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Competition in group-living animals often results in a dominance hierarchy. The 

sex that is larger (usually the males) generally dominates the one that is smaller 

(the females). In certain species, however, despite being smaller, the females 

dominate several males. Female dominance over males may here arise from 

the self-reinforcing effects of winning and losing fights, the so-called winner-

loser effect, as demonstrated in the model DomWorld. In the model, females 

may become dominant over more males when the percentage of males in the 

group is higher due to the higher intensity of aggression of males than females 

combined with the higher frequency of male–male fights. This association 

between female dominance and the percentage of adult males in the group 

has been confirmed in several primate species. Since in the model DomWorld 

this association requires few assumptions, it should be tested beyond primates. 

In the present study, we investigated it in the group-living rock hyrax (Procavia 

capensis), because it fulfilled most requirements. We used data on adults from 

six groups, collected over 20 years in natural colonies in Israel. We confirmed 

that body weight and intensity of aggression was greater in males than females. 

Three measurements indicated that females dominated ca. 70% of the males. 

Unexpectedly, only in the data where groups comprised several males, female 

dominance over males was shown to increase with male percentage, but not 

when including (the many) years in which groups comprised a single male. 

We attribute this non significance to the limited male–male interactions. One 

of the requirements of DomWorld is that individuals live in permanent groups, 

but in rock hyrax there were also bachelor males, that were not permanently 

associated with a group. Thus, we expected and confirmed that there was no 

association between the percentage of males and female dominance over 

males when including them. In conclusion, our results support the hypothesis 

that the winner-loser effect contributes to the dominance of females over 

males, and the association between the percentage of males in a group and 

female dominance over males requires an extra criterion: that most groups 

contain multiple males.
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Introduction

Competitive interactions among individuals in a group often 
result in a dominance hierarchy (Drews, 1993). When the 
hierarchy is steep, meaning that differences in rank among 
individuals are large, the society is despotic. Here, the dominant 
individuals have more access to resources than the subordinates. 
In an egalitarian society, in contrast, individuals are similar in 
rank and have comparable access to resources (Vehrencamp, 
1983). Higher rank has been linked to individual attributes, such 
as larger body size (Beacham, 1988). However, females sometimes 
dominate several males despite the smaller body size of females, 
such as in macaques (Macaca spp.; Hemelrijk et al., 2008), vervet 
monkeys (Chlorocebus pygerythrus; Hemelrijk et al., 2020a,b), and 
capuchin monkeys (Sapajus libidinosus; S. nigritus, and 
S. xanthosternos; Izar et al., 2021). Causes of dominance rank are, 
thus, more complex and do not depend merely on body size. For 
instance, dominance rank may depend on other processes such as 
coalitional support (Vullioud et al., 2019), or the self-reinforcing 
effect of winning and losing competitive interactions (Franz et al., 
2015), the so-called “winner-loser effect,” which is prevalent in the 
animal kingdom (Hsu et al., 2006). The winner-loser effect causes 
winners to be more likely to win subsequent fights and losers to 
be more likely to lose them. In the present paper we examine how 
the winner-loser effect influences dominance between sexes.

The consequences of these self-reinforcing effects regarding 
both dominance style and intersexual dominance have been 
demonstrated in the computational model DomWorld (Hemelrijk, 
1999). In this model, individuals aggregate and may attack when 
they are near others. They are more likely to attack when their own 
dominance value (representing their fighting capacity) is relatively 
high compared to that of their opponent. After a fight is decided, 
the dominance value of the winner increases, enhancing the 
likelihood that in the next fight it will win again and that of the 
victim decreases, making it more likely that the loser will be beaten 
in the next fight. The model demonstrates that a dominance 
hierarchy will develop even if all individuals start with the same 
initial dominance value (Hogeweg, 1988; Hemelrijk, 1999).

Regarding dominance style, the model demonstrates that 
when aggression is fierce (such as biting) the hierarchy becomes 
steeper, resembling that of a despotic society. This arises because 
fierce aggression has greater impact than mild aggression (such as 
staring or threatening) on the subsequent winning tendency of the 
opponents. When aggression is mild, the impact of conflicts is 
small and the hierarchy differentiates little, resembling that of an 
egalitarian society (Vehrencamp, 1983; Hemelrijk, 1999).

