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Dominance relationships within and between the sexes shape 
female and male reproductive strategies, define sex roles and 
drive key evolutionary processes, such as sexual selection 

and sexual conflict1–3. In many species, members of one sex domi-
nate those of the other in one-on-one (‘dyadic’) interactions4–6, 
yet the proximate mechanisms that lead to such sex-biased domi-
nance are poorly understood7–9. The prevailing hypothesis posits 
that one sex dominates the other when it is superior in intrinsic 
attributes, such as physical strength or aggressiveness10. This has 
been proposed to explain why in many species males are the domi-
nant sex4,5. However, recent studies showed that intrinsic attributes 
fail to account for the wide variation in sex-biased dominance 
observed in primates, including humans8,11. In primates and social 
species of other taxa, such as carnivores and birds, the outcome 
of dyadic interactions might also be influenced by social support; 
individuals with greater social support may be more assertive and 
more likely to win an encounter, even when their coalition partners 
are absent or do not intervene12–14. Whether such indirect social 
support influences dominance relationships between females and 
males and causes sex-biased dominance has not been tested empir-
ically in any animal.

In this study, we investigated the extent to which intrinsic 
attributes and social support predict dominance both within 
and between the sexes in the spotted hyaena, C. crocuta. Spotted 
hyaenas are large carnivores that live in clans structured by a lin-
ear dominance hierarchy15. The highest rank in the clan is usually 
occupied by a female and the social system of spotted hyaenas has 
been viewed as an archetype of a female-dominated and sex-role-
reversed system16,17. Sexual size dimorphism is low and only detect-
able in some morphological traits; adult females are less than 3% 
longer, less than 1% taller and approximately 10% heavier than adult 
males18 (a characteristic also shown in this study). Previous studies 
proposed that females became dominant by evolving into the larger 

and more aggressive sex15,16. However, these studies did not consider 
the potential effects of social support and focused on social contexts 
where the effects of social support and sex are confounded19.

Results and discussion
We monitored the outcome of agonistic, dyadic interactions 
(n =​ 4,133) between 748 hyaenas from eight clans inhabiting the 
Ngorongoro Crater, Tanzania. We assessed the effects of body mass 
(as a proxy for physical strength), sex (as a proxy for any other sex-
related intrinsic attribute, such as aggressiveness) and social sup-
port on the outcome of these interactions. We observed interactions 
between individuals of the same and different sex in four social 
contexts: ‘interclan’, when two individuals of different clans inter-
acted and one or both individuals were outside their clan territory 
(n =​ 502); ‘intraclan-mixed’, when a native individual interacted 
with a male that had immigrated to the clan (n =​ 601); ‘intraclan-
native’, when both were natives of the same clan (n =​ 1,801); ‘intra-
clan-immigrant’, when both were males that had immigrated to 
the same clan (n =​ 1,229). Immigrants were always males because 
female hyaenas rarely disperse20,21. Studying the outcomes of ago-
nistic interactions in these contexts allows us to tease apart the 
intrinsic attributes and social support hypotheses because the pre-
dictions differ between the contexts (Supplementary Tables 1 and 
2). Interclan interactions are particularly useful to disentangle the 
effects of sex-related intrinsic attributes and social support because 
males can have more or less social support than females depending 
on where the interaction takes place.

We estimated indirect social support, defined as the number of 
hyaenas who could be recruited and would provide support for each 
interacting individual by three quantitative proxies depending on 
the social context: (1) for interclan interactions, the proximity to 
the core area of activity of each individual’s respective clan (‘sup-
porter proximity’); (2) for intraclan-immigrant interactions, the 
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time since the immigrant’s arrival (‘tenure’); (3) for intraclan-mixed 
and intraclan-native interactions, the ‘number of supporters’ as esti-
mated by an algorithm based on decision rules derived from previ-
ously established patterns of social support and a detailed genetic 
pedigree spanning 21 years and eight generations (see Methods and 
Supplementary Fig. 1). We used generalized linear mixed-effects 
models (GLMMs) to predict the outcome of interactions based 
on the difference in social support, body mass or sex between the  
two individuals.

