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Abstract

The ultimate payoff of behaviours depends not only on their direct impact on an individual but
also on the impact on their relatives. Local relatedness — the average relatedness of an individual
to their social environment — therefore has profound impacts on social and life history evolution.
Recent work has begun to show that local relatedness has the potential to change systematically
over an individual’s lifetime, a process called kinship dynamics. However, it is unclear how
general these kinship dynamics are, whether they are predictable in real systems and their impacts
on behaviour and life history evolution. In this study, we combine modelling with data from

real systems to explore the extent and impact of kinship dynamics. We use data from seven group-
living mammals with diverse social and mating systems to demonstrate not only that kinship
dynamics occur in animal systems, but also that the direction and magnitude of kinship dynamics
can be accurately predicted using a simple model. We use a theoretical model to demonstrate

that kinship dynamics can profoundly impact lifetime patterns of behaviour and can drive sex
differences in helping and harming behaviour across the lifespan in social species. Taken together
this work demonstrates that kinship dynamics are likely to be a fundamental dimension of social
evolution, especially when considering age-linked changes and sex differences in behaviour and
life history.

Introduction

The behavioural decisions and life history strategies of group-living animals are influenced
both by their direct impact on an individual’s own survival and reproduction and their
impact on the fitness of group-mates and relatives~4. The inclusive fitness consequences

of interacting with related group-mates represent a balance between the benefits of helping
relatives and the costs of competition with those same relatives®~. The average relatedness
of an individual to their social group — their local relatedness — therefore sets the foundations
for selection on helping and harming behaviour. Reflecting this, local relatedness is a key
predictor of social behaviours and social organisation in group-living species®-13.

Until recently, local relatedness has tended to be treated as a static property of a group or
species. However, there has been an increasing appreciation that in some social species, each
individual’s local relatedness can change systematically with age — a process we refer to as
kinship dynamics!4-1°. Kinship dynamics concepts and models were initially developed to
explain the taxonomically rare phenomenon of extended female post-reproductive lifespans
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(menopause)1420, The models demonstrated that, under some patterns of sex-specific
dispersal and rates of local mating, female local relatedness can increase with age and

that this will lead to selection for older females to decrease the harm they cause to the
reproductive success of other, increasingly related, group members by ceasing their own
reproduction?420. Subsequent empirical work in killer whales (Orcinus orca) and humans
has demonstrated that the cessation of reproduction by older females is indeed linked to the
increasing local relatedness of females to their group as they age?1-23, Kinship dynamics
can change selective landscapes and shape behaviour and life history evolution, and treating
local relatedness as static may miss fundamental drivers of evolution in social species®®.
Currently, however, the presence and causes of kinship dynamics have not been investigated
outside of species exhibiting menopause.

There is no reason why the influence of kinship dynamics should be limited to the evolution
of post-reproductive lifespans, indeed it would be a surprise if they were. Local relatedness
influences many aspects of behaviour. For example, in spotted hyenas (Crocuta crocuta)
local relatedness predicts the amount of social support an individual will receive which

in turn predicts their probability of winning an agonistic interaction and, ultimately, their
social rank24. Differences in local relatedness can also translate into direct fitness outcomes.
For example, in red howler monkeys (A/ouatta seniculus) females in groups with high

local relatedness have greater reproductive success than females in groups with low local
relatedness, potentially as a result of increased cooperation and decreased competition
amongst females25. Where behaviours are contingent on local relatedness, a change in local
relatedness with age may lead to corresponding changes in behaviour. Further, while kinship
dynamics research thus far has focused on females, similar processes should lead to changes
in male local relatedness with age. Moreover, because kinship dynamics are driven by
patterns of mating and dispersal - and males and females of the same species often differ in
their dispersal and mating strategies - they are likely to differ between males and females

in the same system. Sex differences in kinship dynamics could lead to sex differences in
behaviour, particularly in relation to the trajectories of behavioural change with age. Despite
the potential importance of kinship dynamics, its general role in social evolution, and the
conditions under which age-linked relatedness trajectories differ between the sexes, remains
largely overlooked.

In this study, we combine theoretical modelling with long term individual-based data from
several species of group-living mammals to investigate the predictability and consequences
of sex differences in kinship dynamics in animals. Specifically, we: (1) develop a theoretical
model to predict male and female kinship dynamics under different rates of dispersal and
local mating; (2) compare these predicted kinship dynamics with empirical data from

seven mammal systems with contrasting social and mating systems; (3) use a model to
demonstrate that these patterns of kinship dynamics can select for age-linked behavioural
change and that these changes can differ by sex.
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Results and Discussion

Sex differences in kinship dynamics

To explore and predict patterns of kinship dynamics in both sexes, we extended a

previous model that focused explicitly on female kinship dynamics!4, to also include the
kinship dynamics of males (supplementary 1). Our analytical model predicts the kinship
dynamics of a population parameterised by: the rates of male and female dispersal (d,,d,;
proportion of each sex who permanently leave their natal group at sexual maturity), rate

of local mating ( m; proportion of offspring fathered by in-group males), group size ( »,
number of adults) and probability of mortality (). For simplicity here we focus on the
three dispersal and local mating scenarios most commonly exhibited in mammals (for

all: n =10, =0.1; see Supplementary Figure 2 for other combinations): (i) male-biased
dispersal with predominantly local mating (d, = 0.15,d, = 0.85, m = 0.82), (ii) female-biased
dispersal with predominantly local mating (d, = 0.85,d, = 0.15,m = 0.82) and (iii) bisexual
philopatry with out-group mating (d, = 0.15,d, = 0.15,m = 0). In each of these scenarios,
our model predicts that the sexes will differ in their patterns of kinship dynamics (figure

1). Under male-biased dispersal, male local relatedness increases with age whereas female
local relatedness decreases (figure 1). The opposite pattern occurs under female-biased
dispersal (figure 1). In both cases, these patterns occur because a dispersing individual
joins a group containing no relatives, but over time these non-kin are replaced with that
individual’s offspring and grandoffspring of the opposite (philopatric) sex. For example,
under male-biased dispersal with local mating males join a group containing no relatives
and, over time, their own philopatric daughters and granddaughters replace the unrelated
females in the group, while their sons disperse. The philopatric sex, on the other hand,
shows a decrease in local relatedness with age as close kin of both sexes die and are

only replaced by their philopatric-sex offspring. Under bisexual philopatry with out-group
mating female local relatedness increases because offspring of both sexes join their group,
replacing more distant relatives, but male local relatedness decreases because their offspring
are not recruited to their group and their close relatives at birth are replaced by more distant
relatives as they age.

Kinship dynamics in mammals

We tested whether our simple model could predict patterns of kinship dynamics in real
systems using detailed empirical data from long-term individual-based studies of seven
mammal systems with differing dispersal and mating rates (table 1): banded mongooses
(Mungos mungo), chimpanzees (Pan troglodytes), European badgers (Meles meles), killer
whales (resident-ecotype), rhesus macaques (Macaca mulatta), spotted hyenas and yellow
baboons (Papio cynocephalus). To generate predicted kinship dynamics specific for each
species, we first develop an agent-based formulation of our kinship dynamic model
(hereafter simulation model). This approach allowed us to more closely represent the
biology of our example species, particularly by including a non-breeding juvenile phase
and a realistic representation of time. We then compared these predicted patterns of kinship
dynamics with observed kinship dynamics derived from each study population.
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Kinship dynamics in both the simulated and observed data are modelled in a Bayesian
hierarchical framework, which accounts for error in estimates of local relatedness.

All results presented here (simulated and observed) represent relatedness among adults
(individuals older than the age of sexual maturity; see Supplementary Figure 3 for an
alternative approach including juveniles). We report modelled change in local relatedness as
the proportional change per year of adulthood: posterior mean g [95% credible interval].
In examples where the 95% credible interval of slope-coefficient (p) did not overlap

0, we also use the posterior mean to calculate 4r : the percentage expected change in
local relatedness between an individual of age-at-maturity and an individual reaching the
sex-specific expected adult lifespan. For example, if the average male in a population were
predicted to double their local relatedness from age-at-maturity to age of expected lifespan
then 4r would equal +100%.