Regarding intersexual dominance, the model DomWorld 
demonstrates that even though the fighting capacity of females is 
initially lower than that of males (reflecting the females’ smaller 
body size and lower intensity of aggression), some females may 
still become dominant over some males (Hemelrijk et al., 2003). 
This occurs, however, only when aggression intensity is high, 
because the hierarchy differentiates strongly due to the high 
impact of fights and this causes overlap between the dominance 

of males and females. If aggression intensity is weak, fight 
outcomes have little impact on the hierarchy and the initially more 
powerful males remain dominant over all the females. Thus, 
DomWorld demonstrates that female dominance is stronger in 
species with more intense aggression. This has been confirmed in 
macaques (Hemelrijk et al., 2008). The model also reveals that 
female dominance over males increases with the percentage of 
males in the group (Hemelrijk et al., 2008). This we refer to as the 
self-organisation hypothesis. It is explained by a higher percentage 
of males resulting in a relatively higher percentage of male–male 
fights. Through the higher intensity of aggression by males than 
females, this higher percentage of male–male fights leads to 
stronger female dominance over males because more males are 
defeated and sink to a lower rank than some females. This 
association between the percentage of males and female 
dominance in the group has been confirmed in empirical studies 
of macaques (Hemelrijk et al., 2008), vervet monkeys (Hemelrijk 
et al., 2020b), and capuchin monkeys (Izar et al., 2021).

The assumptions in DomWorld underlying the self-
organisation hypothesis, namely the association between female 
dominance and percentage of males, are that: (1) individuals live 
permanently in a group; (2) the agonistic interactions result in the 
winner-loser effect; (3) the initially greater fighting capacity of 
males than females (e.g., in real animals body weight of males is 
greater than that of females); (4) the intensity of aggression is high; 
(5) and higher in males than females; and (6) the range of adult 
sex ratios across groups is sufficiently large.

Although these assumptions are expected to be met in many 
group-living species, this association has not been tested to date 
beyond primates. Therefore, in the present study we investigate 
natural groups of rock hyrax (Procavia capensis) in Ein Gedi, 
Israel. The rock hyrax fulfils many of the requirements of the 
DomWorld model: individuals live in permanent groups with 
both sexes, aggression is sometimes intense, males are slightly 
larger than females on average (Koren, 2006), and these groups 
show a large range of sex ratios. Although the winner-loser effect 
has not been studied in this species, it has been shown in all taxa 
where it has been tested, namely, insects, crustacean, amphibia, 
reptilia, fish, birds and mammals, including humans (Hsu et al., 
2006). Besides, in the present study, we confirmed that the body 
size and intensity of aggression in males of rock hyrax is greater 
than in females. We quantified female dominance over males and 
studied whether with a greater percentage of males in the group 
there was an increase in the dominance of females over males and 
the percentage of male–male fights of all fights of males with 
adults. As an alternative, we  also investigated whether the 
dominance of females over males was greater when the percentage 
of young males or “late dispersers” in the group was higher, 
because these are males over which females could dominate easily.

The groups of rock hyrax comprise not only resident males 
(that reside in a group for a few years), but also so-called 
“bachelor” males. Bachelor males often reside alone, occasionally 
in all-male groups and sometimes interact with groups, but are not 
permanently associated with a specific group (Koren, 2000). 
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Herewith, bachelor males do not fulfil the requirement from 
DomWorld of permanent group living (requirement 1). Thus, 
we expected no association between the percentage of males and 
female dominance over males when including bachelor males.

Materials and methods

Study animals, field procedures and 
behavioural observations at the Ein Gedi 
Nature Reserve in Israel

