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Abstract

Affiliative social behaviors are linked to fitness components in multiple species. However, the role of genetic variance in shaping such behav-
iors remains largely unknown, limiting our understanding of how affiliative behaviors can respond to natural selection. Here, we employed
the “animal model” to estimate environmental and genetic sources of variance and covariance in grooming behavior in the well-studied
Amboseli wild baboon population. We found that the tendency for a female baboon to groom others (“grooming given”) is heritable (h? =
0.22 + 0.048), and that several environmental variables—including dominance rank and the availability of kin as grooming partners—con-
tribute to variance in this grooming behavior. We also detected small but measurable variance due to the indirect genetic effect of partner
identity on the amount of grooming given within dyadic grooming partnerships. The indirect and direct genetic effects for grooming given
were positively correlated (r = 0.74 + 0.09). Our results provide insight into the evolvability of affiliative behavior in wild animals, including
the possibility for correlations between direct and indirect genetic effects to accelerate the response to selection. As such they provide
novel information about the genetic architecture of social behavior in nature, with important implications for the evolution of cooperation
and reciprocity.
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Introduction behavior evolves. Addressing this question requires under-
standing the genetic architecture of highly social traits, as
well as determining the relative contributions of genetic and
environmental variation to phenotypic variation in wild pop-
ulations where natural selection is acting. Specifically, for an
evolutionary response to selection to occur, phenotypic vari-
ation in affiliative social behavior must have an underlying
heritable component.

Furthermore, when a trait is affected by interactions
between individuals, its genetic architecture is determined
not only by the focal individual’s own genotype (i.e., direct
genetic effects, or DGEs) but by the genotype of its partner(s)
(i.e., indirect genetic effects, or IGEs; (reviewed in Baud et al.,
2022; McGlothlin et al., 2010; Moore et al., 1997)). Some of
the most well-documented examples of IGEs occur between

Social relationships, often measured by the frequency and
intensity of social interactions with others, are linked to indi-
vidual survival or reproductive success in humans and a num-
ber of social mammals (e.g., Cameron et al., 2009; Ellis et
al., 2017; Feldblum et al., 2021; Holt-Lunstad et al., 2015;
McFarland & Majolo, 2013; Schiilke et al., 2010; Stanton
& Mann, 2012; Thompson & Cords, 2018; Vander Wal et
al., 20135). These effects may arise, in part, because affiliative
social interactions—i.e., interactions that are primarily posi-
tive, such as grooming in primates—confer several potential
benefits, including parasite removal (Ezenwa et al., 2016),
access to mating opportunities (Diaz-Munoz et al., 2014),
decreased intra-group conflict (Silk, 2002), and enhanced
success in within and between group competitive encounters

(Wrangham, 1980).

Given the links between affiliative social interactions and
fitness-related traits in highly social species, natural selection
probably favors individuals who are more affiliative with
conspecifics. However, despite the clear and compelling links
between affiliative social behavior and fitness-related traits,
we have a limited understanding of how affiliative social

mothers and offspring (e.g., maternal genetic effects), which
occur when the offspring’s phenotype is influenced by the
genotype of its mother, independently of the direct effects of
the genes the offspring inherits. For example, maternal gen-
otype explains 11% of the variance in offspring birth weight
in a feral population of Soay sheep (Wilson et al., 2005) and
31% of the variance in birth weight in red deer (Gauzere et
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al., 2020). Indirect genetic effects between unrelated partners
can also be substantial: in a study of Eastern chipmunks, 23%
of the variance in fecundity and 36 % of the variance in “trap-
pability” (the number of times captured) were explained by
IGEs (Santostefano et al., 2021).

Importantly, the magnitude of indirect genetic effects and
their genetic relationship to direct genetic effects can fun-
damentally alter our expectation for how traits will evolve.
For example, Wilson et al. (2009) found a positive genetic
correlation between DGEs and IGEs for some aggressive
phenotypes in a lab population of deer mice, implying that
the same genotypes that promote aggression in the bearer
also promote aggression in those with whom it interacts.
Selection for increased aggression, then, would result in the
evolution of the social environment as well as a change in the
frequency of “aggressive alleles”: each successive generation
would experience a more aggressive social environment than
that of their parents (even the individuals who themselves did
not carry “aggressive alleles”) and hence would themselves
be more aggressive. That is, phenotypic evolution would be
greater than expected if DGEs and IGEs were independent
(for a fuller treatment of the quantitative genetic approach
to understanding indirect genetic effects, see Bijma & Wade,
2008 and references therein; Hunt & Simmons, 2002; Moore
et al., 1997; Wolf et al., 1998).

The recognized importance of IGEs has motivated the
development of two approaches to studying them (reviewed
in McGlothlin & Brodie 2009; Wolf et al., 1998). The “trait-
based” approach involves treating specific, measured traits in
conspecifics as a component of the environment that affects
the phenotype of the focal individual, and then estimating the
strength and direction of that effect (e.g., Bleakley & Brodie,
2009; Fisher, 2023; Moore et al., 1997). The other approach
is based on variance partitioning, which estimates the contri-
butions of random and fixed effects to variance in the trait
by incorporating pedigree (i.e., genetic) information into
random effects estimates and modeling environmental vari-
ables as fixed effects in a mixed effects linear model, often
called the “animal model” (e.g., Godoy et al., 2022; Houslay
et al., 2021; Wilson et al., 2009). The two approaches have
different advantages, and their results are largely compat-
ible (McGlothlin & Brodie, 2009). Here, we take the vari-
ance-partitioning approach.

Given the importance of indirect genetic effects for under-
standing the genetic components of social behavior—which,
by definition, is influenced by the genetic contributions of
multiple individuals—researchers have increasingly turned
their attention towards understanding the genetic architec-
ture of social behaviors in both wild and captive populations.
While much progress has been made toward understanding
the genetic basis of competitive interactions (e.g., Edwards
et al., 2006; Saltz, 2013; Sartori & Mantovani, 2013; Wilson
et al., 2011), much less is known about the quantitative
genetics of affiliative social behaviors among wild animals,
and especially about the role of IGEs in the genetic archi-
tecture of these traits. For instance, two studies have inves-
tigated the heritability and/or genetic architecture of spatial
affiliation (maintaining close proximity to conspecifics) in
non-human primates, reporting modest heritability for this
trait (Blomquist & Brent, 2014; Godoy et al., 2022), although
neither study investigated the role of IGEs in this behavior.
Other studies have focused on less direct measures of affilia-
tive social behavior such as social network metrics (e.g., Brent
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et al., 2013; Fowler et al., 2009; Lea et al., 2010) or coopera-
tive behaviors (e.g., Bleakley & Brodie, 2009; Houslay et al.,
2021; Kasper et al., 2017). These findings are also consistent
with evidence from human populations suggesting that lone-
liness and social integration are weakly to modestly heritable
and subject to strong environmental effects, including IGEs
(Abdellaoui et al., 2019; Day et al., 2018). IGEs for coopera-
tive antipredator behavior have been documented laboratory
guppies (Bleakley & Brodie, 2009), for social network metrics
in flies (Wice & Saltz, 2023) and for maternal-offspring inter-
actions in mice (Ashbrook et al., 2015). However, the pres-
ence and magnitude of IGEs for affiliative social behaviors
remain largely unexplored in wild animals. This represents a
critical gap in our understanding of the genetic architecture
of affiliative social behaviors and limits our ability to under-
stand how affiliative social relationships evolve.

