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Abstract  
Group-living species are often organized into social dominance hierarchies, where high-ranking individuals have priority of 
access to resources, including estrous females. Traits associated with male dominance status should thus be correlated with 
reproductive success, but, with the exception of research on some primates, studies with both behavioral data to determine 
dominance hierarchies and a pedigree to identify male siring success are rare. For a wild population of sexually dimorphic 
eastern grey kangaroos Macropus giganteus, we characterized the social hierarchy over 6 non-consecutive years to investigate 
the relationship between male dominance and yearly reproductive success. Dominance hierarchies were steep, linear, and 
stable over time. Asymmetries in body mass and size between contestants were strong predictors of contest outcomes, 
and these morphological traits were positively correlated with dominance status. Males did not spatially avoid each other 
but tended to fight with individuals of similar size, suggesting that when asymmetries were large, contests were unlikely. 
Dominance status was under strong sexual selection, despite moderate monopolization of paternities by highly dominant 
males. Overall, these results suggest that body size and weapons are important determinants of dominance status and male 
reproductive success but that other traits play a considerable role. A clear-cut dominance hierarchy and strong selection on 
dominance status do not necessarily lead to monopolization of reproduction by the most dominant males in this strongly 
sexually dimorphic species.

Significance statement
It is generally assumed that high social rank in males is a very strong determinant of access to mates in polygamous species. 
Like other sexually dimorphic species, male kangaroos are thought to establish dominance hierarchies based on size. A few 
high-ranking males are then believed to monopolize matings. Our study confirms a strong correlation between body size 
and dominance status, and that males mostly engage in contests with males of similar size. However, we also found weak 
monopolization of reproduction, despite strong, positive sexual selection on dominance status. This result suggests that strong 
selection for high rank does not imply that subordinate males cannot sire offspring. A few highly dominant males had high 
reproductive success but did not monopolize matings.

Keywords Assortative contests · Avoidance · Dominance hierarchy · Male-male contests · Male reproductive success · 
Sexual selection

Introduction 

In gregarious species, individuals often compete for space, 
resources, and mates (West-Eberhard 1979). Competition for 
mates is central to sexual selection theory, which presumes 
that phenotypic traits assisting mate acquisition yield fitness 
gains in terms of reproductive success (Andersson 1994). 
This causal dependence of fitness on phenotype can strongly 
affect the distribution of siring success in some polygynous 
species, where a few males may monopolize matings (Emlen 
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and Oring 1977; Clutton-Brock 1989). Animal societies 
are often organized into social dominance hierarchies, and 
social rank can greatly affect individual fitness (Dewsbury 
1982; Ellis 1995). Extensive research has been conducted 
on traits signaling dominance status and fighting skills 
(McCullough et al. 2016; Rico-Guevara and Hurme 2019). 
Individual rank and fighting skills can also reliably advertise 
individual condition, which can be selected through mate 
choice (Qvarnström and Forsgren 1998). Dominant males of 
polygynous and polygynandrous species thus often experience 
high reproductive success (Dewsbury 1982; Ellis 1995; e.g., 
savannah baboons Papio cynocephalus, Alberts et al. 2006; 
southern elephant seals Mirounga leonina, Hoelzel et al. 1999; 
North American bison Bison bison, Wyman et al. 2021), but 
in some species, dominance is a weak determinant of male 
reproductive success (e.g., tammar wallabies Notamacropus 
eugenii, Hynes et al. 2005; horned dung beetles Onthophagus 
taurus, McCullough and Simmons 2016).

The concept of dominance is pivotal in studies of social 
behavior, although its definition varies among scholars. Typ-
ically, dominance implies a stable asymmetry in the outcome 
of contests between two individuals (a dyad), predictably 
in favor of one individual (dominance-subordination rela-
tionship; Drews 1993). Accordingly, individual dominance 
can be defined by an ordinal rank as the result of contest 
outcomes (Pelletier and Festa-Bianchet 2006). Dominance, 
however, can also be characterized as a score or rating (Neu-
mann et al. 2011), which measures success of competing 
individuals during contests (Jennings et al. 2017, 2021). 
Finally, within a social environment, dominance can be 
viewed as a latent trait intrinsic to each individual, broadly 
representing its resource-holding potential (RHP; Parker, 
1974). Age, relative body and/or weapon size, aggressive-
ness, or signals of fighting ability can affect the outcome of 
contests and thus reflect a male’s RHP. Regardless of how 
dominance is defined, if two individuals have similar RHP, 
contests may escalate to fights (Parker 1974; Jennings et al. 
2006; Bergeron et al. 2010). Because escalated contests, 
such as fights, are costly and potentially lethal (Clutton-
Brock et al. 1979; Crespi 1988), game theory predicts that 
they should be rare and individuals should be under strong 
selection to avoid escalation of interactions (Maynard Smith 
and Price 1973; Maynard Smith 1974). Males may thus 
engage in ritualized displays (sensu Maynard Smith, 1974), 
where asymmetries in RHP define relative dominance sta-
tus. In a social group, these asymmetries can determine a 
dominance hierarchy, based on individual dominance rank 
(Dewsbury 1982).

Several indices have been developed to quantify 
dominance hierarchies, either through ranking systems 
(de Vries 1998; Douglas et al. 2017) or indices of success 
(David 1987; Albers and de Vries 2001). The reliability 
of a social hierarchy in predicting the outcome of dyadic 

interactions depends on its linearity. If the hierarchy is 
strictly linear, one individual consistently dominates certain 
other individuals, and triads are transitive, so that outcomes 
of dyadic encounters are predictable since the individual 
with the higher rank or dominance score is expected to win 
(McDonald and Shizuka 2013). Dominance hierarchies can 
be quantified from interaction matrices, in which dominant-
subordinate relationships are deduced for each dyad. Sparse 
datasets, with a low proportion of observed dyads, increase 
uncertainty in rank assessment, so it is important to record 
interactions among as many dyads as possible to robustly 
quantify dominance hierarchies (Neumann et  al. 2011; 
Sánchez-Tójar et al. 2018). Alternatively, sparse datasets 
can be tackled statistically (Foerster et al. 2016; Sánchez-
Tójar et al. 2018) or by staging dyadic interactions. The 
latter solution is particularly useful to study determinants of 
the dominance-subordination relationship (Stuart-Fox et al. 
2006; Wilson et al. 2011a). These approaches, however, 
ignore the possibility that unobserved contests may be 
biologically meaningful if some individuals actively avoid 
interacting with other, highly dominant individuals that 
could cause injury or death (Shizuka and McDonald 2012).