In six of our seven study species (exception: European badgers) at least one sex showed
a change in observed local relatedness with age (95% credible intervals of g slope
parameter do not overlap O; figure 2H; Supplementary Table 1; see Supplementary Table
2 for a detailed breakdown of the g slope parameter). In five of the seven species
(exceptions: European badgers, yellow baboons) the observed sexes show different local
relatedness trajectories (95% credible intervals of g slope parameter do not overlap;
figure 2H; Supplementary Table 1). In addition, our simulation model correctly predicted
the direction of change (positive, negative, no change) in local relatedness with age in

10 of the 14 species-sexes (exceptions: female yellow baboons, male rhesus macaques,
both sexes of European badgers), and magnitude of change (95% credible intervals of g
slope parameter overlap; complete posterior overlap in Supplementary Table 2) in 9 of 14
species-sexes (figure 2; Supplementary Table 1; Supplementary Table 2; Supplementary
Table 3; Supplementary Figure 4). The good match between our simulated and observed
kinship dynamics demonstrate that kinship dynamics are driven, at least in part, by the
parameters captured by our model, the most important of which are sex-specific patterns of
dispersal and rate of local mating.

Chimpanzees show strongly female-biased dispersal and rare extra-group mating26-31 (table
1). This female-biased dispersal is reflected in their kinship dynamics: females increase their
local relatedness as they age (8 = 0.074[0.051 — 0.098], 4r = +33%) while male relatedness

does not change with age (8= —0.009] — 0.067 — 0.049]). These observed results match our

predictions in both sexes (figure 2B).

Rhesus macaques, spotted hyenas and yellow baboons all have strongly male-
biased dispersal, very rare female dispersal and high rates of local mating32-38,
In both spotted hyenas and yellow baboons, male local relatedness increased
with age (spotted hyenas: g =0.12[0.105 — 0.135], 4r = + 72 %; yellow baboons:

#=0.033 [0.009—0.058], Ar= +23% ) as predicted by our simulation models (figures
2F, 2G). In yellow baboons, this increase is more pronounced after age 14 when their own
adult offspring begin joining the reproductive pool of the group (8 = 2.18[1.398 — 2.96]).
While our modelling predicts that rhesus macaque males will show a modest increase
in local relatedness with age (figure 2E), this is not reflected in the observed data
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where male rhesus macaques showed an age-linked decrease in local relatedness

(B= —0.143[ —0.149 — —0.137], 4r = —40%). There is, however, a positive relationship
between the number of years a male has been in their group (their group-tenure) and their
local relatedness (s = 0.85[0.79 — 0.92]). This suggests that the common secondary dispersal
in rhesus macaques36:37 is nullifying age-linked kinship dynamics, but that local relatedness
is still dynamic in this species.

In female rhesus macaques, spotted hyenas and yellow baboons our simulations predict a
slight decrease in local relatedness with age (figures 2E, 2F 2G). In the observed data this
decrease is found in the rhesus macaques (8= —0.034][ — 0.039 — —0.030],ar= =37 %)
and the spotted hyenas (= —0.021] - 0.03 — —0.012],4r= —12%) but not in the yellow
baboons. In the yellow baboons, observed female local relatedness increases with age

(8 =0.011][0.005 — 0.016], 4r = + 10% ), potentially as a result of the occasional group-
fissioning which occurs in this population3®.

In both the banded mongooses and killer whales, neither males nor females disperse

from their natal group at sexual maturity*®41. In both of these species female

local relatedness increases with age as more distant relatives are replaced by the

female’s own offspring (banded mongoose: g = 0.025[0.008 — 0.043], 4r = +7.5%; Killer

whales: g =0.011[0.000 —0.023], 4ar = +42%). We predicted that local relatedness

of banded mongoose males would show no change with age because mating

is usually local, whereas male killer whale local relatedness would decrease

because mating is non-local#243, Our predictions were matched in male killer

whales but not in banded mongooses where male local relatedness also decreased

with age (killer whales: g = —0.017[ — 0.037 — 0.000], A&r = — 14 %; banded mongooses
f= —0.033[—0.045 — —0.021],Ar = — 13%).

European badgers do not show strongly sex-biased dispersal, with 45% of males and 23%
of females dispersing at adulthood (table 1; Supplementary Table 6). In addition, 52% of
offspring are fathered by out-group males (table 1; Supplementary Table 6). This pattern of
incomplete dispersal and local mating results in a very shallow increase in local relatedness
for both sexes in our simulations but no detectable change in local relatedness in the
observed data (figure 2C). The badgers represent an interesting contrast to the other systems
represented here because their groups are defined by shared territory. Each group-territory
contains at least one large breeding sett as well as multiple satellite setts. Although we

find no evidence of kinship dynamics at the group-territory level future work investigating
dynamics at a finer scale, within-sett or within-part-of-sett may find evidence of more
consistent changes in local relatedness. Supplementary Table

The consequences of kinship dynamics

Our models and empirical data demonstrate profound differences between the sexes in
their changes in local relatedness with age. Next, we explore the potential consequences
of these sex differences in kinship dynamics for behaviour and life history evolution. We
extend our analytical model (see Sex differences in kinship dynamics section) by using an
inclusive fitness approach to determine the strength of selection on helping and harming
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given age8, under different rates of male and female dispersal and local mating?4. In
this model, individuals can incur a cost (c) to their own fitness to change the fitness of
their group mates (5). The effect on group mates can be positive (5 > 0; hereafter help)
— increasing their group-mates fitness — or negative decreasing their group-mates fitness
(b < 0; hereafter harm). We consider fitness in terms of survival and fecundity. In terms
of survival, individuals incur a decrease in their own survival to increase or decrease
the survival of their group mates. Similarly, females incur a cost to their own fecundity
to increase or decrease the number of offspring produced by their group mates. In both
scenarios, while the cost is incurred by the individual, the help or harm is undirected,
applying to all their group mates (see Supplementary Figures 5 & 6 for sex-directed
behaviours).

Selection on helping and harming changes with age, differs with demographic pattern

and is different for males and females (figure 3). As in the Sex differences in kinship
dynamics section (above), while our model makes general predictions, we focus here on
three demographic scenarios as examples - male-biased dispersal with local mating, female-
biased dispersal with local mating and bisexual philopatry with non-local mating - which
span the diversity of social systems in mammals.

The magnitude and direction of selection are determined primarily by the inclusive fitness
outcomes of the behaviours, while changes with age are driven by kinship dynamics (figure
3). Under selection for survival (figure 3A), for example, harming decreases the survival
probability of group mates, decreasing within-group competition. Individuals will harm
when, overall, reduced within-group competition allows the recruitment of a more closely
related individual than their current group mates. Conversely, they will help when any
newly recruited individuals are likely to be less closely related than their current group
mates. For example, under female-biased dispersal, females are always predicted to harm
because they are decreasing the survival of, mostly, non-relatives who will potentially be
replaced in the group by their own sons (figure 3Aii). On the other hand, under male-biased
dispersal, females will always help because by doing so they increase the survival of their
mother, father and daughters while any replacement has only a 1/n; probability (ignoring
fitness differences) of being their offspring (figure 3Ai). However, as individuals age, the
magnitude of selection for helping or harming changes in line with changes in kinship
dynamics: less harm or more help is selected for with increasing relatedness, and more harm
or less help with decreasing relatedness. These changes can be dramatic, for example, under
bisexual philopatry females are under strong selection to harm the survival of group mates
when young, but by the time their grandchildren are born (generation 2) there is almost

no selection for harming (figure 3Aiii). In contrast, males in the same bisexual philopatry
system are strongly selected to help when young, but by the time their grandoffspring

are born (in other groups) there is much lower selection to help (figure 3Avi). Similar

sex differences in helping and harming trajectories are found under other demographic
scenarios.

