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Abstract

Many studies highlight the correlation between social ties and fitness, yet often cannot reveal how
ties influence fitness. This review is aimed to facilitate the formulation and testing of hypotheses in
this area on non-human primates. I outline fitness-relevant measures of social ties and 6 potential
pathways from ties to fitness. Pathways include communal care; group level cooperation for re-
sources; monopolizing resources within groups; attaining social status; reducing risk and allostatic
load; and developing behavioural competence. Hypotheses for further evaluation include (1) fit-
ness increases sociality, not vice versa; (2) early life experience influences both ties and fitness, (3)
ties are actually costly; (4) short term costs of ties are outweighed by long term benefits. With the
advance of theoretical and methodological approaches to evaluate the costs and benefits of social
ties, and monitor them at multi-generational field sites, primate behavioural ecologists are poised
to test several of these hypotheses.
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1. Introduction

In recent decades, research has focused on examining the adaptive benefits
of differentiated, cooperative and affiliative social ties in animals, beyond the
general benefits of social living (Lin & Michener, 1972; Silk, 2007). Studies
of several group-living mammals, including primates (Silk et al., 2003, 2009,
2010b; Gilby et al., 2013; McFarland & Majolo, 2013; Archie et al., 2014;
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McFarland et al., 2015; Lehmann et al., 2016; Kalbitzer et al., 2017; McFar-
land et al., 2017; Thompson & Cords, 2018), rodents (Weidt et al., 2008; Yee
et al., 2008), cetaceans (Foster et al., 2012; Stanton & Mann, 2012) and ungu-
lates (Cameron et al., 2009; Vander Wal et al., 2014; Nuiez et al., 2015) have
revealed that maintaining affiliative and cooperative ties, both among same
and opposite sex partners, corresponds with increased individual fitness, or
increased survival and reproductive success. Despite the recent proliferation
of findings that ‘social ties matter’, the mechanisms by which ties influence
fitness are not altogether clear. This is, in part, because the length and reso-
lution of research projects, particularly on long-lived animals, are not always
sufficient to understand the precise pathways by which long-term fitness out-
comes come about.

One common criticism of the assertion that social ties increase individ-
ual fitness is that such a causal relationship, if present, is actually reversed.
Namely, better general health and vitality could motivate individuals to be
more social, and also make individuals more attractive as social partners
(Uchino, 2004). Today, several prospective studies in human biomedical re-
search have controlled for initial health status, revealing that the relationships
between social ties and fitness outcomes, like mortality and disease progres-
sion, hold regardless of initial health (Holt-Lunstad et al., 2010; Shor &
Roelfs, 2015). Health status and related processes like senescence do play
a role in social behaviour and attraction between partners (e.g., Roelfs et
al., 2011; Almeling et al., 2016), yet these human studies substantiate the
independent effects of social ties on health and fitness outcomes. Although
long-term research on non-human animals has yet to similarly control for
initial health status, it appears well warranted to follow up on correlations
between social ties and fitness in non-human primates to understand how
ties influence fitness.

This review focuses on evidence of how social ties influence individual
fitness in non-human primates (hereafter primates), with relevant evidence
drawn from studies of humans and several non-primate animals. My goal in
this review is to outline hypotheses on how social ties influence fitness that
can either continue or begin to be evaluated by future research. I focus on ties
characterized by affiliation, spatial association, and/or cooperation and also
on ties that are not directly related to reproduction (e.g., monogamous pairs)
but that may occur between kin. Similar to previous reviews of ‘friendship’ in
primates (Bergman, 2010; Massen et al., 2010; Seyfarth & Cheney, 2012), 1
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discuss the quantification and function of social ties primarily among same-
sex partners. Unlike previous reviews, I focus on delineating pathways by
which social ties can influence fitness. The pathways outlined go beyond
those discussed in Ostner & Schulke (2018) and Cords & Thompson (2017).

The review comprises two parts: (1) the definition of social ties and their
measurements that appear relevant to fitness outcomes and (2) the functional
pathways by which ties potentially enhance fitness. In the first part, I also
discuss variables that potentially confound correlations between ties and fit-
ness, such as attraction to shared spaces and individual early life experience.
In the second part, I outline six pathways by which evidence suggests that
ties can benefit individuals and influence their fitness. In doing so, I suggest
approaches for researchers to test whether relevant pathways occur in their
study systems. These six pathways include communal care of offspring and
allomothering; group level cooperation to acquire resources; monopolizing
resources within social units; establishing, maintaining, and increasing social
status; reducing exposure to risk and allostatic load, and developing social
and physical competence (Figure 1).
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Figure 1. Proposed functional pathways by which social ties influence fitness (adapted from
Cords & Thompson, 2017). Solid lines indicate links in pathways that have been well sub-
stantiated. Dotted lines indicate links with suggestive evidence that merit further study.
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2. Defining and measuring social ties
2.1. What are ties?

In the 1970s, Robert Hinde pioneered the scientific description and classifi-
cation of relationships in non-human animals (Hinde, 1976a,b) after several
researchers observed that individuals of many gregarious species associate
in a non-random way, and prefer to interact with certain conspecifics and
to avoid others. Interactions become patterned over time, and the quality of
the interactions themselves define the quality of the relationship (e.g., coop-
erative, affiliative, agonistic; Hinde, 1976a). In this view, friendships and
associations are characterized by affiliative interactions, including spatial
proximity, and non-aggressive physical contact and vocalizations. Alliances
are characterized by cooperative interactions or joint efforts that achieve a
mutual or reciprocated reward, such as access to food or a mate, and often
occur in zero-sum contexts where individuals work together to outcompete
a third party. Antagonistic and dominance relationships are characterized
by agonistic and competitive interactions, including visual or vocal threats,
physical aggression, chasing or fleeing, exclusion and avoidance.

Typically, ties are relationships that are perpetuated because of the qual-
ity of the affiliative interactions that define them, and not by third variables
such as individual personality or mutual attraction to particular microhabi-
tats (Dingemanse et al., 2004; Godde et al., 2013; Best et al., 2014). As an
example, dyads of male chimpanzees that maintain close spatial proximity
in one period of observation are more likely to do the same in future (Mi-
tani, 2009). The time that pairs of males spend in proximity to one another
correlates positively with the quality of their interactions, as measured by
the equitability of their allo-grooming (hereafter grooming), suggesting that
males are attracted to one another to affiliate (Mitani, 2009).

Currently, there are no universal criteria for either how stable or enduring a
pattern must be to constitute a tie. Even when one controls for third variables,
patterns of interaction might demonstrate ‘dynamic stability’ (Hinde, 1976a)
or be unstable because of chance or third variables. For instance, Henzi et
al. (2009) argued that female baboons in two South African populations did
not form ‘relationships’ proper, because the short-term predictability of a
dyads’ spatial associations increased when food was scarce and decreased
when food was abundant. The majority of females in the study populations
also did not demonstrate the same partner preferences from the first food-
scarce season to the second. These findings resembled a previous report that
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the identity of a female’s top grooming associates changed from year to year
over a four-year study (Barrett & Henzi, 2002). Silk et al. (2006, 2010a), by
contrast, found that many of a baboon female’s closest spatial and grooming
partners remained her closest partners for up to seven years. Unlike Barrett &
Henzi (2002), Silk et al. (2006, 2010a) allowed a ‘one year gap’ such that a
female has a close partner for three years if her partner is close in year 1, not
close in year 2, and reappears in year 3. However, the duration of strong ties
did not change substantially whether excluding vs. including a one-year gap
(Silk et al., 2010a). Differences in observation methods could account for
differences in the length of female-female relationships among chacma ba-
boons in South Africa vs. Botswana, e.g., scan sampling spatial association
vs. focal follows capturing all social interactions (Altmann, 1974), or it is
possible that females associate in different ways between these populations
because of certain ecological conditions.

