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Lay Summary: Cooperative behavior in mammals is most often seen in species that live in groups of
closely related individuals. It is therefore important to establish how and why the kinship structure of
mammal groups varies between species. Using mathematical modelling, we show that these
differences are a consequence of differences in litter size, dispersal, reproductive skew and the

number of breeding adults of each sex.

Abstract: Comparative studies of mammals confirm Hamilton’s prediction that differences in
cooperative and competitive behavior across species will be related to contrasts in kinship between
group members. While theoretical models have explored the factors affecting kinship within social
groups, few have analyzed the causes of contrasts in kinship among related species. Here, we describe
interspecific differences in average kinship between group members among social mammals and
show that a simple mathematical model which includes the number of breeding females, male
reproductive skew and litter size successfully predicts ~95% of observed variation in average kinship
between group members across a sample of mammals. Our model shows that a wide range of
conditions can generate groups with low average relatedness but only a small and rather specific set of
conditions are likely to generate high average levels of relatedness between their members, providing

insight into the relative rarity of advanced forms of cooperation in mammalian societies.

Key words: Kinship, cooperation, mammal societies, social organization, relatedness
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1. Introduction

The theory of kin selection (Hamilton 1964) suggests that individuals can derive fitness benefits from
aiding close genetic kin. Hamilton (1971) also suggested that asymmetrical forms of cooperation, like
alloparental care of dependent young, should be most common in species where average relatedness
between group members is high while competitive behavior should be most frequent where
relatedness is low. Recent comparative studies of social mammals have confirmed that asymmetrical
or ‘altruistic’ forms of cooperation are most developed in species where average coefficients of
relatedness are high while competitive interactions, the formation of competitive coalitions between
group members and complex forms of manipulative behavior are most frequent in species where

average relatedness is low (Griffin and West 2003; Silk 2009; Lukas and Clutton-Brock 2018).

The relationship between variation in average kinship between group members and the frequency of
competitive and cooperative interactions across mammal species emphasizes the need to understand
the factors responsible for interspecific differences in relatedness between group members in social
species. Gene-based estimates of average coefficients of relatedness between members of natural
groups are still scarce but are now available for a small sample of social mammals and comparisons
show how widely they vary — from close to 0 in chimpanzees to over 0.45 in some social mole-rats

(Burland et al. 2002; Lukas et al. 2005; Langergraber et al. 2007) (Fig 1, Table 1).

[Figure 1 here]

Theoretical studies have identified the effects of several parameters on kinship within animal groups,
including group size (Altmann 1979; Lukas et al. 2005; Lehmann and Rousset 2010), male
reproductive skew (Lukas et al. 2005; Johnstone 2008; Schiilke and Ostner 2008), and dispersal

(Rousset 2004; Johnstone and Cant 2008; Lehmann and Rousset 2010). However, as yet there have
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been few systematic investigations of the causes of interspecific differences in kinship in different
animal groups and none for mammals. Here, we develop and test a simple model that predicts
relatedness within mammal groups in order to explore and compare the influence of different factors

on average kinship between group members.

We anticipated that four life history factors are likely to play a particularly important role. First,
increases in the number of breeding females and reductions in reproductive skew or breeding tenure
among females are likely to dilute maternal kinship and reduce kinship between group members
(Lukas et al. 2005; Johnstone 2008). Second, increases in the number of breeding males per group and
reductions in male breeding tenure and reproductive skew will reduce paternal kinship (Altmann
1979; Lukas et al. 2005; Schiilke and Ostner 2008). Third, increases in litter size and reductions in the
period for which offspring remain in their natal groups are likely to increase the proportion of natal
recruits that are full siblings and so increase average kinship between group members (Altmann
1979). Finally, increases in the frequency of immigration by unrelated individuals of either sex into
established breeding groups and levels of kinship between immigrants are likely to influence the

kinship structure of groups (Johnstone and Cant 2008; Silk 2009; Lehmann and Rousset 2010).