Here, we contribute to filling this gap by combining detailed,
long-term data on individual social behavior with the exten-
sive pedigree available for the well-studied Amboseli baboon
population. Importantly, this dataset allows us to investigate
genetic variance in affiliative social behaviors at the level of
the individual, as well as indirect genetic effects for affilia-
tive social behavior at the level of the dyadic social relation-
ship. Specifically, we investigate the heritability and genetic
architecture (including IGEs) of social grooming, a common
affiliative behavior in primates with known links to the sur-
vival component of fitness (Archie et al., 2014; Campos et al.,
2020; Silk et al., 2003, 2010).

Grooming behavior in nonhuman primates

In most non-human primates (the lineage most closely related
to humans), grooming interactions represent a very important
affiliative behavior (Cords, 2012; Dunbar, 1991; Silk, 1987,
2007) but to date, no work has investigated the quantitative
genetic basis of grooming behavior in the wild. Grooming is
a primary means by which many non-human primates estab-
lish and maintain differentiated, affiliative social bonds (Silk,
1987). In many primate systems, including baboons, individ-
uals demonstrate strong grooming preferences and groom
certain partners more than others. Strong and enduring
grooming relationships—characterized by frequent, repeated
grooming interactions over extended periods of time—are
common among kin pairs and also occur between unrelated
pairs (Silk, 1987). Grooming involves manually picking
through and cleaning the fur of debris and ectoparasites and
is known to reduce disease risk (Akinyi et al., 2013; Sanchez-
Villagra et al., 1998; Tanaka & Takefushi, 1993). However,
grooming is common even when ectoparasites are eliminated
(e.g., in captive primates), and the importance of grooming
for social affiliation in primates is widely recognized (Cords,
2012; Dunbar, 1991; Silk, 2007). Social grooming can reduce
tension and aggression between individuals (e.g., Saunders
& Hausfater, 1988), and in some wild populations, social
grooming can occupy as much as 20% of an animal’s time
budget (Dunbar, 1991).

In many primate species, grooming relationships are gen-
erally reciprocal: within dyads, individuals who give more
grooming also receive more grooming (e.g., see meta-analysis
in Schino & Aureli, 2007; also chimpanzees: Gomes et al.,
2009; capuchins: Schino et al., 2009; baboons: Silk & Frank,
2009; Silk et al., 2010). In baboons, the most enduring social
relationships (those that last years rather than months), tend
to be highly reciprocal or “equitable” (Silk et al., 2006, 2010).
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Figure 1. Visualization of grooming metrics. (A) An example of our aggregate grooming index, representing grooming given by an adult female baboon
OMO in 2003, considering all other adult females in her social group that year (individual females are identified by three-letter codes). Block arrows
represent grooming given by OMO. The width of the arrow indicates the relative frequency of grooming observed; wider arrows indicate higher relative
frequencies. OMOQ'’s aggregate grooming given for 2003 is the sum of the width of the block arrows. (B) An example of our dyadic index. Here, we
observed the grooming given by OMO to adult female OFR in a single year, represented by the large, gray block arrow. This phenotype is shaped by
two components: the tendency of OMO to give grooming (direct effects), represented by the small gray arrow pushing the gray ball, and the tendency
of OFR to elicit grooming from her partners (indirect effects) represented by the small black arrow pulling the black ball.

Thus, the grooming an individual receives and the groom-
ing they give to others are strongly phenotypically correlated,
even though these phenotypes may have opposing fitness con-
sequences for an individual animal (see Akinyi et al., 2013;
Keverne et al., 1989; Wittig et al., 2008; Young et al., 2014
for benefits of receiving grooming and Dunbar & Sharman,
1984; Schino, 2007 for the small cost of giving grooming).
Importantly, females appear to make decisions about who
to groom based partly on the grooming behavior of their
social partners (Schino, 2007; Schino & Aureli, 2007). Thus,
if grooming behavior is shaped by an individual’s genotype,
we predict that grooming behavior will also be strongly influ-
enced by indirect genetic effects.

Goals of this analysis

Here, we use data on >100,000 grooming interactions
between 224 baboons, collected in the well-studied baboon
population of the Amboseli region of Kenya, to pursue three
goals (Alberts, 2019; Alberts & Altmann, 2012). First, we
describe how grooming behavior—specifically the groom-
ing given by adult females to other adult females (hereafter
simply “grooming given”) responds to social and non-so-
cial environmental effects. Based on previous studies of
grooming in primates, we expect that grooming behavior
will be influenced by environmental effects acting on the
focal individual as well as features of her social group and
social partners. Second, we estimate the variance explained
by genetic effects on grooming given, both in the context
of the whole social group and in the context of pairs of
individuals (i.e., dyads). We expect that grooming given will

have a partially heritable basis and be influenced by both
direct and indirect genetic effects. Third, we measure the
relationship between the direct and indirect genetic effects
(DGEs and IGEs) on grooming given. Because grooming is
often reciprocated, we anticipate that DGEs and IGEs for
grooming given will be positively correlated. We explicitly
differentiate between DGEs and IGEs for grooming given
to better understand how this affiliative behavior might
respond to selection.

We address all three goals by employing the “animal
model,” a mixed effects linear model that estimates both envi-
ronmental and genetic sources of variance and covariance in
phenotypes (see Methods, also Kruuk, 2004; Lynch & Walsh,
1998). We consider two measures of grooming phenotypes: (i)
an aggregate measure of grooming given, for each adult female
(i.e., a yearly measure of all the grooming that an adult female
gave to all other adult females in the social group, regardless
of partner identity), and (ii) a dyadic measure of grooming
given (i.e., grooming given by an adult female to a specific
adult female grooming partner, summarized in a yearly index).
With our aggregate measure (Figure 1A), we investigated envi-
ronmental and direct genetic sources of variance. With our
dyadic measure (Figure 1B), we investigated environmental,
direct, and indirect genetic sources of variance, as well as the
genetic covariance between direct and indirect genetic effects.

Methods

Study population and grooming data collection

The Amboseli baboon population of southern Kenya has
been the subject of ongoing research for five decades (Alberts,
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2019; Alberts & Altmann, 2012). The ancestry of baboons
in this population is primarily yellow baboon (Papio cyno-
cephalus), but all individuals contain low to moderate lev-
els of genetic admixture from a baboon congener, P. anubis
(Alberts & Altmann, 2001; Vilgalys et al., 2022). All animals
in the social groups under study (the “study groups”) are indi-
vidually recognized on sight based on unique morphological
and facial features. All demographic and life-history events
(births, maturation events, immigrations, deaths, and emigra-
tions) are recorded as part of the near-daily monitoring of the
study groups.

Our grooming data consisted of counts of grooming events
between adult females, with both the giver and receiver of
grooming recorded. We considered grooming events between
adult females but not grooming involving males for this
analysis: female-female grooming interactions occur entirely
in social contexts, while female-male grooming interactions
occur in both social and sexual contexts, and male-male inter-
actions are very rare altogether. We, therefore, limited the
scope of our analysis to female-female interactions. Grooming
was recorded whenever one animal used both hands to pick
through the fur of a second animal. We collected grooming
counts during systematic monitoring of the population, fol-
lowing a sampling protocol that is designed to avoid potential
biases that could result from uneven sampling of study sub-
jects (see Supplementary Methods).