In polygamous, gregarious, and non-territorial species, 
encounters between individuals may create social conflict, 
especially at high population density (Schoepf and Schradin 
2012; Piza-Roca et al. 2018). Depending on social status 
and previous interactions, individuals can thus adjust their 
home-range use to avoid other individuals (Kaufmann 1983). 
High-ranking individuals could force subordinates into areas 
of lower resource value (Murray et al. 2007), and subordi-
nate males may avoid dominant males to escape harassment. 
High-ranking males could also avoid each other to reduce 
the risk of fighting injuries (Parker 1974). Spatial avoid-
ance thus likely induces non-random association patterns 
among individuals according to dominance status (Shizuka 
and McDonald 2012; McDonald et al. 2013).

Here, we investigate which traits are associated with 
male dominance status, to understand the drivers of contests 
among males and to determine whether yearly reproductive 
success is facilitated by high dominance rating in a species 
where dominance status should favor access to mates. We 
use longitudinal data on behavior, space use, and siring 
success of eastern grey kangaroos (Macropus giganteus), 
a species known for intense male-male escalated contests 
(Russell 1974).

Macropus giganteus is a large, sexually dimorphic 
(Jarman 1989), gregarious (Kaufmann 1975) marsupial 
with fission–fusion social dynamics (Jarman and Coulson 
1989), which inhabits temperate and subtropical open 
habitats, often at high density (Russell 1974). Males do not 
defend territories (Jarman and Southwell 1986), and home 
ranges overlap extensively (King et al. 2015b; Montana 
et al. 2020), creating opportunities for male-male contests. 
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Kangaroos appear to mostly rely on body size to win contests 
(Jarman 1983), but dominance status may also depend upon 
aggressiveness since rank does not correlate perfectly with 
size (Grant 1973; Miller et  al. 2010). Kangaroos grow 
throughout much of life (LM, WJK, GC, and MF-B unpubl. 
data), so older adult males should be dominant. Most male-
male contests are ritualized displays (Grant 1973) but can 
lead to serious injuries or death (Miller et al. 2010; Toni 
2018) if they escalate to violent fights (Coulson 1997). The 
outcome of contests can be used to define a dominance 
hierarchy, which has been described as linear in previous 
studies with captive populations and/or limited sample sizes 
(< 13 males/group) (Grant 1973; Miller et al. 2010).

The mating system of M. giganteus is considered 
polygynous (Jarman 1983). Males court and follow estrous 
females; dominant males account for more than 75% of 
observed mountings (Jarman and Southwell 1986). Before 
and after copulating, dominant males guard estrous females 
from other males. They may also interrupt copulation 
by other males, similar to other promiscuous marsupials 
(reviewed in Russell 1984). Given that estruses rarely 
overlap in time (Russell 1984), a few dominant males could 
monopolize estrous females, resulting in high variance in 
male reproductive success. A study of two free-ranging M. 
giganteus populations, however, found low reproductive skew 
(Rioux-Paquette et al. 2015), possibly because males do not 
have equal access to all females (Montana et al. 2020), but 
also because females can mate with multiple males (Paplinska 
et al. 2010; Montana et al. 2020), indicating a polygynandrous 
mating system. The role of female mate choice in determining 
male reproductive success is unclear (Miller et al. 2010) 
and could partly explain the low reproductive skew found 
recently (Rioux-Paquette et  al. 2015). Rioux-Paquette 
et al.’s (2015) result for M. giganteus challenges the long-
standing hypothesis that high dominance status leads to 
monopolization of estrous females, a hypothesis that also may 
not be supported in other polygynous and polygynandrous 
systems (Wroblewski et al. 2009).

We first evaluated how morphological traits influenced 
dominance status, defined by estimating male dominance 
ratings. Consequently, dominance status was quantified as 
the rate of success (or failure) of males during contests. 
We evaluated the role of physical traits on dominance sta-
tus with two complementary analyses. First, we estimated 
yearly dominance hierarchies and their associated uncer-
tainties (Sánchez-Tójar et al. 2018) to determine whether 
physical traits correlated with individual dominance ratings. 
Given the consistent pattern of larger, heavier individuals 
being dominant in many species (Alpine ibex Capra ibex, 
Bergeron et al. 2010; bighorn sheep Ovis canadensis, Pel-
letier and Festa-Bianchet 2006; New Zealand sheet-web spi-
der Cambridgea foliata, Walker and Holwell 2018; eastern 
gorilla Gorilla beringei, Wright et al. 2019), we expected 

large, heavy males to have high dominance ratings. We then 
tested whether asymmetry in body mass and limb length 
between contestants predicted winning probability within 
a dyad in unescalated contests (such as displays, displace-
ments, and play-fights) and in escalated contests (henceforth, 
fights). We thus use “male-male contests” as a general term 
for both unescalated contests and fights. We expected trait 
asymmetry to be an important determinant of contest out-
come. The asymmetry analysis is complementary to the size/
mass analysis and provides statistical refinement. Moreover, 
individual success in contests could represent a phenotypic 
measure of RHP. Kangaroo males can differ widely in size 
(Montana et al. 2020); therefore, we tested whether male-
male contests were size-assortative, expecting small males to 
avoid large ones, especially for fights. We also investigated 
whether (i) subordinate males spatially avoided dominant 
males, which should prefer areas of high female density, 
and (ii) high-ranking males avoided each other, potentially 
generating a subdivision of mating opportunities that could 
explain, in addition to the possible influence of female mate 
choice, the low reproductive skew found of this kangaroo 
population (Rioux-Paquette et al. 2015). Finally, we investi-
gated the relationship between dominance ratings and yearly 
male reproductive success. If dominance rating positively 
influences access to mates, individuals with high ratings 
should obtain greater reproductive success than males that 
lose more dyadic contests (Andersson 1994). Miller et al. 
(2010) found a positive relationship between dominance and 
reproductive success in a small captive population. Examin-
ing the dynamics of male-male contests, the determinants of 
dominance status, and the relationship between dominance 
status and male reproductive success in a polygynandrous 
species is essential for a comprehensive understanding of 
the association between social competition and reproductive 
success, which is the foundation of sexual selection theory 
(Andersson 1994).