2. Methods

Modelling group relatedness

Our model generates an estimate of average intragroup relatedness that is a function of the number of
adult males (Nm), the number of adult females (Ny), litter size (x), male reproductive skew (a), the
probability of a subordinate female reproducing (5), male dominance tenure (zm), female dominance
tenure (), the number of juvenile cohorts (n), and the number of juveniles per adult (6) (see Methods,
Table 1). It also makes it possible to explore the effect of male and female dispersal on intragroup

relatedness.
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Our model first considers relatedness among juveniles among which the primary source of relatedness
is through shared parentage; using simple pedigree relatedness, individuals who share one parent are
half siblings (r = 0.25) and individuals sharing both parents are full siblings (r = 0.5). In a simple
scenario, the mean relatedness of juveniles through shared parentage is therefore 0.25(P + M) where P

is the probability of sharing a father and M is the probability of sharing a mother.

What is the probability of two juveniles born in the same reproductive cohort sharing a father? Let us
assume that a group contains Ny adult males and allow for the possibility that one male is
reproductively dominant, taking a proportion of the reproductive success of others, determined by a
such that the total proportion of offspring produced by the dominant (d) is calculated as d = 1/Np, +
a(Nm - 1)/Nm. Therefore, if a = 0, all males including the dominant have an equal probability of
fathering an offspring (1/Nm) while if « = 1, the dominant male produces all offspring in that cohort.
Given d, the probability of two individuals born in the same cohort sharing a father (po) is d? + (1 -

d)%/(Nm- 1).

What is the probability of two juveniles born in different cohorts sharing a father? This depends on the
likelihood of the dominant male retaining dominance between the production of juvenile cohorts (e.g.
from one breeding season to the next among seasonal breeders). Let us say that the dominant male
retains his reproductive dominance from one cohort to the next with probability =m. Where this occurs,
the probability of juveniles in different cohorts sharing a father will remain po. However, when there
is a dominance challenge (with probably 1- zm) let us assume that all males have an equal chance of
becoming dominant. In such a scenario, the expected probability of a random male fathering an
offspring following a dominance challenge is 1/Nm. Thus, the probability of individuals born i cohorts
apart sharing a father (pi) is zmpo + (1-z')/ Nm. Generalizing across a population of juveniles born

across n cohorts, the total probability of juveniles sharing a father (P) is therefore:

npo+ Yoy 2(n—i)p;
p==2 1’11,2 (D)
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What is the probability of two juveniles sharing a mother? Let us say that there are Nr adult females in
a group and that when females reproduce, they produce « offspring. For example, if x = 1, the species
is monotocous, producing single offspring and if x = 6, the species is polytocous, producing litters of
six offspring. Let us assume that one female (the dominant) always reproduces and that the other
females (the subordinates) reproduce with probability g. The probability of two individuals born in the

same cohort having the same mother (mo) is:

mo = %0, (") B - prd ©)
As with fathers, the probability of two juveniles born in different cohorts sharing a mother depends on
the probability of a change in female dominance. Let us say that there is probability z; that the
dominant female maintains her reproductive dominance from the production of one reproductive
cohort to the next. Where this occurs, the probability of juveniles in different cohorts sharing a mother
(maq) is:

mg = T, (N BV - g2 )

In contrast, when a female dominance challenge does occur (with probability 1 - ) all females have
an equal chance of becoming dominant such that the expected probability of a female being the
mother of a given offspring after a dominance challenge is 1/N¢. Generalizing across n cohorts, the

probability of two juveniles sharing a mother (M) is:

. 1-74L
nmo+ Xt Z(n—i)(‘rf‘md+ ¢ fof )>

n2

M =

(4)

Given P and M, expected relatedness among juveniles when considering only shared parentage is

0.25(M + P). However, sharing a parent is not the only way in which juveniles may be related; they
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may be related by sharing grandparents, great-grandparents etc. We can incorporate this additional
source of relatedness by assuming that same-sex adults are related to each other by r; when they have
either remained in their natal group or have dispersed with group-mates. When this is true for adult
females, for example, we can assume that even if two juveniles do not share mothers, their mothers
will be related to one another by r;. The expected relatedness between juveniles once relatedness

through the grandparental generation has been added (r;) is:
Ti Ti Ti
r=2+pP(025-2)+m(0.25-) (5)

