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In group-living species, reproductive variation among individuals of the
same sex is widespread. By identifying the mechanisms underlying this
reproductive skew, we gain fundamental insights into the evolution and
maintenance of sociality. A common mechanism, social control, is typically
studied by quantifying dominance, which is one of many attributes of
sociality that describes how individuals exert influence on others and
is an incomprehensive measure of social control as it accounts only for
direct relationships. Here, we use the global reaching centrality (GRC),
which quantifies the degree of hierarchy in a social network by accounting
for both direct and indirect social relationships. Using a wild, free-living
population of adult female yellow-bellied marmots (Marmota flaviventris),
we found a positive relationship between the reproductive skew index
and GRC: more despotic social groups have higher reproductive skew. The
GRC was stronger predictor for skew than traditional measures of social
control (i.e. dominance). This allows deeper insights into the diverse ways
individuals control other group members’ reproduction, a core component
in the evolution of sociality. Future studies of skew across taxa may profit
by using more comprehensive, network-based measures of social control.

1. Introduction
Variation in the distribution of reproduction among same-sex individuals is
widely observed across social mammals and is an important factor in the
evolution of sociality [1–3]. In group-living species, where reproductive skew
or reproductive inequality is most prevalent in females, selection tends to
favour females with more reproductive capabilities, either via larger body size
or by exerting greater control over resources for themselves at the expense
of subordinates [3–8]. Thus, reproductive skew can be low among females
when there are more evenly distributed opportunities for reproduction in a
group (e.g. African lion [9]) or it can be monopolized by one or a few females,
creating a high reproductive skew (e.g. meerkats [4]). However, the factors
likely to affect female reproductive skew remain unclear.

Formal reproductive skew models fall into two general categories:
transactional and compromise [1], both of which rely on the assumption
that dominant individuals can influence subordinate reproduction [3,5]. To
understand how reproduction is partitioned among individuals of the same
sex within a social group, it is essential to properly estimate social con-
trol, which is a mechanism by which the social group regulates individual
behaviour according to some rule [10,11]. Social control, with the aim of
influencing the reproduction of other members of the group, can be exercised
through aggression, eviction and infanticide [6,12–14].
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Traditionally, social control is quantified by determining individual dominance ranks and the resulting dominance hierarchy.
Dominance rank generally influences reproduction, with high-ranking individuals often having enhanced access to resources
and reproductive success [6,15,16], as seen in some macaques (Macaca spp. [17–19]) and spotted hyenas (Crocuta crocuta [20,21]).

However, linear dominance, which describes direct relationships, is not the only mechanism for social control, which can
also be exerted indirectly in a social group [22,23]. Indirect relationships have important consequences for individual fitness
in a variety of systems [24]. In the context of social control and reproductive skew, an individual may be able to dominate or
influence their indirect social partners (i.e. those they do not interact with directly) through those they do interact with directly
[24,25]. Factoring in both direct and indirect relationships may provide a more comprehensive view of the mechanisms of social
control and reproductive skew and will advance our understanding of the implications of social structure for the evolution of
animal sociality.

We used social network analysis to specifically ask whether the degree of both direct and indirect social control in a social
group is correlated with the female reproductive skew of the group. We used an adapted version of the global reaching
centrality (GRC), a global network measure of group social structure quantifying the degree of hierarchy, accounting for both
direct and indirect relationships [26]. The GRC is the normalized value of the difference between the maximum and the average
value of the reach centralities of the network [26]. As the GRC increases, the network becomes less egalitarian and more
despotic. Although research in animal social networks primarily considers positive relationships between individuals, the use
of antagonistic relationships (i.e. aggression) may be a more appropriate measure of social control in networks (e.g. [25]). Thus,
measures of power and centrality, calculated from a social network measure like the GRC, can be used to identify the proximate
determinants of reproductive skew.

If one or a few individuals have a disproportionate influence over others in the social group, based on how the group is
connected, the GRC of the group increases, and the group is under greater despotic control. By contrast, if individuals are
similarly connected to other members of the group, the GRC is lower, and the group can be described as being egalitarian.
Assuming that highly central or dominant individuals can influence the reproduction of other members of their group [1,3,5],
we predict a positive relationship between GRC and reproductive skew.