The rock hyrax belongs to the order hyracoidea (Afrotheria; 
Murata et al., 2003; Springer et al., 1997). This species is widely 
distributed across Africa and the Middle East, where it inhabits 
mostly rocky areas. Males and females reach sexual maturity at the 
age of 17 to 24 months (Hoeck et al., 1982) and can live up to 
12 years (Mendelssohn, 1965; Glover and Sale, 1968). Most 
adolescent males disperse upon reaching sexual maturity (Hoeck 
et al., 1982), with those males that remain in their natal group past 
sexual maturity being referred to as “late-dispersers” (Koren, 
2006). When the males disperse, they either join a new group as 
residents or remain on the periphery of groups as “bachelors,” 
mostly sleeping alone or on rare occasions in all-male bachelor 
groups (Koren, 2000). Resident males reside in a group of females 
for an average of 3 years (maximum 5) before leaving the group 
and being replaced by another male. In both sexes aggressive 
behaviour is sometimes intense, such as biting, fighting and 
chasing, even killing has been observed (Supplementary Table S1). 
Both males and females have long incisors (i.e., tusks), that can 
inflict fatal wounds (LK pers. observation). Rock hyraxes breed 
seasonally (Mendelssohn, 1965; Millar, 1971; Frey and Miller, 
1972; Neaves, 1973), with synchronised parturition (Mendelssohn, 
1965; Sale, 1965). Although resident males guard their mates and 
bachelor males also sire offspring (Bar Ziv et al., 2016).

Rock hyraxes were studied at the Ein Gedi Nature Reserve, 
(31°28′N, 35°24′E), near the Dead Sea (Supplementary Figure S1A; 
Supplementary material). The reserve comprises two deep gorges, 
David and Arugot. Field seasons lasted for 5–6 months each year, 
from March to September. Data were collected yearly between 
2000 and 2019 on 1,213 days on about 4 h a day. Data from 2006 
and 2019 are missing due to insufficient observations. The total 
population size was between 500 and 1,000 individuals  
(Barocas et al., 2011). Six groups were studied (7 groups when  
including bachelors, Table  1; Supplementary Table S3; 
Supplementary Figure S1B). Since we studied each group over 
several years, we refer to these data-points as group-years. Data 
were collected using binoculars, a telescope, and paper and pencil 
(Supplementary Table S2). All individuals were recognisable by 
marking them with a subcutaneous tag, earrings, and a collar 
(weighing 5 g). To mark the individuals (including females, 
resident males and bachelor males) they were caught yearly using 
live box traps and anaesthetized with ketamine hydrochloride. 
Following the protocols established by Koren et al. (2006, 2009), 

groups were observed mostly in the morning, from first light to 
noon; and, after a period of when hyrax were resting because of 
the heat, they were observed for ~2 h in the later afternoon until 
dusk. Observers sat at fixed points and scanned the area for rock 
hyrax. Once a group was detected, it was followed until it retreated 
underground because of high temperatures. Observation time was 
distributed approximately equally over all groups.

We sampled agonistic interactions by all occurrences, because 
the activity level was low and the group sizes were small, and 
we continuously could see all individuals of a group. We recorded 
the behaviour of resident and bachelor males at a similar frequency.

We defined individuals to be adult when they were older than 
2 years and focused on their interactions within the same group. 
Because we recorded behaviours with several observers, at the 
beginning of each season we  practised observing the same 
interactions to train all people to note behaviour in the same way. 
For all agonistic interactions we  recorded the initiator of the 
interaction (namely the one that approached the other), the 
receiver, the outcome of the fight (the loser being the one who 
retreated or fled and the other one being the winner) and the 
agonistic behaviour of both opponents. An interaction ends with 
one individual walking away or running away. Agonistic  
acts involved elements of the ethogram, namely attack, fight, 
chase, flee, displace, retreat, threat, bite and kill (see 
Supplementary Table S1). Agonistic interactions were subdivided 
into fierce and mild, with attacking, chasing, biting, fighting, and 
killing being counted as fierce and threatening, and displacing as 
mild. If several agonistic elements were observed in an interaction, 
we  categorised the interaction by the element of the highest 
intensity. The order of the elements, from lowest to highest 
intensity was: displace, threat, attack, chase, bite, fight, and kill. 
When comparing the intensity of aggression between the sexes 
we used the proportion of fights per individual that were of high 
intensity of all fights that an individual initiated.

Rank order and female dominance over 
males

We determined the rank order in the dominance hierarchy of 
adults of both sexes in each group in each year we  studied it 
(group-year), using the Average Dominance Index, ADI, namely 
the average percentage of conflicts with which each adult was 
victorious over all its adult opponents (Hemelrijk et al., 2005). It 
is similar to David’s Score (Gammell et al., 2003), but has a better 
treatment of missing values as is shown in studies of hierarchical 
steepness (Saccà et al., 2022) and its computation is simpler and 
easier to interpret. The degree of dominance of females over males 
was measured using the Female Dominance Index, FDI, which 
gives the percentage of males that rank below females on average 
(Hemelrijk et al., 2008, 2020a). As a robustness measure of the 
Female Dominance Index, FDI, we  calculated two additional 
measures of female dominance over males: (a) the average 
percentage per group-year that each female wins fights from each 
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of her male opponents; and (b) the percentage of intersexual dyads 
(with interactions) in which females won more than half of 
their fights.