In accordance with the social support hypothesis, the winning 
probabilities predicted by social support were high (between 76 and 
98%) in all social contexts and for both intersex and intrasex inter-
actions (Fig. 1, ‘social support’ box and Supplementary Table 3). In 
contrast, the effects of intrinsic attributes were inconsistent across 
social contexts (Fig. 1, ‘body mass’ and ‘sex’ boxes) and opposite for 
intersex and intrasex interactions in two out of three social contexts 
(Fig. 1, winning probabilities >​50% versus <​50% in ‘body mass’ 
box). In addition, model comparison based on the Akaike informa-
tion criterion (AIC) and Tjur’s D showed that the predictive powers 
of all models considering social support were substantially higher 
than those of the other models (Supplementary Table 4).

Intrinsic attributes only seemed to influence the outcome of 
intraclan-mixed interactions between females and immigrant males 
(Fig. 1, filled blue square in the ‘sex’ box and Supplementary Table 3).  
However, in this social context, the effects of social support and sex 
are confounded because females interact with males who have less 
social support; in spotted hyaenas, social support is mostly given 
to kin22 and immigrant males have few or no relatives (Fig. 2 and 
Supplementary Fig. 2). Where the two effects can be disentangled, 
the effect of sex-related attributes is negligible; native males were as 
likely as native females to win against immigrant males (Fig. 1, filled 
blue square and circle in the ‘social support’ box) and native females 

had a winning probability of only 50% against native males (Fig. 1, 
filled green square in ‘sex’ box).

Female dominance over immigrant males may also result from 
reproductively active males conceding dominance to females to 
achieve mating (‘docile male hypothesis’)9,23 or dispersing males 
experiencing an ‘ontogenetic switch’ that makes them submit to 
natives on immigration19,24. Our results are inconsistent with the 
docile male hypothesis because immigrant males were as likely to 
lose against native males and females (Fig. 1, filled blue square and 
circle in ‘social support’ box), and native males that were reproduc-
tively active dominated females (Supplementary Fig. 3), includ-
ing females they sired offspring with. To disentangle the effect of 
social support from a possible ontogenetic switch associated with 
immigration status, we analysed the outcome of interclan interac-
tions between natives of both sexes and immigrant males (n =​ 153 
interactions, including 60 with females). We found that immigrant 
males who had greater social support, that is, who were closer to 
the core area of activity of their new clan, had a 97% winning prob-
ability (95% confidence interval (CI) =​ 85–99%). This confirms that 
asymmetries in social support had a much stronger influence on 
the outcome of interactions than ontogenetic processes. Our results 
are also unlikely to be confounded by differences in residency, 
age or self-organizing processes, such as winner–loser effects (see 
Supplementary Notes).

Our results show that dominance between two spotted hyae-
nas is primarily established by asymmetries in social support, both 
within and between the sexes. They also show that female spotted 
hyaenas only consistently dominated males who had immigrated 
into their clan, that is, males who had lost their social bonds dur-
ing dispersal. The disruptive effect of dispersal on social bonds 
and the importance of social support for dominance imply that the 
degree of female dominance should vary with the strength of the 
sex bias in dispersal and the demographic and kin structure of the 
social groups, in particular, the ratio of natives to immigrants and 
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Fig. 1 | The effect of social support, body mass and sex on the probability 
that a spotted hyaena wins a dyadic interaction. Winning probabilities 
are predicted probabilities ±​ 95% CI for the four social contexts: interclan 
(members of two different clans interact), intra-mixed (native female or 
male interacts with immigrant male of the same clan), intra-native (two 
natives of same clan interact), intra-immigrant (two immigrant males of the 
same clan interact); and the two sexual contexts: intersex (female interacts 
with male, depicted with filled squares) and intrasex (two individuals of the 
same sex interact, depicted with filled circles). Probabilities were predicted 
for the individual with the greater social support (‘social support’ box), the 
heavier individual (‘body mass’ box) and the female (‘sex’ box).
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Fig. 2 | The effect of dispersal and age on the cumulative relatedness 
of spotted hyaenas. Cumulative relatedness is the sum of relatedness 
coefficients between an individual and all other clan members calculated 
through the maternal lineage. For immigrant males (n =​ 222), cumulative 
relatedness was calculated 1 year before and after dispersal; for native 
males (n =​ 33), 1 year before and after the onset of reproductive activity; 
and for females (n =​ 372), 1 year before and after the mean male dispersal 
age of 3.5 years21. The boxes indicate the interquartile range around the 
median (horizontal bar) and the vertical bars represent the cumulative 
relatedness values that lie within 1.5 times the interquartile range.
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the relatedness among immigrants. Accordingly, female dominance 
in our study population, calculated using the standardized Mann–
Whitney U-test statistic of female and male social ranks8, ranged 
from 0.5 (female and male co-dominance) when the ratio of native 
males to immigrant males was high, to 0.98 (nearly complete female 
dominance) when a clan contained mostly native females and immi-
grant males unrelated to one another (Supplementary Table 5).

