to
our grooming strength model, dispersion was not influential, and
we therefore report the simpler Poisson models in the main text
while providing the necessary details regarding the other model in
the Supplementary material (Figs S17eS20).

When our response variables were the rates of association with
adults and with family members and responses varied between
0 and 1, we constructed zero-one-inflated beta models for spatial
and grooming associations. We also used a zero-one-inflated beta
model when we looked at spatial and grooming partner similarity,
as well as when we investigated the similarity between grooming
and spatial strong partners. A zero-one-inflated beta model was
also run when comparing ties of the mother's grooming ego-
networks with those of her offspring. All the model summary ta-
bles are presented in the Appendix (Tables A2eA14), accompanied
by Dharma nonparametric dispersion tests and posterior predictive
distribution plots, as required.

Given the nature of the statistical models, as well as the inclu-
sion of interaction effects, using a summary table on its own to
interpret model estimates is not straightforward. We therefore
generated whole model predictions, using the ‘fitted()’ function
from the ‘brms’ package to extract the fitted values of our models.
Variables that were not of direct interest were fixed to their mean
(e.g. troop size, NDVI, rank), while predictions were made for the
variables of interest (i.e. age and sex). These predictions were then
used to construct predictive posterior plots with the ‘ggplot2’
package (Wickham, 2009). These plots allowed us to see howmales
and females differed in their response to the average effect of our
response variables. Given their interpretative familiarity, we spec-
ified the 95% credible intervals (CIs) in our plots to guide our
assessment of whether the sexes differed meaningfully in the
structure of the revealed patterns. Model main effects are pre-
sented as summary statistics (Appendix, Table A2eA14) for poste-
rior means, 95% CIs and conditional R2 values for each model,
estimated using the ‘bayes_R2’ function (Gelman et al., 2019).

RESULTS

Social Bubble Ego-network Structure

Spatial structure
As they aged, both sexes displayed a general decline in the

number of partners within their spatial social bubble (Fig. 2a).
There were, nevertheless, fluctuations, with slight temporary in-
creases that aligned with each annual birth season. There were no
sustained sex differences. Although more pronounced, the same
overall patternwas observed for mean strength (Fig. 2b). Finally, for
both sexes, the observed pattern in the similarity of spatial partners
present within juveniles' social bubbles was one of overall stability,
although values were quite low. There was, however, a peak that
aligned with the first birth season (Fig. 2c).

Grooming structure
With respect to the number of grooming partners (degree) in

their social bubble (Fig. 3a), both sexes showed a pattern of stable,
but low values, with increasing uncertainty in the estimates of the
mean over time. In contrast, mean strength declined over time,
although birth season seemed to exert a clear effect in one year
(Fig. 3b). Finally, both sexes displayed a consistent pattern of very
high values in the similarity of their grooming partners within their
social bubble over time (Fig. 3c).

Social Bubble Composition

Spatial bubbles
For spatial association with adults over time, both sexes dis-

played a pattern of stable, but low, association over time (Fig. 4a).
With respect to the rate of spatial association with kin, the general
trend, for both sexes, was a cyclical pattern of peaks and troughs
that aligned with the annual birth season, with rates increasing
during the birth season (Fig. 4b).

Grooming bubbles
Both sexes displayed consistent and high levels of grooming

association rates with adults (Fig. 5a) and family members (Fig. 5b)
over time, with association rates with adults being slightly higher
than with family members.

Processes at Play: Social Bubble Comparison

Spatial versus grooming bubbles
Although spatial grooming cosine similarity was generally low,

there was a slight increase over time for females, whereas the
general trend for males was a pattern of slightly fluctuating low
values (Fig. 6).
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Comparison between the mother's grooming partners and those of
her offspring

The similarity between mothers' grooming ties and juvenile
females' weak ties showed a slight overall decline through time.
Although at a lower level, this pattern was mirrored by juvenile
males, with a more pronounced deceleration (Fig. 7). For both
sexes, the overall decrease was interspersed with an increase in
cosine similarity values during the first birth season, followed by a
plateau.

DISCUSSION

We found that neither the structure of spatial proximity bubbles
nor the structure of grooming bubbles developed according to
Kohn's (2019) socialization steps. In the case of spatial bubbles,
these showed an overall decline in degree with age (Fig. 2a),
interspersed with two increases during the birth season. Strength
displayed the same pattern, although this was more pronounced
and of greater magnitude (Fig. 2b). Cosine similarity was low and
stable over time for both sexes (Fig. 2c). Taken together, these re-
sults suggest that, for both sexes, juveniles' spatial bubbles became
more concentrated, in terms of size and social engagement,
focusing on fewer partners with whom they associated more
strongly, although the identity of these partners differed. While the
patterns displayed did not follow Kohn's (2019) socialization pha-
ses precisely, there was some resemblance, given that juveniles
narrowed and strengthened certain social relationships. An
important distinction here, however, is that Kohn's (2019) frame-
workwas couched in terms of who comprised the network (i.e. that
exploration, pruning and consolidation were conducted with
respect to particular individuals), whereas in our case, juveniles did
not appear to go through a process of pruning and consolidation
with respect to particular individual partners; rather, they seemed
to prune and consolidate the social bubble structure itself.