Statistical analysis

To derive a dominance hierarchy, we considered interactions 
within groups among adult individuals (older than 2 years) that 
were resident in a group, ignoring bachelor males because they are 
not integrated in the group. Note that we  have only included 
groups if they contained both sexes, and if at least three individuals 
were involved in at least one competitive interaction with 
an opponent.

Data were tested for normality by conducting Shapiro–Wilk 
tests and examining qq-plots. Where data were normally 
distributed, parametric tests were used. Otherwise non-parametric 
tests were used. Data analysis were done in R version 4.1.2 (R Core 
Team, 2021) and we  used packages glmmTMB (Brooks et  al., 
2017) to conduct GLMMs and LMMs and tested their goodness-
of-fit by comparing residuals with simulated residuals using the 
package DHARMa (Hartig, 2019). Likelihood ratio tests were 
performed, comparing full models to null models (containing 
only the intercept and random effects; package lmtest Zeileis and 
Hothorn, 2002).

We tested the difference in weight and intensity of aggression 
between females and males using linear mixed models, with ID as 
a random effect. The relationship between the percentage of males, 
the Female Dominance Index and percentage of male–male fights 
(number of fights initiated by males against other males divided 
by the total number of fights initiated by males towards either 
male or female adults) were tested using a GLMM with a beta-
binomial family to account for possible over-dispersion and with 
group as a random effect. We investigated whether the presence of 
late-dispersers in group-years influenced our results by testing in 
group-years with multiple males, whether the percentage of late-
dispersing males in the group was associated with the degree of 
female dominance (FDI) or the percentage of males. We did this 
by performing a binomial GLMM with group as a random effect. 
For this model we included an observation level random effect 
(OLRE) to reduce over-dispersion (Harrison, 2015). For all linear 
or general models, we report the estimate and standard error. For 
significance, we report the likelihood ratio test between the full 
and null models.

Results

Resident group members

Partial dominance of females over males became clear in 
several ways. The position of females in the dominance hierarchy 
among adults (Figure 1), reveals that in 18 of the 27 group-years 
one or more females had occupied the alpha position exclusively; 

in 7 cases females shared the alpha position with one or more 
males; and only in a single case did a male hold the alpha position 
alone. On average, females dominated 69% of the resident males 
(Female Dominance Index; Tables 1, 2), meaning that they were 
subordinate to only 31% of the resident males. The other two 
measures, based on the percentage of intersexual fights won, 
provided similar results: females dominated 72% and 67% of the 
males (Table 2). In our remaining analyses we used the Female 
Dominance Index, FDI, because this measure was also used in 
setting up the predictions of DomWorld (Hemelrijk et al., 2008) 
and testing them in primates (Hemelrijk et al., 2008, 2020b; Izar 
et al., 2021) and the FDI realistically incorporates both intra- and 
intersexual interactions when determining female dominance 
over males. The dominance hierarchy among resident group 
members shows numerous shared ranks (Figure 1), probably due 
to the low number of interactions. The frequency of agonistic 
interactions among adults is low as is typical of this species, per 
group-year it ranges from 2 interactions in small groups of 3 
individuals to 28 in a group of 7 (Table 1).

The requirements of DomWorld regarding sexual dimorphism 
held true: namely, compared to females, resident males weighed 
more (average weight of males 2.76 ± 0.07 and of females 
2.23 ± 0.03 kg, LMM, ID as random effect, nMales = 25, nFemales = 85, 
estimate (SE) = 0.52 (0.08), z = 6.12, LRT: χ2 = 29.91, p < 0.001, 
Supplementary Figure S2A) and the percentage of fights of high 
intensity initiated by males was greater than that by females 
(binomial GLMM with ID as random effect nMales = 20, nFemales = 80, 
estimate (SE) = 1.20 (0.46), LRT: χ2 = 6.43, p = 0.01, 
Supplementary Figure S2B).