Our study subjects were all adult female baboons (N = 224)
present in the study groups between January 1983 and June
2017 for whom we have known pedigree links and enough
genetic material to calculate their anubis-yellow “admixture
score” (see Tung et al., 2008). Individual admixture scores
have been linked with several behavioral traits in this popula-
tion, including male mating success, partner choice, male-fe-
male affiliative behavior, male dominance interactions, and
male dispersal (Charpentier et al., 2008; Fogel et al., 2021;
Franz et al., 2015; Tung et al., 2012). These results suggest
that admixture can affect behavior, prompting us to include
admixture as a fixed effect in our models. Females were con-
sidered adults if they had attained menarche. The resulting
dataset represented 115,149 grooming interactions collected
during 1,868 female-years of life, with a median of 400.5
interactions per individual.

The research in this study was approved by the Institutional
Animal Care and Use Committee (IACUC) at Duke University
(no. A273-17-12) and adhered to the laws and guidelines of
the Kenyan government.

Grooming indices

Aggregate index of grooming given

To determine the heritability of grooming, we used the counts
of grooming bouts between adult females to calculate an
aggregate grooming index. Specifically, for each adult female
in each year of her adult life, we calculated a yearly index of
aggregate grooming given. This index reflects the frequency
with which she groomed other adult females, relative to the
grooming given by all other adult females (of all ages) alive in
the same time period, adjusted for observer effort. Observer
effort reflects a combination of the number of person-hours
we devote to observations of each group and the size of
the group, which varies somewhat across years and across
social groups (Figure 1A; see also Supplementary Methods,
Supplementary Figure S1A, B and Archie et al., 2014). A
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female with a positive value for this index in a given year
exhibited a relatively high frequency of grooming given to
other females in the population in that year; a negative value
indicates that she exhibited a relatively low frequency of
grooming given to other females in that year.

Dyadic index of grooming

In order to measure indirect genetic effects on grooming we
calculated a yearly dyadic grooming index for each pair of
adult females that were co-residents in a social group for at
least 60 days during the calendar year and that had at least
one grooming interaction (Figure 1B). For each pair of co-res-
ident females, we measured both a dyadic index of the groom-
ing given from partner A to partner B, as well as an index of
grooming given from partner B to partner A. The dyadic index
allowed us to investigate direct genetic effects on grooming
given, the indirect genetic effects of social partners, and the
correlation between these effects. In contrast, the aggregate
index only allowed us to investigate direct genetic effects. We
also used the dyadic grooming index to investigate environ-
mental and direct genetic effects, which we expected to cor-
roborate the results of our aggregate grooming measure.

Positive values of the dyadic index indicate cases in which
an adult female gave high frequencies of grooming to a spe-
cific partner relative to all other partner pairs in the popu-
lation for that year, while negative values indicate cases in
which an adult female gave relatively low frequencies of
grooming to a specific partner (see Supplementary Methods
and Supplementary Figure S1B for details).

The “animal model” approach

To partition the phenotypic variance in these measures of
social affiliation into additive genetic and other variance
components, we combined pedigree information and pheno-
typic values in a mixed effects model, the “animal model”
(see Kruuk, 2004; Lynch & Walsh, 1998). We constructed
our pedigree based on long-term demographic records and
on genetic parentage assignment carried out using 7-14
microsatellite genotypes. The maternities of all our study
subjects were known, but only 77% of the paternities were
known. Paternity was based on the exclusion and further
supported through the use of the likelihood-based paternity
assignment program CERVUS 2.0. Levels of confidence for
all CERVUS analyses were set at 95%. Our paternity assign-
ments were robust across three estimated rates of error, 1%,
5%, and 10%. These procedures have become standard in
the study population (see Alberts et al., 2006; Buchan et al.,
2003; Van Horn et al., 2007 for methodological details) and
have allowed us to produce a pedigree that includes more
than 1,500 individuals (Galezo et al., 2022). The subset of
this pedigree necessary to describe the relationships between
all 224 of our study subjects consists of 347 individuals
(see Supplementary Methods). This smaller pedigree has
209 father-offspring pairs, 274 mother-offspring pairs, and
a maximum of 6 generations within a matriline. It includes
225 maternal half-sibling pairs, 320 paternal half-sibling
pairs, and 20 full sibling pairs; some paternal siblings and
full siblings in our dataset may be undetected. The average
relatedness between any two individuals in our trimmed ped-
igree is 0.014, although this is probably an underestimate,
given the missing paternal links.
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Table 1. Social and non-social environmental effects on aggregate and dyadic grooming indices.

Aggregate grooming given  Dyadic grooming index Interpretation of effect size directions and estimates

Individual traits

Focal domi-
nance rank

Partner domi-
nance rank
Focal-partner
rank interac-
tion

Focal age

Partner age

Focal-partner
age interac-
tion

Family effects

Co-residency
with mother

Co-residency
with adult
daughters

Co-residency
with adult
maternal
sisters

Pedigree
relatedness to
other adult
females

Moth-
er-daughter
pair

Maternal

sister pair

Relatedness to
partner

B =-0.01 (x0.006)!
p=.049

NATt

NA

B = -0.09 (+0.006)
p <.0001

NA

NA

B = 0.14 (+0.059)
p=.017

B = 0.37 (+0.035)
p <.0001

B = -0.02 (x0.027)
p =457

B = 0.03 (0.063)
p=.60

NA

NA

NA

 =-0.033 (x0.006)
p=.06

B =-0.026 (£0.004)
p=.92

B = 0.002 (x0.0003)
p <.0001

B = -0.025 (+0.006)
p <.0001

B =0.011 (x0.006)
p=.07

B = -0.0007
(£0.0006)

p=.15

NA

NA

NA

NA

B = 1.67 (£0.095)
p <.0001

B = 0.58 (+0.064)
p <.0001

B =0.68 (£0.182)
p =0.002

Aggregate index: higher ranking females (those with
lower numerical rank, e.g., 1, 2, 3) gave more grooming
than lower ranking females. The estimate represents the
expected change in the grooming index in response to an
increase of one numerical focal rank position.

Dyadic index: no effect.

Dyadic index: no effect.

Dyadic index: High ranking focals groomed high ranking
partners more than they groomed low ranking partners.
Low ranking focals groomed low ranking partners more
than they groomed high ranking partners (Supplementary
Figure S3).

Aggregate index: Younger females gave more grooming.
The estimate represents the expected change in the groom-
ing index in response to a one year increase in age.

Dyadic index: Focal females gave less grooming to their
partners when they (the focals) were older. The estimates
represent the expected change in each grooming index in
response to a one year increase in focal age.

Dyadic index: no effect

Dyadic index: no effect.

Aggregate index: Females who spent more of the time
period co-residing with their mother gave more grooming.
The estimate represents the expected difference in aggre-
gate grooming given between females that spent none of
the time period with their mom and females that spent
100% of the time period with their mom.

Aggregate index: Females who spent more of the time
period co-residing with adult daughters gave more
grooming. The estimate represents the expected difference
in aggregate grooming given between females that spent
none of the time period with any adult daughters and fe-
males that spent 100% of the time period with an average
of 1 adult daughter.

Aggregate index: no effect

Aggregate index: no effect.

Dyadic index: Focal females groomed more when their
partner was their mother than when the partner was not
their mother. The estimate represents the expected differ-
ence in the dyadic grooming index for mother-daughter
pairs compared to pairs who were not mother-daughter.

