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Abstract

Studies of eusocial invertebrates regard complex societies as those where there is a clear division
of labour and extensive cooperation between breeders and helpers. In contrast, studies of social
mammals identify complex societies as those where differentiated social relationships influence
access to resources and reproductive opportunities. We show here that, while traits associated with
social complexity of the first kind occur in social mammals that live in groups composed of close
relatives, traits associated with the complexity of social relationships occur where average kinship
between female group members is low. These differences in the form of social complexity appear
to be associated with variation in brain size and probably reflect contrasts in the extent of con-
flicts of interest between group members. Our results emphasise the limitations of any unitary con-
cept of social complexity and show that variation in average kinship between group members has
far-reaching consequences for animal societies.
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INTRODUCTION

Although the emergence of complex societies has been identi-
fied as one of the major transitions in evolutionary biology
(Maynard Smith & Szathmary 1997), it is frequently unclear
what is meant by ‘social complexity’ and definitions vary.
Studies of eusocial insects and cooperative vertebrates com-
monly identify complex societies as those where there is repro-
ductive suppression of subordinate females, extensive
alloparental care and a division of labour among females
which is often associated with functional divergence in devel-
opment between breeders and non-breeding workers or
between different categories of workers (Wilson 1971; Bourke
& Franks 1995; Anderson & McShea 2001; Abbot & Chap-
man 2017; Korb & Thorne 2017). In contrast, studies of social
mammals (and of simian primates and cetaceans, in particu-
lar) characterise complex societies as those where social rela-
tionships between group members are individually
differentiated and competitive interactions, linear dominance
hierarchies, reciprocal cooperation and alliances between
group members are common (Byrne & Whiten 1988; Freeberg
et al. 2012; Bergman & Beehner 2015; Silk & Kappeler 2017).
There are theoretical grounds for expecting that reproduc-

tive suppression, extensive alloparental care by non-breeding
females and a reproductive division of labour between breed-
ers and non-breeders (which we refer to as organisational com-
plexity) are likely to be most highly developed where kinship
between group members is high, indirect fitness benefits are
substantial and conflicts of interest between group members
are reduced (Hamilton 1971; Silk 2002; Boomsma 2009).
Comparative studies of cells (Fisher et al. 2013), shrimps
(Duffy & Macdonald 2009), insects (Hughes et al. 2008) and
birds (Cornwallis et al. 2010) have shown that the initial evo-
lution of societies with a reproductive division of labour only
occurs where average levels of kinship among individuals are

high (though cooperative breeding can persist if average kin-
ship is subsequently reduced [H€olldobler & Wilson 1977;
Hughes et al. 2008; Cornwallis et al. 2010; Lukas & Clutton-
Brock 2012]). In contrast, conflicts of interest between group
members and the social traits associated with them, including
well-defined dominance hierarchies, competitive alliances and
other behavioural tactics used to maintain social status (which
we refer to as relational complexity), might be expected to be
most highly developed in species where most group members
are not closely related (Silk 2006; Seyfarth & Cheney 2012)
and conflicts of interest between group members are common
(Betzig 1982; Abbott et al. 2003). Contrasts in the complexity
of the social environment may also have implications for the
development of cognitive abilities which might be expected to
be more advanced where conflicts of interest are common
than where they are rare (Anderson & McShea 2001; Dunbar
& Shultz 2007).
Social mammals provide an unusual opportunity to

explore the distribution of these two forms of social com-
plexity and their relationship with variation in kinship
between group members across species. They include both
litter-bearing monogamous species, like the social mole rats
and some social mongooses, where average coefficients of
kinship between female group members are usually between
0.25 and 0.5, as well as species with polygynous or polygy-
nandrous mating systems that bear single offspring, where
average kinship among female group members seldom
exceeds 0.05 (see Table S1). Moreover, the social behaviour
of a relatively high proportion of mammals has been stud-
ied in some detail (Clutton-Brock 2016). Here, we use anal-
yses of interspecific differences in social behaviour and
kinship structure among mammals to investigate how differ-
ent components of organisational and relational complexity
are associated with variation in average kinship among
females.
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MATERIALS AND METHODS