Ties are characterized by their structure and also by their function. Re-
search therefore aims to measure ties in ways that are relevant to those
functions. Hans Kummer (1978) described individuals as ‘investing’ their
time and energy in a social partner because of the adaptive value of a tie
with it, which can be measured in terms of inclusive fitness, mutual gain,
or the potential for reciprocal exchange (Aureli et al., 2002). For example,
partner value was operationalized in ravens (Fraser & Bugnyar, 2010) and
chimpanzees (Fraser et al., 2008) in terms of the frequency of grooming and
agonistic support, and such value increased with kinship (also see Duboscq
etal., 2017, crested macaques). The functions of ties and their adaptive value
with partners are foundational to how ties potentially enhance individual fit-
ness. Indeed, the different values of social partners — e.g., familiarity and
stability of ties between kin, the mutual gain of collective acts and reciprocal
exchange — appear to be non-mutually exclusive and foundational mecha-
nisms in the pathways between social ties and fitness, as outlined in part 2.
Another potentially important aspect of partner value and tie function is the
potential for interchange, a process similar yet distinct from reciprocity, in
which individuals trade seemingly altruistic acts in different currencies or
types of behaviour, e.g., grooming for coalitionary support during aggression
(Hemelrijk & Ek, 1991; No¢ & Hammerstein, 1995; Hemelrijk et al., 1999;
Watts & Mitani, 2002; Berghinel et al., 2011; Noe & Voelkl, 2013; Young
et al., 2014b). Mechanisms involving interchange also underlie several path-
ways listed in part 2, e.g., investing in social ties to maintain dominance rank
and to avoid harassment.
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2.2. Social tie terminology and measures

In the literature today, measures of individual sociality that correlate with
individual fitness fall into three major categories: measures of gregarious-
ness, bondedness, and integration (see Table 1 in Silk et al., 2013; Ostner &
Schiilke, 2018). Within bondedness, three aspects that appear meaningful in
a fitness context include tie strength, tie stability, and tie symmetry. Within
integration, important measures are those that characterize partner diversity
and position within a social network, or among indirect social ties. I explain
each further below and list them in Table 1. Importantly, I discuss these mea-
sures as predictors of fitness outcomes. As response variables, or as objects
of analysis themselves, social measures require special statistical methods
controlling for dyadic non-independence, which go beyond the scope of this
review (e.g., Gomes et al., 2009; Henzi et al., 2009; Duboscq et al., 2017;
Farine, 2017).

Gregariousness refers to an individuals’ general tendency to socialize in
a friendly way. It is often measured by (1) an individual’s social activity
budget, i.e., the proportion of observation time spent in association or affil-
iation with one or more partners; and (2) its rates of affiliation given to and
received from any partner relative to that of the average individual (e.g., com-
posite sociality index, CSI, Sapolsky et al., 1997; Silk et al., 2003; Cameron
et al., 2009; Archie et al., 2014). Although simple measures of gregarious
are sometimes useful to capture a large-scale trend, their simplicity is also a
potential drawback as they do not capture a precise affiliative strategy among
differentiated social ties.

Bondedness is fundamentally a quality of a dyad, but can be translated
to describe the tendencies of an individual. Tie strength, the first of three
discussed aspects bondedness, is usually calculated as the observed rates of
affiliation and/or spatial association between two partners relative to their
opportunities to encounter one another (Cairns & Schwager, 1987; Mitani,
2009), or by affiliative rates relative to rates of aggression given and received
(e.g., relationship quality index, Weaver & de Waal, 2003). Affiliative rates
are often further expressed relative to the rates of an average dyad in a dyadic
composite sociality index or DSI (Schiilke et al., 2010; Silk et al., 2013;
Young et al., 2014b). One pitfall of the DSI is that tie strengths below average
range from O up to 1, whereas above average tie strengths range from 1 to in-
finity. This inequality potentially gives undue weight to above average DSIs
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in analyses. One solution to this is linearizing DSIs by taking their log val-
ues. Instituting this method now, however, may hinder comparisons between
new and previous studies. A further note of caution when using DSIs is to
carefully choose whether to represent the average rate of association as the
mean or median. As noted in Ostner & Schulke (2018), rates of interaction
are typically right-skewed and are likely to be more so among individuals
in large vs. small social groups. Using a population median in multi-group
studies could prevent group-size effects, such as large groups lowering the
population’s mean dyadic rate of interaction, which inflates DSIs in small
groups (e.g., Thompson & Cords, 2018).

One way to characterize the bondedness of an individual is to average
or sum the strength of its ties that are ‘strong’ or with ‘close’ partners,
where strong and close are determined by some threshold. Some authors
have chosen a priori an individual’s top 2-3 partners, ranked by tie strength,
to represent its close partners (Schiilke et al., 2010; Silk et al., 2010b; Massen
& Sterck, 2013; Thompson & Cords, 2018). This number may indeed be
biologically relevant as group-living mammals appear to affiliate with de-
creasing intensity among tiers of social partners that increase in size by
multiples of 3, starting with the self (Zhou et al., 2005; Hill et al., 2008).
Other studies have designated strong ties as those with a DSI > 1, i.e., greater
than the group mean or median DSI (McFarland et al., 2017), or those with
dyadic association indices greater than chance (Mitani, 2009).

A second important aspect of dyadic bondedness is tie stability over time,
which has been measured in several ways. The predictability of a tie can be
measured by its coefficient of variation measured across different time points
(Duboscq et al., 2017), the probability that a dyad will be observed associat-
ing at a given time lag from their previous association (Henzi et al., 2009),
or whether the tie’s ranked strength among an individual’s ties predicts its
ranked strength at a later time (Gilby & Wrangham, 2008; Langergraber et
al., 2009; Mitani, 2009). The stability of a tie can also be characterized by
whether the social partner remains within the individual’s ‘close’ partners
over time (Silk et al., 2006, 2013; Thompson & Cords, 2018). This same
approach works on an individual level, too, by measuring the overall consis-
tency of the identities of an individual’s close partners over time (Silk et al.,
2009, 2013; Thompson & Cords, 2018).

A final aspect of dyadic bondedness is tie symmetry. Two popular mea-
sures of symmetry are the equitability of reciprocal exchange in grooming
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behaviour (e.g., Duboscq et al., 2017) and bias in responsibility for main-
taining spatial proximity (i.e., the Hinde index, Silk et al., 2013). Symmetry
is useful to indicate how each partner values the other, e.g., a highly asym-
metric tie may mean partner A is more valuable to B than vice versa (Fraser
& Bugnyar, 2010). Symmetry may also be relevant to characterize the pre-
dictability and stability of a tie, as the timing of any reciprocated behaviour
is less certain in asymmetrical ties. Measures of symmetry are potentially
sensitive to the time period over which reciprocal exchanges are measured:
for instance, the exchange of grooming behaviour in chimpanzees is more
symmetric when measured over longer periods (Gomes et al., 2009). As tie
symmetry measures the exchange of the same kind of behaviour, it is not di-
rectly relevant to interchange, or the exchange of different kinds of affiliative
behaviour. Therefore, like other social measures, alone it does not necessar-
ily capture an individual’s full return on social investment such as the receipt
of coalitionary support in exchange for affiliative behaviour.

Integration is frequently measured as one’s diversity of partners. Simple
measures of individual partner diversity include number of different social
partners (equivalent to social network degree) and number of different social
roles. Differing social roles are often characterized in the human literature
to include ‘spouse’, ‘parent’, ‘member of a religious group’, etc. (Uchino,
2004; Holt-Lunstad et al., 2010). In humans, such roles are thought provide
individuals with a sense of identity that is accompanied by a social obliga-
tion and incentive to remain healthy (Uchino, 2004). Though such roles are
difficult to apply in many non-human animals, heterogeneity (e.g., coeffi-
cient of variation) in tie strengths themselves could provide a similar metric,
where greater heterogeneity could indicate a diversity of social roles (Henzi
et al., 2009). A somewhat more complex measure of partner diversity, which
was adopted from community ecology has not been associated with fitness
outcomes, is the Shannon Weiner Diversity Index (SWDI) (Smith & Wilson,
1996). This measures both the amount of time an individual spends affili-
ating and how evenly it spreads affiliation among potential partners (Silk et
al., 2013). In social contexts, individual SWDI is perhaps most meaningful
when expressed relative to its maximum possible SWDI, in what has been
called the diversity ratio (Cheney, 1992). Care should be taken when imple-
menting the SWDI or the diversity ratio, as they are biased by any uneven
sampling among individuals, e.g., SWDI is likely higher the more an indi-
vidual is sampled (Di Bitetti, 2000; Silk et al., 2013). Diversity ratio can also
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be easily biased by varying group sizes in multi-group studies, as maximum
SWDI is inherently smaller in larger vs. smaller social groups.

Additionally, integration can be measured by an individual’s position
within a social network using social network analysis (SNA, Hanneman &
Riddle, 2005; Brent, 2015). Measures of an individual’s position within a
social network are centrality and local clustering coefficient, which is also
known as local transitivity (Brent, 2015; Cheney et al., 2016). There are
several ways of expressing centrality, including eigenvector centrality, be-
tweenness, and measures of closeness, including reach and power (Table 1).
Although centrality measures correlate with fitness outcomes in several in-
stances (Brent, 2015; Ostner & Schiilke, 2018), there are not yet any similar
correlations between clustering coefficient and fitness. Measures of centrality
are generally considered to be useful measures of one’s access to and ability
to disseminate information, influence, and possibly disease (Brent, 2015).
Whereas local clustering coefficient, which refers to the connectedness of
one’s social partners with one another, is perhaps more indicative of the ‘tex-
ture’ one’s regular social life (Hanneman & Riddle, 2005). For example, an
individual with a high clustering coefficient may associate simultaneously a
given set of partners, possibly facilitating cooperation or tolerant co-feeding
between more than two individuals (Brent, 2015). When building a network,
important decisions include choosing the type of association index used to
construct the ties (edges) between individuals in a network (nodes), deter-
mining sufficient sampling effort or time over which data should be collated,
and choosing how to treat potentially missing observations (Farine & White-
head, 2015; Davis et al., 2018; Hoppitt & Farine, 2018).