This can be simplified to form a general equation for estimating the relatedness between juveniles

given a pedigree that is g generations deep (r°):

P+M 2-p-m\i~1
ro= s, (55 (®)

Alternative formulations for when adult males are related but adult females are unrelated are given in
Table S4. For all calculations in this paper, we use g = 5 to estimate relatedness among juveniles (r,).
From this, we can build an estimate of relatedness among adults (r») and relatedness between adults
and juveniles (rs). For adults, if we assume that same-sex adults are related by r; and that different-sex

adults are unrelated, the mean relatedness among adults is:

7y (N ~Nm)+(Nf2=N))
Ta = : 2 L (7)
(Nen+Nf)"=(Nmp+N )
where the numerator is the number of same-sex adult dyads and the denominator is the total number
of adult dyads. Again, Equation 7 can be formulated for scenarios where only one sex or neither are

related (Table S4).
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What about relatedness between adults and juveniles (rs)? Since the assumption of our model is that
juveniles will have both parents in the adult population, the sum of the total relatedness will always
include 1. They will be related to the other males by r,/2 and to the other females by r;/2. So the total

mean relatedness between juveniles and adults will be:

1+0.57;(Nf—1)+ 0.57;(Nmp—1)
Ng+Nm

(8)

TB=

As above, this assumes relatedness between both adult males and between adult females, an
assumption that can be relaxed (Table S4), and which is varied in our simulations. Given all of the
above, and where Na is the number of adults (N + Nm) and N; is the number of juveniles (N; = 6Na),

the mean relatedness between group members re will be:

_ rANA(NA_l)"' ZTBNAN] + T]N](N]—l)
e = (Nj+N4)(Nj+N4—1)

(9)

For simplicity, our model makes some assumptions. First, we assume pedigree relatedness in a diploid
population in which genetically unrelated individuals are r = 0. This differs from the relative measures
of relatedness used in some empirical analyses of relatedness in animal populations in which
individuals related by less than the population average have a negative coefficient of relatedness
(Queller and Goodnight 1989). As such, where we compare model predictions to empirical data
calculated using this method, our model may overestimate relatedness. The model also assumes that
all juveniles have both parents within the adult cohort, conditions unlikely to be met in species facing
high mortality. We also assume a lack of inbreeding, neutral demography, and non-overlapping

generations.

Simulations and model validation
A standard approach to exploring the effect of multiple parameters on an outcome is to use a set of
default parameters and to vary each in turn in order to understand its effect on the outcome. However,

this approach is sensitive to the default parameter values and may be an ineffective way to fully
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explore parameter space. Following Gallagher et al. (2015), we use a Fitting to Idealized Outcomes
(FI10) approach in which we randomly set our parameter values within defined limits (Table 1) and
use the model to estimate group relatedness. We repeat this a large number of times (1.2*107,
following Gallagher et al. (2015)) and explore the parameter values that produce a mean group
relatedness greater than two thresholds: r > 0.125 and r > 0.25 which correspond to the mean
relatedness between cousins and half-siblings respectively. Both simulations and data analysis were
conducted in R.3.3.3 with some additional analyses run in Mathematica. An R script of the model is

provided in the Supplementary Material.

In order to test the ability of our model to predict empirical observations of mean intragroup
relatedness, we conducted a search of the literature and compiled data from mammal species in which
we were able to find published estimates of both mean intragroup relatedness and the social and
demographic parameters required by our model. Estimates of relatedness among all group members
(rather than only among females and/or adults) are relatively rare and this resulted in a sample of
eleven species. Parameter values and references to the supporting literature for each species are given
in Tables S1-3. The eleven species range in mean intragroup relatedness from r = 0.01 in chimpanzees
(Langergraber et al. 2007) to r = 0.46 in Damaraland mole-rats (Burland et al. 2002). Where possible,
parameters refer specifically to the study population for which the estimate of relatedness was
produced, rather than the species in general. For example, the intragroup relatedness estimate for
chimpanzees is taken from the Ngogo population which have an unusually large group size of ~150
individuals (Langergraber et al. 2007); the group size parameters for chimpanzees reflect this group
and not the species-wide average group size. The power of our model in predicting the observed data

was determined by estimating the variation explained by cross-validation (VE.) (Li 2017).