Dyadic index: Focal females groomed more when their
partner was their maternal sister than when their partners
was not a maternal sister. The estimate represents the
expected difference in the dyadic grooming index for
maternal sister pairs compared to pairs who were not
maternal sisters

Dyadic index: Focal females groomed more when their
partner was more closely related to them, and less when
their partner was less closely related to them. The estimate
represents the expected change in the dyadic grooming
index as partner relatedness changed from 0 to 1.

€20z AINF GO U Jasn aweq 840N Jo Ausioaun Aq 62201 2/L091L/L12L/101E/NI0AS/W00"dNO"olWapede//:Sdny Woly papeojumoq


http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad066#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad066#supplementary-data

1612

Table 1. Continued
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Aggregate grooming given

Dyadic grooming index

Interpretation of effect size directions and estimates

Demographic effects

admixture score

p=.29

Group size B =-0.01 (x0.003) B =-0.01(x0.002) Aggregate index: No effect.
p=0.124 p <.0001 Dyadic index: Focal females gave less grooming to each
social partner in larger groups. The estimates represent the
expected change in each grooming index in response to an
increase in group size of one group member.
Sex ratio B =0.05(=0.027) B =0.02 (=0.016) Aggregate and dyadic indices: No effect.
p = .646 p=25
Admixture effects
Focal admixture = 0.36 (x0.200) B =0.24 (=0.125) Aggregate and dyadic indices: No effect.
score p=.07 p=.11
Partner NA B =0.11 (=0.099) Dyadic index: No effect.
admixture score p=.58
Focal-partner NA B =-0.291(0.207) Dyadic index: No effect.

interaction

Bold text indicates effects with p < .05.

t The top line of each row provides the effect size estimate and standard error for each fixed effect.
t Cells with NA indicate predictor variables that were not included in that model; for instance, focal-partner age interaction and focal-partner admixture
score interaction were not included in the Aggregate model, while co-residency with adult daughters and adult maternal sisters were not included in the

dyadic index.

An animal model is a form of the linear mixed model in
which an individual’s additive genetic effect is estimated as
a random effect, allowing the estimation of additive genetic
variance in pedigreed populations (Kruuk, 2004; Wilson et
al., 2009). True breeding values are unknown, but they can
be estimated based on the expected covariance in additive
genetic effects between relatives (see Kruuk, 2004; Lynch &
Walsh, 1998). The matrix form of the animal model can be
represented by:

y=XB+Zu+e

where y is the vector of phenotypic observations, f is the vec-
tor of fixed effects, u is the vector of random effects, X and
Z are design matrices relating the fixed effects and random
effects to each individual and e is the vector of residual errors.
We discuss the robustness of this model to the pedigree struc-
ture of our population, grooming interactions between kin,
and admixture-related variation in genetic ancestry in the
Supplementary Methods.

Goal 1: Fixed effects: Social and non-social
influences on female grooming behavior

In our quantitative genetic animal models, we included fixed
effects of other variables known or predicted to influence
grooming behavior (see Supplementary Table S1 for com-
plete descriptions). These include (i) age, (ii) ordinal dom-
inance rank, (iii) group size, (iv) sex ratio, (v) presence of
mother, adult daughters, and adult maternal sisters, (vi) total
pedigree relatedness to other adult females in the group
(aggregate index) or the focal’s relatedness to the dyadic
partner (dyadic index), and (vii) individual admixture score
(Supplementary Table S1). All fixed effects had a variance
inflation factor < 2 and the residual plots do not suggest any
relationship between our residuals and the response variable.
The specific metrics we used to model these effects varied
slightly according to whether we were analyzing the aggre-
gate or dyadic index of grooming (Supplementary Table S1,
Table 1).

Including these predictors in our models allowed us to
determine the association between these environmental
influences and grooming behavior, while accounting for
genetic similarities between individuals in our dataset. Not
only are these environmental effects interesting in their own
right, but they are also important to include in the animal
model because if these predictors are non-randomly distrib-
uted over the pedigree, they can potentially bias the esti-
mates of additive genetic variance for a trait if not taken
into account in the genetic model (Kruuk & Hadfield, 2007,
Wilson, 2008).

Our grooming behavior metrics (both the aggregate
and the dyadic index) are corrected for observer effort,
which varies both within and across social groups (see
Supplementary Methods for details). Observer effort is cor-
related with group size, which means that our estimates
of the effect of group size on grooming behavior may be
conservatively biased (see Darlington & Smulders, 2001 for
a discussion of this type of bias; Campos et al., 2021 and
Supplementary Materials for detailed discussions of our use
of observer effort in calculating the relative frequency of
social interactions).

Goal 2: Direct and indirect genetic effects on
female grooming behavior

Heritability of grooming given using the aggregate grooming
index

We used the “asremlr” package in Rv.3.0.1 (Gilmour et al.,
2009) to fit a series of linear mixed models with consis-
tent fixed effect structures and increasingly complex ran-
dom effect structures. We modeled the aggregate grooming
behavior of individual 7 in the following series of nested
models:

yij = fixed effects + ej;

yij = fixed effects + F; + e;

yii = fixed effects + F;+ mom;+ e;

yij = fixed effects + af, + per, + momr, + e;

null model)
repeatability model)
maternal ef fects model)
heritability model)

P
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where 1y, is the aggregate grooming given by individual 7 in
year j, e, is a residual error term, F, is a random effect of the
identity of the focal individual, mom, is a random effect of
the mother of the focal individual, ap, is the additive genetic
contribution of individual i (i.e., its breeding value) and pey,
represents the “permanent environmental” effect of individ-
ual i. Permanent environmental effects represent sources of
variance between individuals that arise through environ-
mental effects. We did not include a random effect of year
because the aggregate index was standardized across years
(see Supplementary Methods). We used a likelihood ratio
test to determine the best-fit model for each grooming index.
Including the fixed effects described in Goal 1 could reduce
the residual variance reported in our models which may alter
our heritability estimates. Therefore, following common prac-
tice, we report heritability estimates from models with and
without fixed effects (see Results).

Direct and indirect genetic effects on grooming given, using
the dyadic grooming index

We next fitted a series of linear mixed models using the dyadic
grooming index, again using the “asremlr” package (Gilmour
et al., 2009). The primary benefit of the dyadic grooming
index is that it allowed us to investigate indirect genetic
effects on grooming, something that is not possible with the
aggregate indices.

To determine whether indirect genetic variance contributes
significantly to the phenotypic variance in the dyadic groom-
ing index, we constructed five nested models, with consistent
fixed effects (as described above for the aggregate measures)
and increasingly complex random effect structures. We fol-
lowed the approach outlined by Wilson et al. (2011) in their
investigation of indirect genetic effects for aggressive pheno-
types. Specifically, we modeled the grooming given from a
focal individual 7 to a grooming partner j in a series of five
models:

Yiie = fixed effects + dyad;; + ey,
Vi = fixed effects + F; + dyad;; + e
Yiie = fixed effects + F; + P; + dyad;j + ey (repeatability with partner model)

Yiie = fixed effects+ ar, + per, + P;+ dyad;j+ ej. (direct genetic ef fects model)
Yiie = fixed effects + ap, + per,+ ap + pep, + dyad; + e (indirect genetic ef fects model)

(null model)
(repeatability model)

where y_, is the grooming given from individual 7 to indi-
vidual j in year, k and dyad;; is an identity assigned to each
unique pair of individuals. This term is included because we
have repeated measures across each dyad in the dataset. The
fixed effects, F, ar,, per,, and ¢, terms are as described above
under Goal 2. P is a random effect of the partner individual
who received grooming, ap, is the additive genetic contribu-
tion of the individual who received grooming, and pep, is the
permanent environment effect of the individual who received
grooming. The “direct genetic effects” model allows genetic
variance among the focal individuals to influence phenotypic
variance in grooming given, while the “indirect genetic effects
model” allows genetic variance among both the focal and
the partner individuals to influence phenotypic variance in
grooming given by the focal partner. In the indirect genetic
effects model, direct and indirect genetic effects were free to
covary, and we estimated the covariance between the direct
genetic effects on grooming given (ar) and the indirect genetic
effects on grooming given (ap).