2.3. Controlling for non-social third variables in measuring ties

To quantify ties, one should attempt to control for spatial preferences that are
driven by non-social factors. This may be particularly relevant for fission-
fusion societies where individuals are often members of sub-parties for the
entire day, which limits their opportunities for interaction to those individu-
als that chose to travel to the same areas within a home range. Controlling
for space-use within association indices can be done by calculating spatial
association according to the proportion of observations in which either indi-
vidual were present in the same subgroup, e.g., a pairwise affinity index or
half weight index (Mitani, 2009; Mann et al., 2012; Best et al., 2014). These
indices also effectively control for generally gregarious personalities, or an
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individual’s general preference to join sub-parties, and so reveal preferences
for particular partners. In species where individuals maintain unique home
ranges, one can test the efficacy of these measures for controlling for spatial
preferences by, e.g., modelling the influence of home range overlap on asso-
ciation indices (Langergraber et al., 2009; Best et al., 2014; Foerster et al.,
2015). Also, in an experimental setting, one can manipulate available spaces
and see if preferences for association hold (e.g., Durrell et al., 2004). Domes-
tic pigs, for example, prefer particular resting areas within their sties, but not
the company of particular sty-mates (Durrell et al., 2004). After the structure
of the sty was changed, individuals did not prefer to associate spatially with
their previous partners.

Several other factors, apart from space use, can cause pronounced fluc-
tuations in tie strength, such as seasonal availability of food, mates, or the
presence of infants (Henzi et al., 2009; Brent et al., 2012; Foerster et al.,
2015), life history state including development and senescence (Berman,
1982; Almeling et al., 2016), extraordinary climatic or demographic events
(Sapolsky, 1986), predation or infanticide (Engh et al., 2006b; Wittig et al.,
2008) and group fissioning (Cords, 2012). To assess the stability of ties
despite these factors, behavioural data can be collated over periods that rep-
resent either stable environments, such as mating and non-mating seasons
(Schiilke et al., 2010), or simply cover all seasons in a year for all individ-
uals (Thompson & Cords, 2018). One can also control for variation in the
environment by clustering observations by habitat type (Silk et al., 2003),
by creating indices specific to a given context of interaction (e.g., food vs.
non-food; Smith et al., 2010), or including an index of environmental quality
(e.g., fruit availability) as analytical controls. Finally, observations poten-
tially influenced by third variables could be omitted altogether. For example,
in calculating a dyadic composite sociality index in female baboons, Silk et
al. (2009) removed interactions when either female had an infant under 100
days old.

2.4. Impact of early life experience on social ties and fitness: controlling
for an unexplored confound

A potentially important third variable that is often overlooked in studies
of social influences on fitness is early life experience, including mother-
offspring relationships and early environmental conditions, such as food
availability and population density. Such early life parental and physical ex-
periences can influence individual sociality in a number of ways, including
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future parental behaviour (Margulis et al., 2005; Champagne et al., 2006;
Maestripieri et al., 2006; Champagne, 2008; Kappeler & Meaney, 2010), af-
filiative tendencies and partner preferences (Uchino, 2009; Hawkley et al.,
2012; Branchi et al., 2013; Feldman et al., 2013; Ilany & Akcay, 2016;
Tung et al., 2016; Jarrett et al., 2018), aggressive tendencies and dominance
behaviour (Bastian et al., 2002; Sachser et al., 2011) and emotional regu-
lation (Weaver & de Waal, 2003; Weaver et al., 2004; Allen et al., 2007,
Branchi et al., 2009; Clay & de Waal, 2013). Early life experience can also
influence survival (Tung et al., 2016; Alberts, 2018), reproductive success
(Altmann, 1991; Margulis et al., 2005; Douhard et al., 2014), and risk of
particular disease (Delpierre et al., 2016). This leads to the clear possibility
that early life conditions influence both sociality and fitness simultaneously,
and potentially drive a spurious correlation between them in adults. As such,
examining the influence of early life conditions on adult ties and fitness and
including them in explanatory models relating ties and fitness are advisable
whenever possible.

Factors that seem to be particularly likely to influence sociality and fit-
ness simultaneously are those that represent variation in both parental care
and access to nutrition, such as early maternal loss, number and age-spacing
of siblings (e.g., Tung et al., 2016), and potentially maternal dominance rank.
Although studies that find correlations between ties and fitness typically con-
trol for adult dominance rank (or socio-economic status in humans; reviewed
in Uchino, 2004), early life maternal rank can differ from individual rank in
adulthood. Other variables that could potentially serve as controls for the la-
tent influence of early life conditions are life history traits that indicate an
individuals’ so-called pace of life: growth rate, age at first reproduction, and
inter-birth interval. Pace of life is closely related to individuals’ risk-taking
and exploratory behaviour, reproductive output, and their survival, and it is
often canalized via early life experience (Wolf et al., 2007; Biro & Stamps,
2008, 2010; Réale et al., 2010).

3. Pathways by which social ties influence fitness

Several studies present evidence that high gregariousness, many ties, or
strong and consistent ties correspond with better fitness-related outcomes
(also see Table 1 in Ostner & Schiilke, 2018). The seminal work of Silk and
colleagues on two populations of savannah baboons brought the question
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‘do social ties matter?’ to the fore (Silk et al., 2003, 2009, 2010b) and in
the following decade, several studies have examined links between either the
quality or quantity of social ties and fitness outcomes, such as longevity (Yee
et al., 2008; Barocas et al., 2011; Foster et al., 2012; Stanton & Mann, 2012;
Archie et al., 2014; Vander Wal et al., 2014; Yang et al., 2016; Brent et al.,
2017; Thompson & Cords, 2018), survival during or after a traumatic event
(McFarland & Majolo, 2013; Nuiiez et al., 2015; Lehmann et al., 2016), re-
productive output (Weidt et al., 2008; Schiilke et al., 2010; Brent et al., 2013;
Gilby et al., 2013; Wey et al., 2013; Vander Wal et al., 2014; McFarland et al.,
2017) and infant survival (Cameron et al., 2009; Frere et al., 2010; Cheney
et al., 2016; Kalbitzer et al., 2017; McFarland et al., 2017).

My goal is not to synthesize the findings of the above studies, but rather
to highlight that they provide only one kind of evidence of that ties influ-
ence fitness: variation in social strategies correlates with variation in fitness
outcomes. Of the studies listed above, the only ones that present evidence
suggestive of a pathway by which ties benefit individuals are Cameron et al.
(2009), Stanton et al. (2012) (avoiding harassment), McFarland & Majolo
(2013) (thermoregulation) and Schulke & Ostner (2010) (rank acquisition).
Understandably, single studies rarely present both outcomes and the path-
ways by which they arise, because short-term projects are frequently unable
to measure outcomes and long-term projects do not have the data to test
pathways in hindsight.

Currently, our best guesses at how social ties influence fitness are the
ways that they seem to benefit individuals in the short-term. Admittedly, this
approach involves drawing many course-grained relationships. As Grafen
(1984) said, behavioural ecologists typically use a ‘phenotypic gambit.” In-
stead of describing the genetic basis of a behavioural trait and the change in
its gene frequency over time within a population, one measures a trait pheno-
typically, assumes a very simple genetic structure underlies it, and evaluates
the trait’s association with particular pay-offs, which ideally are fitness out-
comes. In field studies on long-lived animals, pay-offs are most likely to
be short-term benefits, and evidence that links short-term benefits to fitness
outcomes, if available, exists in a separate study (Silk, 2007).

In the following paragraphs, I review such short-term benefits as 6 non-
mutually exclusive pathways by which ties influence fitness (Figure 1). The
relevance of any given pathway is dependent on the natural history and so-
cial organization of a given species, and the sex and age of a given individual.
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Importantly, the evidence of links along each of these pathways from social
ties to individual fitness is not equally strong. Two kinds of evidence are
required to demonstrate pathways as present in a given species: (1) a link
between the affiliative or cooperate tie and the immediate benefit (e.g., ties
— better communal care of offspring) and (2) a link between variation in
benefits and fitness outcomes (e.g., better communal care — increased re-
productive success). One can therefore think of a pathway as a sequence of
mechanisms, or links, between ties and fitness outcomes. As shown in Fig-
ure 1 by solid lines, strong evidence for links exists along certain pathways
in at least some species, e.g., establish, conserve and increase social power.
Other pathways, such as developing social competence, are promising, but
require further testing to directly link ties to short-term benefits and bene-
fits with fitness outcomes. Ideally, studies could present evidence for each of
these links within the same set of individuals to explain correlations between
their social ties and fitness outcomes (e.g., Schiilke et al., 2010).