The aim of our study was to assess whether traits associated
with organisational complexity occur more frequently in social
mammals in which average levels of kinship among female
group members are high than where they are low, while traits
associated with relational social complexity are more likely to
be present when average levels of kinship among female group
members are low.
We extracted information from the published literature and

used a phylogenetic comparative approach (Garamszegi 2014)
to assess the association between average levels of kinship
observed within social groups and the various behavioural
traits (for details and definitions of variables see the Supple-
mentary text; all data, and the references we used to obtain
them, are provided in Table S1). We first searched for all popu-
lations of social mammals for which average kinship among a
group of all adult female individuals had been calculated based
on similarity at genetic markers. For all the mammalian species
for which we were able to find data on average kinship among
all adult female group members, we searched the literature for
information on traits predicted to be associated with the two
types of social complexity. We recorded the presence or absence
of alloparental provisioning, of infanticide by females, of repro-
ductive suppression of subordinate females, of reproductive
division of labour between breeders and non-breeders, of linear
dominance hierarchies among group females, and of coalition
formation during conflicts among females. We extracted quan-
titative estimates for rates of aggression between group females
and for symmetry in grooming interactions. In addition, we col-
lected data on brain size, neocortex size, body size, longevity,
main diet, and whether individuals predominantly live in trees.
We recorded a single entry per species for all variables. For
variables coded as presence/absence, we took any detailed
report of the behaviour within a given species to classify the
trait to be present, and absence of any reports despite direct
observations or explicit statements by researchers that the beha-
viour does not occur to classify the trait to be absent. For vari-
ables recorded as quantitative estimates, we included single
reports even if these did not necessarily originate from the same
population as the data on levels of kinship, and calculated aver-
ages if multiple values were available. Finally, we estimated the
extent to which traits associated with relational complexity are
expressed within a given species by combining them into a sin-
gle variable, counting how many of the relevant three traits
(dominance hierarchies, coalition formation, rate of aggression
above mammalian average) are present.
The aim of our analyses was to investigate whether the two

types of social complexity represent separate evolutionary tra-
jectories and to identify the traits associated with them. Some
of the traits we included in our analyses are likely to be
dependent on each other, as they may reflect increases in
social complexity. In addition, for some comparisons, the
number of species for which quantitative data are available is
so small that additional data may alter the relationships we
describe. However, we hope that, by documenting the rela-
tionships present in the data currently available, our analyses
will stimulate further comparisons of the distribution of inter-
specific differences in organisational and relational complexity

among animals as further data become available. We conse-
quently focus on reporting the strength of associations
(whether the estimated confidence intervals overlap zero or
not) and make no statements about the significance of partic-
ular analyses (following Gelman & Loken 2013).

Statistical approaches

Regressions were performed while accounting for phylogenetic
relatedness among species using MCMCglmm (Hadfield & Nak-
agawa 2010). We relied on the updated mammalian supertree
(Fritz et al. 2009) to estimate phylogenetic relatedness between
species. The tree was truncated to match our sample using func-
tions of the package ‘ape’ (Paradis et al. 2004) in the statistical
software R (R Development Core Team 2010). We included the
phylogenetic relationship between species as covariance matrix,
used a broad prior, 1 000 000 iterations, a burn-in of 200 000,
and a thinning interval of 10. The analysis was repeated three
times, and visually inspected for convergence.
We built the following regression models: four models with