As with Goal 1, because these models are nested with
respect to their random effects, we used a likelihood ratio test
to determine the best model for the dyadic grooming index.
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We also tested models that included random effects of social
group and the focal individual’s mother and found no statisti-
cally significant variation explained by these effects.

Goal 3: Covariance between DGEs and IGEs, using
the dyadic grooming index

To investigate the covariance between direct and indirect
genetic effects on our dyadic index of grooming given, we
began with the indirect genetic effects model described above,
in which we allowed a relationship between two random
effects (focal breeding value and partner breeding value)
so that the model fits an unstructured 2 x 2 matrix, which
supplied the genetic variances for the giver and receiver in
the diagonal, and the covariance on the off-diagonal (see
Example Code in Supplementary Methods and McFarlane et
al., 2015 for more details about this approach). We rescaled
the covariance to a correlation and to determine if this cor-
relation was significantly different from 0 and/or significantly
different from +1, we used a likelihood ratio test with one
degree of freedom to compare the model in which the correla-
tion between IGEs and DGEs was free to vary with models in
which this correlation was constrained to either 0 or 1.

We also calculated the “total heritability” of our dyadic
index of grooming given, following Bijma et al. (2007)
and Wilson et al. (2009) as o3 + 204,,4, + 0, divided by
the total phenotypic variation. The total heritability metric
describes the proportion of the variance in grooming given
in the dyadic index that is explained by genetic variation in
both focal and partner individuals. This metric also takes into
account the correlation between IGEs and DGEs, potentially
making it a more useful predictor of how a trait shaped by
interactions between individuals may respond to selection.

Results

Goal 1: Fixed effects: Social and non-social
influences on female grooming behavior

Younger females and higher-ranking females tended to give
more aggregate grooming, as did females who spent more
time co-resident with their mothers and adult daughters. The
amount of aggregate grooming given was not influenced by
time spent co-resident with maternal sisters, total related-
ness to other females in the group, or focal admixture score
(Table 1, Supplementary Table S2). Group size did not influ-
ence the amount of aggregate grooming given, but we note
that our analysis may underestimate the strength of this effect
because we corrected our measure of grooming for observer
effort, which is correlated with group size (see Supplementary
Methods for details).

The environmental predictors of dyadic grooming given
were similar to those for aggregate grooming given (Table 1,
Supplementary Table S2). The dominance ranks of the focal
female and her partner interacted, such that high-ranking
females gave more grooming to high-ranking females than
to low-ranking females, and low-ranking females gave more
grooming to low-ranking females than to high-ranking females
(Table 1, Supplementary Figure S2). Individuals gave more
grooming when their partners were relatives than when their
partners were non-relatives and gave more grooming when
their partners were their mothers, daughters, or maternal sis-
ters than to other types of partners, even when controlling for
relatedness. We also detected a statistically significant effect
of group size on the dyadic index, such that females gave less
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grooming to each female grooming partner when they were in
a larger group; we again note that our analysis may underes-
timate the strength of this effect (see Supplementary Methods
for details). As with the aggregate index, we found no effect of
admixture score on dyadic grooming (Table 1, Supplementary

Table S2).

Goal 2: Direct and indirect genetic effects on
female grooming behavior

Heritability of aggregate grooming given

The heritability model was the best model for our aggregate
index of grooming given, with a heritability estimate of h?
= 0.22 = 0.048 (Table 2, Supplementary Figure S3). This
heritability estimate represents the proportion of variance
explained by additive genetic variance after conditioning on
the fixed effects we included in our model. Conditioning on
fixed effects has the potential to significantly affect heritabil-
ity estimates (see Methods and Wilson, 2008). Therefore, we
also ran parallel models that excluded fixed effects, which
generated very similar heritability estimates (£*=0.30 = 0.07,
Supplementary Table S3).

Direct and indirect genetic effects on grooming given, using
the dyadic index

The IGE model was the best model among those we tested
for the dyadic grooming index (Table 3, Supplementary
Figure S4). Because this model allowed additive genetic vari-
ance within focal and partner individuals to contribute to
variance in grooming given, this result indicates measurable
indirect genetic effects of partner identity on the amount of
grooming that a focal female gave within a dyadic partner-
ship. However, estimates of both direct and indirect genetic
effects on the dyadic index were small: indirect genetic effects
(i.e., genetic variation among partner individuals in the IGE
model in Table 3) explained approximately 2% of the vari-
ance in how much grooming a female gave to a particular
female partner, and direct genetic effects (in the DGE model
in Table 3) explained 4.8%. The large difference in the mag-
nitude of direct genetic effects between the dyadic model and
the aggregate model (where direct genetic effects explain 22%
of the variance in the aggregate index) likely arises from the
fact that any given dyad in the IGE dataset has many fewer
interactions than any given focal individual in the aggregate
index used in the DGE-only model. As a result, small errors
in measurement have a larger effect on our dyadic index
than our aggregate index; these errors in measurement likely
inflate the residual (error) variance in our dyadic index and
produce a conservative estimate of both direct and indirect
genetic effects.

Goal 3: Covariance between DGEs and IGEs

Indirect and direct genetic effects (IGEs and DGEs) for
grooming given were strongly positively correlated (r =
0.74 = 0.09, p <.0001). To determine if this correlation was
significantly different from both 0 and 1, we compare the
model in which the correlation between IGEs and DGEs
was free to vary (shown in Table 3, last row) with mod-
els in which this correlation was constrained to either 0 or
1, using a likelihood ratio test. The model that allowed the
genetic correlation to freely vary was the best model and
was significantly different from the other two: p < .0001 for
the comparison with the model in which the covariance was

Table 2. Model comparisons for aggregate grooming given, showing estimates of variance components with standard errors' and log-likelihoods (LnL) for each model. p values were determined using

likelihood ratio tests, with degrees of freedom equal to the number of additional parameters under the more complex model.

p (versus model one row above)

LnL

hzh‘

mom

2
OpE

Model

-673.85
-473.60
-471.23
-464.22

0.728 (0.023)
0.479 (0.017)
0.488 (0.017)
0.488 (0.017)

Null

<0.0001

0.268 (0.033)
0.186 (0.037)

Repeatability

0.029

0.091 (0.040)
0.045 (0.033)

Maternal effects

0.0002

0.220 (0.048)

0.037 (0.048)

0.207 (0.065)

Heritability

; 0%, = variance attributable to the focal individual,

variance attributable to maternal effects

m r |
3" residual variance.

e

m
()

variance attributable to the permanent environment of the focal; o2
d maternal effects modes that do not include additive genetic effects;

t Proportion of variance explained by additive genetic variance (0%).

an

PE

additive genetic variance; 0%
ble only to the repeatability

Tt =
A
applica

McLean et al.