3.1. Pathway 1: communal care of offspring and allomothering

Rearing offspring is a formidable cost for individuals to bear, which some
primate species successfully alleviate through communal care (Lewis &
Pusey, 1997). Care from non-mothers, i.e., allomaternal care, can benefit
both mother and carer: mothers increase foraging time and reduce carry
time (Stanford, 1992) meanwhile carers, i.e., often young females, can gain
mothering experience that can help their own future offsprings’ survival
(Fairbanks, 1990; Ross & MacLarnon, 2000; Pillay & Rymer, 2015). Never-
theless, allomothering can be costly to mothers, as some females can abuse
infants or refuse to return them to mothers. This is particularly likely to
occur in species where females form steep and despotic dominance hier-
archies (Schino et al., 1993; Maestripieri, 1999; Ross & MacLarnon, 2000).
Indeed, Ross & MacLarnon (2000) hypothesized that female-female com-
petition limits the occurrence of allomaternal care across species. As the
value of social ties in the context of communal care is not well studied in
primates, I propose that competition could also limit allomothering within
a social group or community, in species where allomothering does occur.
Social ties could effectively help individuals circumvent potential abuses
related to mother and allomother’s power differentials. One might test the
prediction that higher quality ties between mothers and potential caregivers
results in higher frequency and quality of allomaternal care, and related ben-
efits to mother and caregiver.
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In some non-primate species, chosen social partners are key in helping
care for offspring exactly because the partner poses little risk to mother or
offspring (e.g., house mice and eider ducks, Ost et al., 2003; Weidt et al.,
2008, 2014). Among house mice, for instance, adult females that were exper-
imentally allowed to form communal nests with preferred spatial associates
engaged in less overt aggression and enjoyed higher average individual re-
productive success (number of offspring successfully weaned) than females
paired with non-preferred partners (Weidt et al., 2008). Further, mouse pups
raised communally vs. only by their own mother show enhanced behavioural
development (Curley & Branchi, 2012), faster growth, greater survival, and
greater lifetime reproductive success among females (Weidt et al., 2014).
Weidt et al. (2014) found that female mice were more likely to form com-
munal nests when more partners were available, however less likely if pop-
ulation density was high, suggesting that females are not demographically
obligated to rear communally but indeed choose it as a strategy given a suit-
able partner.

3.2. Pathway 2: group level cooperation to acquire resources

In species that cooperatively hunt and/or defend territory, the following path-
ways are unlikely to yield within-group inter-individual differences in fit-
ness, as many or all group members participate in the activities and share its
success. Testing whether social ties lead to increased fitness via these types
of behaviour most likely requires between group comparisons, as in Barocas
et al. (2011).

3.2.1. Cooperative hunting

Maintaining strong and/or diverse ties in the context of cooperative hunting
may increase hunting success and optimize individual foraging efficiency
(Bailey et al., 2013; Ruch et al., 2014). In theory, individuals hunt cooper-
atively when their average individual energy intake is higher when hunting
as a group than when hunting alone (Bailey et al., 2013; Ruch et al., 2014).
It occurs in a wide range of taxa including carnivores, cetaceans, primates,
birds, and social spiders, in which the dependence on hunting as a source of
food varies widely (Bailey et al., 2013). Currently, there is little evidence to
suggest that variation in the quality of ties among hunters corresponds with
the efficiency of hunting. A study in spiders, however, suggests that hunting
in family units vs. similarly-sized yet unrelated groups increases hunting ef-
ficiency (Ruch et al., 2014). Indeed, species that hunt cooperatively usually
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do so in extended family units, suggesting that familiarity, predictability, and
tolerance may play a role in facilitating cooperation during the hunt (Bailey
et al., 2013). In chimpanzees (Melis et al., 2006) and hyenas (Drea & Carter,
2009), tolerance also appears to facilitate coordination on experimental tasks
that mimic foraging and hunting.

Cooperative hunting occurs among only two non-human primates, chim-
panzees and bonobos, and in each, hunting is rare and prey is not a major
component of the overall diet (Watts & Mitani, 2002; Surbeck & Hohmann,
2008). Variable success in hunting is, therefore, perhaps unlikely to strongly
impact individual fitness in these species, though cooperative hunting and
foraging are thought to have played a central role in human evolution (Hill,
2002). In any case, future studies on any social hunting species could test
whether variation in ties among hunters corresponds with their hunting suc-
cess. Tie measures to test include the average DSI among participants based
on their non-hunting associations, measures of the connectivity of the partic-
ipants’ non-hunting affiliative network (e.g., global network degree, global
clustering coefficient), and even the average number of times participants
have hunted with each other (i.e., familiarity in the context of hunting alone).
Differential success in cooperative hunting could, alternatively, result from
individual hunter experience and expertise, hunter age, number of hunters
in the party, aspects of the prey (e.g., its group size and individual age and
body size), and features of the ecological environment (e.g., visibility, conti-
nuity of canopy), rather than the quality of ties among hunters (Fanshawe &
Fitzgibbon, 1993; Creel & Creel, 1995; Krause & Godin, 1995; Holekamp
et al., 1997; Boesch, 2002; Watts & Mitani, 2002; Sand et al., 2006; Gilby
etal., 2015). As such, controlling for these confounds would be important in
testing for the role that ties play in hunting success.

3.2.2. Cooperative defence of feeding territory

Alliances to cooperatively defend feeding territory often increase territory
quality (Peres, 1989; Mosser & Packer, 2009), which is likely to increase
its inhabitants’ fitness (Emery Thompson et al., 2007; Crofoot & Wrang-
ham, 2010). Even among males, in chimpanzees, territorial alliances appear
to increase males’ reproductive success by enhancing the fertility of co-
resident females (Williams et al., 2004). Group territorial defense occurs
widely among primates (Mitani & Rodman, 1979), and its benefits form
a core of the evolutionary theory of primate group-living (Koenig, 2002).
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However, as in cooperative hunting, the influence of the quality of particular
ties on the efficiency of cooperative territorial defence is largely unknown.

The benefits of effective territorial defence have been proposed to select
for group cohesion and team-building social behaviour such as increased tol-
erance (de Waal, 1986; Sterck et al., 1997; Koenig, 2002) and more diverse
and reciprocal grooming among group members (Cords, 2002; Majolo et al.,
2016). These proposals have received partial and sometimes conflicting evi-
dence. In red howler monkeys, groups of females enjoy higher reproductive
success when members of cooperative territorial alliances were related vs.
unrelated, and were thus perhaps more tolerant of one another (Pope, 2000).
Majolo et al. (2016) found across 15 species of primates that frequency
of intergroup conflicts corresponded with females having more grooming
partners, or higher network degree. Nevertheless, in vervets alone, Cheney
(1992) found that average grooming diversity ratio across females did not in-
crease with either frequency or success in inter-group conflicts, as expected.
Among these studies, only Cheney (1992) tested the relationship between
group member relationship quality and conflict outcome specifically, a prof-
itable focus for future studies.

Although data on individual participation in inter-group conflicts is often
difficult to gather, further studies might focus on examining how social ties
among defenders alone, vs. all group members, corresponds with successful
defence. Additionally, outcomes of territorial behaviour may be difficult to
categorize as simple wins and losses. For example, male chimpanzees are
more likely participate in boundary patrols with social partners with whom
they share a stronger tie (Watts & Mitani, 2001), but patrols do not always
result in a direct conflict with neighbours. When conflict outcomes are clear,
simple measures of individual integration like average group member de-
gree, or global network density as in Majolo et al. (2016), might positively
predict outcome. Relevant social variables to test are the same as those that
perhaps influence success in cooperative hunting, listed above. Important
alternative variables that frequently drive variation in successful territorial
defence are number of defenders, time invested in defence and the location
of the between-group conflict relative to the centres of either social group’s
home range; therefore, controlling for these effects is necessary (Peres, 1989;
Radford & du Plessis, 2004; Mosser & Packer, 2009; Wilson et al., 2012;
Roth & Cords, 2016).
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3.3. Pathway 3: monopolizing resources within social units