Methods

Study site and population

We studied eastern grey kangaroos in Wilsons Promontory 
National Park (38°57′S, 146°17′E), Victoria, Australia. We 
monitored a 1.1-km2 grassland around an emergency landing 
strip, where kangaroos are habituated to observers and easily 
identified. Monitoring started in 2008, and during our 9-year 
study (breeding seasons of 2010–2018), density varied 
from 2 to 7 kangaroos/ha (Plaisir et al. 2022). Similarly to 
other populations (Coulson et al. 2014), most females are 
philopatric and sedentary, with smaller home ranges than 
adult males, on average (King et al. 2015b). The study site is 
the main breeding area within the park due to a large number 
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of resident adult females. Many males move into the site 
during the peak of the breeding season and decrease their 
attendance during autumn and winter (Montana et al. 2020). 
Despite the small size of the study site, about 2.5% of male 
dyads showed no spatial overlap (LM unpubl. data).

Adult kangaroos were marked with unique combinations 
of Allflex-colored eartags and visual plastic collars after 
being immobilized by injection of Zoletil (King et  al. 
2011). While kangaroos were immobilized, we measured 
hind leg (hereafter “leg length”) and forearm length (“arm 
length”) to the nearest mm as proxies of skeletal size and 
body mass to the closest 250 g using a spring scale. Leg 
length and body mass were used to estimate individual body 
condition with the relative condition index (Kn; Peig and 
Green 2010), which is uncorrelated to skeletal size or date 
in kangaroo males (Montana et al. 2020). Kn was estimated 
independently for each year and ranged from 0.903 to 1.085 
(SD = 0.024). Only males measured between 1 July and 15 
February were included in analyses.

Molecular analyses and paternity assignment

Laboratory analyses and paternity assignment are detailed 
in Montana et al. (2020). In brief, ear tissue samples were 
collected at first capture either using a 2-mm biopsy punch 
or by collecting tissue displaced by eartags. Samples 
were stored in 95% ethanol and refrigerated at 4 °C. We 
extracted DNA from these samples using a modified 
version of the salting-out method (Chambers and Garant 
2010) and genotyped samples at nine microsatellite 
loci. Mother–offspring pairs were established by field 
observations and confirmed by genetic analyses since about 
3% of offspring are adopted (King et al. 2015a). We assigned 
paternities using the likelihood-based approach of Cervus v 
3.0 (Kalinowski et al. 2007). Only individuals with at least 
eight loci genotyped were retained, and only paternities 
assigned with 95% confidence were used for analyses. We 
assigned sires to 88% of 573 young.

Behavioral observations

Each year, kangaroos were observed with binoculars from 15 
to 50 m while walking around the study area approximately 
3 h after dawn and before dusk between early August and 
late March. Ten male-male contests were also recorded 
in April through July in 2010 and 2011. Contests were 
recorded ad libitum (Altmann 1974). Because kangaroos 
were marked with unique combinations of tags and collars, 
it was not possible to record data blind. Observers recorded 
time, global positioning system location, male identities, 
behaviors performed by each male, and the outcome of 
contests. Contests included displays, such as staring, stiff-
legged walking, grass-pulling, grass-rubbing, high-standing 

(Kaufmann 1975; Coulson 1997), displacements 
(“supplanting” in Gansloßer 1989), play-fights, and fights 
(Gansloßer 1989). The dominance outcome was clear for 
about 96% of male-male contests, because one opponent 
performed at least one subordinate behavior: coughing, 
grooming, or avoiding (Coulson 1997). Besides play-
fights, we never observed subordinate behavior by both 
individual of a dyad during a single contest, and reversal of 
dominance-subordination relationships within a dyad within 
the same year was rare (< 2%). Consequently, observing one 
subordinate behavior was enough to ascertain the dominance-
subordination relationship within a dyad for all contests other 
than play-fights. Small males often engaged in play-fighting, 
and sometimes individuals performed both dominant and 
submissive behaviors; the outcome of these play-fights was 
regarded as a tie. Play-fights involved pawing, cuffing, and 
kicking at low intensity, often interspersed with bouts of 
grooming and grazing by both males (“ritualized fights” in 
Gansloßer 1989). Fights involved wrestling, pushing, and 
kicking that can lead to serious injury (“non-ritualized fights” 
in Gansloßer 1989) and lasted until one of the contestants 
showed signs of submission: retreating (avoiding), coughing, 
or both, likely followed by grooming. Compared to play-
fights, fights are much more violent and are not interspersed 
by grooming and grazing interludes. We did not record any 
reversal of dominance among the observed fights. Ties and 
unresolved male-male unescalated contests were excluded 
from all analyses.

Dominance ratings and associated properties

Due to small samples of observed interactions in some years, 
we could not estimate dominance ratings in 2012, 2013, 
and 2014 (N < 100 male-male contests/year). We estimated 
yearly dominance ratings for marked and a few unmarked 
(N = 13 male-years, or 6%) males, which were recogniz-
able from morphological features such as spots on pelage, 
unusual coat color, and ripped ears, using the randomized 
Elo-rating algorithm (Sánchez-Tójar et al. 2018). Because 
of the opportunistic nature of observations, 13.3% of males 
(or 40 males) were observed interacting only once/year. 
Both the number of male-male contests and the steepness 
of the hierarchy (the probability that a dominant male would 
defeat a subordinate based on their rating difference) affect 
the performance of algorithms used to estimate Elo-ratings 
(Sánchez-Tójar et al. 2018). To examine how the hierarchy 
was influenced by individuals that were seldom observed 
interacting, we compared Elo-ratings after removing males 
that interacted fewer than 2, 3, 4, and 5 times/year (details in 
Supplementary Materials – SM – S.1.1.). We also calculated 
multiple indices to assess the reliability of the estimated 
ratings and the associated uncertainty (see SM S.1.2.). We 
estimated linearity for yearly interaction datasets using the 
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triangle transitivity index (Shizuka and McDonald 2012). 
We used Pearson correlations to assess the stability of stand-
ardized individual Elo-ratings between consecutive years. 
All estimations were computed in r 4.1.4 (R Core Team 
2021). Triangle transitivity was estimated with elorating 
0.46.11 (Neumann and Kulik 2020); yearly randomized Elo-
ratings and uncertainty indices were estimated with aniDom 
0.1.4 (Farine and Sánchez-Tójar 2019).