€20z AINF GO U Jasn aweq 840N Jo Ausioaun Aq 62201 2/L091L/L12L/101E/NI0AS/W00"dNO"olWapede//:Sdny Woly papeojumoq


http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad066#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad066#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad066#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad066#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad066#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad066#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad066#supplementary-data

5
161
7

No.

.77,

(2023), Vo
ion

lutio

Evo

ith the
ison wit This
ariso L. t
mp2 d to tha
he co aine ests by
rt str ugges en
06 fo con GEs st giv the
-0 e was dD oming d in
and p ;rianCGES an ed gro foun
0, ov I eas are iven
to ec een incr iants s gi
i it <o it mg
Condsel in Wrelatlo?anfs prr those mingdix of giric reprenetlc
r r he omin e g e
ode corre va ther room Inde m by in th
mod ve tic he Irg dic ility ined in
Sit1 ene Is, wh the dya itabili laine ded ich
po ific 8¢ idua rin ur erital Xplau clu whi
cl 1v1 s or ofo is h it e 1n te, wh n
=] spe 'l’ld lve . ty hl tra CtS : a tio
S 1 1 e m a
2 P focai thenll;eefitablé 023). Tin th?‘lxed eéflity es}t;e Corl‘eltwice
.—E*-'a: als a (= 0. iance he itabi dt han e
R foc tot 27 (= ria t erit n t lon
§5C The 0.1 f vari Ll ts a ore tsa
S¢ g = Ul oL n ta cCts al m ec
_ c88 h? = tion itioni ghe to tic eff ts, is ic eff
228 as or di t ne ffec eti
5 = g3 the pro o e * genetic ¢ t gen
23 == = B2 the p s afte 1. No .ndirectgene direc
g2 = S S < o5 < ffeCF ode nt 1 irec on
g2 S S < =& h € dic m ccou din base di
k) 3z S P 5 £7% o dya into a an te indi-
o) 28 S o -UQ,Z in irect ima of i :
e 5 = v BN sl = kes dire Nt S 1d.
£5 2 o ' N =+ = ta n ility e imate w1
39 A i N = 8 ee 11ty 1m. he -
o Q = & - =) ~ — Y e etw itabi del. | est int influ
=5 a ~ " e D = b rit o irica ior in n
o & N NP :I : 8 -§ % the he IGE m mplrlgehawor otype tnersi
£ M\D‘* = =B r te.l en ar
[ NS < 7 = £ in ou firs a 5 g ial p ca
56 Q< | 3 = =3 n he ocl le’s cia fo
s 5 50 3 Rt ion f th ive s fema >0 the ller.
23 ~ = 2= g io €eo liati 1 her nce a
c 0 = = =R SSs ide on ffi foca s he flue is sm ive
= . a o m n 18 v
g S s o £ g scu vi on a 00 01 ct &
= N °g 9 Di ro ts hat gr rt ffe le to t
25 S &g ep fec t he ea is e ale tha
g qg; I S § E—E Here, vrvletic efrevealswhich :lSO appgh thle a fenz)types ain
= S o < : u. m
] ' F L8 t ge lysis to es Itho rag gen ur
g9 ! o= g=.g rec naly: ent Otyp« L, a ncou be $S O
2 8 . Vo [ <) >| 8—."’ r a ext > gen V10T, at e may discu
o 9 23 ' = S P Ou the ers beha th Iso e
s 8 ners s W
El % = = b “'r:g g encelsler pal‘tomlng enotypertners itners' urces
Sc g I o d e} a . a (o)
S 3 ) = =) = n 5 gr he & : 1 p lp H I S
a2 g * Szd a le’s t cia cia Cla
0 < < o SQ fema ore, SO L SO -SO €
= 9 e m her he n ne
= = — o2 her e} influe
° £ : P~ 9 o.’g rt . to om dn n -
o3 ! S & Fu g . f?’ n ti m
9} b ! ~ 3 oS “ min mng - a . ha nu
E 2 8 ! S g = “‘ET;% grof)t gfoor?ow- Soclalhavlorf ctors ted inla 2013;
g0 < g ~ j=1 . . . a ioat
© © (=] a N 8 (=] <+ E'Qt ellcl, be Cts be 1C tlga : ta » ur
= = 3 S = I~ Eja% . dings effe ming raph inves inyi e 01). Oa-
£ 3 g =3 = by S g'g £ 5 fin Fixed groo demog been s (Ak o 20 form |
—_ I - = ; £ 5 8 w | 1: in nd ave boon Chlﬂ,’ e in nta
= " ~ — o (=] — =i =3 a . ce 1 a ) h ba 3 S igre me
=2 PN S 8 g g Go an ta tor h 03; ed iron d-
=2 S s 3 ] S ri en hav ding i 20 ing p lront lu
0 S 22 S 3 28 = = fva ironm be inclu ichi, ting env mc f
8L o = = g 5 3 0 rronm nc 1c ra ed by o
8% © =S S = 5S£8 8 nv: ng ies, kam rpo f fix ur €s
o) o RS S S — N = I = e e om ecle a inco o OCC typ g
£ 0 a S S S o g9 w g Th gro Sp 7; N by in tes ay hree rthy
52 = 2 =z ¥ 8oS £ ale imate 2007; e, by tima atm s. T ewo
= = =} S 2 & N a2 S 17} fem Tr1im l use, es N th nd . ot
= < 3 S =g o fp al., eca ur on ou ly n
> 9 30\52 = 2% 5 v ro et a eb 1, 0 icati kgf. larly
I3 5 = A e o fg 5 £ be ann niqu Ode H epll 3 baC ticu
= = . -I' C ar
© 8 33 - ° 222 2 Lehma 1s uni al m do eti ep c-
S = 213 S I = z sis 1m, seu ene ar do
S5 ¢ | d T T =85 8 aly an p ilar g ng idely
c S = 9 e r imi 1 de les
w £ < S =N © analy th tfo 1m om 1 ale
&2 o) Né“ =3 S 22 8 . n un ith s 100} . w fem
o < S =3 = S5 = tion CCO W1 ng tion, . leS-
= = =22 5 S a A Is SO a ng a
o = < S | B %% . g effect ividua | effect bserv r-ranl? fem th-
53 s = ' hE 5 ing individuat ith the o highe anking pypoth-
83 s 2 gLE A;bg in, ironm it hat er-r te roo
c IS :“‘o—«s N s Vir k tw ies, t low or S8 r
A ] b s 3 23 en n isten ies, P le he
& %6 ' =~ g E'g 8- E 5 inance ra consis € spec s than ell'sult:) fema ies Ot~ng
~ F= = = .
g 5% ¢ = S i 35 EE—S 5 Domina Its are rimat artne-rh the V7V) tha urrenc duri
o £ e < :Q.EAEE.‘S Q su SS p . p 1t 77), rc nce ition,
£ot =< : v 23%-5 ) Our red fﬂlcrooomlngistent farth (ﬁnge o toleraln adgltadic
<D°8 :w ; m“ugﬂ‘uu nte gr ns a c rt, ). y _
5 E ! w5 -*:o.a e e is co SCY. ex [¢) 77 n ich
= v S 2 s zc'o_ £ 38 m or P 9 o
o - = =11 u 18 bY m up 1 k hlg
S 0% S Pt ' B“Q‘ﬁgﬁg e m m d als istic s th, ran hat .
€< © S NG 5 5o e 5 hav atte osed idu 1sti far nce ht king
358 ‘ N 2 EE e is p ropo! div on ; Sey ina suc -ran -
383 s < EE% bt ] Thi o ropose ag 01; dom ct, igh om
3o 9] © o =5 o 88 ° is, fir klng e.g'.’ 20 of effe oh ro a
S 02 © zv = eS‘S;,er-ra“ming (Schlno’ effect action ming o T perllols
= P @ < S5 g L s ‘2 hlg 00 e in inter 00 av a 'OIb
S = , g2 2.2 £8g gr ;5 se ma n gr Is g It p lati
i = . (S . u -
% g o . 9 2 §€g Zg c thacl;'ng’ CECI’Jnd riloﬁnd ane mordivldui}his reflis popua]e-fe
o© 2 o umt“'zw“ 1 (o) ; av in int m t
8 5 = 5 ! g g = g‘*a % 5'8 fee']e we e dl als g klng 1 ble 1) _ng n st fOr FOgele
EE% g5 S S8y S whi RN rartners (Ta & was highe King ( odel,
S 3 <+ 2 LRI T m in S er r S n ’s m
=g it N E 8.3 ;:_2.5 b= roomuir ile low rtn le 8 was -ra h’s ity to
£2¢ = 5 e ol ranklngwhﬂeking pa le-femaomlngre high Seyfartrtunltynk-
cu'GCD . ullﬂ.)'UNU er- rs, n ma ro e it o ra
£Q = - 2o szxg rtne -rank of ity of g rs wi t wi opporf h- s
B © ! Q -:3“0.9 28 = pa low lysis ility rtne isten the ly hig the
o5 b | = = 5= oo :Q-c S to naly babi pa S1S for ntly ar
RN P = S '0535'005 ing t sa o th on te ue edp
55 2 - ! — = e 9z Q.E -2 1 iou T ich bo foXe e seq err
AN s S 2Lz cEy in which the which leis abso compe ,their pref
>g.; g = u';QET:.x: inw -Sln, esu a a t
oz -8 = S 839 55 3 in air S I fem. les, to
o 5 L 3g= oog hi t a s
o = = £8 g g E le p T a m es
22 8 2 = 8T s g ma 202, Lhs thking il
. o i - s et . n a
5§ 52 v 55 E L é-g 58 al "ch pr.ehel"ra he gre
Qg'o s [ > < £|I:E-C§>g whi hig ve t
o g2 o s 8 g 5 =55 2 room les ha7)
5 =) = 0 S S 5.8 g a 77).
S = <) §§¢ m
S g £ n S § &8 EQ'E g ing fe th, 19
S 3 ) s 35 =i k=t 3 far
5§ o S 3 g £ Egvt 9 (Sey
e o R o
253 s 2 n ez ESsE
3 3 g = P fl® g K§ N}"*é: s i:: T
= < L IS =}
St ® E‘i~w““ -8
§3 > £ g e ek 25
© c < =] <= B 2 =
= 9 S S =) 2
o) g ) 5} &S =)
° o = & v g
o~ o —_— = Q &~
=g s |3 Z
. @ §2] =)
™ @ 5
Q5 o =
522
2 © 5}
(] =
A