Similarly, patterns of grooming social bubble structure did not
conform to Kohn's (2019) framework. Instead, the number of
grooming partners (degree) remained low and stable across
development, while the overall effort invested in grooming
(strength) decreased (Fig. 3a, b). For both sexes, similarity in
grooming partners remained high and stable over time (Fig. 3c).
Here, it is relevant to also consider composition, as we found that
rates of grooming with adults and family members (Fig. 5a, b)
remained high and constant over time for both sexes. Taken
together, this indicates that juveniles have small but stable
grooming bubbles, composed almost exclusively of adults and
familymembers or, more precisely, of a single familymember: their
mother. Our longitudinal analysis thus confirms previous work on
cross-sectional samples (Silk, Alberts, et al., 2006; Silk, Altmann,
et al., 2006).

Across time, juveniles sustained a single and consistent unique
strong tie with their mothers but did not maintain their initial high
grooming frequency. Focusing on female juveniles, we suspect that
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reducing grooming investment in this strong tie enabled them to
invest in ties outside of their grooming bubble, as demonstrated by
the increase both in grooming frequency and in the number of
grooming partners shown in our previous analyses (i.e. female ju-
veniles increased their number of grooming partners from 5 to ~15
individuals over the developmental period: Vilette et al., 2022). For
males, in contrast, both our current and previous analyses suggest
they were less engaged and more scattered in terms of their
grooming effort and overall number of grooming partners: males
showed only a small increase from five to seven partners and
engaged in less grooming over time (Vilette et al., 2022). By
reducing overall grooming investment, males may increase the
time available to engage in other kinds of social behaviour (e.g.
locomotor or social play), which may be more beneficial to their
development in other respects. Alternatively, it may be that juve-
niles are too young to impose their partner preferences on other
group members. That is, the mother may control the frequency of
grooming interactions with offspring, and changes in effort there-
fore reflect the mother's shift in focus to other individuals,
including younger siblings. If this is the case, then the changes
observed over time in juvenile grooming effort would occur
passively and therefore not represent active decisionmaking on the
part of juveniles.

Although our analysis did not provide support for Kohn's (2019)
framework in structural terms, the possibility remains that we have
focused on the wrong timescale, or it may be that Kohn's (2019)
phases recur, at least to some degree, each time a change in size
and composition occurs within the social group. That is, group level
changes may disrupt networks and so relaunch the network for-
mation process; this would align with our suggestion that social
integration is a process of ongoing continual adjustment (Vilette
et al., 2022). As such, Kohn's (2019) model may be valid across
shorter timescales, where the socialization phases occur as in-
dividuals receive real-time feedback from their daily interactions.
That is, the phases of socialization may happen at the social inter-
action level rather than at the level of the overall social relationship.

As expected, juveniles associated with more spatial partners
(Figs 2e3a) and showed lower partner stability (Fig. 2c) than they
did with their grooming partners (Fig. 3c). While this aligns with
the idea that juveniles have different interaction styles (passive
versus active) across different contexts, a more focused and stable
grooming bubblemay also provide juveniles with the safety needed
to explore their social environment and learn how to navigate it
effectively and at low risk. In other words, by having a stable and
predictable grooming partner to whom it is possible to return for
protection when needed, juveniles may be able to spatially asso-
ciatemore freely with other partners and, in this way, begin to build
their own ego-networks of weak and strong ties. Supporting this
view is our finding that, despite the size of spatial bubbles offering
immatures the opportunity to develop additional strong grooming
ties, they apparently did not do so, and grooming bubbles remained
small and consistent over time. Indeed, the mother remained the
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only strong tie across the entire developmental period covered by
our sample, a finding that does not fit particularly well with the
notion that juveniles use their developmental period to develop
social bonds and integrate into the adult network. Rather, it speaks
directly to the importance of having a secure base for attachment
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Figure 5. Variation in the (a) rate of grooming associations with adults and (b) rate of groom
red lines show the global smooth for the average female and male, respectively, with upper
season.
during the social development of immatures (Bowlby et al., 1989);
the grooming bubble we identify can just as easily be referred to as
the juveniles' primary attachment figure.

If we now turn to the composition of spatial social bubbles, we
found that, for both sexes, young vervets mostly associated with
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ing associations with family members by age and sex for juvenile vervets. The blue and
and lower 95% credible intervals (bands). Grey areas delimit the average annual birth
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other juveniles. We also found that the rate of spatial association
with family members fluctuated, manifesting a cyclical pattern of
peaks that aligned with the annual birth season (Fig. 4a, b). Overall,
the absence of associationwith adults suggests that the structuring
of spatial interactions is unlikely to be the consequence of spatial
association patterns being passively mediated by kinship (i.e. the
mother). In other words, and importantly, juveniles appear to be
building their own spatial network structures rather than inte-
grating into existing adult networks. Associating with other im-
matures in this way may enable juveniles to engage in various
forms of social play and/or engage with partners that have broadly
similar time budgets. As suggested previously, this may allow ju-
veniles to build the peer relationships that will comprise their adult
networks when they reach maturity (Jarrett et al., 2018).