Studies on various taxa have shown that social support serves 
as a means to reinforce intrasexual dominance relationships within 
already established social hierarchies22,25. In this study, we show that 
social support can actually be the basis from which social hierar-
chies emerge. Social hierarchies are usually derived based on the 
proportion of wins of each group member against the other group 
members in dyadic interactions26. We showed that individuals with 
greater social support won, overall, more than 80% of their interac-
tions (Supplementary Table 3). As a result, all group members are 
ultimately ranked according to their relative number of supporters. 
Once hierarchies are established, social support (as well as winner–
loser effects) may help reinforce dominance relationships between 
group members because high-ranking individuals recruit more 
offspring than lower-ranking individuals27, which reinforces asym-
metries in the number of supporters22. The importance of social sup-
port for social dominance may favour the emergence of behavioural 
tactics to manipulate asymmetries in social support. Adoptions and 
infanticide by females observed in many group-living species28,29, 
including spotted hyaenas30,31, may represent such tactics; adoptions 
increase the surrogate mother’s number of future coalition partners 
while reducing that of the biological mother; infanticide reduces the 
number of future coalition partners of the infant’s mother32.

Our finding that body mass and sex had only minor effects on the 
outcome of interactions contradicts the intrinsic attributes hypoth-
esis and the view that female spotted hyaenas achieved dominance 
by becoming the larger and more aggressive sex15–17. It shows that 
factors other than sexual dimorphism in size, strength and aggres-
siveness can be the main determinant of the emergence of sex-biased 
dominance (see also Hemelrijk et al.8). We propose that low sexual 

dimorphism reduces power asymmetries between the sexes and 
thereby promotes alternative pathways to dominance establishment, 
such as the pathway involving social support demonstrated in this 
study (Fig. 3). Male-biased dispersal and polyandry can both induce 
a disparity in social support in favour of females and play a key role 
in the emergence of female dominance (Fig. 3). Fluctuations in the 
demographic structure of social groups, including the sex ratio, ratio 
of natives to immigrants and the relatedness among immigrants, 
may contribute further to the wide variation in the degree of sex-
biased dominance within and between group-living species6,8.

Our study demonstrates that social support can mediate sex-biased 
dominance. Although shown in this study for a system with female-
biased dominance, disparities in social support between the sexes may 
also drive male-biased dominance. Our study further provides empir-
ical evidence that sex-role-defining traits may not be directly caused 
by sex determination but can emerge from differences in the ecology 
and life history between males and females33,34. It also shows that sex-
role-defining traits can vary depending on the social and breeding 
systems and the demographic structure of the social units35.

Methods
Spotted hyaenas. Spotted hyaenas live in clans of up to 130 members. Clan social 
structure is characterized by a stable linear dominance hierarchy15. Offspring 
of both sexes acquire a social rank just below that of their mother through 
behavioural support and social learning (‘maternal rank inheritance’)31,36. They then 
build social bonds with other clan members, the strongest of which are with close 
relatives22. Rank reversals are rare and only occur during ‘coups’ when a coalition 
of lower-ranking members dethrone a higher-ranking coalition37. Immigrant males 
join the new clan at the bottom of the hierarchy, usually only increase in rank with 
increasing tenure in the clan when a higher-ranking clan member dies or disperses 
and remain subordinate to all native clan members21,38. Spotted hyaenas live in 
‘fission–fusion’ societies in which clan members often spend time alone or in small 
subgroups37,39. They frequently undertake excursions to areas outside the territory 
boundary of their clan and interact with hyaenas from other clans; both intraclan 
and interclan interactions often involve only two individuals20,40.