Males in many group-living species use long-term cooperative alliances to
access and monopolize mates. The adaptive benefit of mate-guarding al-
liances is that individuals achieve more copulations on average when in
an alliance than when alone (Whitehead & Connor, 2005). A classic exam-
ple of mate-guarding alliances occurs in bottlenose dolphins (Connor et al.,
2001; Whitehead & Connor, 2005; Connor, 2007; Wiszniewski et al., 2012a;
Bruck, 2013), in which affiliative, non-kin partners form long-term coopera-
tive alliances (up to 20 yrs, Connor et al., 2001). Males in stable alliances had
higher rates of consorts than males in more transient alliances (Connor et al.,
2001), suggesting a clear benefit of maintaining particular alliance partners.
The tendency to form such alliances often varies by population, revealing the
circumstances in which cooperation is most likely to pay off: males are more
likely to form alliances if smaller bodied, relative competitive abilities of
alliance members are more similar, and the operational sex ratio of commu-
nities is male-biased (Whitehead & Connor, 2005). Males may also benefit
from forming alliances by increasing access to females via mate choice. Fe-
males appear to prefer to mate with males in larger alliances (Wiszniewski
et al., 2012b) or who have more synchronous displays, perhaps because size
and synchrony signal male competitive ability (Connor et al., 2006).
Mate-guarding alliances also occur in several primate species. A pattern
of mutual gain is apparent in mate-guarding alliances of male chimpanzees
in which dominant and subordinate partners tolerate the other’s consortships
in turn (Watts, 1998). In baboons, allied males do not appear to share a long-
term affiliative tie, but they do appear to selectively choose their alliance part-
ners, possibly based on preferences formed from previous interactions (No&
& Sluijter, 1995). As in dolphins, the pay offs of mate guarding alliances
among male primates maybe situational: middle, but not low-ranking, male
baboons in both Amboseli and Gilgil are more likely to form mate-guarding
alliances, which steal females from consortships with higher-ranking males
(Noé & Sluijter, 1995). To accurately assess the influence of an individual’s
cooperative mate-guarding behaviour on its fitness, one must also examine
and control for variables that predict the likelihood of cooperatively mate-
guarding, as these importantly represent the strength of male competition
and female choice in a given species-population. Some of these variables
include male dominance rank (discussed further below), male age, number
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of males and females, synchronicity of female oestrus, and degree of sexual
dimorphism (Cowlishaw & Dunbar, 1991).

Unlike males, female primates frequently form within-group alliances to
monopolize food and nest sites. Similar to the conditional pay-offs of male
mate-guarding alliances, the formation of differentiated ties and competitive
alliances among females appears to depend on the monopolisability of the
resource defended, i.e., whether it is discrete, easily guarded, and/or eas-
ily consumed (Sterck et al., 1997; Isbell & Young, 2002). A comparison
of two subspecies of squirrel monkey demonstrates this principle. In the
subspecies whose foods were monopolisable, females formed friendships
and competitive alliances (Mitchell et al., 1991). In the subspecies whose
food was not monopolisable, female ties were undifferentiated. Comparisons
between subspecies and populations are useful to understand the circum-
stances in which cooperation is beneficial. However, a direct link between
social ties and fitness via cooperative alliances for food requires analyses of
inter-female variation in cooperative behaviour and fitness outcomes. Such
analyses require controls for the likely pervasive influence of social power,
or dominance rank, on reproductive success and survival. Social power, it-
self, may result from cooperative alliances and is addressed further in the
following section.

3.4. Pathway 4: establishing, maintaining, and increasing social status

In many cases, competitive alliances do not aim to secure access to resources
directly, but rather to secure social power and standing within a dominance
hierarchy, which often translates into the priority of access to resources that
might not be present at the time of conflict. Among adult males dominance
rank often translates to priority of access to mates, and among females and
juveniles rank often translates to priority of access to food, space, and nest-
ing sites (Clutton-Brock & Huchard, 2013). Consequently, social status has
clear ties to fitness in several species. In a meta-analysis of several cercop-
ithecine primates, male dominance rank accounted for 50% of the variance in
mating success (Altmann & Alberts, 2003; Alberts, 2012), typically decreas-
ing in explanatory power with increased male-male competition for females
(Cowlishaw & Dunbar, 1991). Among females of several species, too, high
rank corresponds to shorter inter-birth intervals, earlier ages at reproductive
maturity (Holekamp et al., 1996; Pusey et al., 1997; Altmann & Alberts,
2003; Pusey, 2012), and faster infant growth (Altmann & Alberts, 2005).
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During development, ties are highly valuable for establishing social power
in species that form dominance hierarchies, particularly for individuals of
the philopatric sex. Juveniles typically form alliances with older allies such
as mothers or maternal kin (Chapais & Gauthier, 2004), to establish their
optimal dominance status. In some species, this status is that just below
their mother’s: maternal support in conflicts often causes juvenile females
to dominate all females that their mother dominates, and to ‘inherit’ that
rank for life (Horrocks & Hunte, 1983; Engh et al., 2000). For males too
in some species, such as bonobos, dominance rank increases with higher
maternal rank and male rank declines when mothers are no longer present in
the community (Surbeck et al., 2011), suggesting that alliances with mothers
are necessary for males to conserve their status. Although males’ rank post-
dispersal is not necessarily equal to their rank pre-dispersal (e.g., Smale et
al., 1993), the nutritional and social advantages of high rank in one’s natal
group could cause a male to disperse sooner rather than later and to groups
offering optimal mating conditions, thereby potentially extending a male’s
reproductive career (e.g., Honer et al., 2010).

In adulthood, too, alliances can be important for both maintaining and in-
creasing social status. In general, the occurrence of coalitions maintain or
increase rank are relatively rare among philopatric adult females, perhaps
because single events are salient enough to reinforce developmentally estab-
lished dominance relationships (Smith et al., 2010). As such, among individ-
uals of a philopatric sex, ties during development may be more influential
for increasing fitness via dominance rank. Nevertheless, adult philopatric
females do maintain alliances that typically conserve their position within
a dominance hierarchy (Smith et al., 2010). Without conservative coali-
tions, adult females may succumb to revolutionary coalitions. For exam-
ple, in a group of Japanese macaques where few individuals were closely
related, adult females came to be outranked by juveniles of subordinate
mothers, because these juveniles opportunistically joined bridging coalitions
with higher-ranking females (Chapais & Gauthier, 2004). Also in Japanese
macaques, when a female’s kin were experimentally removed from a group,
she succumbed to revolutionary coalitions and rapidly fell in dominance
rank, but she was able to regain her former rank upon the reintroduction
of her kin (Chapais, 1995).

The use of alliances to increase social power among males of female-
philopatric species is perhaps one of the best-evidenced pathways connecting
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social ties to increased fitness. Assamese macaque males maintain affiliative
ties with coalitionary allies and those with stronger ties with their top three
affiliative partners were also more likely to rise in rank and sire more off-
spring in subsequent periods of observation (Schiilke et al., 2010). Schiilke
et al. (2010) effectively demonstrated that stronger affiliative ties between
males led to coalition formation, coalition formation increased individual
rank, and increases in rank led to increased reproductive success. Such phe-
nomena may also occur among males in the several other primate species
wherein males use alliances to vie for top rank (Chapais, 1995). For ex-
ample, male chimpanzees form long-term, equitable ties with each other
(Mitani, 2009), which often correlate with cooperative alliances (for rank,
territorial defense, and meat sharing, Mitani et al., 2000). Still, evidence for
the reproductive benefits of affiliative and cooperative ties do not appear to
be as straightforward in male chimpanzees as in male Assamese macaques.
For example, rank-related coalitionary behaviour alone, even preceding in-
creases in rank, corresponds with high reproductive success among males
in one chimpanzee population (Gilby et al., 2013). This perhaps occurs be-
cause frequently supported males, e.g., alphas, exchange social tolerance
for coalitionary support, allowing lower-ranking males that support them to
have access to mates (Duffy et al., 2007). The relationships between affil-
iation, cooperation, rank, tolerance and reproductive success among male
chimpanzees provides a good example of how pathways leading from ties
to fitness are not mutually exclusive. The increase of social tolerance is ad-
dressed further under pathway 5, which discusses how ties lower social and
environmental risks.

3.5. Pathway 5: reducing exposure to risk and allostatic load

In most animals, both behaviour and endocrinological mediators help indi-
viduals to avoid risks and to maintain homeostasis (Romero et al., 2009;
Schulkin, 2011; Edes & Crews, 2017), which are centrally important for fit-
ness in all organisms. As such, reducing exposure to risk, in its several forms,
may constitute one of the most important pathways proposed in this review.
In the human medical and psychological literature, social ties that serve
this function are collectively referred to as ‘social support’ (Uchino, 2009;
Gunnar, 2017), and typically partitioned into ‘instrumental’ and ‘buffering’
support. The former describes support that decreases or removes the risk or
energetic challenge in the environment, such as sheltering individuals from
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harassment, predators, and extreme cold. The second refers to support that
either reduces the psychological perception of risk and/or helps individu-
als return to homeostasis following their response to a challenge (i.e., their
stress response). Reducing the psychological perception of risk is, of course,
only a benefit if the risk is no longer present in the environment. Humans
and laboratory animals, for example, are rarely more likely to be exposed to
a predator when alone, but still increase sympathetic activity and vigilance
when alone (Hawkley & Cacioppo, 2010).