Table 1. Model parameters, value ranges used in the FIO modelling, and the Spearman’s rank

correlation coefficients (p) between the parameter and mean relatedness across all simulations.
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Parameter Symbol  Range/values Spearman’s

rank
correlation
coefficients (p)
Number of breeding males Nm {Nm € Z|2<Nn<10} -0.31
Number of breeding females Ns {Ni € Z]2<N:< 10} -0.38
Number of juvenile cohorts n {hnEZ|1<n<6} -0.11
Male reproductive skew a {a €R|0<a<l} 0.34
Probability of a subordinate female p {fER|0<B<1} -0.23
reproducing
Mean litter size K {kEZ|1<x<6} 0.08
Likelihood of dominant male retaining Tt {ER|0<<1} 0.08
dominance
Likelihood of dominant female retaining  om {tm ER|0<< 1} 0.06
dominance
Number of juveniles per adult 0 {0 ER|0.5<6<2.5) 0.20
Adult females related? - {Yes, No} -
Adult males related? - {Yes, No} -
3. Results

To test the predictive power of our model, we used life history data for eleven group-living mammal
species to estimate intragroup relatedness according to our model and compared this to genetic
estimates of relatedness for those species (Figure 2, Tables S1-3). The greatest absolute difference
between expected and observed related was for lions (observed = 0.11, predicted = 0.18). Overall,
there was a strong correspondence between the predicted and observed estimates of group relatedness,
with the model accounting for ~95% of variation (Fig 2, Variance explained by cross-validation VE.,

= 0.949; Pearson’s correlation coefficient = 0.974, 95% CI = [0.90,0.99], R? = 0.949).

[Figure 2 here]
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Across our simulations, relatedness ranged from r = 0.01 to 0.40. However, less than 1% of
combinations of variables in our model resulted in average values of relatedness of r > 0.25 (the
average coefficient of relatedness between half siblings), suggesting that high group relatedness
results from a very narrow set of social and demographic traits. We also used our model to explore the
relative contributions of different life history parameters to variation in kinship. In line with our
expectations, average group relatedness was higher in smaller groups, with negative relationships
between relatedness and the number of adult males (Nm) and adult females (Nr) (Fig 3a-b). After group
size, variation in reproductive skew had the greatest influence on average relatedness between group
members with greater skew in both males and females (characterized by high o and low S,
respectively) associated with higher mean group relatedness (Fig 3d-e, Fig 4c). Although the absolute
effects of male and female dominance tenure were modest (Fig 3g-h), high group relatedness was
more likely when there was both high male skew and tenure (« and =) or high female skew and
tenure ( and zr; in females low S represented high skew). In mammals, this effect is reflected in the
fact that in some species living in highly related groups, such as meerkats (Griffin et al. 2003),
dominant males and females may maintain their dominance for many years, while in many
polygynous species of more intermediate relatedness, there is frequent turnover in male dominance

(Clutton-Brock 2016).

[Figure 3 here]

Since litters produce sets of maternal siblings related by at least r = 0.25, we also expected that litter
size would have a positive effect on group relatedness. Our results suggest that increases in litter size
are indeed associated with higher average kinship but that there is a threshold effect: the initial move
from monotocy (x = 1) to the production of twins (x = 2) resulted in a ~5-fold increase in the
probability of a simulation producing relatedness of r > 0.25 (Fig 3f, Fig 4a) while increases in litter
size beyond 2 had only a modest effect on the probability of a simulation producing high mean

relatedness (Fig 3f). We also found that high intragroup relatedness was more likely to evolve when
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the ratio of juveniles to adults was high (Fig 3i) and when the juvenile population was composed of

relatively few cohorts (Fig 3c), as is common in species with a short juvenile period.