Although we treated spatial proximity and grooming as two
separate bubbles, it would be beneficial in future analyses to
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Figure 7. Variation in mean cosine similarity between mothers' grooming ties and their off
the global smooth for the average female and male, respectively, with upper and lower 95
explore their composition in concert. This will help us understand
how strong maternal connections are initially formed and main-
tained. That is, as already noted, an active behaviour, such as
grooming, may be more easily controlled by the mother compared
to a more passive outcome, like spatial association. Investigating
the direction of grooming interactions, as well as who maintains
spatial associations, would allow us to draw a clearer picture as to
how stable connections with mothers, and possibly other family
members, come about. For example, in free-ranging rhesus mon-
keys,Macaca mulatta, Berman (1988) found that mothers appeared
to seek more proximity with their infants when they were in larger
groups, and that their infants tended to form social networks that
were more highly focused on kin (see also Berman et al., 1997).
While our analysis controlled for group size, investigating the
impact of troop size variation might well provide further details
regarding the social processes behind the observed patterns.
750
e (days)
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springs' grooming ties by age and sex for juvenile vervets. The blue and red lines show
% credible intervals (bands). Grey areas delimit the average annual birth season.
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When we compared the structure and composition of spatial
proximity and grooming bubbles in concert in our current analyses,
the clearest contrast between them, in addition to size, was sea-
sonal variation: spatial bubbles revealed clear seasonal patterns,
whereas grooming bubbles did not. The observed sensitivity to
changes in group composition for spatial behaviour was also seen
in our earlier analysis (Vilette et al., 2022), which did not distin-
guish between weak and strong ties. Focusing on the birth season,
the upward shifts in association rate with family members, com-
bined with positive fluctuations in strength and degree, suggest
that juvenile spatial bubble structure is sensitive to the arrival of
infants. Here, the increase in the number of strong ties and the
effort placed into them are reflected in an increase in the associa-
tion rate with family members. Again, whether these seasonal
fluctuations result from an active or passive process remains to be
determined. We can hypothesize that increases in bubble size and
social effort result from an active process whereby juveniles seek
proximity to specific individuals. Indeed, juveniles' ability to
respond flexibly to changes in spatial social dynamics may help
them to sustain a more robust grooming bubble structure (i.e. their
social connection to their mothers). Alternatively, it is possible that
such patterns are the passive consequence of the social group
becoming less dispersed during the birth season, leading juveniles
to be in closer proximity to one another and hence more spatially
engaged. With regard to the increase in rates of association with
family members, previous work has shown that attraction to
newborns promotes close spatial associations with mothers
(Fairbanks, 1990; Johnson et al., 1980; Silk, 1999; Silk et al., 2003,
2009); an attraction that could also result from an active or a
passive process. If we extend our timeline a little and speculate on
the process by which juveniles begin to expand their grooming
bubble, the seasonal patterns we observe raise the possibility that
the incorporation of additional strong ties into female juveniles'
network (i.e. those beyond the mother) may well be tied to juve-
niles' reaching sexual maturity and the birth of their first offspring.
That is, females may capitalize on the increased social attention
that attends the birth of an infant to forge additional bonds with
both peers and adult females. In this view, juvenile social behaviour
does not reflect an attempt to integrate into the adult network (and
a ‘rehearsal’ for adulthood), but instead reflects a specific juvenile
strategy that serves a juvenile's current need. This could help
explain why juveniles sustained only a single strong tie with their
mothers over the entire 3-year period covered by our sample.
Integration into, and formation of, an adult network then occurs at
the point at which the females themselves achieve adulthood, and
so require a more extensive network of strong ties that helps buffer
and protect the female and her offspring.

Considering the potential processes at play in the formation of
social bubbles, the similarity in spatial and grooming bubbles
remained consistently low over the juvenile period (Fig. 6). This
was not surprising, given that we observed a spatial bubble made
of nonrelated juveniles (Fig. 4a, b) and a grooming bubble
composed only of the juvenile's mother (Fig. 5a, b). This corrob-
orates Henzi et al.'s (2013) observation that adult vervet monkey
females do not simply groom their spatial associates but
distribute their groomingmore actively towards specific partners.
Future analyses might well consider whether the grooming
bubble shapes the structure of the spatial bubble, or vice versa.
Given the size and composition of juveniles' grooming bubbles,
our question about the similarity of ties between a mother's
grooming partners and those of her offspring boils down to
investigating whether juveniles acquire the same partners as
their mothers among their weak ties alone. We found that juve-
niles showed a slight overall decrease in similarity (Fig. 7); that is,
contrary to our predictions, juveniles' weak ties were mostly
different to their mother's grooming partners. Our original stance
was that maternal grooming networks would be too unstable for
juveniles to share similar partners within their strong ties.
However, we predicted that the social inheritance process may
allow for juveniles to interact with their mother's partners at
some level, even if these relationships are not consolidated in the
sense that Kohn (2019) intended (i.e. a mother's grooming part-
ners being part of her offspring's weak ties). Although mothers'
grooming partners were, to a small extent, part of juveniles' weak
ties, our finding supports the idea that, to replicate the overall
grooming network, juveniles would have to associate with a
greater number of nonmaternal contacts (Jarrett et al., 2018).
Compared to juvenile males, juvenile females showed a higher
similarity in grooming partners with their mother. Maintaining
close proximity to mothers may promote the connection to
various grooming partners, which could, in a later stage, facilitate
the development of enduring social relationships for females.
Lastly, although no sex differences were found within strong ties,
some emerged when focusing on juveniles' weak ties and their
similarity with their mothers' grooming ties. Considering that
previous findings (Vilette et al., 2022) showed behavioural sex
differences within the juveniles' grooming ego-networks (i.e.
composed of weak and strong ties), it suggests that sex behav-
ioural differences may emerge within juveniles' grooming weak
ties. This would reinforce the idea that the value of sociability
may also lie in the formation of a more extended social network
(McFarland et al., 2017), and not just in a small number of strong
and consistent social relationships (Silk et al., 2003, 2009; 2010a;
2010b).
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Table A2
Summary statistics of a Bayesian hierarchical generalized additive mixed model (HGAM) for the number of partners (degree) in spatial associations, using a negative binomial
distribution

