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In many social species, both the acquisition of dominance and the duration that individuals maintain their status are important de-
terminants of breeding tenure and lifetime reproductive success. However, few studies have yet examined the extent and causes of
variation in dominance tenure and the duration of breeding lifespans. Here, we investigate the processes that terminate dominance
tenures and examine how they differ between the sexes in wild Kalahari meerkats (Suricata suricatta), a cooperative breeder where
a dominant breeding pair produces most of the young recruited into each group. Mortality and displacement by resident subordinate
competitors were important forms of dominance loss for both sexes. However, dominant males (but rarely females) were also at risk
of takeovers by extra-group invading males. Dominant males also differed from dominant females in that they abandoned their group
after the death of their breeding partner, when no other breeding opportunities were present, whereas dominant females that lost their
partner remained and continued to breed in the same group. We show that a larger number of processes can terminate dominance
tenure in males with the result that the average male tenure of breeding positions was shorter than that of females, which contributes
to the reduced variance in the lifetime reproductive success in males compared to females. Our analysis suggests that sex differences
in emigration and immigration may often have downstream consequences for sex differences in reproductive variance and for the se-
lection pressures operating on females and males.
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INTRODUCTION on the duration of time over which dominant individuals maintain
their high status, and the factors that affect the tenure of domi-
nance positions may differ from those that control the acquisition
of high status (Clutton-Brock 1988; Clutton-Brock et al. 2006;
Robbins et al. 2011; Pusey 2012; Lardy et al. 2015). As yet, only
a few studies have investigated the social and ecological processes

In many group-living animals, access to reproduction is influenced
by social status and dominant individuals often benefit from in-
creased reproductive rates (Solomon and Irench 1997; Alberts
2012; Pusey 2012; Koenig and Dickinson 2016) and, in some spe-

cies, from increased survival, too (Dammann et al. 2011; Cram - ; 1 PTOEESS
et al. 2018; Snyder-Mackler et al. 2020). As a result, individuals that terminate dominance tenures and the extent to which individ-

uals adopt strategies that help to prolong their tenure of high status
and the duration of their breeding lifespans (Lukas and Clutton-
Brock 2014; Port et al. 2017).

Long-term studies of group-living mammals demonstrate that
dominance tenures commonly end in one of four ways. In some
cases, mortality ends most tenures with dominant individuals
maintaining their status throughout adulthood until death (Rood
1990; Sharp and Clutton-Brock 2010). In others, individuals are
deposed from dominance, either by within-group competitors who
challenge and displace them, or by extra-group individuals of the
same sex who invade and take over the group (Jack and Fedigan
Address correspondence to C. Duncan. E-mail: cimd2@cam.ac.uk. 2004; Teichroeb and Jack 2017). Finally, dominants may also
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that acquire high social status often have substantially higher life-
time reproductive success than those that do not (Shivani et al.
2022). A substantial number of studies of social mammals have
consequently explored the factors that predict the acquisition of
dominance status and suggest that age (Archie et al. 2006), body
mass (Veiberg et al. 2004), weapon size (Berger and Cunningham
1998), and the level of social support from other group members
(Bissonnette et al. 2015; Vullioud et al. 2019) can all be important.
However, the fitness benefits of high social status can also depend
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abandon their position to undergo secondary dispersal, which is
often associated with attempts to gain or increase access to breeding
opportunities (Packer and Pusey 1987; Hidalgo Aranzamendi et al.
2016). The relative frequency of these four processes often differs
between species and the sexes (Rood 1990; Clutton-Brock 2016;
Teichroeb and Jack 2017), which can lead to sex differences in
dominance tenure, in the length of breeding lifespans and in the
extent of variance in lifetime reproductive success (Clutton-Brock
1989; Lukas and Clutton-Brock 2014).

In some mammals, sex differences in dominance tenure appear
to be a consequence of sex differences in mating competition: for
example, in many polygynous species, dominant males have shorter
tenures and shorter breeding lifespans than females because in-
tense mating competition between males increases the turnover
of dominants (Promislow 1992; Clutton-Brock and Isvaran 2007;
Lukas and Clutton-Brock 2014). In other cases, sex differences in
rates of turnover among breeding individuals appear to be a con-
sequence of sex differences in survival associated with differences
in parental care (Liker and Székely 2005; Santos and Nakagawa
2012). However, sex differences in dominance tenure and in the du-
ration of breeding lifespans also occur in species where there are
no obvious sex differences either in mating competition or in pa-
rental care. For example, in some cooperative breeders, including
Damaraland mole-rats, Fukomys damarensis, and meerkats, Suricata
suricatta, males have shorter dominance tenures than females
(Clutton-Brock et al. 2006; Young and Bennett 2013) although
breeding is largely confined to a single breeding pair within each
group and both sexes are involved in the care of offspring (Hauber
and Lacey 2005; Clutton-Brock and Manser 2016; Zottl et al.
2016).

Here, we describe the mechanisms that constrain the dominance
tenures and breeding lifespans of both sexes in wild Kalahari meer-
kats and investigate the reasons why dominant females have longer
dominance tenures than dominant males. We identify the different
ways in which dominant female and male meerkats lose their
breeding positions, examine the factors that influence them, and
compare the relative frequency with which they terminate domi-
nance tenures. Meerkats are desert-adapted mongooses that live in
stable groups of 15 individuals on average, consisting of a single
dominant breeding pair and several generations of subordinates
(Griffin et al. 2003). Only a small proportion of the population ever
acquires dominance and those that do commonly produce over
80% of the offspring born into the group (Hodge et al. 2008; Spong
et al. 2008). Female dominants achieve this reproductive monopoly
by suppressing subordinate female fertility, evicting pregnant sub-
ordinates from the group, and killing any offspring they produce
(Clutton-Brock, Brotherton, et al. 1998; O’Riain et al. 2000; Young
et al. 2006). By contrast, male dominants appear to largely exclude
male competitors from mating by guarding the dominant female
when she is in estrus (Spong et al. 2008). Dominant individuals also
experience lower mortality than subordinates and have longer life-
spans (Cram et al. 2018), during which they can produce multiple
litters. As a result, the duration of their dominance is an important
determinant of their direct fitness (Clutton-Brock et al. 2006), ac-
counting for 41% and 55% of the variance in reproductive success
for males and females, respectively (Hodge et al. 2008; Spong et al.
2008).

Female meerkats may acquire dominance in their natal group or
following dispersal: either by inheriting the position following the
death of the previous incumbent, by displacing the current dom-
inant, or by dispersing to found a new group where they claim
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dominance (Hodge et al. 2008; Duncan et al. 2018). Subordinate
females rarely leave their groups voluntarily, and dispersal is the re-
sult of repeated evictions by the dominant female (Clutton-Brock,
Brotherton, et al. 1998), which eventually results in their perma-
nent emigration (Maag ct al. 2018). Evicted females that leave the
territory of their group are chased away by the members of other
groups and are seldom able to join them or to evict their resident
females, therefore to avoid the mortality risks associated with extra-
group movement they must either form a new group with dispersing
males or return to their previous group (Cram et al. 2018; Maag et
al. 2018). Following the acquisition of dominance, females experi-
ence a period of accelerated growth (Huchard et al. 2016), in ad-
dition to undergoing marked changes in their morphology (Russell
et al. 2004) and hormone physiology (Carlson et al. 2004; Davies
et al. 2016).

The life histories of male meerkats follow a different course. As
female meerkats avoid mating with familiar males in their natal
groups (Griffin et al. 2003; Spence-Jones et al. 2021), males must
disperse from their birth groups to search for breeding opportun-
ities in other groups, often forming dispersing coalitions with other
males in their group, who are frequently their siblings (Young et
al. 2007; Mares et al. 2014). Males can acquire dominance at a
new group formed with dispersing females, or (unlike females) can
join established groups, either by filling a dominance vacancy or by
forcing out the incumbent dominant male in an external takeover
(Spong et al. 2008; Mares et al. 2012). In addition, males can also
disperse into a subordinate position and subsequently acquire dom-
inance through inheritance or by displacing the incumbent dom-
inant. As in females, males undergo accelerated growth following
the acquisition of dominance. However, dominants of both sexes
display senescent declines in body mass in mid-to-late life (Thorley
et al. 2020), and they are, therefore, not always the heaviest indi-
viduals in their groups. In addition to the risk of losing dominance
to takeovers by extra-group intruders, male dominants may also
undergo secondary dispersal, often following the death of their
breeding partner (Clutton-Brock et al. 2006; Spong et al. 2008).
These additional forms of dominance loss could contribute to the
shorter tenures of dominant males, and we explore whether this is
likely to be the case.

METHODS
Study system

Our study was conducted using long-term data collected on a wild
population of meerkats living on and around the Kuruman River
Reserve in the southern Kalahari Desert, Northern Cape, South
Africa (26°58’S, 21°49°E). Between August 1994 and August 2021,
habituated groups of wild meerkats were visited three to four times
a week. At any one time between 6-21 groups were followed, with
a mean * SD group size of 15 £ 7 individuals. In addition to the
dominant breeding pair and the dependant offspring/juveniles,
groups also included several subordinate helpers, consisting of adult
females (mean = 3, range = 0-19), adult males (mean = 4, range =
0-24), and sub-adult helpers (612 months old) (mean = 3, range
= 0-17). Observational data were collected on groups for 3—4 h in
the morning following their emergence from the burrow, and for
1 h in the evening before the burrow return. Particular attention
was paid to dominance interactions, and changes in dominance
were recorded alongside contextual information. At every visit, a
range of other data was also collected, including but not limited to
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group composition, individual pregnancy status, injuries and signs
of disease, and interactions with other groups or dispersing/roving
individuals (Clutton-Brock and Manser 2016). Most individuals in
the population could also be weighed on electronic scales using egg
crumbs and water as incentive. At morning visits, an attempt was
made to weigh each group member before they started foraging (re-
ferred to as “body mass” hereafter).

