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Abstract

Social development is crucial in the ontogeny of animals living in complex societies and has lasting consequences in adulthood.
Spotted hyenas (Crocuta crocuta) live in fission-fusion societies as complex as those of cercopithecine primates. The social
positions adult hyenas hold within their groups are complex and varied, but little is known about how those positons emerge and
change over the course of development. Using social network analysis (SNA), we tested predictions of hypotheses suggesting
that sex and dominance status affect the social network positions of young hyenas across three stages of ontogeny: (1) while
living at the communal den, (2) den independent but pre-reproductive, and (3) early adulthood. By examining rates at which
hyenas were found alone and their association networks, aggression networks, and affiliation networks, we observed striking
changes in individuals’ network positions across ontogeny, as well as pronounced sex differences. With the exception of rates at
which individuals were found alone, which increased over ontogeny, most social network position metrics decreased greatly from
infancy to adulthood. However, females showed considerably more rank-related variation in this trajectory than did males.
Overall, social rank had stronger effects on the development of social network positions in females than males. Thus, females
and males have different social development trajectories that appear to prepare them for their different respective futures of
integrating into their natal clan or dispersing to a new one.

Significance statement

Social development is difficult to study, particularly in long-lived gregarious mammals, so little is known about the variables
shaping the emergence during ontogeny of social roles played by adults. We used social network analysis to investigate how sex
and rank affect the social positions of maturing spotted hyenas as their positions change across ontogenetic development.
Females develop more complex social positions than males early in life, with strategies that vary with their dominance status.
Although males are just as well connected to group-mates as females when they are cubs, they generally disengage from the natal
clan as they mature; males clearly do not disperse because they are aggressively expelled from their natal group. Our data suggest
for the first time that social development appears to prepare females and males for their alternative futures of philopatry or
dispersal.
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members of their social group and to maximize their
fitness. An individual’s behavior and fitness appear to be
strongly affected by both the structure of its social network
and its position within that network, especially in complex
societies (e.g., Silk 2003; Silk et al. 2010; Chiyo et al. 2012;
Stanton and Mann 2012).

There is a long history in the primate literature, in particu-
lar, of documenting how and why early development is im-
portant to the long-term welfare of individual animals (e.g.,
Mason 1968). Robert Hinde found that proper social develop-
ment was necessary for individual primates to become fully
functioning adults in their social group (Hinde and Atkinson
1970; Hinde 1976). Hinde was one of the first primatologists
to use social networks to describe the structure of animal
groups and the positions of individuals within those groups,
based on their interactions. However, since Hinde conducted
his work in the 1960s and ‘70s, computational resources have
improved tremendously, allowing us to use detailed network
metrics to go beyond mere descriptions of association patterns
or analysis of rates of interactions, as Hinde did, to document
the positions or roles of individuals within their social net-
works. Behavioral biologists are now using social network
analysis (SNA) to elucidate the roles of individuals in com-
plex mammalian societies (e.g., Hock et al. 2010; Archie and
Chiyo 2012; Wilson et al. 2013; Hobson and DeDeo 2015).
Network analysis has a long history of use in disciplines rang-
ing from mathematics to sociology but has only recently been
utilized by behavioral biologists (Granovetter 1973; Barabasi
and Albert 1999; Newman 2003; Croft et al. 2008). SNA
enables us to document the ontogenetic development of the
roles played by individual adults in their societies.

Many factors have been shown to affect behavioral devel-
opment in general and social development in particular. For
example, many primates show sexually dimorphic social roles
in adulthood, but it is unclear how or why those patterns de-
velop (Campbell et al. 2011). In both juvenile and adult bon-
net macaques (Macaca radiata), sex, rank, and kinship differ-
entially predict rates of affiliation and aggression interactions
(Silk et al. 1981). By puberty, the social networks of rhesus
macaques (Macaca mulatta) become sexually dimorphic,
such that males play almost exclusively with other males
and females with other females (Suomi 2005, but see
Berman 1982). These sex-specific patterns of social interac-
tion continue to diverge, setting males and females on differ-
ent trajectories into the future (Suomi 2005).

Recent applications of SNA to bottlenose dolphins similar-
ly show that males and females develop along different trajec-
tories. Males tend to form the strongest social bonds with
other young males, whereas females tend to develop the stron-
gest bonds with their mothers (Stanton et al. 2011; Stanton and
Mann 2012). These are among the few studies exploring early
social position in wild mammals. To our knowledge, studies
using SNA to examine social development in mammals with
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complex societies have been restricted to dolphins and pri-
mates, although social development can be crucial to long-
term success in many other taxa as well (Makagon et al.
2012; Hobson et al. 2013; Pinter-Wollman et al. 2014).

Another factor that frequently affects the roles of individ-
uals in complex hierarchical societies, such as those of
cercopithecine primates, is social dominance status. High-
ranking individuals may lead social lives that are fundamen-
tally different from those of their group-mates because they
enjoy priority of access to resources, and this has lasting con-
sequences for their reproductive success, longevity, and stress
levels (Ellis 1995; Holekamp et al. 1996; Silk 2003;
Crockford et al. 2008). In baboons (Papio hamadryas
ursinus), for instance, high-ranking females are groomed pref-
erentially, whereas lower-ranking females are attacked more
frequently, and this in turn affects the differential social stress
they experience (Crockford et al. 2008).