2. Methods
(a) Study system
We explored the  relationship between social  control  and female  reproductive  skew in  a  wild,  free-living population of
yellow-bellied marmots  (Marmota  flaviventris),  a  facultative  social  species  [27–29]  that  live  in  matrilineal  social  groups
(mother : daughter : sister  groups)  and exhibit  a  harem-polygynous mating system [30].  Social  groups are  composed of
one or  more  adult  males  and females  (>2  years  old),  yearlings  (1  year  old)  and pups (<1  year  old)  [31].  Colonies  are
composed of  one or  multiple  social  groups that  vary in  composition and size  [32].  Although groups are  kin  structured,
adult  females  compete  with  other  females  for  resources  and reproductive  success  [30].  Females  can reproduce at  age
2 and their  litters  emerge above ground ca  25  days  after  birth  in  June and July  [30].  Pups remain in  their  natal
colony until  the  following summer after  which most  males  leave,  whereas  about  half  of  the  females  stay  in  their  natal
colony [30].  Marmots  may have low levels  of  reproductive  skew [33,34].  Female  marmots  are  known to  reproductively
suppress  younger  individuals  [35],  although the  mechanisms involved are  not  fully  understood.  In  marmots,  reproduc-
tive  skew is  not  a  result  of  individual  differences  in  body mass  or  lack of  reproductive  capacity  [34],  but  may result
from reproductive  suppression by older,  more  dominant  females  ([30],  but  see  [36]).  Thus,  the  GRC is  a  relevant  global
social  network measure  for  this  system.  Further,  other  global  social  network measures  of  group social  structure  have
been shown to  relate  to  reproductive  success  in  this  system [37].

We studied a  population in  and around the  Rocky Mountain  Biological  Laboratory,  Gothic,  CO,  USA [38,39].
From 2003 to  2020,  marmots  were  live  trapped between mid-April  and early  September,  under  permits  issued by
the Colorado Division of  Wildlife  (TR917,  renewed annually)  with  ethical  approval  from UCLA IACUC (2001-191-01,
renewed annually).  Each trapped individual  was  weighed and sexed,  and we recorded its  reproductive  status,  which,
in  females,  was  determined based on the  nipple  development  [40].  Additionally,  we took a  hair  sample  from each
new individual  in  our  population for  later  genetic  analysis  and offspring assignment.  Social  observations  aboveground
were  conducted from mid-April  to  early  September,  during hours  of  peak behavioural  activity  (from 07.00  to  10.00  in
the  morning and 16.00  to  19.00  in  the  afternoon).  We used an all-occurrence  sampling scheme [41]  where,  for  each
interaction,  we recorded the  time,  type (i.e.  affiliative  or  agonistic),  the  initiator  and recipient,  and the  location.  We
considered agonistic  interactions  as  negative  interactions  that  included aggression and displacements  (i.e.  one  individ-
ual  moves  away in  response  to  the  approach of  another  individual).  It  is  noteworthy that  agonistic  interactions  are
relatively  rare  in  marmots  but  are  common among relatives  who share  space  and engage in  comparatively  more
affiliative  interactions  [41].  Moreover,  agonistic  interactions  are  often directed towards  close  kin  [30].

(b) Social control
Given we are  interested in  female–female  social  control  and reproductive  skew,  and only  adults  are  reproductive  in  this
system,  we used only  adult  female  social  interactions  to  construct  social  networks.  Because  marmots  share  space  and
burrows with  a  subset  of  individuals  at  each colony,  social  groups were  based on space-use  overlap (two individuals
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seen or  trapped at  the  same location and time,  or  observed using the  same burrow,  within  a  1  day interval).  Using
SOCPROG (v.  2.9  [42]),  we determined annual  simple-ratio  pairwise  association indices  for  adult  females  based on this
space-use  overlap [43].  We used these  indices  in  the  random walk community  detection algorithm Map Equation to
identify  social  group membership [44–47].

We constructed directed and weighted social networks based on antagonistic interactions between adult females recorded
during the entire active season (from mid-April to early September) using ‘igraph’ (v. 1.2.11 [44]) in R (v. 4.2.0 [48]) for each
Map Equation defined group in each year. These networks included only individuals trapped more than five times in a year (to
eliminate transient individuals) and interactions with known recipients and initiators (as the direction of aggression is impor-
tant for social control). The exclusion of undirected interactions or between unidentified individuals should not significantly
influence social network measures [49]. The relatively low rate of unknown individuals in our observations [50], which occurred
over the entire active season of these marmots, facilitates the reliability of our social network measure [49,51,52]. From these
antagonistic networks, we calculated the GRC for groups of three or more adult females because GRC cannot be calculated for
groups of two (electronic supplementary material, figure S1; code available on OSF [53]).