Home‑range size and overlap

Individual locations (N = 11,426 locations for 183 male-
years) between 10 July and 31 January were used to esti-
mate yearly home ranges (median = 63 locations/male/year, 
range = 15–128). We estimated both 95% and 50% home 
ranges (N = 189) and their utilization distributions (UDs; 
Van Winkle 1975) using fixed-kernel density estimators 
(KDEs; Worton 1989). UD uses a density function to esti-
mate how areas inside the home range are used. We esti-
mated UDs using grid = 500 and extent parameter = 0.250. 
The individual smoothing parameters (h) were determined 
by least-squared cross-validation, and ad hoc multipliers 
were constrained between 0.5 and 1.5. KDE assumes that 
location data are independent. If this assumption is vio-
lated, KDE underestimates home-range size (Noonan et al. 
2019). To avoid biases in individual UD and home-range 
size caused by temporal autocorrelation, we retained only 
one randomly selected location per individual per observa-
tion session (morning or afternoon). We restricted spatial 
analyses to individuals with at least 15 locations/year (Mon-
tana et al. 2020). We used the utilization distribution over-
lap index (UDOI; Fieberg and Kochanny 2005) to estimate 
overlap between either 95 or 50% UDs (total home range 
and core area, respectively) of all adult male dyads (yearly 
average = 646 dyads; range = 406–903; N global = 5,812). 
We estimated home ranges, UDs, and overlap using the 
aDehabitathr 0.4.19 package (Calenge 2006) in R (R Core 
Team 2021).

Statistical analyses

All statistical analyses were performed in R (R Core Team 
2021). All (generalized) linear mixed models ((G)LMMs) 
were fitted using the glmmtmb function of the package 
glmmtmb 1.1.3 (Brooks et al. 2017). Model fit was quanti-
fied via type-II Wald χ2 tests using the Car 3.0.12 package 
(Fox and Weisberg 2019). Model assumptions were verified 
using the Dharma 0.4.5 package (Hartig 2022).

Determinants of dominance

Males weighing less than 30 kg and those not measured in 
a given year were excluded from analyses. We used 30 kg 

as the lower mass threshold because active spermatogenesis 
in M. giganteus occurs by 48 months (Poole and Catling 
1974), and mean mass of known-aged 4-year-old males was 
about 32 kg. The lightest male assigned a paternity weighed 
31 kg (Montana 2021). We fitted LMMs to investigate the 
influence of body mass, leg length, and arm length on male 
yearly Elo-ratings. Because mean and dispersion in Elo-rat-
ings varied among years (mean range =  − 23.19–26.88, SD 
range = 227.58–329.13), we standardized Elo-ratings within 
each year. Using yearly standardized Elo-ratings as the 
response variable, we fit LMMs with Gaussian error struc-
ture. Initially, we included male identity, year, and yearly 
number of contests recorded as random effects to control 
for repeated measures of males, shared environmental con-
ditions, and possible biases caused by different numbers of 
contests recorded. The number of contests recorded was not 
included in final models because its variance was very low. 
First, to correctly estimate parameter coefficients, standard 
errors (SEs) and P-values for body mass, leg length, and arm 
length, we fitted separate LMMs because these traits were 
strongly correlated (Spearman r mass-leg = 0.843, P < 0.001; 
r mass-arm = 0.905, P < 0.001; Pearson rarm-leg = 0.913 [95% CI: 
0.887, 0.934], P < 0.001) and produced moderate variance 
inflation factors (VIFs; average VIF ≃ 7) when included in 
the same model. To test linearity of the relationship between 
a trait and Elo-ratings, the linear and quadratic terms of the 
trait were included in the model. In models of the effect 
of leg and arm length, we included the quadratic effect of 
body condition, as well as interactions between either the 
linear or quadratic body size trait and linear or quadratic 
body condition (Table 1). We then fitted a model including 
all three size measures, despite their multicollinearity (Mor-
rissey and Ruxton 2018), to understand how much variance 
was left unexplained and could thus be attributable to other 
traits. Coefficients of determination for each model were 
estimated using pseudo-R2 (henceforth,  R2; Nakagawa et al. 
2017) within the performanCe 0.8.0 package (Lüdecke et al. 
2021). All morphological traits were standardized (mean = 0, 
SD = 1).

Outcome of unescalated contests and fights

To evaluate individual probability of winning unescalated 
contests and fights, each dyadic contest was treated as 
the primary datum. One male per contest was randomly 
selected as the focal male, and the other was considered 
the opponent (Wilson et al. 2011b; Walker and Holwell 
2018; Couchoux et al. 2021). Consequently, the outcome 
was binary (0 = lose, 1 = win), trait asymmetry was 
relative to the focal male (positive if the focal male was 
larger or heavier), and pseudoreplication was avoided. We 
fitted GLMMs (logit link and binomial error structure) 
to estimate the probability of winning for each focal 
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male. We also included both males’ identities and year as 
random effects. Asymmetry in mass, leg, and arm length 
between contestants were again modeled separately. All 
variables were standardized. Fitting separate models for 
unescalated contests vs fights allowed us to compare 
the slope of the effects of each trait asymmetry between 
unescalated contests and fights using Z-tests and their 
associated P-values. Z-tests were also used to compare 
if any one trait asymmetry best predicted the outcome of 
unescalated contests or fights. We estimated the coefficient 
of determination for models evaluating the males’ winning 
probability in unescalated contests (but not for fights, 
where the variance of random effects was low) using R2 
(Nakagawa et al. 2017).

Are male‑male contests size‑assortative?