Dominance tenure length

Dominant individuals of both sexes are behaviorally distinct.
Dominants display agonistic behaviors at higher rates than subor-
dinates, frequently asserting dominance over same-sex group mem-
bers and receiving ritualized submissions in return (Clutton-Brock
et al. 2006; Kutsukake and Clutton-Brock 2006, 2008). Dominants
also scent mark at higher frequencies than same-sex subordinates
(Jordan 2007), and in females, the incumbent dominant regularly
evicts other females in her group (Clutton-Brock, Brotherton, et al.
1998). Dominance was assessed through the observation of social
interactions, and the start of an individual’s dominance tenure was
set as the point at which an individual was seen asserting domi-
nance and receiving submissions from all other adult same-sex
group members. Due to the high frequency of our observations,
the start of dominance could usually be detected within 0-3 days
of dominance acquisition. To ensure accurate estimations of tenure
length, we excluded individuals that were likely to have acquired
dominance long before their observed start date—such as the dom-
mants of newly discovered established groups. A dominant’s tenure
length was calculated as the time between the start and end of their
dominance, the latter being set to the earliest date that they were no
longer observed as dominant. Sometimes, a dominance period was
disrupted by the brief absence of the dominant individual from the
group or due to temporary social instability. However, unless these
events resulted in a change of dominance, tenure was considered
continuous throughout.

Though males can acquire behavioral dominance in their natal
groups, “natal” dominant males rarely breed with resident females
there, and the principal benefit of dominance status appears to be
that it is associated with an increase in the probability that individ-
uals will subsequently acquire dominance in another group (Spence-
Jones et al. 2021). Since the aim of this study was to explore the
factors affecting the tenure of dominant breeders of each sex, we
consequently did not include tenures where a male acquired behav-
ioral dominance in their natal group in our analyses (n = 57). In
contrast, females that acquire dominance can successfully breed ir-
respective of their natal status, so we analyzed both natal and dis-
persed female dominants. In total, our sample consisted of 225 male
and 187 female dominance tenures with accurate start dates, in 70
different established groups, representing 182 unique males and 176
unique females. Of these, 212 male and 166 female tenures covered
complete bouts of dominance with known end date. All remaining
tenures were right censored in our analyses because the dominants
still held their position at the end of the study, or because observa-
tion of their group ceased before they lost their position.

The forms of dominance loss

To identify the events associated with dominance loss, we used a
combination of data sources to provide context for the tenure end,
including researcher field logs, life history records, individual health
logs, and inter-group movement data. Based on these data, we
identified the loss of dominance as falling into one of six forms: (1)
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mortality, (2) internal displacement, (3) external takeovers, (4) abandonment,
(5) group disintegration, and (6) disappearance. Changes in dominance
status could be identified and characterized either by direct observa-
tion of the event or by observations of changes in the membership
and dominance relationships of the group (284/378). However, for
a subset of tenures, the circumstances of dominance loss could not
be identified definitively, and the form of loss was instead inferred
from contextual information (58/378). A detailed breakdown of
category assignments is presented in the Supplementary Material
(SI 1), but a brief classification is as follows: (1) in-situ mortality could
be identified by the discovery of the body/radio-collar or where
dominants were euthanized during the late stages of an infection
with a meerkat-specific strain of Tuberculosis (TB), Mycobacterium
surricattae (Parsons et al. 2013), a terminal disease where individ-
uals commonly die within 6 months of developing clinical signs
(Patterson et al. 2017). Mortality was also assumed when dominants
were last seen with obvious signs of clinical disease or were in an
emaciated state indicative of a terminal decline. (2) Internal displace-
ment occurred when a dominant was overthrown by a same-sex res-
ident subordinate, which was either directly observed or inferred
by the presence of a rank switch following a period where the
group was not observed. (3) External takeovers were identified as cases
where non-resident individuals from other groups migrated into
the group, often in coalitions, and replaced the incumbent domi-
nant. When not directly observed, we inferred takeovers from the
presence of a new immigrant dominant. (4) Abandonment occurred
when the dominant actively abandoned their status and left their
group permanently or for an extended period to attempt secondary
dispersal. Abandonment could be identified by observations of the
dominant leaving the group, roving at other groups following dis-
appearance from their own group, or by the disappearance of mul-
tiple males at the same time, indicative of a dispersing coalition. (5)
Group disintegration was assigned to dominants whose tenures ended
following the failure of their group. While group disintegration
was accounted for within our analyses, group failure in our study
population has recently been investigated elsewhere (Duncan et al.
2021), therefore, we did not explicitly analyze its causes here.

Finally, there was a subset of dominants who disappeared (6)
while their group was not under observation and for whom there
was no additional information that allowed the form of domi-
nance loss to be accurately inferred (males = 23, females = 13).
In females, it is rare for dominants to abandon their status or
experience takeovers, and they often remain resident following
internal displacement. Therefore, disappearance is likely to rep-
resent mortality in females, so for descriptive analyses, we consider
female dominants that disappeared as having died. In contrast,
males experience multiple forms of tenure loss in non-negligible
frequencies, which makes it impossible to accurately infer the cir-
cumstances of tenure loss for male dominants that disappeared.
Therefore, when analyzing the frequencies of the different forms
of male tenure loss, we excluded disappeared dominants. As the
disappearance of male dominants is most likely to be associated
with abandonment and mortality, our estimates of the frequency
of abandonment and mortality are likely to be slightly underesti-
mated, while external takeovers and internal displacements will
be slightly overestimated.

Statistical analyses

To capture general patterns of dominance loss across time, we
first collapsed the different forms of dominance loss together
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and modeled tenure duration using parametric survival models.
The sexes were first modeled independently to identify the best-
fitting survival distribution (Supplementary Material SI 2), before
being modeled together—the latter allowing for sex differences in
tenure length to be compared statistically. Subsequently, we con-
ducted competing risk analyses on each sex to model the different
“forms” of dominance loss together. Competing risk models cap-
ture situations where two or more “modes of failure” compete
to end the life of a system, which in our case is the tenure of
dominants. Survival analyses that consider only a single mode of
failure can generate estimation bias by truncating or censoring in-
dividuals with a known end date but an unknown cause of failure.
Competing risk models correct for these biases by estimating
the marginal probability of all failure modes within a single
framework.

In our models, individuals transition from a state of domi-
nance to a state of lost dominance, with each form of tenure loss
being treated as a separate absorbing state. Royston-Parmar spline
models were used for the competing risk analyses to capture tem-
poral variation in the probability of particular forms of dominance
loss occurring. Model selection was guided by Akaike's informa-
tion criterion (AIC), and plots of the predicted survival and hazard
curves alongside the raw data were used to confirm the goodness
of fit. As not all forms of tenure loss were present in statistically
analyzable frequencies in both sexes, we fitted separate models for
each sex. However, in cases where any given form of tenure loss
was present in substantial frequencies in both sexes (mortality and
internal displacement), we fitted cumulative incidence functions
and Cox proportional hazard models on both sexes jointly to di-
rectly compare patterns of dominance loss. As disappeared domin-
ants were unlikely to represent internal displacements in both sexes,
we accounted for disappeared dominants as a competing risk when
comparing displacement rates between the sexes. However, when
comparing mortality between the sexes, we report models both
truncating male dominants that disappeared, and with disappear-
ances representing mortality events, as in females.

Factors associated with the different forms of
dominance loss

To investigate whether individual and social factors predicted the
different forms of dominance loss, we fitted time-varying semi-
parametric Cox proportional hazard models. Both male and fe-
male dominants who disappeared were accounted for in these
models, but no assumptions were made about how they lost
dominance to avoid unintended bias. We also accounted for ten-
ures ended by group failure, but we did not explicitly test any
covariates on this form of dominance loss. Competing risk models
allow for the fitting of transition-specific covariates, such that the
strength and direction of any fitted covariate effect (e.g., group
size) can differ according to the transition. In these analyses, all
covariates were fitted as transition-specific and were only esti-
mated for transitions where we hypothesized an effect a priori,
with full models reported. An assumption of the Cox-proportional
hazards model is that covariates are proportional, meaning their
effect remains constant across time. Where necessary, we con-
trolled for covariates that violated this assumption by fitting an
interaction with time (#me:covariate, Fox and Weisberg 2002). For
comparability of effect sizes, all variables were mean centered,
with continuous variables additionally divided by 2 standard de-
viations (Gelman 2008).

Behavioral Ecology

Dynamic changes in weather and group composition can occur
over short-time scales in our study population. Therefore, to allow
for covariates to temporally vary across tenures in our models, we
divided dominance tenures into 1-month periods and calculated
covariates as monthly means. Covariates included body mass,
body mass?, total group size (number of individuals older than 6
months), and the number of same-sex subordinate adults (older
than 1 year of age); the latter to investigate the potential effect
of within-group competitors on internal displacement and ex-
ternal takeovers. For males, we further differentiated subordinate
adults into natal subordinates who were born in the group and
immigrant adults who had migrated into the group (usually with
the dominant male), under the expectation that the competitive
environment faced by dominants varies according to the origin
of the subordinate males (and thus their relatedness to domi-
nant female). In this case, we included both terms and compared
the model fit (AIC) to a model in which subordinate adult male
count was included as a single term. Predictions from the com-
peting risk model were then used to characterize the combined
effect of subordinate competitors on different causes of tenure
loss, and additional survival analyses of their effect on the overall
probability of dominance loss were conducted (Supplementary
Material SI 6). For females, to remove the possibility that weight
gain during pregnancy could confound general body mass effects,
we repeated our analyses on a data set that excluded weights
taken during periods of visible pregnancy (results are reported
in the Supplementary Material, SI 3). For modeling mortality
in both sexes, we included a binary term noting if the dominant
individual’s breeding partner had died within the current or pre-
vious three months of their tenure, and for female internal dis-
placement, we included a term indicating whether foreign males
had migrated into the group either during the current or previous
month of their tenure was fitted. Finally, for male abandonment,
we included a binary term noting whether there were still resi-
dent females who were born before the dominant male immi-
grated into the group (“unfamiliar females”), as well as a binary
term noting whether a male had lost their breeding partner (mor-
tality or disappearance) within the current or last three months
of their tenure. After excluding monthly periods with missing
data, the sample for males consisted of 2555 one-month periods
from 200 dominance bouts with 180 observed tenure ends. For
females, there were 3151 one-month periods from 178 dominance
bouts with 149 observed tenure ends. The absence of body mass
measurements accounted for most of the excluded periods. To en-
sure that the estimation of social effects used as much of the full
dataset as possible, we also re-ran cause-specific hazard models
without body mass (Supplementary Material SI 4) and used these
models to predict the effects of group size and composition.

We conducted all analyses within the R statistical environment
(R Core-Team 2016), R version 4.2.0. To characterize the domi-
nance tenures of both sexes, we fitted semi-parametric and para-
metric survival models in the R packages Survival (I'herneau 2023)
and flexsurv (Jackson 2016). To investigate the different forms of
tenure loss, we used cumulative incidence functions and competing
risk analyses, a type of multi-state modeling, using the R package
mstate (Wreede et al. 2011).