Study population. We monitored all hyaenas of the eight resident clans inhabiting 
the 250-km2 floor of the Ngorongoro Crater (3° 11′​ S, 35° 34′​ E) in Tanzania 
between April 1996 and December 2017; all hyaenas were individually known 
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Fig. 3 | The emergence of female dominance in spotted hyaenas and other social species. In species with low sexual dimorphism in size, strength and 
aggressiveness, social support can have a stronger influence on dominance establishment than individual intrinsic attributes. Male-biased dispersal 
influences the demographic and kin structure of social groups and reduces social support of immigrant males. Polyandry can further reduce social support 
of males compared with females by inducing paternity uncertainty59 and reducing paternal investment and social bonding between fathers and their 
offspring1. When sexual dimorphism is low, this disparity in social support in favour of females can mediate female-biased dominance.
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by their spot pattern and other cues41. Dispersal in this population is strongly 
male-biased, with approximately 85% of males and 1.5% of females leaving their 
natal clan and immigrating into another clan or founding a new clan in a vacated 
area20,21. Males were considered to be reproductively active in their natal clan or to 
have immigrated into a clan when they expressed sexual behaviour towards females 
of their natal clan or another clan, respectively, for at least three months21; the date 
of clan choice was the date of first observation of such behaviour for native males 
and of first sighting in the new clan’s territory for immigrant males. The population 
is genetically linked to neighbouring hyaena populations outside the Ngorongoro 
Crater through male dispersal20.

Social interactions. We recorded dyadic interactions between males and females 
within and outside their clan territory ad libitum and during focal follows. 
We focused on dyadic rather than polyadic interactions because in polyadic 
interactions, the winning probability will not only be influenced by intrinsic 
attributes or indirect social support but also by other factors, such as the size of 
the two interacting parties. In addition, social ranks and dominance hierarchies in 
social groups are typically derived from the outcome of dyadic rather than polyadic 
interactions26. The winner of an interaction was determined based on aggressive 
actions (lunging, chasing, biting, pushing) and submissive reactions (retreating, 
cowering, ears down, tail between legs)42. Of a total of 5,783 interactions with 
unambiguous outcomes between individuals older than 1 year of age, we analysed 
4,133 interactions, including 502 interclan, 601 intraclan-mixed, 1,801 intraclan-
native and 1,229 intraclan-immigrant interactions. Interclan interactions took 
place in the clan territory of one of the interacting individuals or a third clan’s 
territory. We restricted the analyses to interactions between individuals older 
than 1 year of age (mean ±​ s.d. =​ 5.74 ±​ 3.13 years, maximum =​ 19 years) because 
dominance relationships among younger hyaenas are unstable and the outcome 
of their interactions depends on maternal intervention, that is, direct social 
support43. Juveniles may still be learning social conventions (dominate or submit 
to others) and being introduced to clan members, including potential supporters. 
The 1,650 interactions that we excluded from the analyses were: (1) interactions 
for which one of the covariates could not be computed due to missing information 
(n =​ 1,167); (2) interactions involving an immigrant male and a member of his 
natal clan (n =​ 288) because it is unknown for how long males that dispersed from 
their natal clan benefit from social support by members of their natal clan41; (3) 
interactions involving female dispersers (n =​ 64 interactions involving 4 females) 
and males that had immigrated into a clan and then re-dispersed back into their 
native clan (n =​ 6) due to small sample sizes. We also excluded interactions between 
twins or descendants of twins (n =​ 125) because it is currently unknown which 
of two twins are supported by other clan members. Previous studies showed that 
dominance relationships between young twins may be reinforced by winner–loser 
effects44, but the determinants of dominance establishment between twins (for 
example, biased maternal social support or asymmetry in body mass arising from 
birth order45,46) remain largely unknown.