Here we use SNA to test predictions of hypotheses sug-
gesting that sex and dominance status affect patterns of social
development in free-living spotted hyenas (Crocuta crocuta)
as they do in primates. Spotted hyenas offer a particularly
good model system in which to study effects of these variables
on social development for two reasons. First, in contrast to
primates, dolphins, and most other mammals living in com-
plex societies, spotted hyenas develop by advancing through
life-history stages that are clearly demarcated by such unam-
biguous milestones as cessation of dependence on dens for
shelter (Holekamp and Smale 1998a). These milestones allow
us to partition development into clear stages and compare
effects of sex and rank among stages. Second, spotted hyenas
live in societies, called clans, that are as large and complex as
troops of baboons or macaques (Holekamp et al. 2015).
Furthermore, as in these primates, dispersal behavior in hy-
enas is strongly sexually dimorphic, with most males emigrat-
ing to new groups shortly after reaching sexual maturity and
females remaining for life in their natal groups (Smale et al.
1997). As in the societies of many cercopithecine primates,
hyena social rank determines priority of access to key re-
sources, such that it has profound effects on fitness (e.g.,
Holekamp et al. 1996; Swanson et al. 2011). However, in
contrast to cercopithecine primates, spotted hyenas live in
fission-fusion societies in which individuals are often found
alone or with small subgroups of clan-mates (Kruuk 1972).
The fission-fusion nature of hyena sociality allows us to com-
plement social network metrics with measures of time spent
alone and relationship strength among clan-mates, as reflected
in association indices. Here, after assessing ontogenectic
change in the percentage of their time individuals spent alone,
we compare positions of high-, mid-, and low-ranking hyenas
of both sexes in three types of ego networks across three life
stages. We first assess association networks, which indicate
the extent to which individuals in each sex and rank category
spend time with particular clan-mates. We also assess
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aggression networks, which indicate which individuals are
aggressors and which are targets during dyadic agonistic in-
teractions. Finally, we assess affiliation networks based upon
patterns of greeting behavior observed among clan-mates.

Methods
Study site and subject animals

This study took place in the Masai Mara National Reserve,
Kenya. Subjects were members of a single large clan of spot-
ted hyenas that defend a group territory in the Talek region
(Boydston et al. 2001). Detailed behavioral data (described in
detail below) were collected via daily, year-round monitoring
from June 1988 through September 2013. We identified indi-
vidual hyenas by their unique spots, determined the sex of
each animal based on its phallic morphology (Frank et al.
1991), and determined its birthdate to =7 days based on its
appearance when first observed (Holekamp et al. 1996).
Because our study involved focal animals in the field, it was
not possible to record data blindly.

Spotted hyenas live in mixed-sex, matrilineal societies or-
ganized by linear dominance hierarchies (Frank 1986;
Holekamp et al. 2012), and they acquire their social ranks
via a learning process typical of old-world monkeys called
“maternal rank inheritance” (Holekamp and Smale 1991,
1993). Young hyenas of both sexes acquire social ranks im-
mediately below those of their mothers during the first 2 years
of'life. Clans contain multiple matrilines of adult natal females
and their young, but most breeding males are immigrants born
elsewhere. Females are socially dominant to males among
adults because males enter the hierarchy of their new clan at
the bottom when they immigrate to join a new social group
(East and Hofer 2001). Adult females and their young tend to
be core figures in hyena societies, but adult males are more
peripheral (Kruuk 1972; Holekamp et al. 1997; Szykman et al.
2001). Rank relationships among adult females are quite sta-
ble over long periods (Holekamp et al. 2012). High-ranking
females enjoy significantly greater reproductive success than
do low-ranking hyenas (Holekamp et al. 1996; Hofer and East
2003; Swanson et al. 2011), which are also more strongly
affected by fluctuations in prey abundance than are high-
ranking hyenas (Holekamp et al. 1996). Here we assigned
each individual a social rank based on its wins and losses in
dyadic agonistic interactions, then we further assigned each
subject to one of three rank categories by standardizing the
ranks from — 1 to 1 (lowest rank to highest rank) in each year
of our study, and categorizing any ranks — 1 to —0.33 as low-
ranking, —0.33 to 0.33 as mid-ranking, and 0.33 to 1 as high-
ranking. Until cubs acquired their own ranks, they were
assigned the social ranks of their mothers.

To explore the social development of our subjects, we used
the distinctive milestone markers in hyena development to
partition ontogenetic development into three stages
(Table 1). Young hyenas in our study area live at a communal
den with other members of their cohort until they are 9—
10 months old. During this stage, social interactions are more
limited than during later stages because cubs’ choices of social
partners are restricted to members of their cohorts and which-
ever den independent hyenas choose to visit the den. Thus, the
first stage of development on which we focus in this paper was
the communal den stage (CD), lasting from the date on which
each cub was first seen until its date of den independence. All
subjects were first seen within the first 3 months of life and
were restricted to animals with known dates at which they
became independent of the communal den. We determined
that a juvenile was independent of the den when it was found
away from the den on at least three consecutive occasions.