RESULTS

Male dominants had significantly shorter tenures than females
(Figure 1, scale parameter: mean effect [95% CI] = —0.416
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[-0.689, —0.143]), with mean male tenure length 12.7 months
(median = 6.3, SD = 15.2, range = 0.1-68.3 months) and mean fe-
male tenure length 18.1 months (median = 7.3, SD = 22.5, range
= 0.2-127.9 months). However, the shape of dominance loss over
time did not differ between the sexes (shape parameter: mean ef-
fect [95% CI] = —0.026 [—0.186, 0.133]), with the instantaneous
risk of losing dominance highest early in tenure and declining as
tenures progressed (Weibull shape parameter <1, £ = 0.78; Figure
1).

A few individuals of both sexes experienced multiple temporally
distinct periods of dominance over their lifespan, either in the same
group or in different groups. Males were more likely to hold mul-
tiple distinct positions of dominance over their lifespan (Proportions
Test: N, = 156, N, = 171, %> = 11.6, P < 0.001): 20% of male dom-
inants held multiple positions versus 6% of female dominants. No
females were dominant on more than two occasions, whereas two
males held four periods of dominance in multiple groups. Even ac-
counting for repeated periods of dominance, males tended to spend
less time in dominance across their lifespan overall than females
(male mean = 15.7 months, female mean = 19.3 months), although
not significantly so (Linear Model Log Transformed: Estimate
[95% CI] = —0.215 [-0.544,0.114], P= 0.2).

Dominant mortality

Mortality was the most prevalent form of dominance loss in both
sexes (Figure 2a,c) and was responsible for 68.7% of tenure ends in
females (114/166) and 29.1% in males (55/189). For both sexes, the
mortality hazard was approximately constant across tenure (Figure
2b,d). Despite females generally having longer tenures, Cox propor-
tional hazard models and cumulative incidence plots indicated they
had higher mortality rates than dominant males (Estimate = SE =

1.0

mm ['emale

m— Male

Probability still dominant

Tenure (years)

Figure 1

The probability of male (orange) and female (blue) dominants holding their
position over time. Plotted survival curves (solid line) and accompanying
confidence intervals (shaded ribbons) were predicted from a parametric
survival model fitted with a Weibull distribution where both the scale and
shape parameters were allowed to vary in relation to sex. The predictions
are overlaid on raw Kaplan-Meier plots (darker lines) for each sex. The
x-axis is restricted to 6 years to allow easier visual comparison between
males and females (some females held tenures for over ten years).
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—0.441 £ 0.167, P = 0.008, Figure 3a). This sex difference is prob-
ably exaggerated by our decision to truncate the tenures of males
that disappeared, which will underestimate the total contribution
of mortality in dominant males. Nevertheless, if we instead assume
that disappeared dominant males represent mortality (itself likely
an overestimate), dominant females still tended to show higher
mortality than dominant males (Estimate = SE = —0.230 + 0.150,
P=0.12).

The risk of mortality declined with increasing body mass in
both sexes. This effect took a quadratic form with the benefits of
increasing body mass declining as mass increased. For females, the
effect also began to reverse at the higher end of the mass distribu-
tion such that the heaviest females experienced an increased mor-
tality risk relative to females of mean body mass (Supplementary
Material SI 5). As high body masses were only reached by heavily
pregnant females, this suggests a possible mortality cost of preg-
nancy which may also contribute to the higher mortality rate ob-
served in female dominants. In both sexes, the risk of mortality also
increased if the dominant’s partner had died in the previous three
months (Table 1). One possibility here is that this reflects cases
where both dominants were concurrently infected with TB, which
can infect whole groups and drive them to extinction (Patterson et
al. 2017; Duncan et al. 2021).

Internal displacement

Internal displacement by resident subordinates of the same sex
was the second most common form of tenure loss: responsible for
21.1% in females (35/166) and 26.5% of cases in males (50/189).
For both sexes, the risk of internal displacement was highest at the
start of dominance tenure and declined subsequently (Figure 2b,d).
There was no evidence of a sex difference in the overall risk of in-
ternal displacement (Estimate + SE = 0.355 + 0.223, P = 0.112,
Figure 3b), but the slight non-proportionality in the hazard for sex
suggests that the decline in risk over time may be more pronounced
in females (Supplementary Material SI 7).

Lighter dominants of both sexes were more likely to be inter-
nally displaced. For females, the effect of body mass was quadratic
so that the benefits of increasing mass became less pronounced
as mass increased (Table 1). For males, the body mass was not a
proportional hazard, suggesting the strength of the body mass ef-
fect decreased across tenure (Table 1). The presence of increasing
numbers of same-sex subordinate adults in the group was also as-
sociated with an increased risk of internal displacement in both
sexes. While dominant females could be internally displaced by
any resident subordinate, dominant males were mostly at risk of
displacement by resident immigrant subordinate males—individ-
uals who had often immigrated with them into the same group
and were frequently their brothers. As a result, displacement risk
in males was dependent on the immigrant status of the subordi-
nate males: greater numbers of subordinate immigrant males in-
creased the displacement risk of dominant males (I'igure 4a, Table
1), while numbers of natal subordinates had no effect (Table 1).
Since the number of resident immigrant subordinate males de-
clined as male tenure progressed (Iigure 4c), this may explain why
displacement risk also declined across tenure. Dominant females
were also significantly more likely to experience internal displace-
ment in the month following the immigration of new males into
the group (Table 1), and there was some evidence this effect was
weaker at the start of tenure (Supplementary Material SI 8).
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Routes to tenure loss in male and female meerkats. Stacked state probability (a,c) and cumulative hazard (b,d) plots for female (a,b) and male (c,d) dominants.
Individuals start in a position of dominance (green) and transition to a specific state when their tenure ends, representing mortality (i, red), internal

displacement (ii, dark orange), external takeovers (iii, light orange), abandonment (iv, blue) or other forms (gray). The width of a band represents the predicted

proportion of individuals who have lost their dominance via a specific form each time step. The cumulative hazard predictions (solid lines) are plotted over
the raw data (dashed lines) and indicate the change in risk of a particular form over time, with straight lines indicating constant risk and curvature indicating

cither increasing risk (exponential) or decreasing risk (asymptotes), respectively. All plots were produced with predictions from competing risk models fitted

with parametric Royston-Parmar spline models with the sexes modelled independently.

External takeovers

External takeovers by extra-group intruders were very rare in
dominant females, with only two recorded cases of a female
immigrating into an established group, taking dominance there,
and replacing the previous dominant female. In both cases, the
groups involved were very small (three to six individuals) and had
only one resident female, the dominant. In contrast, external take-
overs represented a substantial risk for dominant males with 19.6%
of tenures ending with the invasion of extra-group males (37/189).
Like internal displacements, the risk of external takeover was
highest at the beginning of a dominant male’s tenure and declined
as time progressed (Figure 2d) and was more likely for lighter dom-
inants (Table 1). The presence of increasing numbers of subor-
dinate immigrant males reduced the risk of external takeover
(Table 1, Figure 4b). Takeover risk also declined as the number
of resident subordinate natal males increased, and this effect was
statistically significant when modeled using the larger dataset that
ignored missing body mass data (Estimate = SE = —2.01 £ 0.882,
P = 0.023, Supplementary Material SI 4). Though the numbers
of immigrant and natal subordinate males were both associated
with a reduced risk of takeover, the per-capita effect of immigrant
males was stronger (Estimate £ SE = —1.00 £ 0.270) than that of
natal males (Estimate = SE = —0.306 £ 0.134), and models that
discriminated between the two classes of males provided a better

fit than models that included the total number of subordinate
males as a single term (AAIC > 2).

While subordinate immigrant males reduce the risk of external
takeovers for dominant males, they increase the risk of internal dis-
placement. Predictions from the competing risk model suggest that
the benefit of immigrant males in this context typically outweighs
their cost, as the relative risk of internal displacement only exceeds
the risk of external takeovers in cases where there are unusually
large numbers of immigrant subordinates present in the group
(>4, Figure 4d, see also Supplementary Material SI 6). Most of
the time, the effect of the number of immigrant subordinate males
falls below this threshold, and their presence is expected to prolong
male dominance tenures by reducing external takeover risk.

Abandonment

Dominant females were never observed to abandon their groups
voluntarily. In contrast, 14.8% of dominant male tenures ended
with the dominant male voluntarily abandoning his group
(28/189). The likelihood that dominant males abandoned their po-
sition was associated with the kinship structure of the group and
the availability of possible breeding partners. Females born prior
to the immigration of dominant males (“unfamiliar females™) are
typically unrelated to the dominant male and represent possible
breeding partners, while females born after the immigration of
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females in blue. Solid lines display the cumulative incidence and dashed lines represent the 95% confidence intervals. State probabilities were calculated from

nonparametric cumulative incidence functions using the “Cuminc” function in the mstate package.

Table 1

Outputs for cause-specific competing risk models of tenure loss in male and female dominants

Males

Estimate + SE HR

z-value P

Females

Estimate £ SE HR

z-value P

Mortality (N = 50)

Body Mass —0.539 £ 0.290 0.58 1.86 0.063
Body mass? 0.789 £0.273  2.20 2.89 0.004
Group size —0.577 £ 0.370  0.56 1.56 0.120
Partner death 0.832 £0.384 230 2.17 0.030
Internal displacement (V= 44)

Body mass —1.640 £ 0.436 0.20 3.76 <0.001
Immigrant males 0.898 £ 0.148 2.45 6.07 <0.001
Natal males 0.264 £ 0.400 1.30 0.66 0.508
time:Body mass 0.588 £ 0.290 1.80 2.03 0.043
External takeover (N = 28)

Body mass —1.255+0.355 0.29 3.54 <0.001
Immigrant males —2.558 £ 0.830 0.08 3.08 0.002
Natal males —1.142 £ 0.837 0.32 1.37 0.172
Abandonment (N = 25)

Partner loss 1.000 £ 0.539 2.73 1.86 0.063
Unfamiliar females —2.603 £0.534 0.07 4.88 <0.001

Mortality (N = 90)

Body mass -0.700 £ 0.186 0.50 3.76 <0.001
Body mass? 0.925+0.172 252 5.39 <0.001
Group size -0.706 £ 0.311 0.49 231 0.021
Partner death 0.817 £ 0.311  2.26 2.63 0.009
Internal displacement (V= 31)

Body mass -0.233 £0.308 0.79 0.76 0.450
Body mass? 0.587 £0.299 1.80 1.96 0.050
Adult females 0.885+ 0.375 242 2.36 0.018
Immigration event 1.174 £ 0426 3.23 275 0.006

dominant males (“familiar females”), are likely to be close relatives
and avoid mating with familiar dominant males. As would be ex-
pected, the probability of abandonment substantially increased
when there were no longer any “unfamiliar” females present
(Figure 5a; Table 1). Dominants were also more likely to abandon
their group after their breeding partner died or disappeared (Table
1, Supplementary Material SI 4), and of the nine abandonments
following partner loss, seven were cases where the dominant fe-
male that died represented the last resident unfamiliar female. As
the tenure of dominant males progressed, the number of resident
unfamiliar females declined because they either died or dispersed
(Figure 5b), increasing the likelihood of there being no unrelated

females to replace dominant females that die. This may explain
why the frequency of abandonment increased across the tenure of
dominant males (Figure 2d).