Relatedness. Relatedness and ancestry were based on extensive genetic pedigree 
information (2,132 maternal links and 1,367 paternal links) across 8 generations. 
Calculation of relatedness coefficients was based on the maternal lineage because 
spotted hyaenas only very rarely build coalitions along the paternal lineage22. 
Genetic samples for parentage assignments were collected and processed as 
previously described20,47 and parentage assignments were performed using 
maximum likelihood methods as implemented in CERVUS version 3.021,48. The 
total exclusionary power of assignments (0.999) and the success rate (97.2% of 
1,447 sampled offspring at the 95% confidence level) were very high.

Social support. We quantified the amount of social support an individual 
can expect to receive using quantitative proxies derived from studies on social 
bonding, social networks and direct social support in spotted hyaenas. Each 
proxy was developed independently of pre-established dominance relationships 
or social ranks. For interclan interactions, we used the distance between the 
geographic coordinate of the encounter and the current core area of activity of 
the individual’s clan. This considers that hyaenas recruit clan members when 
challenged by hyaenas from other clans by emitting long-distance calls42, and that 
during encounters between residents and non-residents, the group sizes of non-
residents are smaller than those of residents40. An analysis of polyadic interclan 
interactions involving 506 interacting parties in our study population confirmed 
that the proxy supporter proximity accurately reflects patterns of direct social 
support in the interclan context: the odds of getting direct support from at least 
one clan member decreased by a factor of 0.62 (95% CI =​ 0.55–0.69) when the 
distance to the clan’s current core area of activity increased by 1 km, a distance 
that corresponds to one-third of the s.d. of the observed difference in distances 
(Supplementary Fig. 4). Furthermore, the interacting party that was closer to 
the clan’s current core area of activity was the larger in 82% of cases (n =​ 228 
interactions with information about the distances of both interacting parties and 
a difference in party size), the larger of the two interacting parties won in 98% of 
cases (n =​ 249 interactions with a difference in party size) and the interacting party 
that was closer to the clan’s current core area of activity won 84% of interactions 
(n =​ 243 interactions with information about the distances of both interacting 

parties). The current core area of activity of a clan was defined as the average 
geographic coordinate of all sightings of adult females during the three months 
preceding the interaction date. If fewer than 20 sightings were recorded during a 
3-month period, the average was computed on the 20 sightings with the smallest 
time difference to the date of interaction. Geographic coordinates were recorded 
with standard global positioning system devices (Garmin GPS III Plus and Garmin 
GPSMAP 60CSx; Garmin). We used the clan’s current core area of activity rather 
than a measure related to the territorial boundaries because the current core area 
of activity takes into account the frequent and substantial changes in the intensity 
at which clan members use areas within the territory (for example, due to changes 
in prey distribution and the location of the communal dens used by adult females) 
and situations when hyaenas temporarily shift their activity to areas outside 
the clan territory49,50. Furthermore, in contrast to proxies based on territorial 
boundaries, using supporter proximity also allows testing for the effect of social 
support in areas outside the territories of the two interacting individuals and in 
areas where their territories overlap. The mean difference between the distances 
of the two individuals to their respective clans’ current core areas of activity was 
4.16 ±​ 2.94 km (n =​ 502).

For intraclan-mixed and intraclan-native interactions, we calculated for both 
individuals the number of potential supporters within the clan on the date of the 
interaction based on five main decision rules that we derived from well-established 
behavioural observations in spotted hyaenas and cercopithecine primates with 
coalition patterns and social systems very similar to those of spotted hyaenas. We 
combined these into an algorithm that can be adapted to other species and social 
systems (Supplementary Fig. 1): (1) a mother supports the younger of two of her 
offspring and any of the younger offspring’s descendants (‘youngest ascendancy’)36; 
(2) a bystander supports the individual to which it is most closely related22; (3) 
a bystander supports natives of its natal clan over non-natives22; (4) a bystander 
supports the individual supported by the most recent common female ancestor of 
the bystander and the two interacting individuals51; and (5) a bystander remains 
neutral if the most recent common female ancestor of the bystander and the 
two interacting individuals is less likely to support the bystander than the two 
interacting individuals51. Rules (4) and (5) were derived from the observations that 
hyaenas associate and form social bonds when they already share a social partner 
(‘the friend of my friend is my friend’), mothers are key social partners in shaping 
clustering patterns (‘inheritance of maternal social network’)51 and bystanders 
adjust their decision to their competitive ability relative to that of the interacting 
individuals22,25. Because this algorithm is based on rules involving kinship, the 
difference in potential social support between two interacting individuals was 
positively correlated to their difference in cumulative relatedness (Pearson’s 
r =​ 0.62, 95% CI =​ 0.60–0.65, n =​ 2,402; Supplementary Fig. 5); this is consistent 
with previous findings suggesting that individuals with more kin have more 
supporters than individuals with fewer kin22. When calculating the number of 
potential supporters, all clan members older than 1 year of age were considered as 
potential bystanders. Kinship and ancestry relationships were derived from genetic 
pedigree information. Cubs that were adopted (2% of 2,065 cubs) were considered 
as offspring of the surrogate mother. This considers that adoptees receive the  
social support of their surrogate mother and obtain the social rank just below  
that of their surrogate mother31.