During the second stage of development, juveniles are in-
dependent of the den, and potentially able to interact with all
their clan-mates, but they remain dependent on their mothers
for food until they wean, on average, at 14 months of age
(Holekamp and Smale 1998a). During this second stage of
development, juveniles learn their ranks in relation to clan
members with whom they did not interact at the communal
den. The second stage of development here was thus the stage
of den independence (DI), defined for each individual to start
when the cub became den independent and to be equal in
length to the length of its CD stage for SNA. Although juve-
niles could be weaned at any time during the DI stage, and
although this might conceivably influence network metrics
during this stage, youngsters continue to rely heavily on their
mothers for assistance in feeding throughout the DI stage be-
cause their skulls and skull musculature are far from fully
developed (Tanner et al. 2009; Watts et al. 2009; Swanson
et al. 2013). Thus, it seemed unlikely that DI metrics would
be strongly affected by variable weaning ages among juve-
niles. Furthermore, our analyses required that all three devel-
opmental stages be of the same duration within each juvenile’s
ontogeny, so instead of ending the DI stage at weaning, we
made the DI stage the same length as the CD stage.

Male and female spotted hyenas both reach sexual maturity
at approximately 24 months of age; males disperse to new
clans 1-76 months after reaching sexual maturity, whereas
females remain in their natal clans for life (Smale et al.
1997; Van Horn et al. 2003; Honer et al. 2010). Here, all natal
animals under 24 months old were considered juveniles, and
older animals were considered adults. We defined the adult
stage of development as starting on the day on which an indi-
vidual reached 24 months of age and extending from that date
for a period equal in length to that of its CD stage. The adult
stage for each hyena was thus standardized to represent its
adult social world before it died or dispersed; all subjects
had disappearance or dispersal dates after the end of their adult
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Table 1 Definitions of the developmental stages assessed in this paper

Developmental stage Abbreviation Beginning End

Communal den CD Date first seen Date of den independence

Den independent DI Date of den independence Period equal in length to CD period for that hyena
Adulthood Adult Date 24 months old Period equal in length to CD period for that hyena

stages, as defined here. Within individuals, all three stages of
development were of the same length for consistent compar-
isons, and each individual subject was observed during all
three stages of development, so sample sizes were the same
across all developmental stages. Mean stage length was 7.17

+0.13 months for females (n = 108; 52 high-ranking, 34 mid-
ranking, 22 low-ranking) and 7.45+ 0.22 months for males
(n=109; 52 high-ranking, 28 mid-ranking, 29 low-ranking).

Behavioral data collection

Behavioral observations were conducted year-round over the
25-year study period, from our vehicles, which we used as
mobile blinds. Observations were made daily between 0530
and 0900 h and again between 1700 and 2000 h. Each obser-
vation session was initiated when we found one or more hy-
enas separated from others by at least 200 m and terminated
when we left that individual or group. In the absence of vocal
communication, hyenas appear to be completely unaware of
one another when separated by more than 200 m (Smith et al.
2008). Although no focal hyenas were radio-collared here,
subgroups of hyenas were located either via use of radio te-
lemetry or while observers drove daily circuits in which all
high points within the study clan’s home range were visited.
By making 360° visual scans with binoculars from each
high point, we were able to sample all parts of the clan’s
territory every day for presence of subgroups of hyenas.
Each subgroup sighted or found via telemetry was then visited
to determine its composition. On average, subgroups were
found 1.11 +0.03 km apart (N = 1291 distances, ranging from
201 m to 9.8 km) (Smith et al. 2008).

To maximize independence of observations, we used only
the first session in which an individual was seen during morn-
ing or evening observation periods. At the beginning of each
observation session and subsequently at 15-20-min intervals,
we performed scan samples in which we recorded all individ-
uals present (Altmann 1974). From our session data, we de-
termined association patterns based on the twice-weight index
of association (Cairns and Schwager 1987), as used previous-
ly (Holekamp et al. 1997, 2012; Szykman et al. 2001).
Because some subgroups were easier to find than others, given
their size or the presence of one or more individuals fitted with
radio collars, the twice-weight index was the association index
most appropriate for our sampling methods (Cairns and
Schwager 1987); dyadic twice-weight association indices are
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robust and accurate indicators of social bond strength in spot-
ted hyenas (Holekamp et al. 1997, 2012; Smith et al. 2007).
We also used all-occurrence sampling (Altmann 1974) to re-
cord all agonistic and affiliation interactions. We built net-
works based only upon aggressive interactions in which we
could see which individual initiated the attack and which in-
dividual was its recipient. Because greeting ceremonies, in
which individuals raise their legs to one another to sniff the
other’s anogenital region, were previously shown to promote
and maintain social bonds (Smith et al. 2011), we used greet-
ing behaviors to construct affiliation networks. We created
affiliation networks using only interactions in which we knew
which individual initiated each greeting by lifting its leg first.

Network construction

Social networks consist of groups of more than two individual
animals (nodes) connected by behavioral interactions or co-
occurrences in space (ties or links) and portrayed as graphs or
matrices. Ties can be directed if the behavior has an initiator
and a receiver or undirected when there is no clear direction in
the relationship. Here networks based on associations were
undirected, as they indicated co-occurrence, but both aggres-
sion and affiliation networks were directed. We used only ego
networks in this study; these are networks containing only
those individuals directly connected to a focal animal.