DISCUSSION

In species with high reproductive skew; the length of time that in-
dividuals hold positions of dominance often correlates closely with
their lifetime reproductive success (Clutton-Brock 1988; Rossiter et
al. 2006; Robbins et al. 2011). This is true of many singular coop-
erative breeders (Hawn et al. 2007; Sparkman et al. 2011; Young
and Bennett 2013; Lardy et al. 2015; Fitzpatrick and Bowman
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Predictions from a semi-parametric competing risk model showing the effect of the number of subordinate immigrant males (1-4) on the probability of

dominant males experiencing internal displacement (a) and external takeover (b). For predictions, all non-displayed covariates are held at their mean, except

for the number of natal males which was set to one to better represent the beginning of a dominant male’s tenure where adult natal males were less prevalent.
(¢) The predicted number of all adult subordinate males (black), and the number of immigrant adult subordinate males (gray), across the first 30 months of

male’s tenure (mean * 95% CI). The numbers are estimated from a generalized additive model with a negative binomial distribution, where tenure 1D was
fitted as a random eflect and tenure time (months) was modelled using splines. (d) The predicted probability that a dominant will still be dominant 1 year into
their tenure depending on the number of immigrant subordinate males resident in their group. Predicted means plotted as points with error bars displaying

the 95% CI. The range of values plotted was limited to 0-7 subordinate immigrants, as it is rare for dominants to reside with more than seven subordinate

immigrants (Supplementary Material SI 6).

2016), including meerkats (Clutton-Brock et al. 2006). To investi-
gate the factors that affect variation in tenure length in meerkats,
our study analyzed the dominance tenures of large numbers of
males and females and identified the multiple routes through which
dominance can be lost. Our results showed that tenures ended ei-
ther when dominant individuals died, when they were displaced by
resident members of their group or by intruders from other groups,
or when they voluntarily abandoned their group. Mortality ended
most dominance tenures in both sexes, being responsible for 29%
of tenure ends in males and 69% of females. Internal displacement
was also prevalent in both sexes, ending 27% of male tenures and
21% of female tenures. However, in contrast to females, a substan-
tial number of dominant males experienced external takeovers by
same-sex intruders from other groups (20%), and a sizeable propor-
tion also voluntarily abandoned their position (15%)—usually when
breeding opportunities were absent in their group.

In both sexes, low body mass was associated with an increased
risk of mortality and of internal displacement by resident group

members. For males, low body mass also made external takeover
by extra-group intruders more likely. These associations probably
reflected the importance of body mass in competitive interactions
for meerkats. Previous research on our study population has shown
that the heaviest subordinate females are usually most successful in
competing for dominance vacancies (Hodge et al. 2008; Duncan
et al. 2018), and subordinates of both sexes appear to track and
respond to the growth of close competitors in a strategic fashion
(Huchard et al. 2016). Body mass is also likely to be a good indi-
cator of a dominant’s condition and is associated with the ability of
dominants to suppress subordinate group members (Clutton-Brock
et al. 2008). A similar relationship between body mass and com-
petitive ability may occur in cooperatively breeding alpine mar-
mots (Marmota marmota) where dominant males and females with
high body mass were able to maintain longer dominance tenures
(Lardy et al. 2012, 2013). In males of this species, dominance loss
was preceded by a decline in body mass which was itself linked to
the energetic costs of suppressing same-sex subordinates (Lardy et
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Model predictions (solid line) with 95% confidence intervals showing the effect of the absence of unfamiliar females on the probability of dominant male

abandonment (a) and the mean spline for the number of unfamiliar females resident in the group across the tenures of dominant males estimated from

a generalized additive model with a negative binomial distribution and tenure ID fitted as a random effect (b). Predictions for the effect of unfamiliar
female presence on abandonment were estimated from a semi-parametric competing risk model with all other predictors held at the population average.

Visualization of the number of unfamiliar females across tenure were restricted to between 0 and 30 months to allow for clearer visualization of changes in

the first few years of dominance.

al. 2012). In a similar vein, the experimental feeding of dominant
female meerkats during late-stage pregnancy increased the likeli-
hood of subordinate eviction, providing further evidence that high
body condition can help dominants to maintain control (Dubuc et
al. 2017).

Our study also found that the risk of mortality to domin-
ants of both sexes declined as the size of their groups increased.
Mortality can encompass a variety of processes, but a likely con-
tributing factor is that larger group size dilutes predation risk and
improves predator detection in the Kalahari (Clutton-Brock et al.
1999), while also increasing a group’s capacity to defend their range
against neighbors (Dyble et al. 2019). Previous work on meerkats
has also shown that group size has other wide-ranging benefits for
all group members, including improvements in growth and body
mass (Clutton-Brock and Manser 2016), which result partially from
the lower energetic cost of rearing young in large groups (Clutton-
Brock, Gaynor, et al. 1998; Clutton-Brock et al. 2000, 2001).

While the mortality risk of dominants declined with increasing
group size, increases in group size were associated with an increase
in the number of potential same-sex competitors and the risk of in-
ternal displacement in both sexes went up as a result. For males, the
risk of internal displacement was dependent upon the motivation
of subordinate males to compete for dominance. Specifically, our
results found that the number of natal subordinate males did not
affect the probability of internal displacement, whereas the number
of immigrant subordinate males did. This is presumably because,
in contrast to immigrant males, natal individuals are related to the
incumbent dominant female and therefore stand to gain no direct
reproductive benefits by displacing him, as incestuous mating is
avoided in meerkats (O’Riain et al. 2000; Leclaire et al. 2013). In
contrast, since all resident subordinate females (who are often natal
but are sometimes founders) can breed if they acquire dominance,
incumbent dominant females are susceptible to internal displace-
ment from all subordinate females, and this is why their displace-
ment risk increased as the number of adult subordinate females
rose. Like males, the motivation of subordinate females to compete
also increased when breeding opportunities arose, as evidenced by
the heightened displacement risk following the immigration of un-
familiar males. The intensification of female-female competition

following male immigration has previously been shown to trigger
short-term growth acceleration in subordinate female meerkats
(Dubuc and Clutton-Brock 2019).

In contrast to dominant females, a substantial number of domi-
nant male tenures ended due to takeovers by same-sex immigrants
that had dispersed from other groups. A dominant male’s risk of
external takeover declined as the number of resident adult males
in their group increased, and this is probably because subordinate
males assist in repelling intruders (Mares et al. 2012), as is observed
in several species (Putland and Goldizen 1998; Ieh 1999; Radford
2003; Teichroeb and Jack 2017). In meerkats, the number of res-
ident immigrant males had a stronger effect on reducing the risk
of external takeovers to males than the number of resident natal
males. We suggest that this reflects variation in the relative costs of
takeover for the two categories of subordinate male, and thus their
motivation to repel intruders. If subordinate males fail to repel a
takeover, they are vulnerable to expulsion from the group (Mares
et al. 2012), exposing them to the various costs of dispersal (Young
and Monfort 2009; Maag et al. 2019). However, immigrant sub-
ordinates will also lose access to viable breeding females that they
have the potential to mate with and the possibility of inheriting a
breeding position following the death of the incumbent dominant
(Spong et al. 2008).

Our results suggest that by reducing the risk of external takeover,
subordinate immigrant males largely offset the potential threat of
displacement that they pose to dominant males. This is because it
is only when subordinate immigrants are present in uncommonly
large numbers—greater than four individuals—that they negatively
impact the ability of the dominant male to maintain tenure. The
overall cost of displacement to the male is also likely to be lower
than that of external takeover because unlike the latter (Mares et
al. 2012), displacement rarely results in permanent eviction, and in
most cases, the new dominant male will be a sibling whose repro-
duction will bring them indirect fitness benefits (Griffin et al. 2003).
Furthermore, the presence of subordinate group members has been
shown to reduce the prevalence of extra-group paternity (Duncan
2022). In combination, these effects might explain why dominant
males tolerate other immigrant males in their group, even if doing
so means that they will lose some share of paternity (Spong et al.

€202 JoquianoN g U0 3senb AQ 025812 .L/6.16/9/7E/101E/0008q W00 dNo"0ILSPED.//:SARY WOl PEpEojumoq



988

2008). Similar benefits of resident subordinate males to dominant
males have been observed in other mammals that live in multi-male
groups (Henzi et al. 2010; Port et al. 2010; Snyder-Mackler et al.
2012), and theoretical models suggest that effects of this kind can
favor their evolution (Port and Cant 2014; Port et al. 2018).

The tenure of dominant males was also affected by the kinship
structure of breeding groups. When dominant males first migrated
into an established group, they were unfamiliar and unrelated to
all resident females. As their tenure progressed, mortality and the
eviction of older subordinates (Clutton-Brock et al. 2010), as well
as the recruitment of their newly produced offspring, resulted in
the proportion of unfamiliar non-kin in the group declining, until
eventually, only the dominant female was unrelated to them. As in
many other social species living in stable groups where kin of both
sexes associate throughout their lifespan, inbreeding avoidance is
common (Pusey and Wolf 1996; Pike et al. 2021), and meerkats
avoid mating with familiar individuals who are commonly close re-
latives (O’Riain et al. 2000; Griffin et al. 2003). As a result, there is
an increasing probability that as the number of unrelated subordi-
nate females declines across a dominant male's tenure, the death of
a dominant female will result in a group where the resident domi-
nant male has no unfamiliar, unrelated females to breed with. This
scenario often causes them to abandon dominance and undergo
secondary dispersal in search of new breeding opportunities.