Effect Parameter Estimate Estimate error Lower 95% CI Upper 95% CI

Population level effects Intercept �4.49 0.47 �5.42 �3.56
s(age) 0.55 0.99 �1.30 2.46
s(NDVI) 0.41 0.67 �0.81 1.79
s(troop.nb) 0.02 0.83 �1.64 1.61

Smooth terms sds(age) 2.04 1.42 0.14 5.39
sds(age ID1) 1.21 0.14 0.94 1.47
sds(age ID2) 1.04 0.70 0.06 2.53
sds(age cohort1) 1.97 0.50 1.17 3.15
sds(age cohort2) 2.15 1.78 0.08 6.58
sds(age troop1) 0.93 0.27 0.50 1.52
sds(age troop2) 1.14 1.13 0.03 4.23
sds(age mumID1) 0.41 0.26 0.03 0.93
sds(age mumID2) 1.64 0.77 0.11 3.09
sds(age sex1) 0.20 0.17 0.01 0.64
sds(age sex2) 2.54 1.82 0.41 7.77
sds(NDVI) 0.57 0.52 0.02 1.96
sds(troop.nb) 1.82 0.70 0.72 3.48
sds(rank ID1) 0.13 0.09 0.00 0.33
sds(rank ID2) 1.03 0.67 0.04 2.43

Family-specific parameters Shape 273.51 128.23 109.83 598.95
Estimate Estimate error Q2.5 Q97.5

R2 marginal 0.75 0.01 0.73 0.77

CI ¼ credible interval; NDVI ¼ normalized difference vegetation index; nb ¼ number; ID ¼ identity; mum ¼ mother; s() ¼ spline. Smooth-term sds() ¼ spline ‘wiggliness’
(spline variance parameter).

C. Vilette et al. / Animal Behaviour 201 (2023) 137e156150
Table A3
Summary statistics of a Bayesian hierarchical generalized additive mixed model (HGAM
binomial distribution

Effect Parameter Estimate

Population level effects Intercept �12.67
s(age) 0.07
s(NDVI) 0.18
s(troop.nb) �0.13

Smooth terms sds(age) 1.73
sds(age ID1) 2.61
sds(age ID2) 2.92
sds(age cohort1) 2.33
sds(age cohort2) 3.97
sds(age troop1) 2.20
sds(age troop2) 2.37
sds(age mumID1) 2.57
sds(age mumID2) 2.95
sds(age sex1) 1.58
sds(age sex2) 2.75
sds(NDVI) 1.71
sds(troop.nb) 1.51
sds(rank ID1) 2.28
sds(rank ID2) 2.94

Family-specific parameters Shape 25.62
Estimate

R2 marginal 0.38

CI ¼ credible interval; NDVI ¼ normalized difference vegetation index; nb ¼ number; I
(spline variance parameter).
) for the number of partners (degree) in grooming associations, using a negative

Estimate error Lower 95% CI Upper 95% CI

1.50 �16.18 �10.04
0.98 �1.81 1.94
0.97 �1.68 2.03
0.95 �1.98 1.67
1.61 0.06 5.63
1.95 0.12 7.08
2.87 0.12 10.69
1.88 0.09 7.07
5.17 0.11 15.99
1.83 0.09 6.63
2.49 0.07 8.47
1.99 0.14 7.55
2.99 0.10 11.03
1.39 0.07 5.29
2.94 0.10 10.79
1.53 0.08 5.37
1.46 0.05 4.95
1.69 0.08 6.26
2.90 0.09 11.15
42.81 0.38 157.91
Estimate error Q2.5 Q97.5
0.18 0.06 0.67

D ¼ identity; mum ¼ mother; s() ¼ spline. Smooth-term sds() ¼ spline ‘wiggliness’



Table A4
Summary statistics of a Bayesian hierarchical generalized additive mixed hurdle model (HGAM) for the frequency of interactions (strength) in spatial associations, using a
negative binomial distribution

Effect Parameter Estimate Estimate error Lower 95% CI Upper 95% CI

Population level effects Intercept �0.60 0.57 �1.70 0.55
hu_Intercept 0.42 0.94 �1.41 2.21
s(age) 0.30 0.70 �0.95 1.78
s(NDVI) 0.67 0.75 �0.78 2.20
s(troop.nb) �0.60 0.57 �1.70 0.55

Smooth terms sds(age) 4.22 2.28 0.56 9.37
sds(age ID1) 1.46 0.18 1.13 1.82
sds(age ID2) 0.97 0.66 0.04 2.44
sds(age cohort1) 2.64 0.69 1.52 4.21
sds(age cohort2) 2.39 2.05 0.09 7.68
sds(age troop1) 1.22 0.34 0.69 1.99
sds(age troop2) 1.52 1.39 0.07 5.09
sds(age mumID1) 0.53 0.30 0.03 1.09
sds(age mumID2) 2.00 0.78 0.15 3.41
sds(age sex1) 0.21 0.20 0.01 0.74
sds(age sex2) 2.59 1.88 0.48 7.37
sds(NDVI) 0.53 0.53 0.02 1.94
sds(troop.nb) 0.87 0.53 0.22 2.22
sds(rank ID1) 0.15 0.11 0.01 0.40
sds(rank ID2) 0.94 0.65 0.03 2.43

Family-specific parameters Shape 3.51 0.18 3.18 3.85
Estimate Estimate error Q2.5 Q97.5

R2 marginal 0.77 0.01 0.74 0.79

CI ¼ credible interval; hu ¼ hurdle; NDVI ¼ normalized difference vegetation index; nb ¼ number; ID ¼ identity; mum ¼ mother; s() ¼ spline. Smooth-term sds() ¼ spline
‘wiggliness’ (spline variance parameter).