(o]q]|
BOJUM!
pap

woJ}

:sdny

e/['S

peo

olwe
‘dno

02

AS/W

e/1n|o

901U

09V/L1LL1
/L

viL

L20

Aa 6

AlUN

Rysie

Jjo

EXIIN|

weq

sn

uoJs

S0

Ainp

4

€20



1616

Demographic effects

Group size did not have a significant effect on aggregate
grooming given, but females gave less grooming to indi-
vidual partners in larger groups. Females engaged in more
grooming in groups with a more female-biased sex ratio.
In combination, these results suggest that females in larger
groups have more female grooming partners than females in
smaller groups but groom each partner less when they are in
a larger group, pointing towards a potential tradeoff between
the strength and quantity of social bonds with females. This
result is consistent with other studies that have found evi-
dence of a decrease in group cohesion with increasing group
size (Cheney et al., 2012; Dunbar, 1991; Henzi et al., 1997,
Lehmann et al., 2007).

Goal 2: Direct and indirect genetic effects on
female grooming behavior

We found that the tendency to engage in affiliative social
interactions with other females is heritable and consequently,
may evolve in response to natural selection. The heritability
we detected for aggregate grooming given was 0.22, consis-
tent with heritability estimates reported for life history and
behavioral traits in wild populations, but lower than gener-
ally reported for morphological traits (Houslay et al., 2021;
Visscher et al., 2008). This result provides an important con-
ceptual link between studies that have demonstrated appar-
ent fitness benefits of social interactions and studies that have
demonstrated heritability for phenotypes that influence social
interactions (e.g., physiology: Insel & Shapiro, 1992; Staes et
al., 2018; Walum et al., 2008; personality: Brent et al., 2014;
Jang et al., 1996; Moore, 1990; Schielzeth et al., 2012; mor-
phology: Staes et al., 2016). However, further work is needed
to predict the magnitude and direction of any response to
selection. While we have strong evidence linking grooming
behavior to both health (Akinyi et al., 2013) and survival
in this study population (Archie et al., 2014; Campos et al.,
2020; Silk et al., 2003), we do not yet know whether groom-
ing behavior has a causal link to survival or is simply cor-
related with other traits that do.

Our estimates of indirect genetic effects were small but
measurable, accounting for 2% of the variance in how much
grooming a female gave to a particular female partner. As
noted in the Results section, any given dyad in the IGE dataset
has many fewer interactions than any given focal individual
in the DGE-only model. Therefore, small errors in measure-
ment have a larger effect on our dyadic index than our aggre-
gate index, contributing to large residual (error) variance in
our dyadic index and limiting our ability to detect IGEs. Thus,
we view our estimate of IGEs for grooming as conservative.

Goal 3:The genetic relationship between grooming
given and grooming received

The total heritability we detected for dyadic grooming given
was 0.127. This metric reflects the proportion of variance
in dyadic grooming that is explained by genetic effects of
both the focal and the partner individual—i.e., direct genetic
effects (genetic variation in focal individuals) and indirect
genetic effects (genetic variation in partner individuals).
It also provides insight into how the relationship between
DGEs and IGEs may alter the evolutionary potential of
the trait. Although our estimates of IGEs alone were small
(0.02 = 0.005), including them in our model doubled our
estimate of the total heritability of dyadic grooming given
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compared to a dyadic model that included DGEs alone,
because of the positive correlation between IGEs and DGEs
for dyadic grooming given. This result is consistent with the
expectation that IGEs are an important part of the genetic
architecture of grooming given and suggests that grooming
behavior may respond to selection more strongly than we
would expect from considering DGEs alone. Our results are
the first demonstration, to our knowledge, of indirect genetic
effects on affiliative social behaviors in a wild vertebrate pop-
ulation. IGEs are thought to be of particular importance in
the evolution of social behavior compared to other pheno-
types (Bailey et al., 2018; Cheverud, 2003; McGlothlin et al.,
2010; Moore et al., 2002; Wolf et al., 1998), and our study
stands as an important example of the feasibility of measur-
ing IGEs for social behavior in the wild.