The absence of mating opportunities has been shown to stim-
ulate secondary dispersal in other social vertebrates. For example,
in baboons, adult females also avoid mating with familiar, related
males, and immigrant dominant males commonly disperse from
their breeding groups when their daughters reach breeding age
and the availability of breeding opportunities in their groups de-
clines (Alberts and Altmann 1995). Similarly, in some cooperatively
breeding birds where females are the dispersive sex, the absence of
in-group breeding partners has been associated with the abandon-
ment of dominant status by widowed “dominant” females (Hidalgo
Aranzamendi et al. 2016; Walters and Garcia 2016). These pro-
cesses may also explain observations of group collapse following
the death of dominant breeders in gray wolves Canis lupus (Borg
et al. 2015), African wild dogs Lycaon pictus (Woodroffe et al. 2020),
and Damaraland mole-rats (Jarvis and Bennett 1993). In contrast,
abandonment of breeding groups appears to be uncommon in
cases where dominants continue to have reproductive opportun-
ities available to them after the loss of their breeding partner, such
as through the immigration of opposite-sex individuals (Nelson-
Flower et al. 2012) or through continued access to extra-group in-
dividuals. This likely explains why female meerkats, unlike males,
do not abandon their groups (Young et al. 2007; Mares et al. 2014).

Our research on meerkats emphasizes the far-reaching effects of
emigration and immigration on the life histories of both sexes, as
well as on the intensity of selection and the evolution of social be-
havior. In meerkats, sex differences in dispersal tendencies affect the
maintenance of dominance tenures in both sexes. The prevalence
of abandonment and external takeovers in males but not females
are ultimately caused by sex differences in dispersal, which expose
dominant males to competition with males from other groups and
reduce their access to viable mating partners as unfamiliar females
progressively leave the group. Dispersal patterns also influenced
competition within groups: while dominant females were vulner-
able to internal displacement by any resident subordinate, natal or
founder, dominant males were only likely to be displaced by im-
migrant subordinate males since the absence of female immigra-
tion into established groups deprives natal subordinate males of

Behavioral Ecology

potential breeding partners. Since the rate of internal displacement
is similar in both sexes, and in-situ mortality is slightly lower for
dominant males, our study suggests that it is the additional forms
of dominance loss that are responsible for the shorter tenures of
males. The lower variance in lifetime reproductive success in males
compared to females is consequently a direct result of reductions in
their tenure of dominant status (Clutton-Brock et al. 2006).

The consequences of variation in local emigration and social
behavior for individual breeding tenures that we describe suggest
that sex-specific patterns of dispersal can lead to the evolution of
adaptive sex differences in behavior that are not directly associated
with anisogamy, intra-sexual or intersexual competition or with
ecological divergence between the sexes (see Wilson 1975). They
consequently emphasize the diversity of evolutionary processes
that underly the evolution of sex differences in behavior, physi-
ology, and morphology, and they emphasize the need to understand
the reasons for sex differences in local immigration and emigra-
tion (Mabry et al. 2013; Trochet et al. 2016; Li and Kokko 2019).
Why, for example, do females frequently remain and breed in their
birth groups and males disperse in many social mammals (Lawson
Handley and Perrin 2007), while females typically disperse and
males remain philopatric in most group-living birds (Greenwood
1980) and a minority of mammalian species (e.g., social equids
[Monard et al. 1996], several tropical bats [Moussy et al. 2013],
and some primates [Isbell and Jack 2009], including the African
apes [Harcourt and Stewart 2007; Stumpf et al. 2009])? One sug-
gestion is that females habitually disperse from their birth groups
where the usual duration of the breeding lifespans of males or male
kin groups exceeds the age at which female offspring are ready to
breed, while they remain and breed in their birth groups and avoid
mating with familiar males where the breeding lifespans of males
are shorter than the age at which females usually begin to breed,
and some comparative evidence supports this (Clutton-Brock 1989;
Clutton-Brock and Lukas 2012), but more work is needed to under-
stand the factors that extend or constrain male breeding lifespans.

Opverall, our study highlights the benefit of applying a compre-
hensive analytical approach to breeding lifespans that considers all
the ways in which breeding lifespans can start and end. In singular
cooperative breeders like the meerkat, breeding tenure is directly
tied to dominance, and to understand what makes some individuals
reproductively successful therefore requires understanding not only
how dominance is acquired, but how it is maintained. Our work
emphasizes that intrinsic, demographic, and stochastic processes
can all affect the ability and incentive of individuals to maintain
their breeding tenures. The relative importance of these pro-
cesses for the maintenance of tenure will undoubtedly vary across
breeding systems and will have consequences for the life histories
of males and females and the dynamics of social groups. Future
research should explore this variation across breeding systems in
greater detail.
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FUNDING

The long-term research on meerkats is currently supported by funding
from the European Research Council (ERC) under the European Union’s

€202 JoquianoN g U0 3senb AQ 025812 .L/6.16/9/7E/101E/0008q W00 dNo"0ILSPED.//:SARY WOl PEpEojumoq


http://www.beheco.oxfordjournals.org/
http://www.beheco.oxfordjournals.org/

Duncan et al. - Dominance loss in meerkats

Horizon 2020 research and innovation program (no. 742808 and no.
294494) and a grant from the Natural Environment Research Council
(grant NE/G006822/1) to T.C.-B as well as by grants from the University
of Zurich to M.B.M. and the MAVA Foundation.We are grateful to the
Kalahari Research Trust and the Kalahari Meerkat Project for access to
facilities and habituated animals on the Kuruman River Reserve, and the
surrounding farmers for being able to use their land. We thank the man-
agers, volunteers, students, and researchers who have all contributed to
the collection and curation of the long-term data over the decades; in par-
ticular, David Gaynor and Tim Vink for organization of the project and
databases. We are also grateful to all the members of the Large Animal
Research Group for their support and insightful discussions. We thank the
Mammal Research Institute and the ethics committee at Pretoria University
for their support in logistics and ethics permits, as well as the Northern
Cape Department of Environment and Nature Conservation for permission
to conduct the research (FAUNA 1020/2016). Long-term data collected
within the course of this study fall under the permission of the ethics com-
mittee of Pretoria University and the Northern Cape Conservation Service,
South Africa (EC011-10, EC048-12, EC010-13, EC031-13, EC047-16) and
were carried out adhering to the approved guidelines in these permits, in
addition to the standards outlined in the ASAB/ABS (2012) Guidelines for
the Treatment of Animals in Behavioural Research and Teaching.

AUTHOR CONTRIBUTIONS

Christopher Duncan (Conceptualization [Equal], Formal analysis [Lead],
Visualization [Lead], Writing — original draft [Equal], Writing — review &
editing [Equal]), Jack Thorley (Conceptualization [Equal], Writing — orig-
inal draft [Equal], Writing — review & editing [Equal]), Marta Manser (Data
curation [Supporting]|, Funding acquisition [Supporting|, Project adminis-
tration [Supporting], Writing — review & editing [Supporting]), and Tim
Clutton-Brock (Conceptualization [Equal], Data curation [Lead], Funding
acquisition [Lead], Project administration [Lead], Supervision [Lead],
Writing — review & editing [Equal])

DATA AVAILABILITY

Analyses reported in this article can be reproduced using data provided by
Duncan et al (2023).

Handling Editor: Aliza le Roux

REFERENCES

Alberts S. 2012. Magnitude and sources of variation in male reproductive
performance. In: Mitani ], Call J, Kappeler P, Palombit R, Silk ], editors.
The evolution of primate societies. Chicago: Chicago University Press.
p. 412-431.

Alberts SC, Altmann J. 1995. Balancing costs and opportunities: dispersal in
male baboons. Am Nat. 145(2):279-306. doi:10.1086/285740.

Archie EA, Morrison TA, Foley CAH, Moss CJ, Alberts SC. 2006.
Dominance rank relationships among wild female African ele-
phants, Loxodonta africana. Anim Behav. 71(1):117-127. doi:10.1016/j.
anbehav.2005.03.023.

Berger J, Cunningham C. 1998. Natural variation in horn size and social
dominance and their importance to the conservation of black rhinoceros.
Conserv Biol. 12(3):708-711. doi:10.1046/j.1523-1739.1998.97207 x.

Bissonnette A, Perry S, Barrett L, Mitani JC, Flinn M, Gavrilets S, de
Waal FBM. 2015. Coalitions in theory and reality: a review of perti-
nent variables and processes. Behaviour. 152(1):1-56. doi:10.1163/1568
539X-00003241.

Borg BL, Brainerd SM, Meier T], Prugh LR. 2015. Impacts of breeder loss
on social structure, reproduction and population growth in a social canid.
J Anim Ecol. 84(1):177-187. doi:10.1111/1365-2656.12256.

Carlson AA, Young AJ, Russell AF, Bennett NC, McNeilly AS, Clutton-
Brock T. 2004. Hormonal correlates of dominance in meerkats (Suricata
suricatla). Horm Behav. 46(2):141-150. doi:10.1016/j.yhbeh.2004.01.009.

Clutton-Brock T. 1988. Reproductive success: studies of individual variation
in contrasting breeding systems. Chicago: University of Chicago Press.

Clutton-Brock TH. 1989. Female transfer and inbreeding avoidance in so-
cial mammals. Nature. 337(6202):70-72. doi:10.1038/337070a0.

989

Clutton-Brock  TH.  2016.
Wiley-Blackwell.

Clutton-Brock TH, Brotherton PNM, Smith R, Mcllrath GM, Kansky R,
Gaynor D, O’Riain MJ, Skinner JD. 1998. Infanticide and expulsion of
females in a cooperative mammal. Proc R Soc Lond B. 265(1412):2291—
2295. doi:10.1098/rspb.1998.0573.

Clutton-Brock TH, Brotherton PNM, O’Riain M]J, Griffin AS, Gaynor
D, Kansky R, Sharpe L, Mcllrath GM. 2001. Contributions to coop-
erative rearing in meerkats. Anim Behav. 61(4):705-710. doi:10.1006/
anbe.2000.1631.

Clutton-Brock TH, Brotherton PNM, O’Riain M]J, Griffin AS, Gaynor D,
Sharpe L, Kansky R, Manser MB, Mcllrath GM. 2000. Individual con-
tributions to babysitting in a cooperative mongoose, Suricata suricatia. Proc
R Soc Lond B. 267(1440):301-305. doi:10.1098/rspb.2000.1000.