We also calculated a traditional measure of linear dominance hierarchies, Landau’s corrected index, h′ [54,55], to compare
with the GRC. The h′ index corrects for matrices that contain unknown relationships (e.g. when two individuals were not
observed to interact) as well as when there are tied relationships, when individuals have an equal number of directed submis-
sive behaviours. The h′ index is the mean value of the Landau’s index calculated for 10 000 permutations of the dominance
matrix [55].

(c) Reproductive skew
We quantified the reproductive output of each adult female (>1 year old) in a given year using a pedigree based on parentage
assignment in the program Cervus (v. 3.0 [56]). DNA extraction, genotyping and parentage assignment methods are described
in Olson & Blumstein [57] and Blumstein et al. [58]. Although there is no consensus about which skew index is the best [59], we
used the M index because it best accounts for group size in the calculation [60]. We calculated the M index of breeding female
groups (i.e. groups of at least three adult females) using ‘SkewCalc’ (v. 1.0 [60,61]) in R.

(d) Statistical analysis
To examine the social correlates of female reproductive skew, we fitted a linear mixed model using the M index as the response
variable. GRC, h′ index and adult female social group size were included as fixed effects, with colony and year as random
effects. We fitted three subsequent models, one with just GRC and group size as fixed effects, one with just h′ index and group
size, and one with just group size as a fixed effect (all three models also included colony and year as random effects). These
three subsequent models were to better understand the relationship of the GRC’s with skew and assess model fit.

In all models, GRC, h′ index, and group size were log-transformed and then standardized (mean-centred and divided by 1
s.d.). M index was also standardized. Because group size is associated with many social network measures [62], and group size
had a correlation of 0.625 with GRC and 0.202 with h′ in our dataset, we included group size as a fixed effect in all models.
Model assumptions were checked, and the VIF for each fixed effect was less than 3.1. All models were fitted with ‘lme4’ (v.
1.1-33) in R. We report marginal and conditional R2 values for each model, and the semi-partial marginal R2 that estimates
variance explained by each fixed effect were calculated using ‘partR2’ (v. 0.9.1 [63,64]). Using 100 parametric bootstraping
iterations, 95% confidence intervals for R2 values were estimated.

3. Results
Between 2003 and 2020, we conducted 22 720 h of observation and recorded 3950 agonistic social interactions, 767 of which were
between adult females and 372 of which were used to calculate the GRC and hʹ and were included in analysis (the number of
interactions used decreased to 372 because we are exploring only adult female social groups with a minimum group size of 3).
GRC and skew are measures of the group; thus, our level of analysis is the social group. Our final dataset contained 25 adult
female social groups (that had GRC, hʹ and the M index calculated) across 11 years and three colony areas.

Marmot groups had a hʹ averaging 0.62 ± 0.28 (s.d.), confirming the tendency of adult females to live in organized linear
hierarchies [54]. The mean adult female group size was 4.68 ± 2.58 (range = 3–11), and the mean number of females that weaned
offspring in a group was 3.52 ± 1.96 (range = 1–7). The mean M index was 1.09 ± 0.93, indicating that reproduction in our female
social groups was skewed [60].

In accordance with our a priori prediction, we found a statistically significant positive relationship between the GRC and
the M index for reproductive skew (B = 0.664; p = 0.005; s.e. = 0.195; figure 1). Social group size also had a statistically
significant positive relationship with reproductive skew (B = 0.688; p = 0.022; s.e. = 0.265). The more traditional measure of
linear dominance, hʹ, did not have a statistically significant association with skew (B = 0.253; p = 0.251; s.e. = 0.212; electronic
supplementary material, figure S2). This model had a marginal R2 value of 21.43% and a conditional R2 value of 68.84%. GRC
explained 16.89%, hʹ 2.86%, and group size almost 0% of the marginal semi-partial R2 variance (the latter of which should not be
surprising given the M index already accounts for group size).