In many group-living mammals, members of one sex (usually males) leave their natal group after
reaching sexual maturity to search for breeding opportunities elsewhere while members of the other
sex (usually females) remain and breed in their natal group (Greenwood 1980; Silk 2009; Clutton-
Brock 2016). Contrasts in dispersal have an important effect on relatedness among adults of the same
sex who may be closely related either because they remain in their natal group to breed or because
they disperse as part of a coalition of individuals from the same group (Clutton-Brock 2016). For
males, coalitional dispersal occurs among species such as lions and banded mongooses where groups
may include multiple breeding males (Packer and Pusey 1982; Packer et al. 1988; Cant et al. 2016). In
contrast, in many cercopithecine primates males emigrate and immigrate independently and few co-
resident males are close relatives (Alberts and Altmann 1995; Clutton-Brock 2016). Our results show
that, compared to a scenario of no relatedness among adults of either sex, average intragroup
relatedness in a group is around 50% higher when adults of one sex are related and around 120%

higher when both adult males and adult females are related to same-sex adults (Fig 4b).

[Figure 4 here]

4. Discussion

We produced a mathematical model that allowed us to explore the relative importance of various
social and demographic factors in determining intragroup relatedness in mammals. Our results show
that the principle factors affecting intragroup relatedness are differences in group size, male and
female reproductive skew, litter size, and dispersal patterns. Some of these factors are intuitive and
have previously been predicted by theoretical work or demonstrated in empirical studies (e.g.
Altmann 1979; Rousset 2004; Lukas et al. 2005; Schiilke and Ostner 2008). For example, our model
predicts that intragroup relatedness will be lower in larger groups except in cases where there is high

reproductive skew among both males and females. Among our test species, this is the case for both
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meerkats and Damaraland mole-rats: although both species frequently live in groups of more than
twenty individuals, high reproductive skew in both sexes means that the majority of individuals born
in the group are siblings and mean intragroup relatedness is accordingly high at r = 0.35 for meerkats

(Griffin et al. 2003; Duncan et al. 2019) and r = 0.46 for Damaraland mole-rats (Burland et al. 2002).

Our model also generates novel insights, highlighting litter size as a hitherto neglected but important
determinant of intragroup relatedness. Specifically, producing single young (monotocy) precludes the
possibility of maternal siblings being born in the same cohort and places a constraint on group
relatedness: in our simulations intragroup relatedness was ~5 times less likely to exceed r = 0.25 with
monotocy compared to production of litters of two or more offspring. In mammals, contrasts in litter
size may have played a particularly important role in social evolution since the formation of breeding
groups that include multiple breeding females has evolved more frequently in monotocous species
than in species that produce litters (Lukas and Clutton-Brock 2018). Where the aggregation of
breeding females into cohesive social groups is also associated with polygamous mating systems,
competition between males reduces the breeding tenure of successful individuals (Clutton-Brock and
Isvaran 2007; Lukas and Clutton-Brock 2014) and will further reduce kinship between group

members.

Differences in intragroup relatedness generated by social, demographic, and life-history traits may
have far reaching consequences for patterns of competitive and cooperative behavior (Queller 2000;
West et al. 2002; Fisher et al. 2013). Where average kinship between group members is high, conflicts
of interest between group members are likely to be reduced, competitive interactions over resources or
breeding opportunities may be infrequent, altruistic forms of cooperative behavior are more likely to
evolve, and assistance may be less frequently directed selectively at an individual’s closest kin
(Hamilton 1971; Griffin and West 2003). As expected, the evolution of cooperative breeding systems
where young are reared by non-breeding group members appears to have been restricted in mammals

to polytocous species where reproductive skew is high in both sexes and most group members are
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closely related (Lukas and Clutton-Brock 2012). Selective assistance of close kin is seldom highly
developed in mammals that breed cooperatively (Griffin and West 2003; Cornwallis et al. 2009;
Duncan et al. 2019) and aggressive interactions between group members are relatively infrequent
except where individuals are competing for the breeding position in their group (Lukas and Clutton-
Brock 2018). In contrast, in species where average kinship between group members is low, aggressive
interactions, threats, manipulative strategies and the formation of competitive coalitions between
group members are more frequent while altruistic forms of cooperation are relatively rare and are

usually directed at close kin (Silk 2009; Lukas and Clutton-Brock 2018).