Given the differences in instrumental and buffering support, the follow-
ing specific sub-pathways of avoiding risk and alleviating allostatic load can
be evaluated in two ways. One can test whether gregariousness, bondedness,
or integration corresponds with decreases in exposure to the actual stressor
itself, and/or whether they correspond with decreases in the subjective expe-
rience of the stressor. Evidence of such experience is, however, more difficult
to gather in non-human animals than humans.

Monitoring sympathetic activity and important endocrinological media-
tors of homeostasis following a potential challenge is one way to gauge both
an individual’s experience of risk and their deviation from homeostasis, or
allostatic load. Allostatic load can be measured across several physiologi-
cal systems, e.g., cardiovascular and immune, however it is most commonly
measured in wild animals by one of its primary mediators, glucocorticoid
hormones (GCs; Edes & Crews, 2017). GCs catabolize glycogen into read-
ily available glucose to respond to current and anticipated energetic needs,
and dampen the activity of other physical processes that are less immediately
important for survival, such as inflammatory immune responses and repro-
duction (Sapolsky et al., 2000). Although long-term elevations in GCs are
often characterized as maladaptive, as they can damage their own negative
feedback mechanism, individuals’ long-term memory and fertility (Sapolsky
et al., 2000; Sapolsky, 2005), and increase inflammatory immune profiles
(Snyder-Mackler et al., 2016), it is still unclear how relevant consistently
elevated GC levels are to the fitness of wild animals (Bonier et al., 2009;
Beehner & Bergman, 2017). In any case, variation in baseline GCs between
individuals, and deviation from baseline within individuals, are often use-
ful signals of the challenges that an individual or population of individuals
experiences (Beehner & Bergman, 2017).

A strong alternative hypothesis is that social ties actually increase expo-
sure to certain risks and increase allostatic load, as the possibility of aggres-
sion and injury is only possible when in proximity to social partners and



24 Behaviour (2019) DOI:10.1163/1568539X-00003552

disease transmission is much more likely (Hamede et al., 2009; Vander Wal
et al., 2012; Kappeler et al., 2015; Friant et al., 2016; Yang et al., 2016;
Kalbitzer et al., 2017; Thompson et al., 2019). In light of this alternative,
another useful hypothesis to evaluate is that long-term benefits of social ties
outweigh some immediate costs. For example, in Japanese macaques, juve-
nile females were at increased risk of harassment when first grooming adult
females, but with time developed tolerant relationships with the same adults
(Schino & Alessandrini, 2015). Similarly, juvenile blue monkeys experience
the higher glucocorticoid levels when they spend more time grooming with
non-kin vs. kin group members, who could be useful allies later in life for
females (Thompson et al., 2019). Therefore, the initial cost of affiliative in-
teractions could be outweighed by a later benefit, such as increased access to
resources via competitive alliances and/or tolerance in co-feeding or sharing
of predator-safe microhabitats. Long-term data will be particularly valuable
in evaluating this alternative.

3.5.1. Protection from harassment

Living in social groups increases direct and indirect competition for re-
sources, making spatial association and social interaction a risk factor for
aggression, harassment, and consequent injury (e.g., Schino & Alessandrini,
2015; Kalbitzer et al., 2017). Nevertheless, building affiliative and coopera-
tive ties can provide instrumental support to reduce these risks. One mecha-
nism of risk reduction is the interchange of affiliation for tolerance (Barrett &
Henzi, 2006; Duffy et al., 2007; Madden & Clutton-Brock, 2009; Kutsukake
& Clutton-Brock, 2010; Haunhorst et al., 2017). In Assamese macaques, fe-
males suffer less harassment from a male the stronger her affiliative tie is
with him (Haunhorst et al., 2017). It is also proposed that higher-ranking in-
dividuals receive more social grooming than they give, because lower status
individuals are essentially paying for their tolerance (Seyfarth, 1977; Kut-
sukake & Clutton-Brock, 2010).

Additionally, social ties can physically shield individuals from harass-
ment, via coalitions and interventions. This is particularly relevant for fe-
males to evade male sexual aggression (Smuts & Smuts, 1993; Palombit et
al., 1997; van Schaik et al., 2004). For example, female langurs frequently
form coalitions to defend one another from the harassment of potentially in-
fanticidal males (Sterck et al., 1997), though whether the quality of female
social ties relates to the likelihood of coalition formation is not known. In
feral horses, mothers that were more sociable with female peers (high CSI)
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received less harassment from adult males, likely leading to the higher sur-
vival of their foals (Cameron et al., 2009). Active protection from infanticidal
males also appears to be the primary benefit of so-called ‘friendships’ be-
tween male and female savannah baboons (Palombit et al., 1997; Palombit,
2009). Juvenile male dolphins were also suggested to avoid harassment from
older juveniles by being more socially integrated (eigenvector centrality)
(eigenvector centrality, Stanton & Mann, 2012). Association with mothers,
which are formidable allies, may be an important cause of this effect as males
that associated more frequently with their mothers had higher eigenvector
centrality. Again, as an important alternative, social integration can also in-
crease individuals’ risk of harassment particularly if being socially central
equates to being spatially central to the group, as seen in female capuchin
monkeys (Kalbitzer et al., 2017).

3.5.2. Protection from environmental variation and predation

Social partners can also provide instrumental support in helping defend indi-
viduals from challenges in the physical environment, such as food scarcity,
cold temperatures, and predation. As noted in the above section, affiliative
ties often translate into tolerance in contexts where individuals naturally
compete for limited resources, such as food or warmth. As such, individ-
uals do not simply avoid social aggression, but also gain access to important
natural resources and avoid non-social risks. For example, tolerant or pref-
erential co-feeding increases with a stronger affiliative tie between partners
in Assamese macaques (Haunhorst et al., 2017) and dairy cows (Val-Laillet
et al., 2009). Similarly, the strength of a tie between female baboons in the
Namibian savannah significantly predicted their likelihood to co-feed with
one another, and did so more strongly than relatedness (King et al., 2011).
Further, in white tufted capuchins, females clearly exchanged grooming for
tolerance in co-feeding contexts (Tiddi et al., 2011).

Simply having more social ties may also increase the number of part-
ners that tolerate bodily contact, enhancing thermoregulation in fluctuating
climates. In South Africa, temperatures fall below freezing during winter,
and vervets huddle together at night to help maintain homeothermy (McFar-
land et al., 2015). Vervets that had more spatial and/or grooming partners
throughout the day maintained a higher minimum body temperature and var-
ied less in temperature from day to night, as measured by a subcutaneous
thermometer. Number of social ties appeared to translate, too, into thermal
efficiency for male and female adult and subadult Barbary macaques in the
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Atlas Mountains, where individuals with more ties were more likely to sur-
vive an intense winter (McFarland & Majolo, 2013; Lehmann et al., 2016).
In both species, more social ties during the day perhaps allowed individu-
als to occupy key huddling locations among group members to stay warm at
night.

Social ties and their corresponding tolerance and familiarity can also in-
fluence exposure to predators. In some primates, a lack of tolerance between
dominant and subordinate females appears to cause the lowest-ranking fe-
males to be located on the periphery of the group, leaving them exposed
to higher rates of predation (van Schaik & Van Noordwijk, 1986; Ron et al.,
1996; Kalbitzer et al., 2017). In reverse, being tolerated by a larger number of
potential neighbours could increase spatial integration in a group and reduce
exposure to predators. For example, eigenvector centrality in spatial associ-
ation networks of adult bighorn ewes increases their survival, reproductive
output, and infant survival (Vander Wal et al., 2014). Interestingly, rams do
not incur these benefits of high eigenvector centrality, perhaps because they
are at lower risk of being preyed upon (Vander Wal et al., 2015).

Stronger ties may also help individuals to avoid predators because the
familiarity between partners increases the efficiency of communication. In
crested macaques, for example, adult females follow partners’ eye move-
ments more frequently and more quickly when they share a stronger tie
(Micheletta & Waller, 2012). In dwarf mongooses, too, individuals respond
more readily, for longer, and are more likely to approach a caller with whom
they are strongly vs. weakly bonded when the caller emits a recruitment call
to mob predatory snakes (Kern & Radford, 2016). Even among social mites,
pairs of larvae that are familiar with one another react more quickly than
unfamiliar pairs to the larvae of a predatory mite (Strodl & Schausberger,
2012). In each of these species, differentiated ties increase predator detec-
tion. Individuals are more responsive to close partners perhaps because the
cues of such partners are more easily recognizable than weaker partners,
such partners have proven themselves trustworthy in their signalling, and the
physiological basis of their tie increases their behavioural synchrony (e.g.,
Arueti et al., 2013).