average levels of kinship as a predictor of each of the traits of
organisational complexity (alloparental provisioning, female
infanticide, reproductive suppression, reproductive division of
labour; these traits were coded binary as presence/absence and
we assumed a categorical distribution for each of them); five
models with average levels of kinship as a predictor of each of
the traits associated with relational complexity (rates of
aggression, reciprocity in grooming, strictness of dominance
hierarchy: these traits were coded as continuous measure,
assuming a Gaussian distribution for them; and linear domi-
nance hierarchy, coalitionary behaviour: these traits were
coded binary as presence/absence and we assumed a categori-
cal distribution for them); models with absolute brain mass as
the response variable (log10 transformed, coded continuously,
assuming a Gaussian distribution) and the combined measure
of relational complexity as predictor variable on its own, the
combined measure of relational complexity together with body
mass, and together with body mass and diet/arboreality; and
models with absolute brain mass as the response variable
(log10 transformed, coded continuously, assuming a Gaussian
distribution) and average levels of kinship as predictor vari-
able on its own, average levels of kinship together with body
mass, and together with body mass and diet/arboreality.

RESULTS

As among insects (Hughes et al. 2008) and birds (Cornwallis
et al. 2010), traits associated with organisational complexity
(including the presence of non-breeding females, extensive
provisioning of juveniles by females other than the mother
and a clear reproductive division of labour between breeders
and non-breeders) are more commonly found in social mam-
mals where average levels of kinship between females living in
the same group are high than where they are low (Fig. 1a–d:
effect of average kinship on presence of: alloparental provision-
ing mean: 117.32 (95% CI 16.2, 227.7), P < 0.001, n = 41 spe-
cies; female infanticide mean: 139.4 (95% CI �4.4, 409.2),
P = 0.03, n = 31 species; reproductive suppression mean: 276.9
(95% CI 57.7, 441.3), P < 0.001, n = 42 species; reproductive
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division of labour mean: 216.2 (95% CI 41.3, 325.5),
P < 0.001; all n = 42 species). In some species where average
kinship between group members is high and traits associated
with organisational complexity are present (including naked
mole rats [Heterocephalus glaber, R€uppell 1842] and Kalahari
meerkats [Suricata suricatta, Schreber 1776]), there are also
obvious morphological differences between breeding and non-
breeding females which resemble those between queens and
workers in eusocial insects, although they are less pronounced
(Bennett & Faulkes 2000; Clutton-Brock 2016; Z€ottl et al.
2016). While high levels of average kinship in social groups of
these species mean that individuals direct costly forms of
cooperative behaviour almost exclusively at close kin (Griffin
& West 2003), individual differences in contributions to allo-
parental care within social groups are seldom closely associ-
ated with variation in relatedness between helpers and the
individuals that they are assisting (Clutton-Brock 2006).
In contrast, high rates of aggression between females and

differentiated social relationships between individuals involv-
ing coalitions and alliances are typically found in species
where average kinship between group members is low. The
frequency of aggressive interactions between female group
members increases as average kinship between resident
females falls (Fig. 2a: effect of average kinship on rate of
aggression per female per hour mean: �4.0 (95% CI �7.5,
�0.6), P = 0.03; n = 22 species) and average kinship between
females is a better predictor of rates of aggression between
individuals than the number of adult group members (effect

of average kinship on rate of aggression per female per hour
mean: �2.5 (95% CI �5.31, �1.62), P = 0.01, effect of num-
ber of adult females per group mean: 0.03 (95% CI �0.02,
0.08), P = 0.32; n = 22 species). Contrary to some predictions
(Isbell 1991; Sterck et al. 1997), interspecific differences in
rates of aggression among females do not appear to be closely
associated with major species differences in diet, habitat use
or longevity among the species in our data set (Table S2).
Supportive coalitions between female group members (which
are often used in competition for resources or breeding part-
ners) are also more frequent in species where average kinship
between group members is low (Fig. 2c: effect of average kin-
ship on presence of coalitionary behaviour mean: �261.1 (95%
CI �445.2, �57.1), P < 0.001; n = 42 species) and are usually
rare or absent in species where average kinship between group
members is high and groups include non-breeding helpers.
Well-defined dominance hierarchies that include all resident

females are also more commonly found where average kinship
between group members is low than where it is high (Fig. 2b:
effect of average kinship on presence of linear dominance hier-
archy mean: �198.9 (95% CI �429.8, �17.6), P < 0.01;
n = 42 species) although there is commonly a clear difference
in dominance between breeding females and non-breeding
helpers in groups where both are present. In addition, while
breeding individuals in groups with high organisational com-
plexity frequently retain their position for multiple years
(Lukas & Clutton-Brock 2012), the position of individuals in
linear hierarchies are less stable (Table S3). Several other