Unexpectedly, the Female Dominance Index, FDI, did not 
increase significantly with the percentage of males in the group 
(test 1 in Table 3; Figure 2A), but the percentage of male–male 
fights did (test 2 in Table 3; Figure 2B). The relationship between 
the percentage of males in the group and the Female Dominance 
Index may have been nonsignificant due to the low absolute 
number of male–male interactions. This was a consequence of the 
high number of group-years (17 of the 27 group-years) comprising 
a single male only and the low number of group-years (10) 
comprising more than a single male (namely 2 or 3 males; Table 1; 
Figure 2B).

When limiting our analyses to group-years with multiple 
males, by excluding single male group-years (Figures 2C,D), the 
Female Dominance Index significantly increased with the 
percentage of males (test 3 in Table 3; Figure 2C). However, the 
percentage of male–male fights did not increase with the 
percentage of males in the group (test 4 in Table 3; Figure 2D).

Alternatively, female dominance may increase with a higher 
percentage of males in the group because in groups with multiple 
males, some could be young males that have not yet dispersed 
(late-dispersers) and females may be dominant over these males. 
We did not find evidence for this type of dominance since in 
group-years containing multiple males (which we will refer to as 
multi-male group-years), late dispersers were neither lower in 
rank than residents (t-test, nMaleResidents = 13, nLate-disperser Males = 10, 
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t = −0.74, df = 18.99, p = 0.47) nor did the degree of female 
dominance over males increase with the percentage of late 
dispersers (binomial GLMM with group as random effect, multi-
male group-years n = 10, estimate (SE) = 1.9 (1.46), LRT: χ2 = 1.62, 
p = 0.20).

Including interactions with bachelor 
males

Because bachelor males did not live permanently in groups 
(requirement 1 of DomWorld) but interacted now and then with 
a few groups (Supplementary Figure S3), we did not expect a 
significant correlation between the Female Dominance Index and 
proportion of males when including bachelor males.

We confirm that when adding the interactions with bachelor 
males, the correlation between the Female Dominance Index and 
proportion of males was not significant (test 5  in Table  3; 

Figure 3A), also not when only group-years with several males 
were used (40 group-years, test 7 in Table 3; Figure 3C); nor was 
the percentage of males related to the percentage of male–male 
fights (test 6, 8 in Table 3; Figures 3B, 3D).

Note that including interactions with bachelor males reduced 
the degree to which females were dominant over males in all three 
measurements (Table 2; Supplementary Table S3).

Discussion

The results of the present study support the earlier findings 
that in the rock hyrax the females dominate most of the males 
(Koren, 2000; Koren et al., 2006; Koren and Geffen, 2009). Here 
we show that this dominance exists despite the females weighing 
less and displaying milder aggression than the males do. Females 
dominated on average 69% of the males [according to the Female 
Dominance Index (Hemelrijk et  al., 2008, 2020b; Izar et  al., 

TABLE 1 Summary results of agonistic interactions among adults in rock hyrax groups in Ein Gedi, Israel.