We used the R package, “network” version 1.13.0 (Butts
2008, 2015) to build three social networks per subject per
network type, each based on data collected during one of the
three stages of development. The focal individual had to be
seen at least ten times during each developmental stage for its
network to be calculated, and each of its partners also had to
be seen at least ten times during a particular stage to be in-
cluded in the ego network. Each tie in each association net-
work occurred when individuals meeting our selection criteria
were seen together in one or more observation sessions. Ties
in aggression networks occurred when an individual initiated,
or received an aggression from, a group-mate during the de-
velopmental stage in question. Similarly, ties in affiliation net-
works were added when an individual initiated or received a
greeting ceremony from a group-mate during that develop-
mental stage. In this study, we chose to use binary networks
with strong criteria for inclusion so that we could make a
robust baseline assessment of social position development.
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Network metrics and statistical analysis

For each focal individual, during each stage of development
(CD, DI, and adulthood), for each network type, we calculated
several measures of social network position. First, we calcu-
lated the proportion of observation sessions in which the focal
individual was found alone, when it clearly could not be
interacting with other animals, as the number of sessions in
which the individual was seen alone divided by the total num-
ber of sessions in which the individual was observed during
that developmental stage. We next calculated degree centrali-
ty, here called “degree,” which is the number of other individ-
uals to which the focal individual is connected. Degree is an
important metric in social networks, as having a higher degree
can indicate that an individual is more of a social hub, which
in turn can affect its fitness and its exposure to both informa-
tion and pathogens (e.g., Hamede et al. 2009; Barocas et al.
2011; Royle et al. 2012). In directed networks, we calculated
both in-degree centrality, which represents the number of in-
dividuals that directed actions at the focal individual, and out-
degree centrality, representing the number of individuals with
which the focal animal initiated interactions. We also deter-
mined ego density, which is the number of ties that occur in
the ego network, excluding the ego, out of all possible ties that
could potentially be formed with all hyenas in the ego net-
work. In ego networks, density indicates how much the indi-
viduals in the focal animal’s network interact with one anoth-
er; this can be important for learning and disease exposure in
animal societies, as more dense networks enable more effi-
cient information flow, and spread of pathogens, within the
group (Hanneman and Riddle 2005; Croft et al. 2008; Kurvers
et al. 2011). Social network metrics were calculated using the
“statnet” package (v.2016.4) in R (Handcock et al. 2008).
Once the network metrics were calculated, we then
ran each metric in its own mixed effects model using R
(v. 3.2.3) and glmmADMB (Fournier et al. 2012; Skaug
et al. 2016). For all degree metrics, we used a Poisson
error distribution, and for alone rates and density met-
rics, we used a logistic error distribution. Because the
metrics calculated for one individual in a network are
dependent on the other animals in the network, network
data often violate assumptions of independence, requir-
ing randomization tests to generate p values that reflect
independence among subjects. However, that was un-
necessary here because we were working with 1953
different ego networks, with only 7% structural and
9.6% temporal overlap among networks. Three different
ego networks were calculated for each of 108 females
and 109 male subjects in each of three different devel-
opmental stages, drawing from hyenas studied over a
period of 25 years. Thus, the ego networks studied here
were almost entirely independent of one another due to
rare overlap with respect to both the periods during

which individuals were observed and the individuals
comprising the networks.

To test our hypotheses that sex and rank affect net-
work position over ontogeny, we predicted each metric
with sex, developmental stage, rank, and specific inter-
actions among these three key variables.We have previ-
ously documented sexually dimorphic development in
other aspects of the behavior of spotted hyenas (e.g.,
Boydston et al. 2005), and we expected that rank might
have different effects on females and males here be-
cause females retain their rank by remaining in their
natal clan whereas males lose their natal rank when they
disperse. Therefore, we included two-way interactions
between (sex and developmental stage) and (sex and
rank), as well as the three-way interaction of (sex, de-
velopmental stage, and rank). Each model also included
the identity of the focal individual as a random effect.
During the periods of study, clan size ranged from 36 to
125 and contained, on average, 77.31+£0.57 hyenas.
Therefore, we included an offset for clan size during
the stage in question; this value was log transformed
to make the scale more closely comparable to our re-
sponse measures. Group size is known to affect network
metrics because it limits the number of individuals with
which a focal animal can interact. Thus, the equation
for each GLMM run was:

Metric~sex + stage + rank + sex X stage + sex X rank

+ sex x stage x rank [+id + clan size]

We considered differences among groups to be significant
when P <0.05. All reported mean values are shown +SE.

Data availability statement Although still actively being ex-
plored as part of Turner’s dissertation work, starting in 2018,
the datasets generated during and/or analyzed during the cur-
rent study will be available from the corresponding author on
request.

Results

Data describing observations per individual and interac-
tion frequency for focal hyenas in each stage of devel-
opment are summarized in Table S1.The social network
metrics of individuals exhibited striking variation over
the course of ontogeny, generally decreasing with age
and social rank (Table 3). Figure 1 shows representative
examples of affiliation networks for one high-ranking,
one mid-ranking, and one low-ranking female across
our three ontogenetic stages; metrics calculated for each
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Fig. 1 Examples of typical affiliation ego networks of a high-ranking (ego=GIL), b mid-ranking (ego=HML), and ¢ low-ranking (ego=BERN) females
across ontogeny (see Table S1 for the specific network metrics of each ego)

the mid- or low-ranking females. However, we observed
considerable variation among network types, and not all
of them looked exactly like these.

of these networks are shown in Table S2. Figure 1
clearly shows that the high-ranking female had more
individuals and interactions in her networks than did
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Fig. 2 Effects of social rank on proportion of time found alone. Mean
proportion of observation sessions in which animals were found alone,
based on rank level for a females and b males across three developmental
stages: communal den (CD), den independent (DI), and adulthood.