Table A5
Summary statistics of a Bayesian hierarchical generalized additive mixed hurdle model (HGAM) for the frequency of interactions (strength) in grooming, using a Poisson
distribution

Effect Parameter Estimate Estimate error Lower 95% CI Upper 95% CI

Population level effects Intercept �2.86 0.27 �3.39 �2.28
s(age) �0.31 0.72 �1.74 1.14
s(NDVI) �0.03 0.43 �0.93 0.86
s(troop.nb) �0.09 0.53 �1.02 1.22

Smooth terms sds(age) 0.43 0.40 0.01 1.47
sds(age ID1) 0.89 0.09 0.71 1.08
sds(age ID2) 0.47 0.33 0.02 1.22
sds(age cohort1) 0.62 0.21 0.28 1.07
sds(age cohort2) 1.15 1.20 0.04 4.39
sds(age troop1) 0.30 0.20 0.01 0.74
sds(age troop2) 1.65 1.22 0.18 4.91
sds(age mumID1) 0.21 0.16 0.01 0.59
sds(age mumID2) 0.44 0.33 0.01 1.21
sds(age sex1) 0.15 0.12 0.00 0.44
sds(age sex2) 1.25 1.48 0.03 5.07
sds(NDVI) 0.22 0.21 0.01 0.85
sds(troop.nb) 0.31 0.33 0.01 1.21
sds(rank ID1) 0.12 0.08 0.01 0.29
sds(rank ID2) 0.42 0.31 0.01 1.16

Estimate Estimate error Q2.5 Q97.5
R2 marginal 0.79 0.01 0.76 0.81

CI ¼ credible interval; NDVI ¼ normalized difference vegetation index; nb ¼ number; ID ¼ identity; mum ¼ mother; s() ¼ spline. Smooth-term sds() ¼ spline ‘wiggliness’
(spline variance parameter).
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Table A6
Summary statistics of a Bayesian hierarchical generalized additive mixed model (HGAM) for the frequency of interactions (strength) in grooming associations, using a
negative binomial distribution

Effect Parameter Estimate Estimate error Lower 95% CI Upper 95% CI

Population level effects Intercept �3.49 0.35 �4.18 �2.77
s(age) �0.46 0.85 �2.04 1.19
s(NDVI) �0.36 0.58 �1.41 0.93
s(troop.nb) �0.10 0.56 �1.14 1.16

Smooth terms sds(age) 0.58 0.55 0.03 1.97
sds(age ID1) 1.49 0.15 1.19 1.77
sds(age ID2) 0.66 0.50 0.02 1.85
sds(age cohort1) 0.90 0.32 0.31 1.61
sds(age cohort2) 1.51 1.33 0.05 5.09
sds(age troop1) 0.53 0.31 0.03 1.17
sds(age troop2) 2.63 1.54 0.56 6.56
sds(age mumID1) 0.33 0.25 0.02 0.95
sds(age mumID2) 0.71 0.51 0.03 1.88
sds(age sex1) 0.22 0.18 0.01 0.68
sds(age sex2) 1.38 1.43 0.04 5.21
sds(NDVI) 0.30 0.30 0.01 1.11
sds(troop.nb) 0.29 0.30 0.01 1.03
sds(rank ID1) 0.22 0.14 0.01 0.50
sds(rank ID2) 0.62 0.47 0.02 1.73

Family-specific parameters Shape 45.66 19.26 23.59 93.18
Estimate Estimate error Q2.5 Q97.5

R2 marginal 0.78 0.02 0.73 0.82

CI ¼ credible interval; NDVI ¼ normalized difference vegetation index; nb ¼ number; ID ¼ identity; mum ¼ mother; s() ¼ spline. Smooth-term sds() ¼ spline ‘wiggliness’
(spline variance parameter).

Table A7
Summary statistics of a Bayesian hierarchical generalized additive mixed model (HGAM) for the spatial association rate with adults, using a zero-one-inflated beta distribution

Effect Parameter Estimate Estimate error Lower 95% CI Upper 95% CI

Population level effects Intercept �1.52 0.29 �2.05 �0.90
s(age) �0.35 0.96 �2.23 1.48
s(scan.nb) �0.82 0.69 �1.99 0.77
s(NDVI) �0.41 0.87 �2.14 1.29
s(troop.nb) 0.09 0.59 �1.07 1.29