Site Group Year Number of 
males

Number of 
females

Percentage of males (%) FDI (%) Number of 
interactions

Percentage 
MM/MA

Arugot Cube 2012 1 3 25 50 6 0

Arugot Cube 2013 2 8 20 47 23 100

Arugot Cube 2015 1 6 14 92 28 NA

Arugot Cube 2017 1 3 25 100 8 0

Arugot Gal 2000 2 3 40 100 7 NA

Arugot Gal 2001 1 2 33 100 2 NA

David Hill 2004 1 2 33 100 2 NA

David Hill 2014 1 2 33 25 4 0

David Hill 2015 2 6 25 58 14 0

David Hill 2017 1 3 25 33 6 0

David Hill 2018 3 2 60 100 8 100

David Hill 2019 3 1 75 83 3 100

Arugot Isiim 2000 1 7 13 71 12 0

Arugot Isiim 2002 2 3 40 100 3 NA

Arugot Isiim 2008 1 4 20 88 3 NA

Arugot Isiim 2009 3 7 30 38 6 50

Arugot Isiim 2010 1 5 17 90 4 NA

Arugot Isiim 2017 1 3 25 67 8 0

Arugot Isiim 2018 1 4 20 75 7 0

Arugot Sukkot 2000 1 6 14 8 11 0

Arugot Sukkot 2002 1 4 20 88 4 NA

Arugot Sukkot 2003 3 6 33 69 7 0

Arugot Sukkot 2004 2 2 50 50 2 100

Arugot Sukkot 2009 1 6 14 75 5 NA

Arugot Sukkot 2017 2 3 40 42 8 0

David Window 2017 1 3 25 100 6 NA

David Window 2018 1 3 25 17 3 0

Average 1.52 3.96 29 69 7.41 26

FDI, Female Dominance Index; Percentage MM/MA (fights among males from males with adults of either sex). NA indicates that there was no aggression initiated by a male. This table 
presents agonistic interactions among resident group members only, and does not include interactions with individuals from other groups or bachelor males.
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2021)]. This value is consistent with that of our other two 
measurements, which only included intersexual fights. Such 
consistency among different measures of female dominance over 
males has recently been found in a theoretical study and an 
empirical study on several species of primates, rock hyrax and 
hyenas (Seex et al., Accepted/In press; Kappeler et al., 2022, this 

issue). Note that despite the similar values of the different types 
of measurement, the Female Dominance Index is the most 
appropriate tool because it was used in the predictions of 
DomWorld and it is based on the dominance hierarchy including 
both sexes. Since interactions among individuals of the same sex 
as well as the opposite sex are likely to lead to the winner-loser 

FIGURE 1

Dominance hierarchies in groups of rock hyrax among adults of both sexes per group-year at two sites, Arugot and David in Ein Gedi, Israel. 
Partitions indicate name of the group and year of study. FDI represents the Female Dominance Index per group-year. Circles represent females 
and squares represent males. The average dominance index of each individual is shown in the circles and squares. Late dispersers (males) are 
indicated in orange.
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effect, both will impact each individual’s ability to win in 
subsequent fights and therefore the position of each individual 
(of either sex) in the dominance hierarchy.

In the subset of group-years of rock hyrax that included 
multiple males, female dominance over males increased with the 
percentage of males in the group. In line with the self-organisation 
hypothesis from the DomWorld model (Hemelrijk et al., 2008), 
this association may arise in rock hyrax from the dynamics of the 
self-reinforcing effects of winning and losing fights. The self-
organisation hypothesis argues that when the percentage of males 
in the group is higher, females become dominant over more males 
because of the relatively more frequent male–male fights. This is 
due to the higher intensity of aggression of males than females. 
When male–male fights are more numerous, males will be beaten 
by other males more often, resulting in more males dropping in 
rank, even below some females (Hemelrijk et al., 2020a; Izar et al., 
2021). Yet, the relationship between the percentage of male–male 
fights and the percentage of males in groups with more than one 
male was not significant in rock hyrax. This lack of significance 
may be due to the small sample size of only eight group-years, and 
the number of males per group-year being small (two or three 

males). Note that this relationship was significant in the 17 group-
years when including groups with a single male.

The relationship between the percentage of males in the 
group and the Female Dominance Index was significant when 
considering only multi-male groups. We must note, however, 
that multi-male groups are rare in the rock hyrax and single-
male groups are the norm (Koren, 2006). Thus, in our study, the 
range in sex ratios among group-years was due to the large 
range in the number of females rather than males. Our study 
indicates that an additional, new, seventh requirement is 
necessary to establish the self-organisation hypothesis of female 
dominance over males (Hemelrijk et al., 2008). Not only should: 
(1) individuals live in permanent groups; (2) the agonistic 
interactions result in the winner-loser effect; (3) body size 
be larger in males than females; (4) the intensity of aggression 
be high; (5) and be higher in males than females; and (6) the 
range of adult sex ratios across groups be sufficiently large; but 
also, (7) most groups should include multiple males. This is 
important because the presence of more males increases the 
average aggression intensity and thus the hierarchical 
differentiation, which causes stronger overlap in dominance 

TABLE 2 Partial female dominance over males according to three different measurements for interactions between adult group members only and 
group members with bachelor males.