Clutton-Brock TH, Gaynor D, Kansky R, MacColl AD, Mecllrath G,
Chadwick P, Brotherton PN, O’Riain JM, Manser M, Skinner JD. 1998.
Costs of cooperative behaviour in suricates (Suricata suricatta). Proc Biol
Sci. 265(1392):185-190. doi:10.1098/rspb.1998.0281.

Clutton-Brock TH, Gaynor D, Mcllrath GM, Maccoll ADC, Kansky R,
Chadwick P, Manser M, Skinner JD, Brotherton PNM. 1999. Predation,
group size and mortality in a cooperative mongoose, Suricata suricatta. J
Anim Ecol. 68(4):672-683. doi:10.1046/].1365-2656.1999.00317 x.

Clutton-Brock TH, Hodge SJ, Flower TP. 2008. Group size and the sup-
pression of subordinate reproduction in Kalahari meerkats. Anim Behav.
76(3):689-700. doi:10.1016/j.anbehav.2008.03.015.

Clutton-Brock TH, Hodge SJ, Spong G, Russell AL, Jordan NR, Bennett
NC, Sharpe LL, Manser MB. 2006. Intrasexual competition and sexual
selection in  cooperative mammals. Nature. 444(7122):1065-1068.
doi:10.1038/nature05386.

Clutton-Brock TH, Isvaran K. 2007. Sex differences in ageing in nat-
ural populations of vertebrates. Proc R Soc B. 274(1629):3097-3104.
doi:10.1098/rspb.2007.1138.

Clutton-Brock TH, Lukas D. 2012. The evolution of social philop-
atry and dispersal in female mammals. Mol Ecol. 21(3):472-492.
doi:10.1111/5.1365-294X.2011.05232.x.

Clutton-Brock TH, Manser MB. 2016. Meerkats: cooperative breeding
in the kalahari. In: Koenig WD, Dickinson JL, editors. Cooperative
breeding in vertebrates: studies of ecology, evolution, and behavior. Ist
ed. Cambridge: Cambridge University Press. p. 294-317.

Clutton-Brock TH, Hodge SJ, Flower TP, Spong GI, Young AJ. 2010.
Adaptive suppression of subordinate reproduction in cooperative mam-
mals. Am Nat. 176(5):664-673. doi:10.1086/656492.

Cram DL, Monaghan P, Gillespie R, Dantzer B, Duncan C, Spence-Jones
H, Clutton-Brock T. 2018. Rank-related contrasts in longevity arise from
extra-group excursions not delayed senescence in a cooperative mammal.
Churr Biol. 28(18):2934-2939.e4. doi:10.1016/j.cub.2018.07.021.

Dammann P, Sumbera R, MaBmann C, Scherag A, Burda H. 2011.
Extended longevity of reproductives appears to be common in Fukomys
mole-rats (Rodentia, Bathyergidae). PLoS One. 6(4):¢18757. doi:10.1371/
journal.pone.0018757.

Davies CS, Smyth KN, Greene LK, Walsh DA, Mitchell J, Clutton-Brock T,
Drea CM. 2016. Exceptional endocrine profiles characterise the meerkat:
sex, status, and reproductive patterns. Sci Rep. 6(1):35492. doi:10.1038/
srep35492.

Dubuc C, Clutton-Brock TH. 2019. Male immigration triggers increased
growth in subordinate female meerkats. Ecol Evol. 9(3):1127-1134.
doi:10.1002/ece3.4801.

Dubuc C, English S, Thavarajah N, Dantzer B, Sharp SP, Spence-Jones
HC, Gaynor D, Clutton-Brock TH. 2017. Increased food availa-
bility raises eviction rate in a cooperative breeding mammal. Biol Lett.
13(4):20160961. doi:10.1098/rsb.2016.0961.

Duncan C. 2022. The acquisition and maintenance of dominance in male
and female cooperatively breeding meerkats, Suricata suricatta [Thesis].
University of Cambridge. Available from: https://www.repository.cam.
ac.uk/handle/1810/336128.

Duncan C, Gaynor D, Clutton-Brock T. 2018. The importance of being
beta: female succession in a cooperative breeder. Anim Behav. 146:113—
122. doi:10.1016/j.anbehav.2018.10.013.

Duncan C, Manser MB, Clutton-Brock T. 2021. Decline and fall: the
causes of group failure in cooperatively breeding meerkats. Ecol Evol.
11(21):14459-14474. doi:10.1002/ece3.7655.

Duncan C, Thorley J, Manser M, Clutton-Brock T. 2023. Dominance loss
and tenure maintenance in Kalahari meerkats. Behav Ecol. doi:10.5061/

dryad.zw3r228db.

Mammal societies.  Chichester, UK:

€202 JoquianoN g U0 3senb AQ 025812 .L/6.16/9/7E/101E/0008q W00 dNo"0ILSPED.//:SARY WOl PEpEojumoq


https://doi.org/10.1086/285740
https://doi.org/10.1016/j.anbehav.2005.03.023
https://doi.org/10.1016/j.anbehav.2005.03.023
https://doi.org/10.1046/j.1523-1739.1998.97207.x
https://doi.org/10.1163/1568539X-00003241
https://doi.org/10.1163/1568539X-00003241
https://doi.org/10.1111/1365-2656.12256
https://doi.org/10.1016/j.yhbeh.2004.01.009
https://doi.org/10.1038/337070a0
https://doi.org/10.1098/rspb.1998.0573
https://doi.org/10.1006/anbe.2000.1631
https://doi.org/10.1006/anbe.2000.1631
https://doi.org/10.1098/rspb.2000.1000
https://doi.org/10.1098/rspb.1998.0281
https://doi.org/10.1046/j.1365-2656.1999.00317.x
https://doi.org/10.1016/j.anbehav.2008.03.015
https://doi.org/10.1038/nature05386
https://doi.org/10.1098/rspb.2007.1138
https://doi.org/10.1111/j.1365-294X.2011.05232.x
https://doi.org/10.1086/656492
https://doi.org/10.1016/j.cub.2018.07.021
https://doi.org/10.1371/journal.pone.0018757
https://doi.org/10.1371/journal.pone.0018757
https://doi.org/10.1038/srep35492
https://doi.org/10.1038/srep35492
https://doi.org/10.1002/ece3.4801
https://doi.org/10.1098/rsbl.2016.0961
https://www.repository.cam.ac.uk/handle/1810/336128
https://www.repository.cam.ac.uk/handle/1810/336128
https://doi.org/10.1016/j.anbehav.2018.10.013
https://doi.org/10.1002/ece3.7655
https://doi.org/10.5061/dryad.zw3r228db
https://doi.org/10.5061/dryad.zw3r228db

990

Dyble M, Houslay TM, Manser MB, Clutton-Brock T. 2019. Intergroup
aggression in meerkats. Proc R Soc B. 286(1917):20191993. doi:10.1098/

Feh C. 1999. Alliances and reproductive success in Camargue stallions.
Anim Behav. 57(3):705-713. doi:10.1006/anbe.1998.1009.

Fitzpatrick JW, Bowman R. 2016. Florida scrub-jay: oversized territories and
group size in a fire-maintained habitat. In: Koenig WD, Dickinson JL, edi-
tors. Cooperative breeding in vertebrates: studies of ecology, evolution,
and behavior. 1st ed. Cambridge: Cambridge University Press. p. 77-96.

Fox J, Weisberg S. 2002. Cox proportional-hazards regression for survival
data in R. An R and S-PLUS companion to applied regression 2002.

Gelman A. 2008. Scaling regression inputs by dividing by two standard de-
viations. Stat Med. 27(15):2865-2873. doi:10.1002/sim.3107.

Greenwood PJ. 1980. Mating systems, philopatry and dispersal in
birds and mammals. Anim Behav. 28(4):1140-1162. doi:10.1016/
50003-3472(80)80103-5.

Griffin AS, Pemberton JM, Brotherton PNM, Mcllrath G, Gaynor D,
Kansky R, O’Riain J, Clutton-Brock TH. 2003. A genetic analysis of
breeding success in the cooperative meerkat (Suricata suricatia). Behav Ecol.
14(4):472-480. doi:10.1093/beheco/arg040.

Harcourt AH, Stewart KJ. 2007. Gorilla society: conflict, compromise, and
cooperation between the sexes. Chicago: Chicago University Press.

Hauber ME, Lacey E. 2005. Bateman’s principle in cooperatively breeding
vertebrates: the effects of non-breeding alloparents on variability in fe-
male and male reproductive success. Integr Comp Biol. 45(5):903-914.
doi:10.1093/icb/45.5.903.

Hawn AT, Radford AN, du Plessis MA. 2007. Delayed breeding af-
fects lifetime reproductive success differently in male and female
green woodhoopoes. Curr Biol. 17(10):844-849. doi:10.1016/j.
cub.2007.03.036.

Henzi SP, Clarke PMR, van Schaik CP, Pradhan GR, Barrett L.
2010. Infanticide and reproductive restraint in a polygynous social
mammal. Proc Natl Acad Sci USA. 107(5):2130-2135. doi:10.1073/
pnas.0913294107.

Hidalgo Aranzamendi N, Hall ML, Kingma SA, Sunnucks P, Peters A.
2016. Incest avoidance, extrapair paternity, and territory quality drive
divorce in a year-round territorial bird. Behav Ecol. 27(6):1808-1819.
doi:10.1093/beheco/arwl01.

Hodge SJ, Manica A, Flower TP, Clutton-Brock TH. 2008. Determinants
of reproductive success in dominant female meerkats. ] Anim Ecol.
77(1):92-102. doi:10.1111/j.1365-2656.2007.01318.x.

Huchard E, English S, Bell MBV, Thavarajah N, Clutton-Brock T. 2016.
Competitive growth in a cooperative mammal. Nature. 533(7604):532—
534. doi:10.1038/nature17986.

Isbell LA, Jack KM. 2009. Dispersal in primates: advancing an individu-
alized approach. Behaviour. 146(4-5):429-436. doi:10.1163/1568539
09X410612.

Jack K, Fedigan LM. 2004. The demographic and reproductive context
of male replacements in Cebus capucinus. Behaviour. 141(6):755-775.
doi:10.1163/1568539042245178.

Jackson C. 2016. flexsurv: a platform for parametric survival modeling in R.
J Stat Soft. 70(8):1-33. doi:10.18637/jss.v070.108.