(a) (b)

(c) (d)

Figure 1 Average levels of kinship among female group members and occurrence of traits associated with organisational complexity across social mammals.

Traits associated with high organisational complexity – extensive provisioning by females other than the mother (a), female infanticide (b), suppression of

reproduction in subordinate females (c), and a well-defined reproductive division of labour between breeding females and helpers (d) – are all more

frequently present in species with high average levels of kinship between group members than in those where average kinship between group members is low.
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behavioural traits, including the redirection of aggression, rec-
onciliation and consolation between female group members
(Byrne & Whiten 1988; Marino et al. 2007; Jaeggi & Gurven
2013) also appear to be restricted to species living in groups
where kinship between group members is low, although the
available data do not yet allow quantitative comparisons.
Contrasts in average kinship between group members may

also affect the distribution of cooperative behaviour between
interacting individuals. In many species where few group mem-
bers are close relatives, individuals preferentially direct costly,
asymmetrical forms of assistance at the relatively small num-
ber of individuals to which they are closely related (Silk 2002),
whereas in species where average kinship between group mem-
bers is high, there is little evidence that helpers preferentially
assist those group members that are more closely related to
them than average (Clutton-Brock 2006). Unlike costly, asym-
metrical forms of assistance, mutualistic cooperation, like
social grooming, occurs whether group members are closely
related or not but, as individuals are unlikely to gain substan-
tial indirect fitness benefits where levels of kinship between
group members are low, interactions should be more symmet-
rical where cooperating partners are seldom close relatives
(Lehmann & Keller 2006). In line with this prediction,
allogrooming relationships appear to be more symmetrical in
species where average kinship between group members is low
than where it is high (Fig. 2d: effect of average kinship on re-
ciprocity in pairwise grooming interactions mean: �1.4 (95% CI
�2.36, �0.43), P < 0.01; n = 13 species).

It has been suggested that complex, social relationships
between group members may have favoured the evolution of
improved cognitive abilities and increases in brain develop-
ment (Dunbar & Shultz 2007; Cowl & Shultz 2017), although
the extent to which gross differences in relative brain size
reflect contrasts in cognitive abilities has been questioned
(Healy & Rowe 2007; Chittka & Niven 2009; Logan et al.
2017) and the relative effects of social vs. ecological parame-
ters on the evolution of brain development are still widely
debated (Clutton-Brock & Harvey 1980; Isler & van Schaik
2014; DeCasien et al. 2017). Across the mammals in our sam-
ple, indices of absolute and relative brain size are positively
associated with the combined expression of the traits associ-
ated with relational complexity (effect of the combined
presence of traits associated with relational complexity on
log-transformed brain mass mean: 1.84 (95% CI 0.7, 2.9),
P = 0.001, n = 36 species) and negatively with estimates of
average kinship between female group members (effect of
average kinship among females on log-transformed brain mass
mean: �6.1 (95% CI �9.79, �2.75), P < 0.01, n = 36 species).
These associations are present after accounting for the effects
of correlations between brain size and body size, diet and
arboreality and persist when estimates of relative brain size
are replaced by other estimates of brain development, includ-
ing the size of the neocortex (Table S4). These trends are con-
sistent with current knowledge of the distribution of cognitive
abilities in animals. Many of the mammals that are thought
to possess the most advanced cognitive abilities have relatively

(a)

(c) (d)

(b)

Figure 2 Average levels of kinship among female group members and occurrence of traits associated with relational complexity across social mammals.