To assess whether male-male contests were size-assortative, 
we generated random unescalated contests and fights by 
resampling dyads from the list of males seen interacting at 
least 5 times in a year. The number of random contests/year 
was equal to the number observed each year. We simulated 
50 yearly datasets each for fights (N = 51 males/dataset) 
and unescalated contests (N = 2,059 males/dataset). To 
estimate trait asymmetries for all four datasets (observed 
and simulated fights, observed and simulated unescalated 
contests), we calculated the absolute (unsigned) trait 
asymmetry between contestants. We then compared the 
variance of asymmetries in mass, leg length, and arm length 

between dyads using Levene’s test (Hosken et al. 2018). 
We compared variances of (i) simulated and observed 
unescalated contests, (ii) simulated and observed fights, 
and (iii) observed unescalated contests and observed fights. 
To test whether larger males fought more often than small 
ones, we compared average absolute body mass, leg length, 
and arm length of focal males involved in unescalated 
contests vs the average traits of focal males that fought using 
Mann–Whitney U tests.

Spatial avoidance

To test whether males of similar ratings avoided each 
other, we first determined if ratings and home-range size 
were correlated using the Pearson correlation coefficient 
(r). If dominant males had larger home ranges, they would 
have higher odds of meeting than subordinate males and 
thus would more often encounter other dominant than 
subordinate males. We then explored if males shared 
space by fitting two gamma (log link) GLMMs with 
rescaled versions of 95% and 50% UDOIs as response 
variables. When overlap is nearly non-existent, UDOI 
can be approximated to 0. To fit gamma GLMMs, we thus 
transformed the pairwise overlap of males with UDOI = 0 
to very small values (1e-10). We included year and male 
identity of both males as distinct random effects. The fixed 
structure of each model included yearly standardized Elo-
ratings and 95% or 50% home-range sizes of both males. 
We used natural cubic splines with 3 degrees of freedom 

Table 1  Estimates of linear, 
quadratic, and interactive effects 
of body mass, leg length, arm 
length, and body condition on 
(yearly standardized) dominance 
ratings of 198 eastern grey 
kangaroo male-years in 
2010–2011 and 2015–2018 at 
Wilsons Promontory National 
Park, Victoria, Australia. 
Yearly dominance ratings were 
estimated using the randomized 
Elo-rating algorithm

Predictor Estimate SE Type-II Wald χ2 df P

Body mass model
(Intercept)  − 0.054 0.072
Body mass 0.862 0.043 411.94 1  < 0.001
Body  mass2 0.056 0.034 2.63 1 0.105
Leg length model
(Intercept)  − 0.230 0.094
Leg length 0.816 0.048 2087.52 1  < 0.001
Leg  length2 0.162 0.035 16.27 1  < 0.001
Body condition 0.411 0.042 103.23 1  < 0.001
Body  condition2 0.114 0.032 7.71 1 0.005
Leg length/body condition 0.089 0.044 4.22 1 0.040
Leg  length2/body  condition2  − 0.058 0.026 5.18 1 0.023
Arm length model
(Intercept)  − 0.214 0.103
Arm length 0.824 0.045 333.38 1  < 0.001
Arm  length2 0.132 0.030 16.20 1  < 0.001
Body condition 0.233 0.042 33.46 1  < 0.001
Body  condition2 0.084 0.030 4.95 1 0.026
Arm length/body condition 0.058 0.049 1.41 1 0.235
Arm  length2:body  condition2  − 0.039 0.022 3.25 1 0.072
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to control for the likely non-linear influence of home-range 
size on spatial overlap. Elo-ratings as well as home-range 
sizes of the two males were included as interactions in 
the model to test whether (i) high-ranking males avoided 
each other, (ii) low-ranking males avoided high-ranking 
males, and (iii) there was no rank-related spatial structure. 
Because model assumptions were violated, we repeated the 
analyses using two additional link and error structures to 
verify whether results were consistent (see SM S.1.4. for 
additional details).

Dominance and reproductive success

We measured reproductive success as the number of 
offspring genetically assigned to each male each year 
(range 0–13). We first assessed how dominance was related 
to male reproductive success by estimating a standardized 
selection differential (Lande and Arnold 1983). 
Randomized Elo-ratings (see 9 above) were standardized 
yearly (mean = 0, SD = 1). The most dominant males 
had high ratings and positive yearly Z-values. Relative 
yearly reproductive success was estimated by dividing 
yearly reproductive success (min = 0, max range = 4–13 
offspring/year) by mean reproductive success for that year 
(mean range = 1.1–2.9 offspring/year). To assess statistical 
significance of the linear selection differential, we fitted 
a GLMM with negative binomial error structure and log 
link. Yearly absolute male reproductive success was the 
response variable. We included male identity and year as 
random effects.

Results

Dominance hierarchy and determinants of rank

Yearly dominance hierarchies were linear, as triads 
were strongly transitive (mean transitivity = 0.987, 
range = 0.978–1.000, P < 0.001 for all years). Elo-ratings 
were estimated for 211 male-years (116 males) observed 
interacting at least five times in any 1  year (N males: 
2010 = 44; 2011 = 40; 2015 = 27; 2016 = 41; 2017 = 32; 
2018 = 27). The correlation between Elo-ratings of the same 
individual in consecutive years was high (Pearson r = 0.827 
[0.747, 0.883], P < 0.001), indicating that ratings were rela-
tively stable across years. Elo-rating repeatability, together 
with the orderliness showed by triangle transitivity and the 
correlation of ratings in consecutive years, suggested that 
dominance hierarchies were steep and stable within and 
between years, and uncertainty was acceptably low (SM 
S1.2, Table S1).

Body mass, leg length, and arm length correlated posi-
tively with Elo-ratings (Table 1, Fig. 1). The relationship 
with Elo-ratings (standardized yearly) was linear for body 
mass but quadratic for leg length, arm length, and body con-
dition (Table 1, Fig. 1). The models highlighted an interac-
tive effect of body condition and leg length, whereas the 
effect was additive when body condition was modeled with 
arm length. These results indicated that males with longer 
legs benefitted more than those with shorter ones from body 
condition, whereas males of all arm lengths benefitted simi-
larly from good condition (Table 1, Fig. 1B, C). No trait 

Fig. 1  Effects of body mass (A), leg length (B), and arm length (C) 
on yearly standardized randomized Elo-ratings of 198 eastern grey 
kangaroo male-years at Wilsons Promontory National Park (Aus-
tralia), 2010–2011 and 2015–2018. Body mass was used as the sole 
predictor of estimated Elo-ratings in A. Models for leg (B) and arm 
(C) length included an interaction with body condition, as well as 

its additive effect. Body condition was a continuous variable, but for 
illustration purposes, males in poor condition (Kn < 0; N = 110) are 
represented by empty triangles and broken lines and males in good 
condition (Kn > 0; N = 88) by dots and continuous lines. Lines and 
associated shaded areas are model predictions ± 95% CIs
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was a superior predictor of Elo-ratings (Zmass-leg = 0.949, 
P = 0.342; Zmass-arm = 1.021, P = 0.307; Zleg-arm = 0.038, 
P = 0.969), and the variance explained by each model was 
similar (marginal R2 range = 0.729–0.734; conditional R2 
range = 0.858–0.892). The model including all three physical 
traits had a marginal R2 = 0.753 and conditional R2 = 0.862.