Jarvis JUM, Bennett NC. 1993. Eusociality has evolved independently in
two genera of bathyergid mole-rats - but occurs in no other subterranean
mammal. Behav Ecol Sociobiol. 33(4):253-260. doi:10.1007/BF02027122.

Jordan NR. 2007. Scent-marking investment is determined by sex and
breeding status in meerkats. Anim Behav. 74(3):531-540. doi:10.1016/j.
anbehav.2006.12.015.

Koenig WD, Dickinson JL. 2016. Cooperative breeding in vertebrates.
Cambridge: Cambridge University Press.

Kutsukake N, Clutton-Brock TH. 2006. Aggression and submission reflect
reproductive conflict between females in cooperatively breeding meer-
kats Suricata suricatta. Behav Ecol Sociobiol. 59(4):541-548. doi:10.1007/
500265-005-0079-7.

Kutsukake N, Clutton-Brock TH. 2008. The number of subordin-
ates moderates intrasexual competition among males in cooperatively
breeding meerkats. Proc R Soc B. 275(1631):209-216. doi:10.1098/
rspb.2007.1311.

Lardy S, Allainé D, Bonenfant C, Cohas A. 2015. Sex-specific deter-
minants of fitness in a social mammal. Ecology. 96(11):2947-2959.
doi:10.1890/15-0425.1.

Lardy S, Allain¢ D, Cohas A. 2013. Intrasexual competition and female
dominance in a singular breeding mammal, the Alpine marmot. Anim
Behav. 86(6):1155-1163. doi:10.1016/j.anbehav.2013.09.017.

Behavioral Ecology

Lardy S, Cohas A, Desouhant E, Tafani M, Allainé D. 2012. Paternity
and dominance loss in male breeders: the cost of helpers in a coopera-
tively breeding mammal. PLoS One. 7(1):¢29508. doi:10.1371/journal.
pone.0029508.

Lawson Handley LJ, Perrin N. 2007. Advances in our understanding
of mammalian sex-biased dispersal. Mol Ecol. 16(8):1559-1578.
doi:10.1111/§.1365-294X.2006.03152.x.

Leclaire S, Nielsen JE Sharp SP, Clutton-Brock TH. 2013. Mating strat-
egies in dominant meerkats: Evidence for extra-pair paternity in relation
to genetic relatedness between pair mates. J Evol Biol. 26(7):1499-1507.
doi:10.1111/jeb.12151.

Li X-Y, Kokko H. 2019. Sex-biased dispersal: a review of the theory. Biol
Rev. 94(2):721-736. doi:10.1111/brv.12475.

Liker A, Székely T. 2005. Mortality costs of sexual selection and pa-
rental care in natural populations of birds. Evolution. 59(4):890-897.
doi:10.1111/7.0014-3820.2005.th01762.x.

Lukas D, Clutton-Brock T. 2014. Costs of mating competition limit male
lifetime breeding success in polygynous mammals. Proc R Soc B.
281(1786):20140418. doi:10.1098/rsph.2014.0418.

Maag N, Cozzi G, Bateman A, Heistermann M, Ganswindt A, Manser M,
Clutton-Brock T, Ozgul A. 2019. Cost of dispersal in a social mammal:
body mass loss and increased stress. Proc R Soc B. 286(1896):20190033.
doi:10.1098/rsph.2019.0033.

Maag N, Cozzi G, Clutton-Brock T, Ozgul A. 2018. Density-dependent
dispersal strategies in a cooperative breeder. Ecology. 99(9):1932-1941.
doi:10.1002/ecy.2433.

Mabry KE, Shelley EL, Davis KE, Blumstein DT, Van Vuren DH. 2013.
Social mating system and sex-biased dispersal in mammals and birds:
a phylogenetic analysis. PLoS One. §(3):¢57980. doi:10.1371/journal.
pone.0057980.

Mares R, Bateman AW, English S, Clutton-Brock TH, Young AJ. 2014.
Timing of predispersal prospecting is influenced by environmental, so-
cial and state-dependent factors in meerkats. Anim Behav. 88:185-193.
doi:10.1016/j.anbehav.2013.11.025.

Mares R, Young AJ, Clutton-Brock TH. 2012. Individual contributions
to territory defence in a cooperative breeder: weighing up the bene-
fits and costs. Proc R Soc B. 279(1744):3989-3995. doi:10.1098/
rsph.2012.1071.

Monard A-M, Duncan P, Boy V. 1996. The proximate causes of natal dis-
persal in female horses. Behaviour. 133(13/14):1095-1124. doi:10.1163/
156853996X00611.

Moussy C, Hosken DJ, Mathews F, Smith GC, Aegerter JN, Bearhop
S. 2013. Migration and dispersal patterns of bats and their in-
fluence on genetic structure. Mammal Rev. 43(3):183-195.
doi:10.1111/§.1365-2907.2012.00218.x.

Nelson-Flower M]J, Hockey PAR, O’Ryan C, Ridley AR. 2012,
Inbreeding avoidance mechanisms: dispersal dynamics in coopera-
tively breeding southern pied babblers. ] Anim Ecol. 81(4):876-883.
doi:10.1111/§.1365-2656.2012.01983 x.

O’Riain MJ, Bennett NC, Brotherton PNM, Mcllrath G, Clutton-Brock
TH. 2000. Reproductive suppression and inbreeding avoidance in wild
populations of co-operatively breeding meerkats (Suricata suricatta). Behav
Ecol Sociobiol. 48(6):471-477. doi:10.1007/5002650000249.

Packer C, Pusey AE. 1987. The evolution of sex-biased dispersal in lions.
Behaviour. 101(4):275-310. doi:10.1163/156853987X00026.

Parsons SDC, Drewe JA, van Pittius NCG, Warren RM, van Helden PD.
2013. Novel cause of tuberculosis in meerkats, South Africa. Emerg
Infect Dis. 19(12):2004-2007. doi:10.3201/eid1912.130268.

Patterson S, Drewe JA, Pfeiffer DU, Clutton-Brock TH. 2017. Social and
environmental factors affect tuberculosis related mortality in wild meer-
kats. J Anim Ecol. 86(3):442-450. doi:10.1111/1365-2656.12649.

Pike VL, Cornwallis CK, Griffin AS. 2021. Why don’t all animals
avoid inbreeding? Proc R Soc B. 288(1956):20211045. doi:10.1098/
rspb.2021.1045.

Port M, Cant MA. 2014. Reproductive competition among males in
multimale groups of primates: modeling the costs and effective-
ness of conflict. Int J Primatol. 35(3-4):746-763. doi:10.1007/
$10764-013-9744-2.

Port M, Johnstone RA, Kappeler PM. 2010. Costs and benefits of multi-
male associations in redfronted lemurs (Eulemur fulvus rufus). Biol Lett.
6(5):620-622. doi:10.1098/rsb.2010.0091.

Port M, Schiilke O, Ostner J. 2017. From individual to group territoriality:
competitive environments promote the evolution of sociality. Am Nat.

189(3):E46-E57. doi:10.1086/690218.

€202 JoquianoN g U0 3senb AQ 025812 .L/6.16/9/7E/101E/0008q W00 dNo"0ILSPED.//:SARY WOl PEpEojumoq


https://doi.org/10.1098/rspb.2019.1993
https://doi.org/10.1098/rspb.2019.1993
https://doi.org/10.1006/anbe.1998.1009
https://doi.org/10.1002/sim.3107
https://doi.org/10.1016/S0003-3472(80)80103-5
https://doi.org/10.1016/S0003-3472(80)80103-5
https://doi.org/10.1093/beheco/arg040
https://doi.org/10.1093/icb/45.5.903
https://doi.org/10.1016/j.cub.2007.03.036
https://doi.org/10.1016/j.cub.2007.03.036
https://doi.org/10.1073/pnas.0913294107
https://doi.org/10.1073/pnas.0913294107
https://doi.org/10.1093/beheco/arw101
https://doi.org/10.1111/j.1365-2656.2007.01318.x
https://doi.org/10.1038/nature17986
https://doi.org/10.1163/156853909X410612
https://doi.org/10.1163/156853909X410612
https://doi.org/10.1163/1568539042245178
https://doi.org/10.18637/jss.v070.i08
https://doi.org/10.1007/BF02027122
https://doi.org/10.1016/j.anbehav.2006.12.015
https://doi.org/10.1016/j.anbehav.2006.12.015
https://doi.org/10.1007/s00265-005-0079-7
https://doi.org/10.1007/s00265-005-0079-7
https://doi.org/10.1098/rspb.2007.1311
https://doi.org/10.1098/rspb.2007.1311
https://doi.org/10.1890/15-0425.1
https://doi.org/10.1016/j.anbehav.2013.09.017
https://doi.org/10.1371/journal.pone.0029508
https://doi.org/10.1371/journal.pone.0029508
https://doi.org/10.1111/j.1365-294X.2006.03152.x
https://doi.org/10.1111/jeb.12151
https://doi.org/10.1111/brv.12475
https://doi.org/10.1111/j.0014-3820.2005.tb01762.x
https://doi.org/10.1098/rspb.2014.0418
https://doi.org/10.1098/rspb.2019.0033
https://doi.org/10.1002/ecy.2433
https://doi.org/10.1371/journal.pone.0057980
https://doi.org/10.1371/journal.pone.0057980
https://doi.org/10.1016/j.anbehav.2013.11.025
https://doi.org/10.1098/rspb.2012.1071
https://doi.org/10.1098/rspb.2012.1071
https://doi.org/10.1163/156853996X00611
https://doi.org/10.1163/156853996X00611
https://doi.org/10.1111/j.1365-2907.2012.00218.x
https://doi.org/10.1111/j.1365-2656.2012.01983.x
https://doi.org/10.1007/s002650000249
https://doi.org/10.1163/156853987X00026
https://doi.org/10.3201/eid1912.130268
https://doi.org/10.1111/1365-2656.12649
https://doi.org/10.1098/rspb.2021.1045
https://doi.org/10.1098/rspb.2021.1045
https://doi.org/10.1007/s10764-013-9744-2
https://doi.org/10.1007/s10764-013-9744-2
https://doi.org/10.1098/rsbl.2010.0091
https://doi.org/10.1086/690218

Duncan et al. - Dominance loss in meerkats

Port M, Schiilke O, Ostner J. 2018. Reproductive tolerance in male pri-
mates: Old paradigms and new evidence. Evol Anthropol. 27(3):107-120.
doi:10.1002/evan.21586.