For intraclan-immigrant interactions, we used the period between the date of 
clan choice and the date of the interaction (tenure). This considers that immigrant 
males progressively foster social bonds with other males and increase the rate 
at which they form coalitions with other males38. The mean difference in tenure 
between two interacting immigrant males was 1.96 ±​ 2.13 years (n =​ 1,229).

For each dyad, the individual that was closer to the core area of activity of its 
clan (interclan interactions), had more supporters (intraclan-mixed and intraclan-
native interactions) or had the longer tenure (intraclan-immigrant interactions), 
respectively, was considered to have greater social support.

Intrinsic attributes. The body mass of hyaenas involved in an interaction was 
deduced from the growth curves estimated from the body mass measurements of 
77 females (n =​ 1,558) and 90 males (n =​ 1,530) aged between 1 month and 13 years 
using an electronic scale52. Because body mass is influenced by the amount of food 
in the digestive system, belly distension was rated as thin, thin-to-normal, normal, 
normal-to-full, full, full-to-bloated and bloated. We fitted an additive model to 
measurements rated as normal using the gam function of the mgcv53package, 
with sex and age as predictors (adjusted r² =​ 0.93; Supplementary Fig. 6). This 
model was then used to estimate the body mass of all individuals involved in the 
interactions included in this study, based on the individual’s age on the day of 
the interaction and assuming that individuals followed the mean growth curve of 
their sex. Adult females (mean =​ 56.68 ±​ 6.24 kg) were approximately 10% heavier 
than adult males (mean =​ 51.65 ±​ 3.38 kg). Individuals were sexed using the shape 
of their phallic glans54. Age was determined on the basis of pelage, body size, 
locomotory abilities, behavioural development, and the position, shape and size of 
ears when they were cubs41; adults were 24 months of age or older.

Statistical analysis. All analyses were performed in R version 3.5.155. We fitted 
GLMMs using the fitme function of the spaMM package version 2.556. We fitted 
GLMM logistic regressions to predict winning probabilities of individuals using 
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penalized quasi-likelihood56 (using the method =​ ‘PQL’ option for the computation 
of parameter estimates and predictions, and the method =​ ‘PQL/L’ option for the 
computation of log-likelihood, AIC and Tjur’s D)57. We assessed the effect of body 
mass, sex and social support in a series of nested models (Supplementary Table 4). 
Three series of models were fitted on interactions between individuals of a different 
sex (n =​ 1,109; for social support, body mass and sex) and two series of models 
were fitted on interactions between individuals of the same sex (n =​ 3,024; for 
social support and body mass only). Fitting interactions within a sex allows for an 
assessment of body mass and social support that is not confounded by differences 
in these covariates between the sexes.

One additional model was fitted to disentangle the effects of social support 
and immigration status (ontogenetic switch) on winning probability. This model 
was fitted on a subset of data in the interclan context that consisted of interactions 
between immigrant males that were closer to the core area of their clan and thus 
had greater social support, and native individuals.