Smooth terms sds(age) 0.94 0.82 0.04 3.08
sds(age ID1) 1.76 0.45 0.77 2.57
sds(age ID2) 2.23 1.37 0.12 5.00
sds(age cohort1) 2.71 0.63 1.65 4.18
sds(age cohort2) 3.16 2.29 0.19 8.84
sds(age troop1) 0.41 0.33 0.02 1.24
sds(age troop2) 1.54 1.37 0.07 5.17
sds(age mumID1) 1.17 0.61 0.08 2.32
sds(age mumID2) 2.29 1.36 0.09 5.04
sds(scan.nb) 0.38 0.44 0.01 1.59
sds(age sex1) 0.85 0.62 0.04 2.26
sds(age sex2) 1.72 1.64 0.07 6.23
sds(NDVI) 2.04 1.14 0.41 4.69
sds(troop.nb) 0.31 0.35 0.01 1.26
sds(rank ID1) 0.49 0.29 0.02 1.08
sds(rank ID2) 2.61 1.72 0.10 6.06

Family-specific parameters Phi 40.46 4.28 32.50 49.40
Zoi 0.67 0.01 0.64 0.69
Coi 0.02 0.00 0.01 0.03

Estimate Estimate error Q2.5 Q97.5
R2 marginal 0.12 0.04 0.06 0.22

CI ¼ credible interval; nb ¼ number; NDVI ¼ normalized difference vegetation index; ID ¼ identity; mum ¼ mother; s() ¼ spline. Smooth-term sds() ¼ spline ‘wiggliness’
(spline variance parameter).
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Table A8
Summary statistics of a Bayesian hierarchical generalized additive mixed model (HGAM) for the grooming association rate with adults, using a zero-one-inflated beta
distribution

Effect Parameter Estimate Estimate error Lower 95% CI Upper 95% CI

Population level effects Intercept 0.81 1.54 �2.10 3.93
s(age) 0.01 0.98 �1.93 1.90
s(scan.nb) 0.13 0.96 �1.82 2.01
s(NDVI) �0.02 1.00 �2.01 1.99
s(troop.nb) 0.08 1.01 �1.91 2.09

Smooth terms sds(age) 2.37 2.24 0.10 7.86
sds(age ID1) 1.96 1.75 0.07 6.21
sds(age ID2) 2.44 2.38 0.09 8.51
sds(age cohort1) 2.02 1.83 0.08 6.81
sds(age cohort2) 2.57 2.47 0.10 8.95
sds(age troop1) 2.03 1.85 0.08 6.54
sds(age troop2) 2.67 2.80 0.09 9.86
sds(age mumID1) 1.94 1.68 0.10 6.21
sds(age mumID2) 2.42 2.50 0.05 9.00
sds(scan.nb) 1.87 1.82 0.06 6.38
sds(age sex1) 2.03 1.91 0.03 7.16
sds(age sex2) 2.59 2.57 0.07 9.00
sds(NDVI) 2.09 1.82 0.09 6.72
sds(troop.nb) 2.01 1.81 0.08 6.78
sds(rank ID1) 1.90 1.61 0.09 5.97
sds(rank ID2) 2.50 2.42 0.09 8.60

Family-specific parameters Phi 42.40 54.90 2.30 218.66
Zoi 0.99 0.00 0.98 1.00
Coi 0.97 0.01 0.95 0.98

Estimate Estimate error Q2.5 Q97.5
R2 marginal 0.00 0.00 0.00 0.00

CI ¼ credible interval; nb ¼ number; NDVI ¼ normalized difference vegetation index; ID ¼ identity; mum ¼ mother; s() ¼ spline. Smooth-term sds() ¼ spline ‘wiggliness’
(spline variance parameter).

Table A9
Summary statistics of a Bayesian hierarchical generalized additive mixed model (HGAM) for the spatial association rate with family members, using a zero-one-inflated beta
distribution

Effect Parameter Estimate Estimate error Lower 95% CI Upper 95% CI

Population level effects Intercept �0.69 0.50 �1.60 0.37
s(age) �0.64 0.94 �2.47 1.18
s(scan.nb) �1.03 0.81 �2.40 0.85
s(NDVI) �0.61 1.00 �2.57 1.33
s(troop.nb) �0.18 0.85 �1.86 1.51

Smooth terms sds(age) 1.67 1.52 0.07 5.80
sds(age ID1) 1.45 0.25 0.95 1.92
sds(age ID2) 0.70 0.53 0.03 1.94
sds(age cohort1) 2.62 0.66 1.52 4.15
sds(age cohort2) 2.52 2.19 0.14 8.01
sds(age troop1) 0.36 0.26 0.02 0.98
sds(age troop2) 1.34 1.23 0.06 4.54
sds(age mumID1) 0.70 0.37 0.04 1.37
sds(age mumID2) 1.92 0.81 0.25 3.45
sds(scan.nb) 0.56 0.47 0.03 1.73
sds(age sex1) 0.67 0.46 0.03 1.74
sds(age sex2) 1.81 1.82 0.05 6.38
sds(NDVI) 3.01 1.27 0.91 5.86
sds(troop.nb) 1.58 1.02 0.06 3.79
sds(rank ID1) 0.25 0.17 0.01 0.61
sds(rank ID2) 0.66 0.50 0.03 1.85

Family-specific parameters Phi 20.24 1.45 17.45 23.13
Zoi 0.43 0.01 0.41 0.46
Coi 0.15 0.01 0.12 0.18

Estimate Estimate error Q2.5 Q97.5
R2 marginal 0.16 0.01 0.13 0.18

CI ¼ credible interval; nb ¼ number; NDVI ¼ normalized difference vegetation index; ID ¼ identity; mum ¼ mother; s() ¼ spline. Smooth-term sds() ¼ spline ‘wiggliness’
(spline variance parameter).
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Table A10
Summary statistics of a Bayesian hierarchical generalized additivemixedmodel (HGAM) for the grooming association ratewith familymembers, using a zero-one-inflated beta
distribution