Promislow DEL. 1992. Costs of sexual selection in natural populations
of mammals. Proc R Soc Lond B. 247(1320):203-210. doi:10.1098/
rspb.1992.0030.

Pusey A, Wolf M. 1996. Inbreeding avoidance in animals. Trends Ecol
Evol. 11(5):201-206. doi:10.1016/0169-5347(96)10028-8.

Pusey AE. 2012. Magnitude and sources of variation in female reproductive
performance. In: Mitani ], Call J, Kappeler P, Palombit R, Silk ], editors.
The Evolution of Primate Societies. Chicago: Chicago University Press.
p. 343-366.

Putland DA, Goldizen AW. 1998. Territorial behaviour in the Tasmanian
native hen: group and individual performance. Anim Behav. 56(6):1455—
1463. doi:10.1006/anbe.1998.0937.

R Core Team. 2016. R: Alanguage and environment for statistical com-
puting, Vienna, Austria.

Radford AN. 2003. Territorial vocal rallying in the green woodhoopoe:
influence of rival group size and composition. Anim Behav. 66(6):1035—
1044. doi:10.1006/anbe.2003.2292.

Robbins AM, Stoinski T, Fawcett K, Robbins MM. 2011. Lifetime re-
productive success of female mountain gorillas. Am J Phys Anthropol.
146(4):582-593. doi:10.1002/ajpa.21605.

Rood JP. 1990. Group size, survival, reproduction, and routes to breeding
in dwarf mongooses. Anim Behav. 39(3):566-572. doi:10.1016/
S0003-3472(05)80423-3.

Rossiter SJ, Ransome RD, Faulkes CG, Dawson DA, Jones G. 2006. Long-
term paternity skew and the opportunity for selection in a mammal
with reversed sexual size dimorphism. Mol Ecol. 15(10):3035-3043.
doi:10.1111/j.1365-294X.2006.02987 x.

Russell AF, Carlson AA, Mcllrath GM, Jordan NR, Clutton-Brock T. 2004.
Adaptive size modification by dominant female meerkats. Evolution.
58(7):1600-1607. doi:10.1111/7.0014-3820.2004.tb01739.x.

Santos ESA, Nakagawa S. 2012. The costs of parental care: a meta-analysis
of the trade-off between parental effort and survival in birds. J Evol Biol.
25(9):1911-1917. doi:10.1111/§.1420-9101.2012.02569.x.

Sharp SP, Clutton-Brock TH. 2010. Reproductive senescence in a
cooperatively breeding mammal. J Anim Ecol. 79(1):176-183.
doi:10.1111/§.1365-2656.2009.01616.x.

Shivani, Huchard E, Lukas D. 2022. The effect of dominance rank on fe-
male reproductive success in social mammals. Peer Community J. 2:e48.
doi:10.24072/pcjournal. 158.

Snyder-Mackler N, Alberts SC, Bergman TJ. 2012. Concessions of an
alpha male? Cooperative defence and shared reproduction in multi-
male primate groups. Proc R Soc B. 279(1743):3788-3795. doi:10.1098/
rsph.2012.0842.

Snyder-Mackler N, Burger JR, Gaydosh L, Belsky DW, Noppert GA,
Campos FA, Bartolomucci A, Yang YC, Aiello AE, O’Rand A, et al.
2020. Social determinants of health and survival in humans and other
animals. Science. 368(6493):eaax9553. doi:10.1126/science.aax9553.

Solomon NG, French JA. 1997. Cooperative breeding in mammals.
Cambridge: Cambridge University Press.

Sparkman AM, Adams JR, Steury TD, Waits LP, Murray DL. 2011. Direct
fitness benefits of delayed dispersal in the cooperatively breeding red wolf
(Canis rufus). Behav Ecol. 22(1):199-205. doi:10.1093/beheco/arq194.

Spence-Jones HC, Brehm AM, Cram D, Gaynor D, Thorley ], Manser MB,
Clutton-Brock TH. 2021. Deferred benefits of dominance for natal males

991

in a cooperative breeder, the Kalahari meerkat. ] Zool. 315(3):236-245.
doi:10.1111/jz0.12918.

Spong GE, Hodge SJ, Young AJ, Clutton-Brock TH. 2008. Factors af-
fecting the reproductive success of dominant male meerkats. Mol Ecol.
17(9):2287-2299. doi:10.1111/].1365-294X.2008.03734.x.

Stumpf RM, Emery Thompson M, Muller MN, Wrangham RW. 2009.
The context of female dispersal in Kanyawara chimpanzees. Behaviour.
146(4-5):629-656. doi:10.1163/156853909X413853.

Teichroeb JA, Jack KM. 2017. Alpha male replacements in nonhuman
primates: Variability in processes, outcomes, and terminology. Am J
Primatol. 79(7):¢22674-¢22674. doi:10.1002/ajp.22674.

Therneau 'T. 2023. A package for survival analysis in r. R package version
3.5-5. Available from: https://CRAN.R-project.org/package=survival.
Thorley J, Duncan C, Sharp SP, Gaynor D, Manser MB, Clutton-Brock T.
2020. Sex-independent senescence in a cooperatively breeding mammal.

J Anim Ecol. 89(4):1080-1093. doi:10.1111/1365-2656.13173.

Trochet A, Courtois EA, Stevens VM, Baguette M, Chaine A, Schmeller
DS, Clobert J, Wiens JJ. 2016. Evolution of sex-biased dispersal. Q Rev
Biol. 91(3):297-320. doi:10.1086/688097.

Veiberg V, Loe LE, Mysterud A, Langvatn R, Stenseth NC. 2004. Social
rank, feeding and winter weight loss in red deer: Any evidence of in-
terference  competition? Oecologia. 138(1):135-142.  doi:10.1007/
s00442-003-1399-9.

Vullioud C, Davidian E, Wachter B, Rousset F, Courtiol A, Héner OP.
2019. Social support drives female dominance in the spotted hyaena. Nat
Ecol Evol. 3(1):71-76. doi:10.1038/541559-018-0718-9.

Walters JR, Garcia V. 2016. Red-cockaded woodpeckers: alternative path-
ways to breeding success. In: Koenig W, Dickinson J, editors. Cooperative
breeding in vertebrates: studies of ecology, evolution, and behavior. st
ed. Cambridge: Cambridge University Press. p. 58-76.

Wilson EO. 1975. Sociobiology: the new synthesis. Cambridge: Harvard
University Press.

Woodroffe R, O’Neill HMK, Rabaiotti D. 2020. Within- and between-
group dynamics in an obligate cooperative breeder. J Anim Ecol.
89(2):530-540. doi:10.1111/1365-2656.13102.

Wreede LC de, Fiocco M, Putter H. 2011. mstate: an r package for the
analysis of competing risks and multi-state models. J Stat Soft. 38(7):1—
30. doi:10.18637/jss.v038.i07.

Young AJ, Bennett NC. 2013. Intra-sexual selection in cooperative mam-
mals and birds: why are females not bigger and better armed? Philos
Trans R Soc B. 368(1631):20130075. doi:10.1098/rsth.2013.0075.

Young AJ, Carlson AA, Monfort SL, Russell AF, Bennett NC, Clutton-Brock
T. 2006. Stress and the suppression of subordinate reproduction in coop-
eratively breeding meerkats. Proc Natl Acad Sci USA. 103(32):12005—
12010. doi:10.1073/pnas.0510038103.

Young AJ, Monfort SL. 2009. Stress and the costs of extra-territorial
movement in a social carnivore. Biol Lett. 5(4):439-441. doi:10.1098/
rsbl.2009.0032.

Young AJ, Spong G, Clutton-Brock T. 2007. Subordinate male meerkats
prospect for extra-group paternity: alternative reproductive tactics in a
cooperative mammal. Proc R Soc B. 274(1618):1603-1609. doi:10.1098/
rspb.2007.0316.

Zstd M, Vullioud P, Mendonca R, Torrents Ticé M, Gaynor D, Mitchell
A, Clutton-Brock T. 2016. Differences in cooperative behavior among
Damaraland mole rats are consequences of an age-related polyethism.
Proc Natl Acad Sci USA. 113(37):10382-10387. doi:10.1073/
pnas.1607885113.

€202 JoquianoN g U0 3senb AQ 025812 .L/6.16/9/7E/101E/0008q W00 dNo"0ILSPED.//:SARY WOl PEpEojumoq


https://doi.org/10.1002/evan.21586
https://doi.org/10.1098/rspb.1992.0030
https://doi.org/10.1098/rspb.1992.0030
https://doi.org/10.1016/0169-5347(96)10028-8
https://doi.org/10.1006/anbe.1998.0937
https://doi.org/10.1006/anbe.2003.2292
https://doi.org/10.1002/ajpa.21605
https://doi.org/10.1016/S0003-3472(05)80423-3
https://doi.org/10.1016/S0003-3472(05)80423-3
https://doi.org/10.1111/j.1365-294X.2006.02987.x
https://doi.org/10.1111/j.0014-3820.2004.tb01739.x
https://doi.org/10.1111/j.1420-9101.2012.02569.x
https://doi.org/10.1111/j.1365-2656.2009.01616.x
https://doi.org/10.24072/pcjournal.158
https://doi.org/10.1098/rspb.2012.0842
https://doi.org/10.1098/rspb.2012.0842
https://doi.org/10.1126/science.aax9553
https://doi.org/10.1093/beheco/arq194
https://doi.org/10.1111/jzo.12918
https://doi.org/10.1111/j.1365-294X.2008.03734.x
https://doi.org/10.1163/156853909X413853
https://doi.org/10.1002/ajp.22674
https://CRAN.R-project.org/package=survival
https://doi.org/10.1111/1365-2656.13173
https://doi.org/10.1086/688097
https://doi.org/10.1007/s00442-003-1399-9
https://doi.org/10.1007/s00442-003-1399-9
https://doi.org/10.1038/s41559-018-0718-9
https://doi.org/10.1111/1365-2656.13102
https://doi.org/10.18637/jss.v038.i07
https://doi.org/10.1098/rstb.2013.0075
https://doi.org/10.1073/pnas.0510038103
https://doi.org/10.1098/rsbl.2009.0032
https://doi.org/10.1098/rsbl.2009.0032
https://doi.org/10.1098/rspb.2007.0316
https://doi.org/10.1098/rspb.2007.0316
https://doi.org/10.1073/pnas.1607885113
https://doi.org/10.1073/pnas.1607885113