In our model, as in most mammals, groups are characterised by female demographic
dominance: females compete for the number of offspring they produce, males compete
to father those offspring®®47. This has important implications for selection on fecundity
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behaviours (figure 3B). Under female demographic dominance, males can increase their
fitness both by increasing the fecundity of in-group females and by increasing the fecundity
of their male and female relatives (figures 3Biv, 3Bv & 3Bvi). When mating is local,

males can increase their direct fitness by increasing the fecundity of within-group females.
Therefore, in situations with local mating, males have a strong selection for helping their
group because that help is averaged over both sexes (figures 3Biv & 3Bv; see figure S5B
for selection on sex-specific helping and harming). Males can additionally increase their
indirect fitness if the females or males they are helping are close relatives, and it is these
indirect benefits that are affected by kinship dynamics. For example, older males under
male-biased dispersal (figure 3Biv) or younger males under female-biased dispersal and
bisexual philopatry (figures 3Bv & 3Bvi) tend to inhabit groups with their close relatives and
can therefore increase the inclusive fitness by increasing their relatives’ fecundity, whereas
males of other ages in these systems are less related to their group and therefore under
weaker selection to help. These indirect fitness benefits are particularly highlighted under
bisexual philopatry where mating is outside the group so males cannot gain direct benefits
by helping or harming other group members, so all changes are due to the indirect fitness
benefits of helping relatives (figure 3Bvi).

In contrast to males, under female-demographic dominance, females are in direct
reproductive competition with other females in their group. In general, females are selected
to help when their female group mates are close kin - for example, all females under male-
biased dispersal (figure 3Bi) and older females under female-biased dispersal and bisexual
philopatry (figures 3Bii & Biii)— and are selected to harm when they are unrelated (e.g.
young females under female-biased dispersal) or under particularly intense reproductive
competition (e.g. young females under bisexual philopatry). Kinship dynamics play an
important role in female fecundity because the change with local relatedness changes the
relative importance of kin cooperation and kin competition with age. This is particularly
highlighted for females under female-biased dispersal and bisexual philopatry where
selection switches from harm to help at around the age of generation one when females
begin sharing the group with their own adult offspring (figures 3Bii and 3Biii).

General Discussion

We have shown that kinship dynamics are widespread, can show meaningful differences
between the sexes and can be predicted from simple demographic parameters. Further, our
modelling predicts that kinship dynamics can drive sex differences in selection in age-related
patterns of helping and harming in social species, which will have profound implications for
the evolution of social behaviours and life history.

In both the modelled and real populations, we found strong sex differences in kinship
dynamics under male-biased dispersal with local mating, female-biased dispersal with local
mating and bisexual philopatry with out-group mating. The modelling results demonstrate
that the patterns of kinship dynamics are driven, at least in part, by dispersal and mating
patterns. Under male and female-biased dispersal, the dispersing sex shows an increase

in local relatedness with age (after maturity), as unrelated group members are replaced
with their own philopatric offspring. The philopatric sex, under these scenarios, shows less
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pronounced changes in relatedness with age because offspring are replacing close kin. If
neither sex disperses, female relatedness increases with age, while male local relatedness
can increase or decrease depending on mating patterns. Our models of kinship dynamics are
relatively simple and yet can accurately reproduce patterns of age-linked changes in local
relatedness observed in complex biological systems. This is particularly striking given the
number of important biological processes that can affect individual reproductive success
not represented in the model such as dominance, senescence and social support. Notably,
although secondary dispersal did affect the observed kinship dynamics of male rhesus
macaques, in other species exhibiting this behaviour -such as spotted hyenas and yellow
baboons34:38 - our model was still able to predict changes in local relatedness with age.
Dispersal as a driver of kinship dynamics is supported by recent cross-cultural ethnographic
comparisons of human societies which have shown that, in general, the local relatedness

of dispersing individuals increases with age, while that of philopatric individuals does not
changel’. More generally, our results support previous results highlighting an important role
of dispersal rates in determining within-group local relatedness#8-50,

Kinship dynamics provide a framework to understand age-linked changes in social
behaviours which have been found in a variety of species and contexts (Table 2). As

well as selection on helping and harming per se predictable changes in local relatedness
have the potential to contribute to other age-linked changes in behaviour such as social
selectivity, extra-group mating and intergroup conflict (Table 2). In addition to behavioural
effects, kinship dynamics can also have life history consequences. This is clearly illustrated
by research in humans and killer whales demonstrating that kinship dynamics and

their resultant relatedness asymmetries can lead to selection for prolonged female post-
reproductive lifespans'42151, By creating relatedness asymmetries and by influencing life
history trade-offs, kinship dynamics are likely to be an important influence on selection
for other life history traits such as reproductive schedules, age at maturity and rates of
senescence. The influence of kinship dynamics on life history traits is an exciting area for
future research.

We have also shown here that kinship dynamics can and do differ between the sexes.
Although they are not widely studied, sex differences in the age-linked trajectories of social
behaviours have been documented in some systems. For example, in Hadza hunter-gatherer
societies, females increase their time spent foraging for shared resources as they age,
whereas male foraging activity peaks in late adolescence and declines thereafter>2. However,
age-linked changes in behaviour have rarely been linked to changes in local relatedness.

The results from the Hadza study, for example, would fit the predictions of investment in
helping behaviours under kinship dynamics of increasing female relatedness and decreasing
male relatedness with age. This pattern would result from female-biased dispersal which

is the norm in chimpanzees?”-2%31 and bonobos (Pan paniscus)®3>*. However, there

remains considerable debate over ancestral human dispersal patterns®>-61, and female-biased
dispersal is not the case for all contemporary hunter-gatherer groups750.62:63 or the Hadza
in particular®48°, Kinship dynamics represent a framework under which to investigate and
evaluate these sex differences in trajectories of social behaviour.
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Kinship dynamics represent a step forward in the development of a theory of social life
history. Classical life history theory describes how selection acts on fecundity and mortality
over an individual’s lifespanf6-69, Because it deals with events across the lifespan, life
history theory is explicitly dynamic. However, classic life history theory is also asocial, with
models usually optimising population-level fitness traits without a social component®’. Kin
selection theory in contrast is explicitly social but static, with demographic change across
the lifespan rarely included in the framework?:70 butseel6.71-73 ‘Noreover, kin selection
based ‘social ageing’ theories remain largely distinct from life history theories of ageing’®.
Kinship dynamics represent an important bridge between these traditions. This bridging is
important because recent work has begun to explore the links between group-living and life
history evolution, particularly the role of sociality in the evolution of senescence’>~"7.

Here we have shown that in real animal systems relatedness — the » in Hamilton’s rule —

can change systematically with age, changing selection on patterns of helping and harming
across the lifespan. However, it is not just relatedness that is likely to change with age. Both
the benefits and costs — Hamilton’s » and ¢ — of a behaviour may also change systematically
with age. Theoretical work has shown that the state of the actor can dynamically influence
the payoff of (in terms of 5 and ¢) and subsequent selection for behaviours’8. As an
individual’s state can vary systematically with age, the payoffs from behaviour will also vary
with age®9-79. Further, both reproductive value and knowledge can change systematically
with age which will also feed into the costs and benefits of a behaviour. For example, older
and more experienced individuals may be important as repositories of ecological knowledge-
and therefore more able to benefit their relatives in times of ecological hardship®9.89.81, A
greater understanding of how payoffs change with age and integrating these findings with
the kinship dynamics results presented here would represent an important next step towards
understanding the social dimensions of life history evolution.

Although in this study we focus on age-linked kinship dynamics, other axes of kinship
dynamics could also have important implications for social evolution. We show that tenure
— the length of time an individual has been present in a group — can be an important

driver of kinship dynamics. We found that for male rhesus macaques group tenure, but not
age, predicted local relatedness change. Similarly, the amount of social support received
by immigrant male spotted hyenas during intragroup agonistic interactions is positively
correlated with their group tenure24. In many systems, tenure and age are likely to be
closely correlated but in some systems, notably those where animals may disperse multiple
times over their lifetime, they may not be. The action of selection on tenure-length, and

the interaction between tenure length and changes in local relatedness are exciting areas for
further research.

Our examples in this study demonstrate the impact of kinship dynamics in group-living
species with pluralistic or partly pluralistic breeding, where all mature individuals have the
potential to reproduce. However, in many species, including some mammals, breeding is
monopolised by one or a few individuals within the group82. While the mechanisms of
kinship dynamics presented here may not apply to non-pluralistic breeders, age-related
changes in relatedness have been found in several cooperatively breeding vertebrates.