3.5.3. Coping with trauma and instability
Associating with social partners often appears to provide buffering support in
helping individuals cope with traumatic events and aggression (Engh et al.,
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2006b; Young et al., 2014a; Wittig et al., 2016). In female baboons, experi-
ences of infanticide, losing a close partner to predation (Engh et al., 2006b),
and large upsets in the male dominance hierarchy (Wittig et al., 2008) caused
both an increase in individual GC levels and a change in grooming patterns.
Females who lost a close partner to predation increased the time they spent
grooming and their number of grooming partners, in an apparent effort to
compensate for their loss (Engh et al., 2006b). Females also responded to
instability in the male dominance hierarchy by focusing, or decreasing the
diversity of, their grooming ties to a smaller subset of individuals (Wittig
et al., 2008). The decline in GC concentrations following hierarchical sta-
bility was more rapid the more intensely females focused their grooming
associates, presumably to their closest social partners. Among these females,
individual rates of grooming did not change from before to after the onset of
instability, so it appears that changing the number of their grooming partners
alone provided females with a sense of stability.

Alternatively, it is possible that simply associating regularly with a social
partner attenuates HPA reactivity, leading individuals with regular partners
to have lower baseline GC levels. Females baboons that maintained groom-
ing networks that were more focused had lower baseline GC levels than
females with less focused networks, even during periods of rank stability
(Crockford et al., 2008). Indeed, chimpanzees that groomed with a strong vs.
weakly bonded partner for a single bout, regardless of bout length or quality,
demonstrated a drop in urinary GC levels relative to before grooming, both
after a challenging event (intergroup encounter) and in the absence of chal-
lenges (Wittig et al., 2016). Affiliative contact may mediate HPA responses
by stimulating the release of oxytocin (OT, Crockford et al., 2013; Seyfarth
& Cheney, 2013; Wittig et al., 2016), which can counteract the effects of
GCs and reduce GC levels (Curley, 2011; Crockford et al., 2013).

The most supportive and stabilizing social strategy may depend on the
particular stressors an individual faces given its condition. For example, fol-
lowing the immigration of a new male baboon, elevation in GC levels was
highest among lactating females, the demographic group at greatest risk of
infanticide (Engh et al., 2006a). Accordingly, more grooming partners were
more likely to benefit lactating vs. non-lactating females. This condition-
dependence may underlie variation in the social strategies that lower indi-
vidual baseline GCs. For example, in rhesus macaques, females that had
more ties, and partners with more ties themselves (i.e., proximity reach),
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had lower GC levels if they were low-ranking (Brent et al., 2011). In con-
trast, high-ranking females had lower GC levels when they were less socially
integrated. In this case, however, it is not yet clear how dominance rank mod-
erates the relationship between risk and social integration.

3.5.4. Protection from isolation

Social isolation appears to pose a physical threat to some social animals,
particularly those that use social ties as defence against environmental risks,
such as predators and extreme temperatures (Cacioppo & Hawkley, 2003;
Cheney & Seyfarth, 2009; Hawkley & Cacioppo, 2010; Cacioppo et al.,
2011; Hawkley et al., 2012). The harm of social isolation is that the very
motivation to reconnect with social partners, i.e., the sense of isolation,
becomes physically costly when not satisfied or assuaged. In humans, the
perception of isolation increases one’s vigilance and expectation of an im-
pending threat, which increases sympathetic activity (Hawkley & Cacioppo,
2010). Prolonged rises in sympathetic activity can impact fitness by increas-
ing peripheral resistance in blood vessels, hypertension, depression, risk of
autoimmune disease, and myocardial infarction (Cacioppo et al., 2011). The
presence of ties clearly decreases isolation, in another form of buffering
support. Nevertheless, the damaging effects of isolation may only occur in
extreme cases, such as among humans and in unnatural animal settings like
zoos and laboratories (Beehner & Bergman, 2017).

3.6. Pathway 6: developing social and physical competence

Maintaining ties during development appears integral to developing the
socio-cognitive and motor skills that underlie success in adulthood. That is,
ties during development seem necessary to develop behavioural competence,
or the ability to assess stimuli and respond to it optimally (Pellis & Pellis,
2007; Taborsky & Oliveira, 2012). For this reason, social behaviour during
development is often described as ‘practicing for adulthood’ (Coppinger &
Smith, 1989; Spinka et al., 2001; Fairbanks, 2003). I propose that the qual-
ity and quantity of social ties during development help individuals develop
behavioural competence, via social learning and play, better preparing them
for adult environments.

Evidence of links between the particular quality and quantity of ties dur-
ing development (vs. mere presence of particular partners) and later life
competence is strong in laboratory settings, but is rarer in wild and socially
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complex animals. Simultaneously, evidence is scarce on the specific link be-
tween competence and fitness. The difficulty of defining social competence
in an observational field setting may be one cause of this shortage of evi-
dence from the wild. In experimental laboratory settings, social competence
is typically measured in terms of more or less optimal responses to competi-
tive situations (Taborsky & Oliveira, 2012). One possibly useful approach in
field studies may be to measure social competence similarly to foraging and
feeding proficiency (e.g., Bray et al., 2018), namely by observing the emer-
gence of adult or age-typical behavioural repertoires or motor ability (e.g.,
Berghinel et al., 2015; Kaburu et al., 2016; Heintz et al., 2017). Another
useful approach assessed socio-emotional competence in immature bono-
bos via individuals’ speed of recovery from emotional distress (Clay & de
Waal, 2013). Naturally, what specifically constitutes ‘competence’ will vary
according to age, sex, and the species in question.

3.6.1. Social learning
Maintaining particular individuals as regular social partners can be key to
developing various important skills (Galef & Laland, 2005; Evans & Har-
ris, 2008; Manassa & McCormick, 2013; Kaburu et al., 2016), like foraging
(Bshary et al., 2012; Farine et al., 2015; Bray et al., 2018) and independently
navigating competition (Arnold & Taborsky, 2010; Taborsky et al., 2012).
The strongest evidence of ties helping to develop social skills comes from
relatively short-lived animals whose social conditions are easily, experimen-
tally manipulated (Pellis & Pellis, 2007; Arnold & Taborsky, 2010; Taborsky
et al., 2012; Taborsky & Oliveira, 2012). For instance, cichlids raised with
(vs. without) older conspecific partners seem to learn socially appropriate be-
haviour by experiencing the varied social roles and competitive abilities of
other individuals in their unit: those raised with older partners required fewer
trials to respond appropriately (i.e., submissively) when experimentally in-
troduced to a territory-holding individual (Arnold & Taborsky, 2010). They
also required fewer trials to develop proper aggressive responses to intrud-
ers when they were territory-holders, themselves. In terms of affiliative ties,
such partners may be easier to observe and learn from: in captive ravens, the
trained behaviour required to open a food box spread more readily between
individuals that affiliated more often, and more readily between affiliative vs.
antagonistic partners (Kulahci et al., 2016).

Social experiential diversity may also aid in developing social compe-
tence. Juvenile male long-tailed manakins that were more central within
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networks based on non-aggressive contact were more likely as adults to rise
to alpha status within their leks (McDonald, 2007). Interestingly, the central-
ity of adult males did not predict rise to alpha status, suggesting that network
centrality during development was key. McDonald (2007) argues that high
juvenile centrality represents investment in several leks and that this leads to
the development of proper dominant and submissive behaviour, which builds
the social capital to gain high dominance status.

3.6.2. Social play

Ties that occur in the context of social play may serve a particularly im-
portant role in developing competence, as it provides opportunities for both
social learning and physical maturation. Play predominantly occurs during
immaturity and among peers, and is hypothesized to develop competence by
providing ‘practice for the unexpected’ and ‘self-assessment’ (Spinka et al.,
2001; Blumstein et al., 2013; Palagi, 2018). Social play consists of affiliative
interactions that nevertheless involve acute social and physical challenges
that are easily overcome and typically low risk. In this way, play allows in-
dividuals to gain cognitive and physical experience of unexpected situations
and of their own abilities and limitations. In many cases, the higher frequency
and quality of play during development correlate with important fitness-
related traits, such as increased motor-skills (rats, Assamese macaques, and
ground squirrels, Nunes et al., 2004; Bell et al., 2010; Berghénel et al., 2015;
Schneider et al., 2016), appropriate submissive behaviour (rats, van den Berg
etal., 1999; Pellis & Pellis, 2007), higher dominance rank among adult males
(marmots, Blumstein et al., 2013), increased territorial behaviour among
adult females, and an increase in females’ offspring’s survival (ground squir-
rels, Nunes, 2014). In brown bears, play rates predicted cubs’ survival of a
subsequent, harsh winter, regardless of food availability (Fagen & Fagen,
2004). The strongest evidence of the causal role of play in the above out-
comes comes from experimental manipulations: immature rats deprived of
play partners (but not other social partners) do not develop normal neural
circuitry underlying socio-cognitive and motor skills (Pellis & Pellis, 2007;
Bell et al., 2010; Schneider et al., 2016).