Contrasts in Kinship generated by variation in life history patterns may also be responsible for broad
differences in social behavior between major mammalian taxa. For example, they may offer some
insight into the unusual characteristics of higher primates. Monotocy is normal in these species and
levels of kinship between group members are typically low (Harvey and Clutton-Brock 1985; Lukas
et al. 2005). As would be expected, competitive interactions between group members are relatively
frequent and selfish and manipulative strategies are widespread while the more costly forms of
altruistic cooperation, such as provisioning young born to others, are relatively rare and directed at
close relatives (Silk 2009; Lukas and Clutton-Brock 2018). In contrast, the retention of polytocy in
social carnivores and rodents may have contributed to the evolution of groups where dominants
suppress reproduction in subordinates and asymmetrical forms of cooperation are frequent (Clutton-
Brock 2016). For humans, parsimony suggests that we have had a deep evolutionary history of living
in multi-male multi-female groups with low female reproductive skew and monotocy (Chapais 2013),
all of which would have led to groups of low average relatedness similar to those seen among
contemporary foraging societies (Hill et al. 2011; Dyble et al. 2015). Although this would suggest a
context in which reproductive competition and manipulative tactics would be common and
cooperative behavior would rely on mutualistic or reciprocal benefits, the formation of closely related
family groups within these wider groups of low relatedness may have facilitated cooperation in food

sharing and raising offspring (Kaplan et al. 2000; Dyble et al. 2016). At the same time, the evolution
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of increased social intelligence, language, and cultural norms and institutions that facilitate
cooperation may have stabilized cooperation between non-kin (Richerson and Boyd 2005; Herrmann

et al. 2007; Pinker 2010).

We produced a simple mathematical model which, in combination with a powerful method for
exploring parameter space (Gallagher et al. 2015), demonstrates that only a small and rather specific
set of social, demographic, and life-history traits are likely to generate the high levels of intragroup
relatedness thought to be required for the evolution of advanced forms of cooperation in mammals
(Hamilton 1971; Lukas and Clutton-Brock 2018). However, it is important to note that our model
makes no comment on why these traits evolve. Although headway has been made on understanding
the evolution of some of these traits (e.g. reproductive skew: Cant 1998; Beekman et al. 2006; Hager
and Jones 2009), further research is required to establish why the traits considered here vary in

mammals and how they co-evolve.
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Figure 1. Contrasts in intragroup relatedness among social mammals. (a-c) Among group-living

mammals intragroup genetic relatedness varies from low levels in species such as (a) chimpanzees
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(Pan troglodytes) where multiple individuals of both sexes breed and reproductive skew is relatively
low, through groups of intermediate relatedness like (b-c) African wild dogs (Lycaon pictus) and
banded mongooses (Mungos mungo), to very highly related and cooperatively breeding species such
as (d) Damaraland mole-rats (Fukomys damarensis). (a), (b) and (d) made available under Creative

Commons attribution licenses.

Figure 2: Comparison of empirically observed estimates of intragroup relatedness for eleven
mammal species against values predicted by our model. The dotted line represents a 1:1
correspondence between expected and observed values. Parameter values and references to the

supporting literature for each species are given in Tables S1-3.

Figure 3. Factors affecting group relatedness. Plots of the relative frequency of parameter values
for simulations in which relatedness was r >0.125 (blue) and r > 0.25 (red). Horizontal dashed lines
show the distribution expected if the parameter had no effect on group relatedness. Correlations

between parameter values and predicted group relatedness are given in Table 1.

Figure 4. Litter size, adult relatedness, and reproductive skew. (a) simulations were much more
likely to yield a relatedness estimate of r > 0.25 when females produce litters (polytocy; x > 2) rather
than single young (monotocy; « = 1), (b) predicted mean intragroup relatedness with and without
kinship between same-sex adults, (c) contour plot showing the combined effect of male and female
reproduce skew on within group relatedness (r), with all other parameters set at intermediate values (n
=2, m=05%=05k=2,6=1, Nn=8, Ny =8). Values inside the plot denote the coefficients of

relatedness at each contour line, with darker shades representing higher coefficients of relatedness.
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