In African wild dogs (Lycaon pictus), dwarf mongooses (Helogale parvula) and Lake
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Tanganyika cichlids (NMeolamprologus pulcher) the relatedness of helpers to the dominant
breeders is higher in younger than in older helpers83-85, These patterns are driven by
turn-over of the dominant individuals in the philopatric sex and dispersal by groups, rather
than by individuals, in the dispersing sex84. Interestingly, male banded mongooses also have
a strict reproductive dominance hierarchy*!, and rather than showing no change in local
relatedness with age as our pluralistic breeding model predicted, male banded mongoose
local relatedness decreased with age. Dominance may be playing a role in modulating male
banded mongoose kinship dynamics. Overall, these reproductive-dominance linked patterns
demonstrate that kinship dynamics, perhaps achieved by different mechanisms, are likely to
be widespread beyond the examples of group-living pluralistic breeding mammals presented
here.

In conclusion, predictable age-linked changes in local relatedness can and do occur in social
species, and have the potential to profoundly affect behaviour and life history evolution.
Kinship dynamics have the potential to be an important but underappreciated force in social
evolution.

Analytical kinship dynamics model

This model explores a sexually reproducing diploid population with an arbitrarily large
number of discrete groups. Each group contains a fixed number of males and females

(n.» ). At each discrete time step, individuals: reproduce, disperse, experience mortality and
compete for reproduction (in order). During reproduction, females produce an arbitrarily
large number of offspring with an even sex ratio creating an offspring pool for the group. A
proportion m of these offspring are fathered by the males in the group, the rest are fathered
by males randomly chosen from other groups. Male and female offspring adisperse from

the pool at rate d,, and d, respectively and immigrate into other groups in the population

at random. In turn, offspring dispersing from other groups will disperse into the offspring
pool of the focal group. After dispersal, each adult male and female have a probability

of mortality u,, and u,. Offspring in the offspring pool then compete equally to fill the
empty male and female slots and restore sex-specific group sizes to », and n, respectively.
The remaining offspring in the group then die. More details about the implementation and
derivation of this model can be found in the supplementary material (supplementary 1;
Supplementary Figure 1).

Throughout the manuscript we focus on three illustrative scenarios (but see

Supplementary Figure 2 for other dispersal scenarios): male-biased dispersal

with local mating (d, = 0.15, d,, = 0.85, m = 0.82), female-biased dispersal with local

mating (d, = 0.85,4d, = 0.15,m = 0.82) and bisexual philopatry with out-group mating

(d; =0.15,d, = 0.15,m = 0). Male-biased dispersal is the most common dispersal pattern in
mammals®-100, Female-biased dispersal is relatively rare in mammals but is common in the
great apes®’. Bisexual philopatry is also relatively rare in mammals and is illustrated here
with reference to the dispersal pattern found at the matriline level in the multi-level society
of resident killer whales*, Dispersal rates are chosen to match those illustrated in Johnstone
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and Cant’s (2010)1* study, representing high but not complete dispersal or philopatry. For
the case studies with local mating, we model m = 0.82 because this is the mean local mating
rate reported for 26 species of group-living mammall®. Group size (1, + n, = n) determines
the absolute local relatedness values but does not affect patterns of kinship dynamics while
n, ~ n,. For these case studies we set n, = n, = 5.

We use this model to predict selection on helping and harming given age under different
patterns of male and female dispersal. An actor can choose to pay a cost ¢ to change the
fitness by b of their group members. » is undirected and applies to all group members

at once, or (to put it another way) a randomly chosen group member. We explore the
cost-benefit ratio (c/b) of actions selected for under different patterns of male and female
dispersal. If » > 0 individuals are considered to be helping their group by sacrificing their
own fitness to increase the fitness of group members. If » < 0 actors are harming group
members, paying a cost to decrease the fitness of group mates. We then use an inclusive
fitness approach®.7 to determine the strength of selection for helping and harming at different
ages given rates of male and female dispersal. We explore two measures of fitness: survival
and fecundity. Both ¢ and » are considered in terms of the same measure of fitness.

Two other approaches have recently been used to model age-linked changes in local
relatedness. Caswell (2019)1° takes a demographic approach to model the number of various
classes of kin a focal individual is likely to have given their age and the demographic
parameters of the population. This approach considers the population as a whole, rather
than social groups, so is less suited to understanding the role of kinship dynamics in social
evolution, as we aim to do here. Rodrigues (2018)16 uses an inclusive fitness approach,

like that used here, to investigate patterns of helping and harming across the lifespan

under different patterns of survival and mortality, while dispersal is allowed to evolve
independently. This approach gives valuable insights into the coevolution of demography,
life history and age-dependent behaviour. However, because the modelled populations are
asexually reproducing and haploid, and because dispersal is an evolving rather than imposed
trait, it is not suited to predicting patterns of kinship dynamics in real animal populations.

Kinship dynamics in mammals

We calculated patterns of change in relatedness with age in seven mammal populations.
Each population has been the subject of a long-term research project, from which the data
for this study are derived. The populations are: banded mongooses in Queen Elizabeth
National Park, Uganda; chimpanzees in Tai National Park, Ivory Coast; European badgers
in Woodchester Park, UK; southern resident-ecotype killer whales in the north-east Pacific
ocean; rhesus macaques on Cayo Santiago Island, Puerto Rico, USA; spotted hyenas in
the Ngorongoro crater, Tanzania; and yellow baboons in Amboseli National Park, Kenya
(further details including data collection and maternity and paternity assignment in each
system are in supplementary 2; for sample sizes see Supplementary Table 4).

In each system, we calculated the pairwise relatedness of all adults of known age to all adult
members of their group in a given year. We focus on adults and consider offspring to be
extensions of their parents’ fecundity until they reach adulthood and begin reproducing (see
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Supplementary Figure 3 for relatedness including juveniles). The analysis is annual, with
ages and group composition considered to be stable for one calendar year. In all populations,
the ages of most individuals are derived from known birth years. For some individuals of
unknown age, researchers have been able to infer age based on biological characteristics
(see supplementary 2). Pairwise relatedness was calculated by creating pedigrees based on
known parents (supplementary 2; see Calculating relatedness section). To be consistent with
the other systems, for female resident killer whales we only calculate kinship dynamics over
their reproductive lifespan (i.e. we do not calculate kinship dynamics for females during
their long post-reproductive lifespan) but females of all ages are included in calculations of
local relatedness.

Local relatedness is defined between group members. We consider a social group to be a
set of individuals who mostly interact with each other and rarely with other similar sets of
individuals192103 With the exception of killer whales, all the species studied here inhabit
closed groups and defining group boundaries is relatively straightforward (supplementary
2). Resident killer whales, on the other hand, inhabit a multi-level society with pronounced
fission-fusion dynamics#0. We used binomial mixture modelling to define an individual’s
local social environment based on their patterns of association104. We used the mixture
models and 40 years of association data to categorise every pairwise social association

in the population into four components% (supplementary 2). We consider an individual’s
local social environment to be the partners with whom they share the strongest category
of social bond. These local social environments approximately correspond to matrilines as
defined in other studies of this population?®. For the purposes of this study, these local
social environments are equivalent to the groups in the other study populations because
they represent the partners who are the main recipients of helping or harming behaviour
performed by the focal whale.

Kinship dynamics simulation model

To facilitate comparison with the empirical data, we reformulated our analytical model (see
analytical kinship dynamics model section) as an agent-based simulation model. For each

of the seven mammal examples, we used the simulation model to predict the expected
pattern of kinship dynamics. The simulation model requires 6 input parameters: male and
female dispersal rates, adult group size, juvenile group size, local mating rate, expected adult
female lifespan, expected adult male lifespan and age at maturity (see Supplementary Table
5 for detailed definitions). For each species, we defined these six parameters based on the
published literature and by deriving them directly from the empirical data (Supplementary
Table 6).