Changes in network position across developmental
stages

Although cubs were rarely seen alone during the CD stage,
hyenas of both sexes were seen alone significantly more often
as they matured (Table 3 and Fig. 2).In association networks,
both degree centrality and density decreased significantly be-
tween the CD stage and adulthood (Table 3 and Figs. 3 and
S1). In aggression networks, we observed that in-degree, out-
degree, and density of individuals’ ego networks significantly
decreased over ontogeny (Table 3 and Figs. 5 and S2). As with
most other network metrics, greeting in-degree and out-degree
also decreased significantly over the course of development in
affiliation networks (Table 3 and Fig. 6). Similarly, we found
that affiliation densities also decreased significantly over the
course of ontogeny (Table 3 and Fig. S3). Note that our anal-
yses of degree and density, which were unweighted, assumed
that a pair of individuals found together once during a devel-
opmental stage had the same value as a pair often found to-
gether. However, given the rigor of our criteria for inclusion of
individuals in these analyses, as described above, we are nev-
ertheless confident that our results are robust.

Fig. 3 Effects of social rank on a Females

(o3

Males
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| |
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0.00
|

CcD DI Adult
Developmental Stage

Sample sizes were as follows:high-rank (black circle, /=52, m=52),
mid-rank (white circle, /=34, m =28), and low-rank (black square, f'=
22, m=29). Sample sizes represent numbers of focal individuals and
error bars indicate +SE

Effects of sex on network position

We found no significant differences between males and fe-
males with respect to the proportion of time spent alone
(Table 3 and Fig. 2). We did however observe a significant
interaction between sex and developmental stage, with males
being seen alone more than females by the time they reached
adulthood (Table S3).

Degree centrality of association networks was significantly
higher for females than males during the adult stage; thus,
females associated with more individuals than did males by
adulthood (Tables 3 and S3 and Fig. 3), which supports our
hypothesis that sex affects social network positions. The mean
ego density of association networks for both males and fe-
males also generally declined across ontogeny (Table 2), but
sex had no significant effect on this metric (Table 3 and Fig.
S1).

In aggression networks, the degree centrality of each focal
animal indicated the total number of individuals in its aggres-
sion ego network, which generally declined differently over
time between the sexes (Table 2). By the time hyenas reached
adulthood, the number of individuals aggressing upon them

association network metrics.
Mean degree in the association
networks of a females and b
males by rank level across
developmental stages: communal
den (CD), den independent (DI),
and adulthood. Degree indicates
the number of other individuals in
the focal animal’s network.
Sample sizes and error bars are as
in Fig. 2
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Table 2 Mean+ SE network metrics for females and males over the course of ontogeny using “degree” to indicate the number of individuals

comprising each ego network

Network type Metric CD DI Adult
F M F M F M
Alone proportion 0.007+0.001 0.007+0.001 0.055+0.004 0.069 £0.005 0.11+0.011 0.12+0.012
Association Degree 58.9+1.27 59.4+1.42 60.6+1.63 58.8+1.81 53.1£3.18 37.8+3.12
Density 0.92+0.004 0.91 £0.005 0.89+0.011 0.88+0.015 0.68+0.035 0.55+.042
Aggression Degree 12.7+0.84 13.5+0.87 12.5+0.81 11.3+£0.85 11.4+0.93 4.83+0.63
Density 0.22+0.011 0.23+0.013 0.19+0.010 0.19+0.010 0.13+0.009 0.10£0.012
Affiliation Degree 9.03+0.76 12.3+1.00 7.73+0.61 8.25+0.65 7.84+0.75 3.18+0.35
Density 0.14+0.010 0.17+0.011 0.11+0.010 0.13+0.011 0.11+0.010 0.065+0.010

For example, females (N = 108) engaged in agonistic interactions with 12.7 + 0.84 individuals in their networks and males (N = 109) engaged in agonistic

interactions with 13.5+ 0.87 individuals during the CD stage

was significantly higher for females than males, even though
in-degree still generally decreased over development in both
sexes (Tables 3 and S3 and Fig. 4a). There was no overall sex
difference in mean out-degree in aggression networks, but the
average out-degree centrality among females was significant-
ly higher than that among males during adulthood. The mean
number of individuals aggressed upon by males declined
across ontogeny, but this was not true for females, in which
this metric remained relatively constant over development
(Tables 3 and S3 and Fig. 4b). The average aggression net-
work density, indicating how connected all animals were with-
in the ego network, declined over ontogeny, but we observed
no significant difference in this between the sexes (Tables 2
and 3 and Fig. S2).

In affiliation networks, the decreasing in-degree over the
course of ontogeny appeared to be largely driven by values for
males declining more steeply than those for females, whose
values varied more during ontogeny (Table 2); here, we ob-
served a significant effect of the interaction between sex and
developmental stage on in-degree centrality (Tables 3 and S3
and Fig. 6a). We also found an interaction between sex and
developmental stage in which females had higher mean affil-
iation out-degree than males during DI and adult stages

Fig. 4 Effects of sex on

In-degree

[}

(Tables 3 and S3 and Fig. 6b). Furthermore, similar to the
patterns seen in aggression networks, out-degree in the greet-
ing networks of females remained relatively consistent as they
matured. By contrast, males greeted with significantly more
individuals than did females during the CD stage but with
relatively few clan-mates during adulthood (Fig. 6b).
Affiliation network densities decreased over the course of de-
velopment in both sexes (Table 2), although network densities
decreased less sharply for females than did those for males,
and females tended to have higher densities in general
(Tables 3 and S3 and Fig. S3).