Outcomes of unescalated contests and fights

Of 2,110 male-male contests observed in 2010–2018, 
only 51 (2.4%) escalated into fights, one of which was 
fatal (Toni 2018). Males that were heavier, larger, or had 
longer arms than their opponents were more likely to 
win unescalated contests (Table 2, Fig. 2A–C). Accord-
ing to Z-tests, there was no difference between the effects 
of mass and arm asymmetry, nor between leg and arm 
asymmetry, on probability of winning unescalated contests 
(Zmass-arm = 1.109, P = 0.268; Zarm-leg = 1.085, P = 0.277). 
Mass asymmetry, however, had a stronger effect than leg 
asymmetry on the probability of winning unescalated 
contests (Zmass-leg = 2.110, P = 0.035). Asymmetry in 
both body mass and arm length explained more variance 
(marginal R2: mass asymmetry = 0.753, arm length asym-
metry = 0.713; conditional R2: mass asymmetry = 0.933, 
arm length asymmetry = 0.921) than asymmetry in leg 
length (marginal R2 = 0.523, conditional R2 = 0.928) for 
unescalated contests. Similar trends were found for the 
probability of winning fights: mass, leg, and arm asym-
metries all increased winning probability (Table  2, 
Fig. 2D–F). We found no difference when comparing the 
effects of the three traits on fight outcome using Z-tests 
(Zmass-leg = 1.112, P = 0.266; Zmass-arm = 0.517, P = 0.605; 
Zarm-leg = 0.542, P = 0.588). Asymmetry in body mass, leg 
length, and arm length had stronger effects on outcome 

of unescalated contests than of fights (Zmass = 5.151, 
Zleg = 5.778, Zarm = 5.135, P < 0.001). For example, a posi-
tive difference of 3 kg increased a male’s probability to 
win an unescalated contest by 18% compared to his prob-
ability of winning a fight.

Are male‑male contests size‑assortative?

Levene’s tests revealed that for all body measures, 
the variance in trait asymmetries differed between 
males that fought (N = 51), those that were involved 
in unescalated contests (N = 2,059), and random sam-
ples (Nrandom  fights = 2,550; Nrandom  unescalated = 102,950) 
(Fig.  3). Males of similar size were involved in con-
tests more often than males randomly chosen from the 
population (two-way Levene’s tests; unescalated con-
tests: Fmass  asymmetry = 100.52; Fleg  asymmetry = 263.75; 
Farm asymmetry = 205.03, P < 0.001 for all asymmetries; esca-
lated contests: Fmass asymmetry = 20.71; Fleg asymmetry = 8.08; 
Farm  asymmetry = 12.48, P < 0.005 for all asymmetries). 
Fights appeared more size-assortative than unescalated 
contests for mass and arm length (Fmass asymmetry = 10.94, 
P < 0.001; Farm asymmetry = 9.75, P = 0.001), but the vari-
ance in leg length asymmetry in unescalated contests 
compared to fights was similar (Fleg  asymmetry = 2.82, 
P = 0.093) (Fig. 3B). Average absolute mass and limb 
length did not differ between males that fought and those 
involved in unescalated contests (Mann–Whitney U tests: 
 medianmass unescalated = 52.3 kg,  medianmass fight = 49.8 kg, 
Umass = 58,320, P = 0.176;  medianleg unescalated = 633 mm, 
 medianleg fight = 636 mm, Uleg  length = 50,528, P = 0.646, 
 medianarm unescalated = 324 mm,  medianarm fight = 323 mm, 
Uarm length = 57,628, P = 0.233).

Table 2  Effects of asymmetry 
in body mass, leg length, and 
arm length within dyads on 
the outcome of unescalated 
contests (N = 2,059; displays, 
displacements, and play-fights) 
and fights (N = 51) among 
male eastern grey kangaroos at 
Wilsons Promontory National 
Park, Victoria, Australia, 2010–
2018. Effects were estimated 
using binomial GLMMs (logit 
link)

Predictor Male-male Estimate SE Type-II Wald χ2 df P

Mass asymmetry models
(Intercept) Unescalated  − 0.049 0.310
(Intercept) Fights 0.241 0.375
Mass asymmetry Unescalated 6.067 0.421 207.98 1  < 0.001
Mass asymmetry Fights 2.226 0.616 13.06 1  < 0.001
Leg length asymmetry models
(Intercept) Unescalated  − 0.049 0.424
(Intercept) Fights 0.033 0.398
Leg asymmetry Unescalated 4.902 0.358 187.81 1  < 0.001
Leg asymmetry Fights 1.342 0.502 7.15 1 0.008
Arm length asymmetry models
(Intercept) Unescalated 0.030 0.305
(Intercept) Fights 0.033 0.422
Arm asymmetry Unescalated 5.453 0.360 229.37 1  < 0.001
Arm asymmetry Fights 1.774 0.619 8.20 1 0.004
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Spatial avoidance

The mean 95% home-range size of males (0.386  km2) com-
prised more than a third of the study area, generating overlap 
between most male dyads (mean 95% UDOI = 0.353; range 
of 95% UDOI = 0.000–1.298) and thus multiple opportu-
nities for male-male contests. There was weak evidence 
that yearly standardized dominance ratings were positively 
associated with home-range size (Pearson r = 0.125 [0.004, 
1.000], df = 187, P = 0.044), but not with core-area size 
(50% kernel; r = 0.086 [-0.034, 1.000], df = 187, P = 0.119). 
We found no evidence of rating-based spatial avoidance or 
attraction at 95% or 50% UDOIs (Table S3).