The agents in the model are adult individuals. Each model iteration is considered to

be a year, and agents increase their age each iteration. The agents inhabit groups of

fixed size and even sex ratio. At each time step, the agents have a fixed probability of
mortality, determined by sex-specific expected lifespan. Dead agents are replaced by either a
philopatric or immigrant of the same sex. All agents join a group at a fixed age input as ‘age
at maturity’. The probability that individuals are philopatric or immigrants is determined

by the sex-specific rates of dispersal. Philopatric individuals have a mother chosen from
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within the group, and the rate of in-group mating determines the probability that the father
is also from within the group. Immigrants are unrelated to the other members of their
group. The model is run until 2000 individuals have lived in the group- for some species
due to computational limitations the target of 2000 was reached by running the model 4
times to 500 individuals. Patterns of kinship dynamics from the simulation model are robust
and qualitatively identical for 500 and 2000 individuals. If juveniles are being included in
the analysis, after the model of adults has run, non-breeding juveniles are added to each
group-year post-hoc. Juvenile group size is an inputted model parameter and is filled by
maturing philopatric individuals and other offspring who are considered to die or disperse
before reaching maturity. More details about the formulation of the simulation model can
be found in supplementary 3. The model outputs the age and pedigree of all individuals in
the group in each model-year. We use this information to calculate kinship dynamics (see
calculating relatedness and statistically modelling sections).

Calculating relatedness

We calculate the pairwise relatedness of an individual to all other members of their group

in both the simulated and real data from pedigrees. We developed and applied a novel
method to calculate relatedness from pedigrees to overcome two problems that would
preclude accurate assessment of relatedness and comparison between species and between
real and simulated populations: (1) pedigrees are of different depth (i.e. number of known
ancestral generations), (2) pedigrees are sometimes incomplete. More classes of relative

can be distinguished in deeper pedigrees which will increase observed local relatedness.
Incomplete pedigrees - pedigrees where some individuals have missing parents — can result
in an underestimation of local relatedness. For example, if two individuals have no known
common ancestors but one has an unknown parent, they could be siblings. Distinguishing
individuals of unknown relatedness from true non-relatives is important to properly estimate
relatedness in the empirical data where unknown pairwise relatedness is common. For this
study, we developed a methodological pipeline in R to (1) limit all pedigrees in all species
and simulations to a depth of 2 and (2) identify individuals of unknown pairwise relatedness.
This pipeline was developed in R using the igraph and kinship2 packages195106 and is
incorporated into a new package: comparekin (github.com/samellisg/comparekin).

Local relatedness is the mean pairwise relatedness between an individual and other members
of the group. In the simulations, this can be calculated directly because all pedigrees

are complete. However, logistical limitations in real data mean that pedigrees are often
incomplete, and taking a mean of an individual’s known pairwise relatedness’s 7 will
misrepresent the true local relatedness (r). We, therefore, calculate an estimated local
relatedness (7) — and the error around that estimate (c,) - for each individual, given the
number of other group members to whom their relatedness is unknown (u).

The estimated local relatedness is calculated as a weighted mean of the potential local
relatednesses (R). R, is the conditional true local relatedness if j of the » unknown pairwise
relatednesses are kin (equation 1).
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R] — ZF + (j)(7>n) + (Ll - ])(0)

g—1

equation 1

Where 7., is the mean of all pairwise relatedness’s in the population that are known and
not 0, X7 is the total known local relatedness, and g is the number of individuals in the
group. Weights are calculated by using binomial theorem to determine (given p = 0.2) the
probability that j of the » unknown relatednesses are kin (equation 2).

w; = (l;) 0270847/ equation 2
p = 0.2 is likely to overestimate the number of relatives, and therefore lead to an
overestimate of local relatedness because it is likely that most unknown relatedness pairs

are non-relatives. However, in the absence of any information, we use p = 0.2 as a simple
assumption. Changing this assumption rescales local relatedness but does not change the
observed patterns of kinship dynamics. We use the true value of local relatedness and
weights to calculate the estimated local relatedness as a weighted mean (equation 3).

F= Z';—u=0¢R’ equation 3
Zj =0 W,

We also calculate the weighted standard deviation o, using the same inputs implemented
in the Hmsic package in R107. We use this pipeline to calculate an estimated local
relatedness (#) and the error around that estimate (c,) for every individual in each year. If
all relatednesses are known to all of an individuals group mates o, = 0, however, to facilitate
statistical modelling this error is assumed to be an arbitrarily small non-zero number.
Individuals who have no known pairwise relatednesses (i.e. all their pairwise relatedness’ are
unknown) are not included in the analysis.

Statistical modelling

We use a hierarchical Bayesian framework to model change in local relatedness with age
in both the real and simulated data. For the real data, because the error is generated by an
additive process we model the estimated local relatedness () as a sample from a normally
distributed function centred on the true local relatedness (r) with standard deviation of o..
The true local relatedness (r) is considered to be drawn from a beta distribution with a mean
of p and variance 6. Mean local relatedness at datapoint i(p,) is modelled as a function
group size (G;) and sex-specific age (4,), with an intercept for sex (s.;) and an individual-
level intercept for individual id (a.;; equation 4; supplementary 4). All parameters have
weakly informative priors (supplementary 4). The same framework is used to model the
simulated data but without the estimated relatedness step or the group size term because
pedigrees are complete and the group size is constant (supplementary 4).
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F~Normal(r, c,)

r~Beta(p, 0)

logit(ﬁi) = Qg T Ssiapi) + ﬂsid[i]Ai +yG,
a~Normal(@,0,) forj=1..n

equation 4

Where # is the number of individuals (id), @ is a shared population-level intercept for
individual and sid is a numeric index for sex. We fit models using Hamiltonian Monte Carlo
with 4 chains implemented in R via the RStan package with additional functionality from
the rethinking packagel98.199 Supplementary Figure

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

This project was conceived and funded as part of a NERC standard grant (NE/S010327/1) awarded to DPC, SE,
RAJ, DWF and MAC which also supported MNW. SE would also like to acknowledge funding from a Leverhulme
Early Career Research Fellowship. These authors would like to thank members of the Centre for Research in
Animal Behaviour at the University of Exeter for useful discussion and comments. We would also like to thank
Kay Holekamp, Eli Strauss and Maggie Sawdy for their engagement and support of this project. This study
constitutes an international collaboration combining theoretical work and long-term empirical data from seven
research projects on free-ranging mammals. These decade-long field research projects were supported by funds
from: NERC (Banded Mongoose Research Project), Max Planck Society, ERC and SNF (Tai Chimpanzee Project),
DEFRA and NERC (Woodchester Park Badger Project), NERC (Center for Whale Research), ERC, NCRR and
ORIP of NIH (Caribbean Primate Research Center), Leibniz-1ZW, DFG, DAAD, Werner Dessauer Stiftung, and
Messerli Stiftung (Ngorongoro Hyena Project), NSF, NIH, Duke University, Princeton University, and University of
Notre Dame (Amboseli Baboon Project). The authors further wish to thank the local authorities for permission to
conduct long-term field research in: Uganda (UWA and UNCST to the Banded Mongoose Research Project), Ivory
Coast (MESRSCI, Ministere des Eaux et Foréts and OIPR to the Tai Chimpanzee Project), Canada and the USA
(FOC, DFO to the Center for Whale Research), Tanzania (TAWIRI, COSTECH and NCAA to the Ngorongoro
Hyena Project), Kenya (KWS, NACOSTI, and NEMA to Amboseli Baboon Project). Detailed acknowledgements
associated with each project are listed in supplementary 2. We would also like to thank three anonymous reviewers
and the editor for their useful comments.

Data availability

Data to reproduce these analyses are available at: osf.io/pzfex. Anonymised data to derive
kinship dynamics are included for: banded mongooses, chimpanzees, killer whales and
spotted hyena. Data sharing agreements mean that for the remaining species, anonymised
data to reproduce the analysis needs to be requested from the corresponding author, all other
forms of data request should be addressed to the manager of the system in question.

References

1. Hamilton WD The genetical evolution of social behaviour I, 1. J. Theor. Biol 7, 1-52 (1964).
[PubMed: 5875341]

2. Hamilton WD Selfish and spiteful behaviour in an evolutionary model. Nature 228, 1218-1220
(1970). [PubMed: 4395095]

3. West SA, Griffin AS & Gardner A Evolutionary Explanations for Cooperation. Curr. Biol 17, 661—
672 (2007).

4. Bourke AFG The validity and value of inclusive fitness theory. Proc. R. Soc. B 278, 3313-3320
(2011).

Nat Ecol Evol. Author manuscript; available in PMC 2023 November 01.


http://osf.io/pzfex

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ellis et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.
28.