Effects of rank on network position

In support of the hypothesis that dominance status affected
network positions, we observed a significant interaction in
females between rank and developmental stage where, by
adulthood, mid-ranking females tended to be alone more often
than were either high- or low-ranking females (Table S4).
Social rank did not significantly affect degree centrality or
density for either females or males in their association net-
works (Tables 3 and S4 and Figs. 3 and S1). However, in
aggression networks, mid-ranking hyenas had significantly

o

Out-degree

aggression network metrics:
Mean a in-degree vs. b out-degree
in the aggression networks of
female and male spotted hyenas
across developmental stages:
communal den (CD), den
independent (DI), and adulthood.
Sample sizes were as

follows: females (black circle, n =
108), males (white circle, n=
109). Sample sizes represent
numbers of focal individuals and

Mean Aggressions In-degree

b T

Mean Aggressions Out-degree

k]

error bars indicate +SE CD DI

Developmental Stage
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Table3 GLMM output describing each metric, including parameter estimates and SE, for the effects of sex, developmental stage, and rank on network position in wild spotted hyenas

Rank low (compared

to high rank)

Rank mid (compared

to high rank)

Stage adult (compared to

CD stage)

Stage DI (compared

to CD stage)

Sex F (compared

to males)

Metric

Network type

SE

Est.

SE

Est.

SE

Est.

SE

Est.

SE

Est.

0.48
0.48
0.32
0.55
0.15
0.17
0.93

0.044

—0.031
—0.035
—0.064

0.10

0.67
0.65
0.63

0.041

0.0017
—0.021
0.029
0.35

0.0019
0.028

0.025

0.076

0.032
0.71
0.57

0.023

0.050

0.25
0.19
0.23
0.25
0.27
0.21
0.99
0.97

0.036

0.042

Alone

0.050

0.046

0.030

—0.07
-0.37

0.024

—0.010
—0.026
-0.29
-0.17
—0.044
-0.70
-0.40
—-0.016

0.041
0.051

Degree 0.054

Association

0.064
0.17
0.19

0.060
0.15
0.17

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

0.001

0.053
0.11

0.045

0.061
0.16

Density

0.021
0.14
0.53
0.94
0.10

1.0
-0.92
-0.16

-13
-13

0.0012
0.021
0.11

0.088

0.14
0.15
0.042

In-degree

Aggression

-0.27
—0.069
-0.017

0.54

-0.26
0.029

0.095

0.074

0.028
0.10

0.16

Out-degree
Density

0.051
0.19
0.17

0.047
0.18
0.16

0.028
0.13
0.13

0.052

-0.014
0.25

<0.0001
<0.0001

0.62

0.15

—0.001
0.0052
0.075

In-degree

Affiliation

0.001
0.98

0.094
0.032

0.14

Out-degree
Density

0.051

—0.001

0.067

0.047

0.087

0.032

—-0.10

0.070

0.042

Bolded p values are significant

higher in-degree centrality than did either high- or low-
ranking individuals, indicating that the former were the targets
of more aggression (Table 3). The in-degree of mid-ranking
females was higher during the DI stage than during either CD
or adult stages (Fig. 5a and Table S4). Additionally, there was
a significant interaction in males between developmental stage
and rank, in which low-ranking males had lower in-degree
centrality than did males in other rank categories during adult-
hood (Fig. 5b and Table S4). High-ranking females had a
significantly higher out-degree than mid-ranking and low-
ranking females, indicating that higher-ranking females
aggressed on more individuals than did lower-ranked female
hyenas, particularly in adulthood (Table S4). On the other
hand, high- and mid-ranking males aggressed on more indi-
viduals than did low-ranking males, as indicated by out-
degree measures, but this difference was only significant in
adulthood (Table S4). Social rank had no significant effect on
the aggression network densities of focal individuals, and we
observed no significant interactions among any of the factors
(Table 3 and Fig. S2).

Social rank did not significantly affect affiliation network
in-degree in either sex, but there was a significant interaction
between rank and developmental stage. That is, significantly
fewer clan-mates initiated greetings with mid- and low-
ranking females than with high-ranking females except during
the CD stage (Fig. 7 and Table S4). Low-ranking individuals,
however, initiated greetings with significantly more individ-
uals than did higher-ranking individuals (Table 3). The signif-
icant interaction between sex and rank indicated that mid-
ranking females had lower out-degree centrality than did
mid-ranking males (Table S3). Low-ranking males also initi-
ated greetings with significantly fewer individuals than did
high- or mid-ranking males in adulthood (Table S4).

Lastly, mid-ranking individuals tended to have higher af-
filiation densities than did hyenas in other rank categories, but
this appeared to be driven partially by mid-ranking males,
who had higher network densities than high- or low-ranking
males during the CD stage, but whose densities then dropped
below values for the other rank groups during the DI stage
(Tables 3 and S4 and Fig. S3). Mid-ranking males also had
significantly higher densities than did mid-ranking females,
but this also appeared to be driven mainly by interactions
during the CD stage (Table S3 and Fig. S3).