Effect Parameter Estimate Estimate error Lower 95% CI Upper 95% CI

Population level effects Intercept 0.33 1.09 �1.81 2.53
s(age) �0.05 0.99 �1.99 1.91
s(scan.nb) �0.23 1.00 �2.12 1.71
s(NDVI) �0.02 1.02 �2.00 1.90
s(troop.nb) �0.05 0.96 �1.89 1.77

Smooth terms sds(age) 1.92 1.69 0.08 6.19
sds(age ID1) 1.55 1.31 0.07 4.89
sds(age ID2) 2.37 2.31 0.07 8.17
sds(age cohort1) 1.80 1.51 0.08 5.60
sds(age cohort2) 2.72 2.91 0.10 10.45
sds(age troop1) 1.70 1.42 0.05 5.22
sds(age troop2) 2.33 2.09 0.10 7.88
sds(age mumID1) 1.60 1.32 0.05 4.99
sds(age mumID2) 2.42 2.45 0.06 8.27
sds(scan.nb) 1.49 1.29 0.08 4.69
sds(age sex1) 1.57 1.37 0.07 5.01
sds(age sex2) 2.36 2.36 0.06 8.25
sds(NDVI) 1.50 1.35 0.07 4.97
sds(troop.nb) 1.45 1.30 0.06 4.70
sds(rank ID1) 1.13 0.99 0.05 3.68
sds(rank ID2) 2.29 2.16 0.07 8.19

Family-specific parameters Phi 61.10 60.59 6.49 229.90
Zoi 0.98 0.01 0.97 0.99
Coi 0.96 0.01 0.94 0.97

Estimate Estimate error Q2.5 Q97.5
R2 marginal 0.00 0.00 0.00 0.00

CI ¼ credible interval; nb ¼ number; NDVI ¼ normalized difference vegetation index; ID ¼ identity; mum ¼ mother; s() ¼ spline. Smooth-term sds() ¼ spline ‘wiggliness’
(spline variance parameter).

Table A11
Summary statistics of a Bayesian hierarchical generalized additive mixed model (HGAM) for the similarity in spatial partners (cosine), using a zero-one-inflated beta
distribution

Effect Parameter Estimate Estimate error Lower 95% CI Upper 95% CI

Population level effects Intercept 0.30 0.48 �0.63 1.27
s(age) �0.03 0.93 �1.85 1.85
s(scan.nb) 0.80 0.91 �0.92 2.60
s(NDVI) 0.43 0.98 �1.48 2.40
s(troop.nb) �0.69 0.98 �2.44 1.23

Smooth terms sds(age) 0.67 0.62 0.02 2.26
sds(age ID1) 0.73 0.17 0.38 1.06
sds(age ID2) 0.92 0.60 0.05 2.25
sds(age cohort1) 0.68 0.48 0.04 1.82
sds(age cohort2) 3.91 2.46 0.42 10.20
sds(age troop1) 1.58 0.46 0.72 2.55
sds(age troop2) 1.91 1.61 0.09 6.01
sds(age mumID1) 0.20 0.15 0.01 0.53
sds(age mumID2) 1.16 0.63 0.08 2.38
sds(scan.nb) 2.73 1.10 1.10 5.19
sds(age sex1) 0.26 0.21 0.01 0.82
sds(age sex2) 1.33 1.39 0.04 4.82
sds(NDVI) 3.18 1.27 1.30 6.27
sds(troop.nb) 3.91 2.37 0.09 8.88
sds(rank ID1) 0.25 0.17 0.01 0.63
sds(rank ID2) 0.84 0.57 0.04 2.09

Family-specific parameters Phi 4.53 0.23 4.10 4.98
Zoi 0.14 0.01 0.12 0.16
Coi 0.04 0.01 0.01 0.07

Estimate Estimate error Q2.5 Q97.5
R2 marginal 0.14 0.02 0.11 0.17

CI ¼ credible interval; nb ¼ number; NDVI ¼ normalized difference vegetation index; ID ¼ identity; mum ¼ mother; s() ¼ spline. Smooth-term sds() ¼ spline ‘wiggliness’
(spline variance parameter).

C. Vilette et al. / Animal Behaviour 201 (2023) 137e156154



Table A12
Summary statistics of a Bayesian hierarchical generalized additive mixed model (HGAM) for the similarity in grooming partners (cosine), using a zero-one-inflated beta
distribution

Effect Parameter Estimate Estimate error Lower 95% CI Upper 95% CI

Population level effects Intercept 1.48 1.17 �0.85 3.86
s(age) �0.02 0.99 �1.90 1.79
s(scan.nb) �0.12 0.98 �1.99 1.78
s(NDVI) 0.03 0.90 �1.69 1.81
s(troop.nb) 0.11 1.01 �1.90 2.04