Subsequent models fitting only the GRC and group size, and only hʹ and group size, reported the same relationships—a
statistically significant positive relationship between the GRC and skew and no statistically significant relationship for hʹ and
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skew (see electronic supplementary material, tables S1–S4). The model fitting only group size did not indicate a statistically
significant relationship between skew and group size. The main model and the model for only GRC and group size were not
statistically different in their fit (Akaike information criterion (AICc) = 69.24 and AICc = 68.931, respectively), whereas these two
models were statistically a better fit than the model only fitting hʹ and group size (AICc = 77.43).

4. Discussion
We found support for reproduction within breeding groups being significantly more skewed as groups became more despotic
(i.e. the GRC increased). This suggests that reproduction is controlled by one or a few individuals and that highly central
individuals may prevent subordinates from breeding. We did not find support for a more traditional measure of dominance (or
social rank), hʹ, being related to reproductive skew in this system (as was observed for individual adult female social rank and
reproductive success in other systems: [6]). Previous work in this system shows that on an individual level, neither a female’s
dominance rank [66] nor their position in their agonistic social network [67] were associated with their reproductive success.
This suggests that within social groups, individual-level dominance and aggression as proximate mechanisms of social control
are incomplete and that a more inclusive group-level measure incorporating direct and indirect interactions, such as the GRC,
better quantifies social control and its role in reproductive skew.

Marmots within a social group maintained a strict dominance hierarchy, a pattern previously shown in this species [66] and
in other matrilineal species such as macaques, Macaca spp. [17,18], and savannah baboons, Papio cynocephalus [68]. In hierarchical
societies, dominance relationships may reflect individual differences in the female’s competitive ability to access resources that
are related to the ability of individuals to gain reproductive benefits [69]. Marmots may share burrow systems [30] and foraging
areas. However, while they are not restricted in their access to food, they may have to compete for access to high-quality
burrows to successfully breed and survive winter [30].

Despite marmots maintaining a strict dominance hierarchy, linear dominance (i.e. social rank) did not explain statistically
significant variance in adult female social group reproductive skew. Instead, a more inclusive measure of social control that
accounts for both direct and indirect agonistic relationships, the GRC, did explain statistically significant variance. This is
further seen in the effect sizes as the GRC explained 16.89% of the marginal variance alone, whereas social rank explained only
2.86% alone. Thus, the GRC better captures both the direct and indirect social mechanisms that dominant individuals may be
using to control the reproductive behaviour of subordinates. Furthermore, our random effects of year and colony explained
substantial variation (47.41%) in reproductive skew; this further suggests environmental and ecological features may play a role
in mediating socially controlled reproductive skew [2].

Our results suggest that reproductive skew in yellow-bellied marmots may follow optimal skew models [3], as previously
suggested by Allainé [33], which assume that a dominant individual has control over subordinate reproduction. Several
mechanisms could be used by females to both directly and indirectly control the reproduction of their group mates. For
instance, they could target aggressive behaviour to decrease subordinate mating success [1,3,69,70]. This could work by
modifying endocrine levels to prevent pregnancies or to stimulate abortion [70,71]. In marmots, dominant females could socially
suppress ovulation in subordinates, as has been described in marmosets (Callithrix jacchus) [72], engage in infanticidal behaviour
[30] or monopolize access to key resources such as high-quality burrows, which affects the number of residents in a colony [30].

In conclusion, we have used social network analysis to better understand the proximate causes of reproductive skew in a
wild, free-living mammal. We have shown that individuals may control the reproduction of other group members in ways that
are consistent with expectations from optimal skew models. Our novel use of GRC as a measure to quantify socially mediated
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Figure 1. Relationship between social control, measured by the GRC index, and reproductive skew, measured by the M index (plotted as marginal effects with a 95%
CI). The M index was scaled and the GRC was log transformed before being scaled. Generated with R package ‘sjPlot’ (v. 2.8.14 [65]).
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reproductive control shows that control emerges from more than simple dyadic aggressive interactions and requires knowledge
of how individuals interact in the context of the entire group’s social structure. Moreover, the nature of our study system, where
agonistic interactions are rare, expands the horizon for exploring conceptual and methodological frameworks that consider
affiliative interactions to quantify social control. Thus, applying these techniques to other species will reveal the role of social
structure in variation in reproductive success and the evolution of animal societies.
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