Discussion

Changes in network position across developmental
stages

Hyenas generally spent more time alone, and their so-

cial interactions diminished overall, as they matured.
Because the communal den is the clan’s social hub,
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Fig. 5 Effects of social rank on
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cubs living there rarely have opportunities to be alone,
and they tend to have more individuals with which to
interact, and more often, than during later stages of
development. Most females with den-dwelling cubs visit
daily to nurse them, older siblings come to visit their
mothers and younger siblings, and other clan members
come to socialize and investigate their new clan-mates
(Holekamp et al. 1997). Once youngsters were no lon-
ger dependent on dens here, they were seen alone more
often, their social interactions diminished, and this trend
increased even further in adulthood, as the fission-fusion
character of the hyenas’ society became more fully
apparent.

The numbers of individuals toward which females
directed aggressive and affiliative acts, and from which
they received such acts, did not change significantly
across ontogeny. There was, however, a great deal of
variation within these metrics, suggesting that individual
personality traits might affect network positions, as also
occurs among Trinidadian guppies (Poecilia reticulata)
(Croft et al. 2009), great tits (Parus major) (Aplin et al.
2013), rhesus macaques (M. mulatta) (McCowan et al.
2011), chimpanzees (Pan troglodites) (Massen and
Koski 2014), and other species in which personality
and network position are related.

Developmental Stage

Effects of sex on network position

An individual’s sex only directly affected affiliation density
(Table 3), but sex interacted significantly with developmental
stage to affect several other network metrics (Table 3),
supporting our hypothesis that sex affects the development
of social network position. Even though the two sexes exhib-
ited similar values early in life, females had larger, more dense
association and aggression networks than males by adulthood,
indicating that they were more central and better connected
than maturing males. This pattern is also seen in primates,
although SNA has seldom been used to document these
changes (Pereira 1988; Lehmann and Ross 2011). It is inter-
esting that male and female hyenas did not differ with respect
either to the proportion of time spent alone or in their positions
in affiliation networks. Frequently in matriarchal mammalian
societies, males are alone more often and have different, usu-
ally smaller, less connected affiliation network positions than
do females (e.g., Evans and Harris 2008; Onyango et al.
2013); this pattern only appeared in adulthood among hyenas
and was not observed among juveniles. Juvenile patterns tend
to be understudied in primates and other mammals growing up
in complex societies.

In contrast to those of female hyenas, male social position
metrics in directed networks showed a consistent pattern of

Fig. 6 Effects of sex on affiliation a In-degree b Out-degree
network metrics: Mean a in- o 0 ]
degree vs. b out-degree in the o °
affiliation networks of female and o N~ f % ~ E - f
male spotted hyenas across i m 8 \ - m
T © — T © —
developmental stages: communal < 5
den (CD), den independent (DI), 5 0 = 2 © = I ______ I
and adulthood. Sample sizes and B < -% < - AN
error bars are as in Fig. 4 E =
i ® — < o —
© c
e o S
= s
CD DI Adult CD DI Adult

Developmental Stage
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decreasing significantly across the course of ontogeny. As
seen in both in-degree and out-degree centrality metrics in
both types of directed networks, males were both initiating
interactions with fewer clan-mates and receiving interactions
from fewer clan-mates than were their female peers (Figs. 4
and 6). As they mature, females are more interactive and in-
volved in more agonistic interactions than males, as both at-
tackers and recipients of attacks. By contrast, females are rel-
atively stable in their levels of affiliation compared to males,
whose values start higher than females during the CD stage
but then drop significantly by adulthood. Male ego networks
were also frequently less dense than those of females, indicat-
ing that males were interacting with other individuals that
interacted with one another less than did females.
Anecdotally, in the field, we observe males nearing dispersal
age tending to associate almost exclusively with immigrant
males or other maturing males who are also about to disperse.
This pattern has also been seen in primates (Onyango et al.
2012, 2013).

Interestingly, our data clearly demonstrate that male spotted
hyenas are not forced out of their natal clan at dispersal (Kruuk
1972; Smale et al. 1997; Holekamp and Smale 1998b; Van
Horn et al. 2003). Numbers of clan-mates directing aggressive
acts toward males decreased greatly as they reached adult-
hood, which would not be expected if males were aggressive-
ly expelled from their natal groups (Figs. 4a and 5b). Instead,
we saw that males generally spontaneously disengaged from
interactions within the natal clan as they prepared to disperse.

Effects of rank on network position

We observed what appears to be the emergence during ontog-
eny of different social strategies based on rank among females
but not among males (e.g., Figs. 2, 5, and 7), which supports
hypotheses suggesting that both sex and dominance status
affect the network positions of individual hyenas as they de-
velop. Males mainly only showed rank-related variation in
their affiliation networks, with high-ranking individuals initi-
ating greetings with more individuals, and having higher

affiliation network densities, by adulthood than did lower-
ranking males (Table 3). These rank differences among young
adult natal males may be related to the rank-related variation
documented in the success enjoyed by males in their new
clans after dispersal; sons of high-ranking females enjoy great-
er reproductive success in their new clans than do lower-
ranking males (Honer et al. 2010).