All these models considered as focal individual the individual that was 
predicted to win under the respective hypothesis, that is, the individual with 
greater social support, the heavier individual or a female. All fixed-effect predictors 
(except social_context) were considered as binary variables indicating whether 
the focal individual was more socially supported (social_support_bin) or heavier 
(body_mass_bin) than the other individual or a female (sex). To account for 
possible dependence between interactions involving the same individual(s) in the 
same social context, we considered the identity of the two individuals interacting 
as a random effect with the following correlation coefficients between each pair 
of dyadic interactions: 0 (no correlation), when the two interactions involved 
four different individuals; +​0.5 or −​0.5 (intermediate correlation), when only 
one individual was involved in the other interaction; and +​1 or −​1 (perfect 
correlation), when the same individuals were involved in the other interaction. 
Positive or negative correlation was applied depending on whether the common 
interactor(s) maintained their position as focal/non-focal individual in both 
interactions or swapped position between interactions, respectively. We considered 
interactions involving the same individual in different social contexts as distinct 
information because the social support of a given individual is likely to change 
according to the social context. Accounting for the identity of individuals as a 
random effect also allowed us to control for any intrinsic differences in competitive 
ability between individuals other than the ones considered and tested for in each 
model (such as winner–loser effects or possible residual effects of dominance ranks 
not accounted for by our predictors).

Note that the response variable, that is, the outcome of the interaction for 
the individual predicted to win, differed across the series of models. The more 
conventional approach (when not dealing with dyadic interactions) is to compare 
models with the same response variable. When analysing dyadic interactions and 
considering multiple predictor variables, a given individual has to be considered 
the focal individual in each interaction. Selecting focal individuals randomly 
is problematic because the fits to such constructed datasets ignore the logical 
constraints of the dyadic interactions. For example, in intersex interactions, the 
fitted winning probabilities of males and females would not necessarily sum to 1 
and in an extreme case where only females were sampled, no information about 
male parameters would be available.

In contrast, our analyses enforce the necessary constraints because they are 
likelihood fits of the response for only one of the partners under models consistent 
with the assumption that the other half of the response is fully determined by the 
first half. The conditional likelihood for the latter half of the response is thus 1, 
so that these fits provide full-data log-likelihoods, despite apparently considering 
different subsets of the response. For this reason, identical log-likelihoods are 
obtained for fits of models sharing the same variables, irrespective of which of 
these variables is taken as the response (Supplementary Table 4). In Fig. 1, we 
present the effects of the three predictors (social support, body mass and sex) on 
the outcome of the interaction when they were considered alone. In Supplementary 
Table 4, we present the results of the complete analysis; this allows for the study of 
the joint effect of each predictor. In Supplementary Table 6, we provide the detailed 
summary output of the fit of a full model.

Model predictions were computed by excluding the realization of the random 
effect (using the re.form =​ NA option in the predict.HLfit function). This ensured 
that our predictions did not include any intrinsic differences in competitive ability 
between individuals other than the ones considered and tested for in each model; 
thereby, winner–loser effects and possible residual effects of dominance ranks 
not accounted for by our predictors were excluded. CIs were calculated using the 
modified Wald method58 for all GLMMs.

Ethical compliance. Our study was approved by the scientific advisory board of 
the Tanzania Wildlife Research Institute, the Tanzania Commission for Science 
and Technology, the Ngorongoro Conservation Area Authority and the Internal 
Committee for Ethics and Animal Welfare of the Leibniz Institute for Zoo and 
Wildlife Research (permit no. 2002-04-02). All study procedures were performed 
in compliance with the ethical regulations of these institutions.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Code availability. The computer code is available in the R package vullioud2018 on 
GitHub (https://github.com/hyenaproject/vullioud2018).

Data availability
The data that support the findings of this study are included in the R package 
vullioud2018 available on GitHub (https://github.com/hyenaproject/vullioud2018).
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Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main 
text, or Methods section).

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND 
variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Clearly defined error bars 
State explicitly what error bars represent (e.g. SD, SE, CI)

Our web collection on statistics for biologists may be useful.

Software and code
Policy information about availability of computer code

Data collection No software was used to collect the behavioural data.

Data analysis Parentage analyses were done using CERVUS 3.0.3. All other analyses were done using custom code for R version 3.5.1.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers 
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The data sets and computer code used for this study are included in the R package vullioud2018 freely available on GitHub (https://github.com/hyenaproject/
vullioud2018)
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description We observed dyadic interactions between spotted hyaenas of the same and different sex in different social contexts (intraclan and 
interclan). 
We used generalised linear mixed-effects models to predict the outcome of the interactions based on the difference between the 
two interacting individuals in their potential social support, body mass, immigration status and sex.