Dominance and reproductive success

Among 203 male-years with estimated dominance ratings, 
61% sired at least 1 offspring. On average, males sired 
1.4 ± 0.1 (mean ± SE) young/year. Overall, males with the 
top 10% ratings sired 72 out of 291 sampled young (or 
25.4%), accounting for 18.9–36.4% offspring each year 
(Fig. 4B). The standardized linear selection differential 
(i) for yearly randomized Elo-ratings on yearly relative 

reproductive success was 0.582 (SE = 0.081; Fig. 4A). Pater-
nities were broadly distributed among males of all ranks 
(Fig. 4B).

Discussion

We aimed to investigate which traits were associated with 
male dominance status, to understand the drivers of male-
male contests, and to determine whether high dominance 
rank was sexually selected in eastern grey kangaroos. 
We confirmed that males formed yearly linear social 
hierarchies, based on size (Grant 1973; Miller et al. 2010). 
Asymmetry in morphological traits between contestants 
determined the outcome of contests; asymmetry for all 
three traits better predicted the outcome of unescalated 
contests than fights. Males engaged in both types of 
contests mostly with individuals of similar size. Unlike a 
study of semi-captive kangaroos (Miller et al. 2010), our 
study did not show that alpha males monopolize access 
to females. Although dominance status experienced 
strong sexual selection, reproductive skew was low (this 
study; Rioux-Paquette et al. 2015), with many males of 
high ratings siring no offspring, while several males of 

Fig. 2  Probability of an eastern grey kangaroo male winning unes-
calated contests (upper row, N = 2,059; displays, displacements, and 
play-fights) or fights (lower row, N = 51) depending on asymmetry in 
body mass (A, D), leg length (B, E), and arm length (C, F) compared 

to its opponent at Wilsons Promontory National Park (Australia), 
2010–2018. Solid lines and associated grey-shaded areas represent 
logistic regressions ± 95% CIs from binomial models. Dots are raw 
data points for probability of winning
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Fig. 3  Absolute body-mass 
and limb-length asymmetries 
of eastern grey kangaroo male 
pairs that were involved in fights 
and unescalated contests at Wil-
sons Promontory National Park 
(Australia) in 2010–2018, com-
pared to randomly selected male 
pairs. Boxplots show medians, 
first, and third quartiles (center, 
lower, and upper borders, 
respectively). Whiskers repre-
sent the values within 1.5 times 
the interquartile range below 
and above the 25th and 75th 
percent percentile, respectively. 
Median, first, and third quartiles 
and whiskers of simulated fights 
and unescalated contests are the 
mean values obtained from the 
50 resampling datasets
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low ratings sired some young. The high proportion of 
low-ranking males able to sire offspring suggests that 
dominance was not the sole predictor of access to females.

As expected, male kangaroos formed steep, linear, and 
stable dominance hierarchies each year. Individuals engaged 
in unescalated contests and occasional fights to establish 
and maintain dominant status. Heavy males with long legs 
and arms ranked at the top of yearly hierarchies. Body size 
and mass commonly affect social status in sexually dimor-
phic species (Haley et al. 1994; Pelletier and Festa-Bianchet 
2006; Bergeron et al. 2010). Dominance status increased lin-
early with mass, and since M. giganteus grow through much 
of their life, male dominance status should tend to increase 
with age. However, we did not know the exact age of marked 
males because most were first captured as adults. Body con-
dition also increased dominance status and increased the 
positive effect of limb length on ratings. Interestingly, large 
males gained relatively more from better condition than 
small males, albeit the difference was weak, whereas we 
observed no difference in the effect of condition at differ-
ent arm lengths. Perhaps large males are better than small 
males at exploiting their body condition when competing, 
as the former are likely older and more experienced (Briffa 
and Lane 2017). Physical traits clearly had a strong effect 
on dominance status in M. giganteus, but other unmeasured 
phenotypic traits, such as aggressiveness, endurance, or 
experience (Briffa and Lane 2017), could also influence a 
male’s yearly rating.

Given that body mass and limb length predicted male 
rank, it was not surprising that asymmetry in body size 
between contestants strongly influenced the outcome of 
male-male contests. Large size is associated with physical 
strength and often ensures access to resources (Wilson et al. 
2011b; Couchoux et al. 2021). For unescalated contests, 
the winning probability was between 85 and 90% when the 
focal male was 10% heavier or larger (3.7 kg or 13.5 mm), 
or had 10% (12 mm) longer arms than its opponent, based 
on maximum trait asymmetry. Estimated coefficients of 
determination indicated that other phenotypic traits could 
be part of males’ RHP. None of the three physical traits 
appeared to be a superior predictor of the outcome of fights. 
Interestingly, the relationship between winning probability 
and asymmetry in body mass, leg length, and arm length 
between contestants was not as steep as for unescalated 
contests. Since fighting males wrestle and use their arms 
and claws to attack each other’s heads (Gansloßer 1989; 
Croft and Snaith 1991; Coulson 1997), we expected that 
arm length would be a stronger predictor of victory in fights 
than unescalated contests. Because fights require physical 
strength and fighting males appear to try to keep their 
opponent at a distance, heavier males and males with longer 
arms should theoretically be advantaged. As in most animals 
that rely on body size during male-male contests, body size 
is highlighted in kangaroo displays, such as standing tall on 
the tip of their tail or stiff-legged walking on the toes with 
the shoulders held high (Kaufmann 1975; Gansloßer 1989; 

Fig. 4  Relationship between estimated dominance ratings and repro-
ductive success for 203 eastern grey kangaroo male-years at Wilsons 
Promontory National Park (Australia) in 2010–2011 and 2015–2018. 
Randomized Elo-ratings were standardized within each year. A) 
Standardized linear selection differential for yearly standardized ran-
domized Elo-ratings on yearly relative reproductive success. The 

line represents the strength of selection (i = 0.582). B) Relationship 
between estimated randomized ratings and yearly reproductive suc-
cess. The line and associated shaded areas show predicted reproduc-
tive success ± 95% CI. Dots are raw data points. Note that the scales 
on the Y-axes for panels A and B are different
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Croft and Snaith 1991; Coulson 1997). Asymmetry in body 
size can be a cue for assessing potential opponents (Maynard 
Smith and Price 1973; Maynard Smith 1974), and the smaller 
male often signals subordinance to avoid dangerous fights 
(Maynard Smith and Price 1973; Maynard Smith 1974). In 
our study system, it appeared that the smaller male of a dyad 
conceded less easily during fights than during unescalated 
contests, possibly because success in fights may depend more 
on aggressiveness (Briffa et al. 2015) or previous fighting 
experience (Briffa and Lane 2017).