Measure of female dominance Female Dominance Index (FDI) Average percentage of 
intersexual fights won by 
females per male opponent

Percentage of intersexual 
dyads that interacted in which 
females won >50%

Within groups only 69% 72% 67%

Including bachelor males 57% 54% 49%

TABLE 3 Statistical results (GLMM) for the relationship between the percentage of males (predictor) and either the Female Dominance Index (FDI) 
or the percentage of male–male fights out of all fights involving males with other adult hyraxes of either sex (dependent variable).

Test N Estimate (SE) LR χ2
1 p

Residents only

All groups

1 FDI ~ Percentage of males 27 2.00 (1.78) 1.33 0.25

2 % males–% MM fights 17 12.18 (5.83) 8.16 0.001

Multi-male groups only

3 FDI–Percentage of males 10 5.01 (2.48) 3.79 0.05

4 % males–% MM fights 8 6.59 (5.45) 2.01 0.16

Residents and bachelors

All groups

5 FDI–Percentage of males 45 −1.86 (1.30) 2.07 0.15

6 % males–% MM fights 40 3.44 (2.06) 2.93 0.09

Multi-male groups only

7 FDI–Percentage of males 40 −1.82 (1.409) 1.71 0.19

8 % males–% MM fights 38 2.87 (2.1) 1.93 0.16

Results are given for all group-years and for only those with multiple males. This is shown for interactions among residents within groups only, as well as for interactions between resident 
group members and bachelor males.
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C D

FIGURE 2

Percentage of resident males in rock hyrax groups versus the Female Dominance Index and the percentage of male–male fights. Percentage of 
resident males in groups with a single male or multiple males versus (A) the Female Dominance Index; (B) the percentage of male–male fights of 
male-all fights. Percentage of resident males in multi-male groups only versus (C) the Female Dominance Index; (D) the percentage of male–male 
fights of male-all fights. The grey line represents the fitted regression line, grey polygons represent the 95% confidence intervals.

between the sexes. Thus, logically, we do not expect any relation 
between female dominance and sex-ratio in species that live in 
one-male groups, such as hamadryas baboons.

Alternatively, female dominance over males may increase with 
a higher percentage of males due to a higher percentage of young 
“late-disperser” males. We rejected this alternative explanation 
because a higher percentage of late dispersers in group-years was 
not associated with stronger dominance of females over males, 
and late dispersers were not significantly lower in rank than 
resident males.

We confirmed that when we  violated requirement 1 of 
permanent group-living, of the self-organisation hypothesis of 
DomWorld, by including interactions with bachelor males (that 
were not permanently associated with the group), the 
relationship between the percentage of males and female 
dominance was not significant (also not significant when only 
group-years with multiple males were considered). Thus, in 

general, when including individuals that do not live permanently 
in a group, the correlation between percentage of males and 
female dominance over males is less likely. Thus, this correlation 
is less likely when dealing with groups in societies that are very 
loose, such as fission fusion societies where subgroups split up 
and merge continuously as in chimpanzees unless subgroups are 
larger, such as in bonobos (Furuichi, 2009).

Whether and why bachelor males in our study of rock 
hyrax are more dominant over females than resident males 
requires further investigation. According to the self-
organisation hypothesis this may be because bachelor males 
were less often defeated by resident males, thus their 
dominance relative to females depended more on their body 
size (which is larger than that of females) than in resident 
males. This issue should be further explored in future studies. 
The self-organisation hypothesis from DomWorld was 
designed to predict within-group interactions and does not 
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work with the inclusion of outsiders such as bachelor males. 
To gain more knowledge on dominance in bachelor males, 
detailed empirical data should be  collected by focussing 
particularly on them. Regarding why bachelor males interact 
with groups, we hypothesise that they do so in particular to 
gain access to females. Indeed, bachelor males have been 
observed to copulate with females at the same rate as resident 
males (Bar Ziv et al., 2016).

We conclude that female dominance over males is a dynamic 
trait rather than a static feature (Chase, 1985; Lindquist and 
Chase, 2009), and may partially rely on the winner-loser effect, 
because it depends on the adult sex ratio in a group. We have 
shown that the positive relationship between the percentage of 
males in the group and the degree of dominance of females over 
males occurs in the rock hyrax and thus is not limited to primates. 
Because the general requirements for such a relationship, as 
presented in the DomWorld model, are met in many species, 

we expect it to be found also in other animals that are living in 
permanent groups.
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