Smooth terms sds(age) 1.90 1.77 0.04 6.08
sds(age ID1) 2.24 1.97 0.06 7.97
sds(age ID2) 2.84 2.69 0.08 9.98
sds(age cohort1) 1.95 1.68 0.06 6.27
sds(age cohort2) 2.64 3.03 0.09 9.00
sds(age troop1) 2.06 1.70 0.07 6.21
sds(age troop2) 2.67 2.68 0.11 9.50
sds(age mumID1) 2.00 1.64 0.08 5.75
sds(age mumID2) 2.83 2.77 0.14 10.35
sds(scan.nb) 1.94 1.70 0.07 5.86
sds(age sex1) 1.61 1.39 0.07 5.14
sds(age sex2) 2.63 2.55 0.11 9.18
sds(NDVI) 1.66 1.41 0.06 5.02
sds(troop.nb) 1.49 1.43 0.04 5.21
sds(rank ID1) 1.68 1.44 0.07 5.17
sds(rank ID2) 2.82 2.95 0.08 10.42

Family-specific parameters Phi 61.88 68.03 6.75 352.81
Zoi 0.95 0.01 0.92 0.97
Coi 0.94 0.02 0.90 0.96

Estimate Estimate error Q2.5 Q97.5
R2 marginal 0.00 0.00 0.00 0.01

CI ¼ credible interval; nb ¼ number; NDVI ¼ normalized difference vegetation index; ID ¼ identity; mum ¼ mother; s() ¼ spline. Smooth-term sds() ¼ spline ‘wiggliness’
(spline variance parameter).

Table A13
Summary statistics of a Bayesian hierarchical generalized additive mixed model (HGAM) for the similarity between spatial and grooming partners (cosine), using a zero-one-
inflated beta distribution

Effect Parameter Estimate Estimate error Lower 95% CI Upper 95% CI

Population level effects Intercept �0.81 0.58 �1.96 0.40
s(age) �0.02 1.00 �1.95 2.01
s(scan.nb) �0.38 0.99 �2.23 1.56
s(NDVI) �0.22 0.81 �1.93 1.34
s(troop.nb) �0.90 0.72 �2.21 0.67

Smooth terms sds(age) 1.36 1.23 0.04 4.67
sds(age ID1) 1.85 0.46 0.67 2.57
sds(age ID2) 1.41 1.01 0.06 3.66
sds(age cohort1) 2.76 0.67 1.62 4.24
sds(age cohort2) 2.91 2.54 0.10 9.55
sds(age troop1) 0.88 0.58 0.05 2.19
sds(age troop2) 1.69 1.48 0.06 5.24
sds(age mumID1) 1.01 0.58 0.06 2.16
sds(age mumID2) 1.64 1.09 0.08 3.94
sds(scan.nb) 1.45 0.90 0.30 3.71
sds(age sex1) 0.52 0.44 0.02 1.62
sds(age sex2) 1.66 1.71 0.06 6.29
sds(NDVI) 0.77 0.77 0.02 2.46
sds(troop.nb) 0.36 0.35 0.01 1.28
sds(rank ID1) 0.24 0.18 0.01 0.67
sds(rank ID2) 1.32 0.97 0.06 3.59

Family-specific Parameters Phi 37.71 4.92 28.86 48.16
Zoi 0.37 0.02 0.33 0.42
Coi 0.07 0.02 0.04 0.11

Estimate Estimate error Q2.5 Q97.5
R2 marginal 0.27 0.02 0.23 0.32

CI ¼ credible interval; nb ¼ number; NDVI ¼ normalized difference vegetation index; ID ¼ identity; mum ¼ mother; s() ¼ spline. Smooth-term sds() ¼ spline ‘wiggliness’
(spline variance parameter).
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Table A14
Summary statistics of a Bayesian hierarchical generalized additive mixed model (HGAM) for the similarity between a mother's grooming partners and her offspring's weak
grooming partners (cosine), using a zero-one-inflated beta distribution

Effect Parameter Estimate Estimate error Lower 95% CI Upper 95% CI

Population level effects Intercept 1.59 0.25 1.09 2.12
s(age) 0.18 0.76 �1.44 1.62
s(scan.nb) �0.37 0.69 �1.86 0.85
s(NDVI) �0.07 0.63 �1.63 0.97
s(troop.nb) 0.80 0.73 �0.72 2.14

Smooth terms sds(age) 0.48 0.45 0.02 1.68
sds(age ID1) 0.23 0.16 0.01 0.61
sds(age ID2) 0.41 0.31 0.01 1.20
sds(age cohort1) 0.59 0.31 0.07 1.24
sds(age cohort2) 1.08 1.06 0.03 3.84
sds(age troop1) 0.37 0.24 0.02 0.92
sds(age troop2) 1.16 1.16 0.04 4.07
sds(age mumID1) 0.35 0.19 0.03 0.69
sds(age mumID2) 1.05 0.51 0.09 2.03
sds(scan.nb) 0.52 0.47 0.01 1.77
sds(age sex1) 0.17 0.15 0.01 0.57
sds(age sex2) 0.98 1.00 0.02 3.72
sds(NDVI) 0.32 0.32 0.01 1.17
sds(troop.nb) 0.61 0.36 0.18 1.53
sds(rank ID1) 0.20 0.14 0.01 0.50
sds(rank ID2) 0.38 0.30 0.01 1.12

Family-specific parameters Phi 6.84 0.30 6.28 7.44
Zoi 0.01 0.00 0.01 0.02
Coi 0.47 0.12 0.24 0.70

Estimate Estimate error Q2.5 Q97.5
R2 marginal 0.15 0.02 0.12 0.19

CI ¼ credible interval; nb ¼ number; NDVI ¼ normalized difference vegetation index; ID ¼ identity; mum ¼ mother; s() ¼ spline. Smooth-term sds() ¼ spline ‘wiggliness’
(spline variance parameter).
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