29.

30.

Page 17

. West SA, Pen | & Griffin AS Cooperation and competition between relatives. Science. 296, 72-75

(2002). [PubMed: 11935015]

. Taylor PD Inclusive fitness in a homogenous environment. Proc. R. Soc. B 249, 299-302 (1992).
. Taylor PD Altruism in viscous populations - an inclusive fitness model. Evol. Ecol 6, 352-356

(1992).

. Hughes WOH, Oldroyd BP, Beekman M & Ratnieks FLW Ancestral monogamy shows kin selection

is key to the evolution of eusociality. Science (80-. ). 320, 1213-1216 (2008).

. Cornwallis CK, West SA, Davis KE & Griffin AS Promiscuity and the evolutionary transition to

complex societies. Nature 466, 969-972 (2010). [PubMed: 20725039]

Silk JB Practicing Hamilton’s rule: kin selection in primate groups. in Cooperation in primates and
humans: mechanisms and evolution (eds. Kappeler PM & Van Schaik CP) 25-46 (Springer Berlin
Heidelberg, 2006).

Lukas D & Clutton-Brock TH Social complexity and kinship in animal societies. Ecol. Lett 21,
1129-1134 (2018). [PubMed: 29797749]

Duncan C, Gaynor D, Clutton-Brock TH & Dyble M The evolution of indiscriminate altruism in a
cooperatively breeding mammal. Am. Nat 193, 841-851 (2019). [PubMed: 31094597]

Cornwallis CK, West SA & Griffin AS Routes to indirect fitness in cooperatively breeding
vertebrates: Kin discrimination and limited dispersal. J. Evol. Biol 22, 2445-2457 (2009).
[PubMed: 19824927]

Johnstone RA & Cant MA The evolution of menopause in cetaceans and humans: The role of
demography. Proc. R. Soc. B 277, 3765-3771 (2010).

Caswell H The formal demography of kinship: a matrix formulation. Demogr. Res 41, 679-712
(2019).

Rodrigues AMM Demography, life history and the evolution of age-dependent social behaviour. J.
Evol. Biol 31, 1340-1353 (2018). [PubMed: 29904961]

Koster J et al. Kinship ties across the lifespan in human communities. Philos. Trans. R. Soc. B
Biol. Sci 374, 20180069 (2019).

Nichols HJ, Arbuckle K, Fullard K & Amos W Why don’t long-finned pilot whales have

a widespread postreproductive lifespan? Insights from genetic data. Behav. Ecol 31, 508-518
(2020).

Croft DP et al. Kinship dynamics: patterns and consequences of changes in local relatedness. Proc.
R. Soc. B 288, 20211129 (2021).

Cant MA & Johnstone RA Reproductive conflict and the separation of reproductive generations in
humans. Proc. Natl. Acad. Sci 105, 5332-5336 (2008). [PubMed: 18378891]

Croft DP et al. Reproductive conflict and the evolution of menopause in killer whales. Curr. Biol
27,298-304 (2017). [PubMed: 28089514]

Croft DP, Brent LIN, Franks DW & Cant MA The evolution of prolonged life after reproduction.
Trends Ecol. Evol 30, 407-416 (2015). [PubMed: 25982154]

Pettay JE, Lahdenperd M, Rotkirch A & Lummaa V Costly reproductive competition between
co-resident females in humans. Behav. Ecol 27, 1601-1608 (2016).

Vullioud C et al. Social support drives female dominance in the spotted hyaena. Nat. Ecol. Evol 3,
71-76 (2019). [PubMed: 30455441]

Pope TR Reproductive success increases with degree of kinship in cooperative coalitions of female
red howler monkeys (Alouatta seniculus). Behav. Ecol. Sociobiol 48, 253-267 (2000).
Newton-Fisher NE Roving females and patient males: a new perspective on the mating strategies of
chimpanzees. Biol. Rev 89, 356-374 (2014). [PubMed: 24393574]

Pusey AE Inbreeding avoidance in chimpanzees. Anim. Behav 28, 543-552 (1980).

Sugiyama Y Demographic parameters and life history of chimpanzees at Bossou, Guinea. Am. J.
Phys. Anthropol 124, 154-165 (2004). [PubMed: 15160368]

Nishida T et al. Demography, female life history, and reproductive profiles among the chimpanzees
of Mahale. Am. J. Primatol 59, 99-121 (2003). [PubMed: 12619045]

Vigilant L, Hofreiter M, Siedel H & Boesch C Paternity and relatedness in wild chimpanzee
communities. Proc. Natl. Acad. Sci. U. S. A 98, 12890-12895 (2001). [PubMed: 11606765]

Nat Ecol Evol. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ellis et al.

Page 18

31. Walker KK & Pusey AE Inbreeding risk and maternal support have opposite effects on female
chimpanzee dispersal. Curr. Biol 30, R62—-R63 (2020). [PubMed: 31962075]

32. Frank LG Social organization of the spotted hyaena (Crocuta crocuta). I. Demography. Anim.
Behav 34, 1500-1509 (1986).

33. Holekamp KE, Smith JE, Strelioff CC, Van Horn RC & Watts HE Society, demography and
genetic structure in the spotted hyena. Mol. Ecol 21, 613-632 (2012). [PubMed: 21880088]

34. Alberts SC & Altmann J Balancing costs and opportunities: dispersal in male baboons. Am. Nat
145, 279-306 (1995).

35. Charpentier MJE, Tung J, Altmann J & Alberts SC Age at maturity in wild baboons:

Genetic, environmental and demographic influences. Mol. Ecol 17, 2026-2040 (2008). [PubMed:
18346122]

36. Drickamer LC & Vessey SH Group changing in free-ranging male rhesus monkeys. Primates 14,
359-368 (1973).

37. Weill BM, Kulik L, Ruiz-Lambides AV & Widdig A Individual dispersal decisions affect fitness
via maternal rank effects in male rhesus macaques. Sci. Rep 6, 1-10 (2016). [PubMed: 28442746]

38. Davidian E, Courtiol A, Wachter B, Hofer H & Honer OP Why do some males choose to breed at
home when most other males disperse? Sci. Adv 2, 1-10 (2016).

39. Van Horn RC, Buchan JC, Altmann J & Alberts SC Divided destinies: Group choice by female
savannah baboons during social group fission. Behav. Ecol. Sociobiol 61, 1823-1837 (2007).

40. Bigg MA, Olesiuk PF, Ellis GM, Ford JKB & Balcomb KC Social organization and genealogy
of resident killer whales (Orcinus orca) in the coastal waters of British Columbia and Washington
State. Rep. Int. Whal. Comm. Spec 383-405 (1990).

41. Cant MA, Nichols HJ, Thompson FJ & Vitikainen EIK Banded mongooses: Demography, life
history, and social behavior. Coop. Breed. Vertebr. Stud. Ecol. Evol. Behav 318-337 (2016).
doi:10.1017/CB09781107338357.019

42. Nichols HJ, Cant MA, Hoffman JI & Sanderson JL Evidence for frequent incest in a cooperatively
breeding mammal. Biol. Lett 10, 3-6 (2014).

43. Ford MJ et al. Inbreeding in an endangered killer whale population. Anim. Conserv 21, 423-432
(2018).

44, Keesey M PhyloPic. Available at: http://phylopic.org/.(Accessed: 11th October 2021)

45. Huh C Orcinus orca (Linneaus, 1758). PhyloPic.org Available at: https://creativecommons.org/
licenses/by-sa/3.0/.(Accessed: 11th October 2021)

46. Harts AMF, Schwanz LE & Kokko H Demography can favour female-advantageous alleles. Proc.
R. Soc. B Biol. Sci 281, (2014).

47. Crowley PH Sexual dimorphism with female demographic dominance: Age, size, and sex ratio at
maturation. Ecology 81, 2592-2605 (2000).