What explains the strong correlation between the direct and
indirect genetic effects on grooming given (R = 0.74 = 0.09)?
A possible explanation for the strong correlation between
IGEs and DGEs for grooming given is that the tendency for
an individual to give grooming and the tendency for an indi-
vidual to elicit grooming from their social partners emerge
from the same underlying, partially heritable trait. One
candidate trait would be the tendency to reciprocate when
groomed. As noted earlier, individuals tend to form highly
reciprocal grooming relationship in many primate species
(Schino & Aureli, 2007), and in baboons the most enduring
social relationships are the most reciprocal ones (Silk et al.,
2006a, 2010). It is possible that our grooming data do not
simply reflect the tendency to give and elicit grooming per se,
but instead reflect primarily the tendency to reciprocate when
groomed. That is, given that individual A begins a grooming
relationship with individual B at some point in its life, it is
possible that much of the grooming we subsequently mea-
sure between A and B depends on each partner’s tendency to
reciprocate grooming. If individuals assort socially according
to their tendency to reciprocate (so that high reciprocators
tend to prefer each other), the result would be a strong posi-
tive correlation between grooming and being groomed, which
emerges from the genetic identity of these traits or a strong
genetic correlation between them.

An additional strategy for investigating whether the
genetic correlation between grooming given and grooming
received can be explained by reciprocity would involve trait-
based investigations of indirect genetic effects (see Bleakley
& Brodie, 2009; McGlothlin & Brodie, 2009; Wolf et al.,
1998). Trait-based approaches focus on how phenotypes are
influenced by specific traits in a social partner, as opposed to
simply estimating the proportion of variance in the focal phe-
notype explained by similarity in the partner’s genotype, as
we did here (see also Sartori & Mantovani, 2013; Wilson et
al., 2005, 2009, 2011). Our approach, a “variance-partition-
ing method,” is useful for initial estimates of direct and indi-
rect genetic effects and genetic covariance and is well suited
to the genetic structure of our natural breeding population.
Future analyses using a trait-based approach would gener-
ate further insight into the mechanistic basis of the observed
reciprocity. However, a trait-based approach would require
fine-grained phenotypic data on the duration and sequential
order of grooming bouts, which is not a part of our standard
behavioral data collection protocol.

It will be challenging to determine whether the correlation
between direct and indirect effects on grooming given does
indeed reflect genetic identity between these two apparently
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distinct traits, or the effects of pleiotropic alleles acting on
grooming given and grooming elicited, or something else:
animal models are not designed to identify causal relation-
ships and consequently we interpret our results with caution.
Whatever the underlying explanation, our results indicate
an important role for genetic architecture in the evolution
of cooperation and reciprocity in primates. An illustrative
example has been documented in microbes such as the social
amoeba Dictyostelium discoideum (see also Griffin et al.,
2004; Rainey & Rainey, 2003; Springer et al., 2011; Xavier
& Foster, 2007). Under certain conditions, some D. dis-
coideum cells die to form a stalk that facilitates the dispersal
of other cells in reproductive spores (Strassmann et al., 2000).
This pattern of stalk formation is often interpreted as an act
of extreme cooperation and even altruistic sacrifice. Genetic
architecture, namely pleiotropy, has been implicated in pre-
venting cheaters who avoid the sacrifice of stalk formation
from achieving the reproductive benefits of spore production.
Foster et al. (2004) showed that the dimA gene is required for
both differentiation into the cooperative stalk, and for correct
allocation to the reproductive spore. The pleiotropic effects
of this gene mean that cheating genotypes that avoid the sac-
rifice of the cooperative stalk also fail to allocate correctly
to the reproductive spore. This genetic architecture serves
to facilitate the evolution of cooperation by preventing the
spread of cheaters.

The correlation between the IGEs and DGEs for grooming
that we report here suggests the possibility that mechanisms
similar to those described for Dictyostelium discoideum
could potentially be at work in multicellular social organ-
isms. Specifically, strong genetic linkages between reciproci-
ty-related phenotypes may make it difficult for cheaters (e.g.,
those who do not give grooming in response to receiving it)
to emerge and invade. In this scenario, a strong genetic cor-
relation between the tendency to provide grooming and the
tendency to elicit grooming from social partners would have
an effect similar, in principle, to the pleiotropic dimA effect in
D. discoideum.

Future directions

The work described here integrates primate behavioral ecol-
ogy and quantitative genetics. We hope this integration serves
to advance both fields, as behavioral ecology investigates
how behavior might evolve in response to ecological and
environmental pressures, and quantitative genetics provides
the information needed to build realistic evolutionary models
that consider the genetic (co)variation in traits (Cheverud &
Moore, 1994).

Many previous studies have investigated variation in pri-
mate grooming behavior, providing a strong framework for
interpreting our results (e.g., Akinyi et al., 2013; Cord,s
2012; Dunbar, 1991; Gomes et al., 2009; Keverne et al.,
1989; Sanchez-Villagra et al., 1998; Schino & Aureli, 2007;
Schino et al., 2009; Silk, 1987; 2007; Wittig et al., 2008).
Our study is the first to carry out such an investigation while
simultaneously controlling for genetic relatedness between
individuals. Our results were broadly consistent with pre-
vious studies, with some surprising exceptions that may be
due to methodological constraints. For instance, we found
that group size affected dyadic grooming, but not aggregate
grooming given. This may imply that females adjust their
number of grooming partners in response to group size, but
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do not adjust the total time spent grooming. Alternatively,
aggregate grooming given may be affected by group size in
our population and our ability to detect that effect in this
study may be reduced by our methodological correction for
observer effort. We were also surprised that age and admix-
ture score had no effect on dyadic grooming in our study, as
previous work in our population has indicated that younger
animals receive more grooming than older animals (Akinyi et
al., 2013) and that individuals with higher admixture scores
preferential groom each other (Fogel et al., 2021). However,
we note that variance in dyadic grooming explained by either
of these parameters may be fully captured by the “dyad”
term in our model as the relative ages and admixture scores
of partners in a dyad were likely unique to each specific dyad
in our study. Our study was designed to investigate the role
of genetic variance in grooming behavior; future studies
designed to more closely investigate the role of group size,
age, and genetic admixture on grooming may shed light on
these results.

This work is a relatively rare example of an analysis of
both genetic variance and indirect genetic effects in affiliative
social behavior in a wild vertebrate. The measurable herita-
bility that we report for grooming behavior—a trait previ-
ously linked to survival—motivates a more detailed analysis
of the magnitude of the phenotypic response to selection on
grooming behavior. Furthermore, the IGE-DGE covariance
that we document is intriguing in light of the theoretical
potential for IGEs and for IGE-DGE covariance to funda-
mentally shape the evolution of social traits (e.g., Bijma &
Wade, 2008; McGlothlin et al., 2010; Wilson et al., 2009).
Few empirical studies have estimated the complete set of
necessary parameters to predict how social traits respond
to selection, including DGEs, IGEs, their covariance, relat-
edness within the group, group size, and measures of direct
and social (or individual and group level) selection gradients
(Bijma & Wade, 2008). We have laid the groundwork for
such an investigation here by estimating the relevant quan-
titative genetic parameters. Estimates of relevant selection
gradients are still needed for understanding the short-term
evolutionary dynamics of grooming, but these will become
increasingly feasible to generate as data collection at this
long-term field study continues.
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