Individuals show clear preferences for particular play partners, and so per-
haps achieve better outcomes if able to play with them. Both male and female
juveniles in several species prefer to play with partners that are similar to
them in size and age, including several primates (Byers, 1980; Fairbanks,
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2003; Palagi et al., 2007; Barale et al., 2015) and non-primate species (Roth-
stein & Griswold, 1991; Thompson, 1996; Nunes et al., 2004). Play with
such partners may facilitate self-assessment. Alternatively, individuals may
prefer more asymmetric pairings, perhaps to practice dominant and submis-
sive behaviour, such as in domestic dogs (Ward et al., 2008).

4. Summary and future directions

The primary aim of this review is to facilitate future research on the influence
of the quality and quantity of social ties on individual fitness in primates.
Hypotheses concerning the effect of particular social measures along certain
pathways can be tailored to the age-class and sex of individuals of a given
species, in a given habitat.

In part 1, I outlined the many ways of measuring individual social strate-
gies and ties that can be relevant to fitness, including measures of individual
gregariousness, bondedness, and integration. In particular, measures of social
ties must be relevant to their suspected functions and the potential adaptive
value of their partners through increased inclusive fitness, mutual gain, re-
ciprocal exchange, or interchange. Controlling for third variables, such as
ecological variation and mutual attraction to shared spaces and resources,
and assessing time scales over which to characterize ties will lead to more
valid measures of sociability and partner preferences. Examining and con-
trolling for the influence of early life experience and individual pace-of-life
on both the formation of ties and fitness, whenever possible, will help us to
continue evaluating whether correlations between ties and fitness outcome
are truly causal. To the same end, research can continue to examine how
health status influences sociality and whether correlations between ties and
fitness hold regardless of initial health status.

In part 2, the six pathways that ties can influence fitness included com-
munal care, accessing resources at the group level; monopolizing resources
within social units; establishing, maintaining, and increasing social status;
reducing risk and allostatic load; and developing behavioural competence.
As diagrammed in Figure 1, some of these pathways leading from ties to
fitness have been more firmly established by evidence than others. For exam-
ple, the influence of affiliative and coalitionary ties on fitness via maintain-
ing and increasing social status is well-documented among male Assamese
macaques (Schiilke et al., 2010), however pathways such as communal care,
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accessing resources at a group level, and developing behavioural competence
are in need of more direct evidence to support both the link between ties and
their short-term benefits and the link between benefits and fitness outcomes.
In the sense that these different kinds of evidence rarely occur within the
same study subjects (e.g., Schiilke et al., 2010), all pathways warrant further
study and replication.

In summary, there are key and interrelated takeaways from each pathway.
Allomothers can help alleviate the workload of infant rearing, and preferred
partners may pose less risk of infant abuse and competition with mothers.
Greater bondedness and integration among individuals participating in co-
operative and collective activities, like hunting and territorial defence, may
increase coordination and success in such activities. Suggestive evidence for
ties influence in communal care exists in mice and ducks (Ost et al., 2008;
Weidt et al., 2008, 2014), and for hunting success in social spiders (Ruch et
al., 2014). Evidence for ties’ influence on effective territorial defence does
exist in primates; however, it is still only suggestive, relating to number of so-
cial partners and the occurrence of intergroup conflicts (Majolo et al., 2016)
and number of kin groupmates to reproductive success in a highly territorial
species (Pope, 2000).

The advantages of ties for monopolising mates or food is clear, among
males and females, respectively; however advantages are strongly dependent
on the competitive regime for the resource in question, such as the opera-
tional sex ratio (Cowlishaw & Dunbar, 1991; Whitehead & Connor, 2005) or
the discreteness of food resources (Mitchell et al., 1991). In species where
male cooperative mate guarding occurs, males clearly benefit from these so-
cial ties (Noé & Sluijter, 1995; Watts, 1998; Connor et al., 2001). In primates,
female use of social ties to monopolize food within groups is demonstrated
via comparisons between populations with variable discreteness of food
patches (Mitchell et al., 1991), however between female variation in the ben-
efits of such ties may be more directly observable in the context of attaining
the social power, or dominance, to have priority of access to food. For fe-
males in female-philopatric species, ties to establish, maintain, and increase
dominance rank may be particularly important during development, as adult
female rank is often stable (Clutton-Brock & Huchard, 2013). Among males,
coalitions to establish and increase social status are likely to be most impor-
tant during adulthood (Duffy et al., 2007; Schiilke et al., 2010; Gilby et al.,
2013), however social integration (McDonald, 2007) and play experience
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(Pellis & Pellis, 2007; Blumstein et al., 2013; Palagi, 2018) during develop-
ment may influence behavioural competence relevant to navigating the adult
male competitive environment.

The ability of ties to reduce risk and allostatic load via instrumental and
buffering support may be the most comprehensive and multi-faceted path-
way by which they influence fitness. An important alternative hypothesis to
compare against this is that social interaction actually increases risks and al-
lostatic load related to aggression and injury (Schino & Alessandrini, 2015;
Kalbitzer et al., 2017). Nevertheless, the short-term costs of association, like
increased aggression received, may be outweighed by a longer-term bene-
fit of a stable affiliative or cooperative tie. One common mechanism that
allows ties to passively provide instrumental support is their ability to in-
crease tolerance, allowing individuals to avoid harassment (Duffy et al.,
2007; Haunhorst et al., 2017), peaceably co-feed (King et al., 2011; Tiddi et
al., 2011; Haunhorst et al., 2017), share safer microhabitats from predators
(Kalbitzer et al., 2017) and maintain bodily contact for warmth (McFarland
et al., 2015). Ties also provide active instrumental support, such as when fe-
males form alliances to defend one another from abusive males (Sterck et
al., 1997) or when individuals more effectively communicate the presence
of a predator when more strongly bonded with each other (Micheletta &
Waller, 2012; Micheletta et al., 2012). Affiliative ties provide buffering sup-
port by creating stable and predictable environments during traumatic events
(Crockford et al., 2008; Wittig et al., 2008; Young et al., 2014a; Wittig et al.,
2016), possibly by increasing production of the anxiolytic oxytocin (Curley,
2011; Crockford et al., 2013). A final and straightforward way that ties pro-
vide buffering support is by preventing isolation. Isolation itself, rather than
exposure to extreme temperatures and predators, seems to become a prob-
lem by means of increased allostatic load only in extreme cases, such as in
humans and laboratory animals (Cacioppo & Hawkley, 2003; Hawkley &
Cacioppo, 2010; Hawkley et al., 2012). In general, further research is nec-
essary to understand whether sustained allostatic load as measured by GCs
leads to decreased fitness in wild non-human animals (Bonier et al., 2009;
Beehner & Bergman, 2017). Measuring allostatic load as a composite index
of primary and secondary allostatic biomarkers in non-human primates may
aid in this endeavor (Maestripieri & Hoffman, 2011; Edes & Crews, 2017).

Finally, ties during development play a special role in developing be-
havioural competence and preparing individuals for their adult environments.
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Ties provide opportunities for social learning and additional motor-neural
development in social play (Galef & Laland, 2005; Taborsky & Oliveira,
2012; Palagi, 2018). While ties’ influence on social competence is clear
from laboratory studies (e.g., Pellis & Pellis, 2007; Arnold & Taborsky,
2010), the challenge remains for more field studies to operationalize and
evaluate competence. A further challenge is then to link behavioural compe-
tence with fitness outcomes. As ties during development are part of early life
experience, the following competing hypotheses are important to compare:
(1) early life social experiences influence behavioural competence, which in
turn influences fitness outcomes, or (2) early life experiences influence be-
havioural competence and fitness simultaneously and independently. Support
for the latter hypothesis would suggest that the relationship between sociality
and fitness among adults is not entirely causal. Again, data spanning individ-
uals’ entire lifetimes will be vitally important to make this comparison.

In conclusion, over two short decades the question ‘do social ties matter?’
has rapidly transformed into ‘how do social ties matter?” Primate behavioural
ecologists at several long-term primate field sites are now poised to examine
in greater detail the pathways along which social ties potentially influence
fitness in their study species. It is clear that many researchers at several on-
going field sites are doing just that (Snyder-Mackler et al., 2016; Kalbitzer
et al., 2017; Ostner & Schiilke, 2018). This comes, in part, after several the-
oretical advances concerning the costs and benefits of ties (Silk, 2002, 2007,
Massen et al., 2010; Seyfarth & Cheney, 2012; Cords & Thompson, 2017;
Ostner & Schiilke, 2018), the technology to monitor behavioural, genetic,
and endocrinological states (Crofoot et al., 2010; Higham, 2016; Snyder-
Mackler & Lea, 2018), and the long-term data to evaluate fitness outcomes
(Clutton-Brock & Sheldon, 2010; Alberts, 2018). With strong hypotheses
about the functions and benefits of social ties, tailored to specific study sys-
tems, evidence spanning several species will continue to elucidate how social
tendencies and larger social organizations have come to evolve in primates.
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