48. Dyble M & Clutton-Brock TH Contrasts in Kinship structure in mammalian societies. Behav. Ecol
31, 971-977 (2020).

49. Johnstone RA & Cant MA Sex differences in dispersal and the evolution of helping and harming.
Am. Nat 172, 318-330 (2008). [PubMed: 18662138]

50. Dyble M, Migliano AB, Page AE & Smith D Relatedness within and between Agta residential
groups. Evol. Hum. Sci 3, 1-11 (2021).

51. Lahdenperd M, Gillespie DOS, Lummaa V & Russell AF Severe intergenerational reproductive
conflict and the evolution of menopause. Ecol. Lett 15, 1283-1290 (2012). [PubMed: 22913671]

52. Hawkes K, O’Connell JF & Blurton Jones NG Hadza women’s time allocation, offspring
provisioning, and the evolution of long postmenopausal life spans. Curr. Anthropol 38, 551-577
(1997).

53. Gerloff U, Hartung B, Fruth B, Hohmann G & Tautz D Intracommunity relationships, dispersal
pattern and paternity success in a wild living community of Bonobos (Pan paniscus) determined
from DNA analysis of faecal samples. Proc. R. Soc. B Biol. Sci 266, 1189-1195 (1999).

54. Eriksson J et al. Y-chromosome analysis confirms highly sex-biased dispersal and suggests a
low male effective population size in bonobos (Pan paniscus). Mol. Ecol 15, 939-949 (2006).
[PubMed: 16599958]

Nat Ecol Evol. Author manuscript; available in PMC 2023 November 01.


http://phylopic.org/
http://PhyloPic.org
https://creativecommons.org/licenses/by-sa/3.0/
https://creativecommons.org/licenses/by-sa/3.0/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ellis et al.

Page 19

55. Opie C, Shultz S, Atkinson QD, Currie T & Mace R Phylogenetic reconstruction of Bantu kinship
challenges Main Sequence Theory of human social evolution. Proc. Natl. Acad. Sci 111, (2014).

56. Thompson ME How can non-human primates inform evolutionary perspectives on female-biased
kinship in humans? Philos. Trans. R. Soc. B Biol. Sci 374, (2019).

57. Watts DP The Apes: taxonomy, biogeography, life histories, and behavioral ecology. in The
Evolution of Primate Societies (eds. Mitani JC, Call J, Kappeler PM, Palombit RA & Silk JB)
113-142 (The University of Chicago Press, 2012).

58. Knipper C et al. Female exogamy and gene pool diversification at the transition from the Final
Neolithic to the Early Bronze Age in central Europe. Proc. Natl. Acad. Sci. U. S. A 114, 10083-
10088 (2017). [PubMed: 28874531]

59. Furtwangler A et al. Ancient genomes reveal social and genetic structure of Late Neolithic
Switzerland. Nat. Commun 11, 1-11 (2020). [PubMed: 31911652]

60. Sugiyama Y Sex-biased dispersal of human ancestors. Evol. Anthropol 26, 172-180 (2017).
[PubMed: 28815964]

61. Surowiec A, Snyder KT & Creanza N A worldwide view of matriliny: using cross-cultural analyses
to shed light on human kinship systems. Philos. Trans. R. Soc. B Biol. Sci 374, (2019).

62. Dyble M et al. Sex equality can explain the unique social structure of hunter-gatherer bands.
Science. 348, 796-798 (2015). [PubMed: 25977551]

63. Marlowe FW Marital residence among foragers. Curr. Anthropol 45, 277-283 (2004).

64. Blurton Jones NG Demography and Evolutionary Ecology of Hadza Hunter-Gatherers. (Cambridge
University Press, 2016).

65. Hill KR et al. Co-residence patterns in hunter-gatherer societies show unique human social
structure. Science (80-. ). 331, 1286-1289 (2011).

66. Stearns S The evolution of life histories. (Oxford University Press, 1992).

67. Brommer JE The evolution of fitness in life-history theory. Biol. Rev 75, 377-404 (2000).
[PubMed: 11034016]

68. Healy K, Ezard THG, Jones OR, Salguero-Gémez R & Buckley YM Animal life history is shaped
by the pace of life and the distribution of age-specific mortality and reproduction. Nat. Ecol. Evol
(2019). doi:10.1038/s41559-019-0938-7

69. Roper M, Capdevila P, Salguero-gémez R & Roper M Senescence: why and where selection
gradients might not decline with age. (2021).

70. Gardner A, West SA & Wild G The genetical theory of kin selection. J. Evol. Biol 24, 1020-1043
(2011). [PubMed: 21371156]

71. Ronce O, Rousset F, Ronce O, Gandon S & Gandon S Kin selection and natal dispersal in an
age-structured population. Theor. Popul. Biol 58, 143-159 (2000). [PubMed: 11042105]

72. Taylor PD, Wild G & Gardner A Direct fitness or inclusive fitness: How shall we model kin
selection? J. Evol. Biol 20, 301-309 (2007). [PubMed: 17210023]

73. Hawkes K, O’Connell JF, Jones NGB, Alvarez H & Charnov EL Grandmothering, menopause,
and the evolution of human life histories. Proc. Natl. Acad. Sci 95, 1336-1339 (1998). [PubMed:
9448332]

74. Bourke AFG Kin Selection and the Evolutionary Theory of Aging. Annu. Rev. Ecol. Evol. Syst 38,
103-128 (2007).

75. Vagasi Cl et al. Is degree of sociality associated with reproductive senescence? A comparative
analysis across birds and mammals. Philos. Trans. R. Soc. B 376, 20190744 (2021).

76. Lucas ER & Keller L The co-evolution of longevity and social life. Funct. Ecol 34, 76-87 (2020).

77. Korb J & Heinze J Ageing and sociality: why, when and how does sociality change ageing
patterns ? Philos. Trans. R. Soc. B 376, (2021).

78. Mcnamara JM, Houston Al & Webb JN Dynamic kin selection. Proc. R. Soc. B 258, 23-28 (1994).

79. Hasegawa M & Kutsukake N Kin selection and reproductive value in social mammals.J. Ethol 37,
139-150 (2019).

80. Brent LJIN et al. Ecological knowledge, leadership, and the evolution of menopause in killer
whales. Curr. Biol 25, 746-750 (2015). [PubMed: 25754636]

Nat Ecol Evol. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ellis et al.

Page 20

81. McComb K et al. Leadership in elephants: the adaptive value of age. Proc. R. Soc. B Biol. Sci 278,
3270-3276 (2011).

82. Koenig WD & Dickinson JL Cooperative breeding in vertebrates. 379 (2016). doi:10.1017/
CB09781107338357

83. Creel SR & Waser PM Variation in Reproductive Suppression among Dwarf Mongooses: Interplay
between Mechanisms and Evolution. in Cooperative Breeding in Mammals (eds. Solomon N &
French JA) 150-170 (Cambridge University Press, 1997). doi:10.1017/cb09780511574634.007

84. Creel SR & Creel NM Patterns of relatedness and the fitness consequences of dispersal, philopatry
and reproductive suppression. in The African wild dog: behavior, ecology, and conservation 224—
243 (Princeton University Press, 2002).

85. Dierkes P, Heg D, Taborsky M, Skubic E & Achmann R Genetic relatedness in groups is sex-
specific and declines with age of helpers in a cooperatively breeding cichlid. Ecol. Lett 8, 968-975
(2005). [PubMed: 34517681]

86. Graw B & Manser MB The function of mobbing in cooperative meerkats. Anim. Behav 74, 507—
517 (2007).

87. Vitikainen EIK et al. Biased escorts: offspring sex, not relatedness explains alloparental care
patterns in a cooperative breeder. Proc. R. Soc. B 284, 20162384 (2017).

88. Wright BM, Stredulinsky EH, Ellis GM & Ford JKB Kin-directed food sharing promotes lifetime
natal philopatry of both sexes in a population of fish-eating killer whales, Orcinus orca. Anim.
Behav 115, 81-95 (2016).

89. Viblanc VA, Pasquaretta C, Sueur C, Boonstra R & Dobson FS Aggression in Columbian ground
squirrels: relationships with age, kinship, energy allocation, and fitness. Behav. Ecol 27, arw098
(2016).

90. Madden JR, Drewe JA, Pearce GP & Clutton-Brock TH The social network structure of a wild
meerkat population: 3. Position of individuals within networks. Behav. Ecol. Sociobiol 65, 1857—
1871 (2011).