Research sample We observed interactions between all individually known spotted hyaenas older than one year of age of all eight clans inhabiting the 
Ngorongoro Crater, Tanzania, between April 1996 and December 2017. We collected behavioural, morphological, life history and 
genetic pedigree data from eight different clans to obtain behavioural data from various social contexts and disentangle the effects 
of intrinsic attributes and social support. Analyses were based on 4133 dyadic interactions between 748 spotted hyaenas.

Sampling strategy Observations of dyadic interactions were collected ad libitum and during focal follows. Sample sizes were sufficient as seen by the 
low confidence intervals of the predicted winning probabilities and growth curves, and the exceptionally high exclusionary power 
(0.999) and assignment success rate at the 95% confidence level (97.2%) of parentage assignments.

Data collection Behavioural observations and samples for parentage analysis were collected by three authors (E.D., B.W., O.P.H.) ad libitum and 
during focal follows. Behavioural observations were done from a research vehicle stationed at some distance from the study animals; 
all study animals were well habituated to the presence of the research vehicle. Samples for parentage analysis were collected using 
non-invasive methods.

Timing and spatial scale Data were collected during continuous monitoring of the entire population in the Ngorongoro Crater between April 1996 and 
December 2017 to obtain sufficiently large sample sizes.

Data exclusions The types of observations excluded in the analysis, the justification for the exclusion and the sample sizes of excluded data are 
described in the methods section. The exclusion of data was established before fitting the models.

Reproducibility No experiments were performed in this study. The outcome of interactions was established based on conspicuous behaviours and 
body postures that clearly indicate dominance and submission. These behaviours and body postures were predefined and have been 
applied for decades by all scientists studying spotted hyaenas.

Randomization Study animals were not allocated into groups but categorised based on intrinsic attributes (sex, body mass, age), location, 
immigration status, and their potential social support as estimated by an algorithm based on decision rules derived from previously 
established patterns of social support and a detailed genetic pedigree spanning 21 years and eight generations. Following traditional 
multiple linear regression framework, the effects of the covariates were estimated while statistically controlling for the effects of the 
others. We additionally used natural experiments to disentangle causality between the covariates.

Blinding Study animals were identified before interactions were recorded. Behaviours and interactions were categorised and analysed 
following a standardised protocol and ethogram.

Did the study involve field work? Yes No

Field work, collection and transport
Field conditions Mean daily temperature: 13°C to 16°C. Precipitation: approximately 1000mm per year.

Location Ngorongoro Crater, Tanzania, latitude: 3.16°S, longitude: 35.59°E, altitude: 1800mamsl

Access and import/export Collection of samples for parentage analysis: Research Permit No. 2018-321-NA-90-130, issued by Tanzania Commission for 
Science and Technology, Dar es Salaam, Tanzania 
Export of samples: Trophy Export Certificate No. 72763, issued by Tanzania Wildlife Authority, Dodoma, Tanzania 
Export of samples: Animal Health Export Certificate No. VIC/AR/ZIS/2308, issued by Ministry of Livestock & Fisheries of Tanzania, 
Arusha, Tanzania 
Import of samples: no permit required as per directive by the Senate Department for Justice, Consumer Protection and Anti-
Discrimination (Senatsverwaltung für Justiz, Verbraucherschutz und Antidiskriminierung), Berlin, Germany

Disturbance Observations were made from a research vehicle stationed at some distance from the study animals; all study animals were well 
habituated to the presence of the research vehicle.
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Reporting for specific materials, systems and methods

Materials & experimental systems
n/a Involved in the study

Unique biological materials

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals The study did not involve laboratory animals.

Wild animals Spotted hyaenas (Crocuta crocuta) in the Ngorongoro Crater, Tanzania. Animals were observed from distance from a research 
vehicle to which the animals were well habituated; samples were collected without capturing or immobilising animals.

Field-collected samples Samples for parentage analysis were stored in liquid nitrogen or DMSO; samples stored in liquid nitrogen were transported on 
dry ice from the field in Tanzania to the laboratory in Berlin and kept at -80°C until processing.
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