Traits associated with high relational complexity – (a) frequent aggressive interactions among group members (rate of aggression between female group

members), (b) well-defined linear dominance hierarchies, (c) coalition formation in fights among group members, and (d) symmetry in cooperative

interactions (reciprocity in grooming interactions among female group members) – are all more likely to be present in species with low average levels of

kinship between group members than in those where average kinship between group members is high.
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large brains (like the simian primates, spotted hyenas [Crocuta
crocuta, Erxleben 1777] and the smaller cetaceans) and live in
groups where average kinship between group members is low
and social relationships between individuals are complex and
unstable (Marino et al. 2007; Clutton-Brock 2016). In con-
trast, there is little evidence that traits associated with organi-
sational complexity are associated either with enhanced levels
of cognitive development or with relatively large brain size
(Thornton & McAuliffe 2015) and previous studies of eusocial
insects (Farris 2016) and cooperatively breeding birds (Iwa-
niuk & Arnold 2004) have shown that they frequently have
brain sizes smaller than related non-cooperative taxa.

DISCUSSION

Our analysis emphasises the limitations of any unitary concept
of social complexity: traits associated with a clear division of
reproduction and labour between group members are seldom
highly developed in species where traits associated with rela-
tional complexity are highly developed and vice versa. More-
over, there are other forms of social complexity, including
variation in the stability of groups and in the relative fre-
quency with which members of different groups associate with
each other (as in fission-fusion and multi-level societies)
(Kummer 1968; Moss & Lee 2011).
Our results support Hamilton’s (1971) suggestion that varia-

tion in kinship is likely to have far-reaching consequences for
social behaviour and social relationships among vertebrates as
well as among invertebrates (Bourke 1999; Silk 2002). One
reason why the association between complex, differentiated
social relationships and low average levels of kinship between
group members has not been widely recognised may be the
assumption that average levels of kinship are high in social
animals where females commonly breed in the group where
they are born, so that most female group members are related
to each other. However, even where most females remain in
their natal groups throughout their lives and independent of
group size, average kinship between resident females is usually
low if groups include multiple breeding females, including
individuals from successive generations, mating systems are
polygynous or polygynandrous, and the breeding tenure of
males is short (Lukas et al. 2005). As a result, conflicts of
interest between group members are likely to be common and
may promote the evolution of traits used in competitive
encounters, including competitive coalitions and alliances and
complex forms of manipulation (Byrne & Whiten 1988).
Comparisons between species also suggest that cognitive

capacities and brain size may be more highly developed in
animals where average kinship between group members is low
and social relationships are complex and competitive than in
those where average kinship is high and reproductive suppres-
sion and cooperation are highly developed, as the ‘social
brain’ hypothesis suggests (Dunbar & Shultz 2007). However,
previous studies have shown that the relationship between
gross differences in brain size and cognitive abilities is incon-
sistent and the effects of variation in social behaviour on
brain development are disputed (Clutton-Brock & Harvey
1980; Isler & van Schaik 2014; DeCasien et al. 2017; Dunbar
& Shultz 2017).

The association between average kinship between group
members and the two contrasting forms of social complexity
may also have implications for our understanding of the evolu-
tion of human societies [Homo sapiens, Linnaeus 1758]. Most
of the Old World monkeys and all three African apes live in
social groups where average coefficients of relatedness between
group members are low and reproductive suppression of adult
females, alloparental provisioning and a reproductive division
of labour between group members are rare (Lukas & Clutton-
Brock 2012; Clutton-Brock 2016). Since hominins presumably
developed from ancestors that lived in groups where average
kinship between group members was also low (Chapais 2009;
Hill et al. 2011), this suggests that the presence of extensive
alloparental care and a pronounced division of labour between
group members in human and non-human societies is likely to
have evolved by different evolutionary pathways.
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