91. Rosati AG et al. Social selectivity in aging wild chimpanzees. Science (80-.). 370, 473-476
(2020).

92. Rathke E & Fischer J Social aging in male and female Barbary macaques. Am. J. Primatol (2021).
doi:10.1002/ajp.23272

93. Keller LF & Waller DM Inbreeding effects in wild populations. Trends Ecol. Evol 17, 230-241
(2002).

94. Hoogland JL The black-tailed praire dog: social life of a burrowing mammal. (University of
Chicago Press, 1995).

95. Wells DA et al. Extra-group paternity varies with proxies of relatedness in a social mammal with
high inbreeding risk. Behav. Ecol 32, 94-104 (2021).

96. Rusch H & Gauvrilets S The logic of animal intergroup conflict: A review. J. Econ. Behav. Organ
178, 1014-1030 (2020).

97. Cassidy KA, Mech LD, MacNulty DR, Stahler DR & Smith DW Sexually dimorphic aggression
indicates male gray wolves specialize in pack defense against conspecific groups. Behav.
Processes 136, 64—72 (2017). [PubMed: 28143722]

98. Greenwood PJ Mating systems, philopatry and dispersal in birds and mammals. Anim. Behav
1140-1162 (1980).

99. Dobson FS Comeptition for mates and predominant juvenile male dispersal in mammals. Anim.
Behav 30, 1183-1192 (1983).

100. Mabry KE, Shelley EL, Davis KE, Blumstein DT & van Vuren DH Social Mating System and

Sex-Biased Dispersal in Mammals and Birds: A Phylogenetic Analysis. PLoS One 8, 1-9 (2013).
101. Isvaran K & Clutton-Brock TH Ecological correlates of extra-group paternity in mammals. Proc.
R. Soc. B 274, 219-224 (2007).

102. Whitehead H Analyzing Animal Soceities: Quantative methods for vertebrate social analysis.
(University of Chicago Press, 2008).

103. Kappeler PM A framework for studying social complexity. Behav. Ecol. Sociobiol 73, 1-14
(2019).

Nat Ecol Evol. Author manuscript; available in PMC 2023 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ellis et al. Page 21

104. Ellis S et al. Mixture models as a method for comparative sociality: social networks and
demographic change in resident killer whales. Behav. Ecol. Sociobiol 75, 1-15 (2021).

105. Csardi G & Nepusz T The igraph software package for complex network research. InterJournal
Complex Sy, 1695 (2006).

106. Sinnwell JP, Therneau TM & Schaid DJ The kinship2 R package for pedigree data. Hum. Hered
78, 91-93 (2014). [PubMed: 25074474]

107. Harrell FE Jr. Hmisc: Harrell Miscellaneous. R package version 3.0-12 (2020).
108. McElreath R rethinking: Statistical Rethinking book package. (2020).
109. Stan Development Team. RStan: the R interface for Stan. (2020).

Nat Ecol Evol. Author manuscript; available in PMC 2023 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ellis et al.

0.1254

o
o
o
S
:

Local Relatedness
=] (=]
o o
[92] ~
o (4]

0.0254

Male-biased dispersal
with local mating

Female-biased dispersal
with local mating

Page 22

Bisexual philopatry
with non-local mating

Figure 1.
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Modelled sex differences in kinship dynamics under three scenarios: male-biased dispersal
with local mating (d, = 0.15,d, = 0.85,m = 0.82,n = 10, 4 = 0.1), female-biased dispersal with
local mating (d, = 0.85,d, = 0.15,m = 0.82,n = 10, 4 = 0.1) and bisexual philopatry with out-
group mating (d, = 0.15,d,, = 0.15,m = 0,n = 10, u = 0.1). Local relatedness is the mean
relatedness of an individual of that sex-age to all other individuals in their group (of both
sexes). Age is scaled relative to mean generation time, where age 0 is the age of maturity
and dispersal. Only patterns up to the third generation are plotted. The model assumes an
arbitrarily large population (and therefore with no population-size effects) of social groups
of size n with an even sex ratio. The model iterates through fixed times steps. At each time
step, individuals have a fixed probability of mortality (x), and vacated slots are filled by a
new individual of the same sex. Replacements have a 1 — d probability of being offspring of
group females and have a m probability of being fathered by in-group males (see methods;

Supplementary Figure 1).
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Figure 2.
Predicted (left-hand panels, orange outline) and observed (right-hand panels, black outline)

kinship dynamics for males (green) and females (purple) in 7 species of group-living
mammal: banded mongooses (A), chimpanzees (B), European badgers (C), killer whales
(D), rhesus macaques (E), spotted hyenas (F) and yellow baboons (G). In all panels, line
and ribbon show mean changes in local relatedness with age generated as the posterior
mean (+/- 95% credible interval) from a linear model, incorporating error around local
relatedness estimation. Predictions are generated from a simulation model calculating local
relatedness change with age, parametrised by rates of male and female dispersal and

local mating. Plotted relationships result from a linear model applied to the output of

the simulation model. Observed data are derived from long term studies of the species.

In both the predicted and observed panels local relatedness is calculated as the mean
pairwise relatedness from an individual to all other members of their group. Accounting
for unknown relatedness’ results in an estimated local relatedness with error (points and
error) in the observed data. Different relatedness scales in the simulated and observed axis
are consequences of group size and relatedness assumptions, changing these assumptions
changes the y axis scales but does not change the patterns of kinship dynamics. For

male chimpanzees and male killer whales, maximum age represents an absence of older
individuals in the data rather than their maximum lifespan. For female killer whales, we
only calculate female kinship dynamics over the reproductive lifespan and not over their
post-reproductive lifespan (see methods). For the rhesus macaque observed data a number
of outliers with relatedness above 0.06 are not included in the plot. Panel H compares
species and sexes and shows the expected percentage change in local relatedness for an adu
from age at maturity to the expected adult lifespan in the species-sex calculated from the
distribution of g slope parameters Bayesian hierarchical model fitted to the observed data.
Distribution widths are scaled within species-sex for visibility. All silhouette images except
the killer whale are taken from PhyloPic#* and are in the public domain, the killer whale
image is original.
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Figure 3.
Selection on group directed behaviours given kinship dynamics under three dispersal

scenarios for a) survival and, b) fecundity. Age is scaled relative to mean generation time,
where age 0 is the age of maturity and dispersal. In both a and b, the selective landscape

for females is shown on the upper row (blue lines and areas) and males are on the lower

row (green lines and areas). The lines and areas on each panel show the absolute cost (c)

to benefit (») ratio under which an outcome will be favoured by selection. ¢ is borne by

the individual while » applies to the whole group. In panel A, ¢ and » are in terms of
survival (a cost to an individuals’ own survival to increase or decrease the survival of group
mates), and in panel B ¢ and » are considered in terms of fecundity (a cost to an individuals’
own fecundity to increase or decrease the fecundity of their group mates). ¢ always has a
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positive value, whereas » can be either positive — the behaviour helps their group mates — or
negative — the behaviour harms their group mates. Therefore, areas above 0 ¢/b ratio indicate
selection for helping behaviours, areas below 0 for harm. In each panel, behaviours with a
cost/benefit outcome between the line and ¢/b = 0 (filled areas) are selected. Lines distant
from ¢/b = 0 indicate that behaviours resulting in a relatively smaller » for a larger ¢ will be
selected. While lines close to ¢/b = 0 indicate that behaviours will require either a relatively
small ¢ or a large » to be selected. The direction a line trends, therefore, indicates how
selection for behaviours will change with age. Model parameters in all dispersal scenarios
are the same as those used in figure 1.
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Species-specific dispersal and local mating input parameters for the simulation model and used to generate
predicted kinship dynamics. References and other input parameters can be found in Supplementary Table 6.

Species

Female dispersal rate  Male dispersal rate

Local mating rate

Banded mongoose
Chimpanzee
European badger
Killer whale
Rhesus macaques
Spotted hyena

Yellow baboon

0.12 0.12
0.89 0
0.23 0.45
0 0
0.05 0.79
0 0.91
0 0.8

0.64
0.93
0.52
0.02
0.13
0.96
1
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