Females showed a much more complicated pattern than
males of rank-related variation across network types.
Generally high- or low-ranking females each adopted a par-
ticular strategy, with the pattern observed among mid-ranking
individuals resembling that of one of those other rank classes,
depending on the metric being assessed. However, mid-
ranking females were the only ones who had significantly
more individuals aggressing upon them after the CD stage
than did either high- or low-ranking females, whose in-
degree values decreased over ontogeny (Fig. 5).
Furthermore, mid-ranking females strongly tended to be alone
more often than did either high- or low-ranking females as
they matured (Fig. 2a). Mid-ranking hyenas must remember
more individuals both above and below their own rank posi-
tions than either high-ranking females, who know that most
others are ranked below them, or low-ranking females, who
know that most clan-mates out-rank them. This middle posi-
tion in the hierarchy may be why mid-ranking females are
aggressed upon more than other ranks, as they may have a
harder time learning their ranks; this might explain why they
tend to be seen alone more often by adulthood. Uncertainty in
the status of mid-ranking individuals can have adverse health
effects, as seen in rhesus macaques (Vandeleest et al. 2016).
Furthermore, primates have been shown to utilize different
social strategies to compensate for rank-related disadvantages
to gain better access to resources and improve reproductive
success (Anderson and Mason 1978; Bercovitch 1991), which
may be occurring here, although we would need to look at
later adulthood to determine whether the tendency to be alone
more often strengthens over time.

Our findings also highlight the fact that high-ranking fe-
males lead strikingly different social lives from those of either

Fig. 7 Effects of social rank on a Females b Males
affiliation network metrics: Mean ~ —]
in-degree in the affiliation
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males by rank level across by A
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low- or mid-ranking females in this species, starting early in
ontogeny. In the field, we often see that high-ranking females
are accompanied by an entourage of “groupies” (Smith et al.
2007). Although we found no significant effects of female
rank on position in association networks, which would be
expected because lower-ranking “groupies” are associating
with higher-ranking females (Smith et al. 2007), high-
ranking females did appear to be more directly socially active,
indicating that they were developing into social hubs in their
networks. High-ranking females initiated more aggressive acts
and received more affiliative acts than did females of other
ranks (Fig. 7 and Table S4). Many other mammals, especially
primates, also have societies in which high-ranking individ-
uals function as social hubs (Pereira 1988; Smith et al. 2007;
Silk et al. 2012). However, high-ranking female hyenas did
not initiate greetings with more individuals than did mid- or
low-ranking females, perhaps because it is equally important
for females of all ranks to help maintain social cohesion within
the clan (Smith et al. 2011).

Low-ranking female hyenas may cultivate fewer, but
nonetheless important, direct ties with specific clan-
mates rather than maintaining relationships with many
different conspecifics, as high-ranking females appear
to do. Here high- and low-ranking females spent similar
amounts of time alone, and they had similar association
patterns.Previous research has shown that high- and
low-ranking hyenas have significantly different associa-
tion patterns (Holekamp et al. 1997), but earlier workers
used mean association indices in their analyses whereas
we used the social network positions of degree central-
ity and density, which account for numbers of associates
and connectedness within networks.Together, our find-
ings indicate that, although their positons in the network
have similar structures, low-ranking females have weak-
er associations overall than do high-ranking females
(Holekamp et al. 1997). Furthermore, with the sole ex-
ception of aggressive acts directed toward them, in so-
cial network position metrics where we observed signif-
icant rank effects (aggressions directed by and at them;
affiliations directed by and at them), low-ranking female
hyenas exhibited lower values than did high-ranked in-
dividuals, on average (Table 2c and Figs. 5a and 7a).
The fact that low-ranking females directly interacted
with fewer individuals than the number with which they
associated suggests that they may be actively choosing
their preferred social partners while associating less
strongly with, or actively avoiding, other group-mates.

Conclusions

Our results suggest that spotted hyenas adopt social strategies
during development that vary with their age, sex, and rank.

@ Springer

Such strategies have previously been most reported in pri-
mates. For instance, although high rank is frequently hypoth-
esized to enhance reproductive success, some have found that
primates may use other social skills and strategies to circum-
vent their rank limitations and manage to achieve high repro-
ductive success despite those limitations (reviewed in
Bercovitch 1991).

The prolonged juvenile period in primates is known
to be driven in part by the time needed to learn how to
live in their complex societies (Joffe 1997; Walker et al.
2006). Our data suggest that, even though the prolonged
juvenile stage in spotted hyenas is required largely by
the time needed to develop a feeding morphology spe-
cialized for bone-cracking (Watts et al. 2009; Holekamp
et al. 2013), it also provides spotted hyenas with oppor-
tunities to learn to live in their primate-like social
groups. However, social development is a largely unex-
plored aspect of the behavior of non-primate mammals.
There is a pressing need to explore social development
in other taxa, and this paper represents a first step to-
ward elucidating social development in a highly gregar-
ious carnivore. The findings presented here raise many
new questions. For example, we will be fascinated to
see whether the different social positions and strategies
indicated by our data have fitness consequences for in-
dividuals, as have been documented in adult primates
(Silk 2003; Silk et al. 2010; Archie et al. 2014; Brent
et al. 2017). It will also be critical to determine whether
there are sensitive periods in social development that
are crucial to becoming a functioning member of socie-
ty and affect future longevity or reproductive success.
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