Fights accounted for only 2.5% of all contests, suggesting 
that males are under strong selection to avoid the potential 
costs of fights (Maynard Smith and Price 1973; Maynard 
Smith 1974). Fights occurred among males that were more 
similar in size than males involved in unescalated contests, in 
accordance with Parker’s (1974) prediction that fights should 
involve only closely matched combatants to reduce risks of 
injury. Similar results have been reported in ungulates such 
as Alpine ibex (Bergeron et al. 2010), fallow deer Dama 
dama (Jennings et al. 2006), and red deer Cervus elaphus 
(Clutton-Brock et  al. 1979). Fights between kangaroos 
with mismatched size can have lethal consequences (Miller 
et al. 2010; Toni 2018). Closely matched males of all sizes 
fought: we found no difference in average size between 
males involved in fights or unescalated contests. Overall, 
these results suggested that we did not observe escalated 
contests between males of very different sizes due to mutual 
assessment strategies from a distance. Males thus avoided 
contests with opponents much larger than themselves.

We found no evidence of differential space use by males 
according to social status, supporting Kaufmann’s (1975) 
observations of high tolerance among kangaroos of all ages 
and sexes. This finding is meaningful since spatial structure 
can influence association patterns (Strickland et al. 2017), 
with downstream effects on social competition and sexual 
selection (McDonald et al. 2013). Therefore, our conclusion 
that males interacted with opponents similar in body size, 
and thus ratings, was not biased by variability of spatial 
overlap between males with high and low ratings. We cannot 
exclude the possibility, however, that males temporally 
avoided other males (Minta 1992).

Earlier observational studies of kangaroos suggested 
that most females mate with the highest-ranking male 
(Grant 1973; Russell 1984; Jarman and Southwell 1986). 
Instead, our results suggested that most dominant males 
enjoy a substantial advantage in reproduction: the selection 
differential for Elo-ratings of 0.582 ± 0.081 was almost 
three times higher than the average (0.198) estimated by 
studies on selection over traits enhancing reproductive 
success (Kingsolver et al. 2012). Yet, high-rating males 
were unable to monopolize reproductions (Rioux-Paquette 
et al. 2015), which is surprising given that the ability to 
monopolize mates is often considered a fundamental 

determinant of the strength of sexual selection (Emlen and 
Oring 1977; Clutton-Brock 1989; Klug et al. 2010). Our 
results, however, align with those of multiple recent studies 
which have used genetic analyses to assess paternities (see 
references in 1ntroduction) and emphasized the benefits of 
body size and weaponry on reproductive success of males 
(Clutton-Brock 2017). The advantage over reproduction 
for dominant males in strongly sexually dimorphic species 
like kangaroos was expected. Notable examples of strongly 
sexually dimorphic species that show strong reproductive 
advantages for dominant males are fallow deer and southern 
elephant seals (Hoelzel et al. 1999; McElligott et al. 2001). 
Like our results for kangaroos, dominance hierarchies in 
fallow deer and elephant seals are steep and linear, and 
body size is a strong predictor of social status. Compared 
to fallow deer and elephant seals, however, highly dominant 
kangaroo males obtained a lower proportion of matings/
paternities. While alpha males monopolize more than 
50% of matings in some years in fallow deer and elephant 
seals (Apollonio et al. 1989; Hoelzel et al. 1999), the most 
dominant eastern grey kangaroo males obtained fewer than 
10% of paternities each year. Paternities were spread among 
males of differing rating, resulting in low reproductive skew, 
and > 60% of males, including one weighing only 31 kg, 
sired at least one offspring. About 15% of offspring were 
sired by males in the bottom quartile of mass (Montana 
2021), which mostly achieved low ratings. This result is 
surprising considering the strong dominance hierarchy and 
sexual selection on dominance ratings we report here. Based 
on their competitive advantage, dominant males should be 
able to monopolize matings, since the long breeding season 
occurs in an open environments with asynchronous estruses 
(Russell 1984) and the most dominant males appear to 
effectively defend estrous females from other males (Jarman 
and Southwell 1986). Instead, our results match those of 
several recent studies of various taxa that found modest 
yearly reproductive skew despite males forming clear 
dominance hierarchies (Hynes et al. 2005; Lidgard et al. 
2005; McCullough and Simmons 2016).

Our long-term analyses, based on a substantial sample 
size, revealed strong estimated selection on dominance status 
despite low monopolization of reproductions by highly 
dominant males. Female choice could partly determine 
which males gain paternities: females could find dominance 
status attractive (Qvarnström and Forsgren 1998), but other 
traits could also play a role in mate selection. Possibly, male-
male competition and female choice select toward different 
optima (Qvarnström and Forsgren 1998). Additionally, 
a large number of competitors likely reduce the ability of 
high-rating males to monopolize paternities (Montana et al. 
2020), suggesting that the level of male-male competition 
should be accounted for, particularly for polygynandrous 
species.
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Conclusions

For more than half a century, dominance has been viewed 
as a major determinant of individual fitness because high 
rank should confer priority of access to limiting resources 
(Altmann 1962). Success in male-male contests should 
thus be of paramount importance for males in species 
where direct competition defines dominance status 
(Dewsbury 1982). The study of social behavior and its 
association to individual fitness has benefitted from major 
technical advances over the past five decades in the field, 
laboratory, and statistical analyses (Martin and Bateson 
2007; Neumann et al. 2011; Sánchez-Tójar et al. 2018), 
and our understanding of the determinants of reproductive 
success of both sexes has improved through an increasing 
number of long-term studies of wild species (Ellis 1995; 
Pelletier and Festa-Bianchet 2006; Wyman et al. 2021). 
Extensive research on traits signaling dominance status 
and fighting skills reveal that body and weapon size are 
important determinants of a male’s RHP (Haley et al. 1994; 
Bergeron et al. 2010; Wright et al. 2019), but do not fully 
explain it. Other phenotypic traits such as aggressiveness 
and experience (Briffa and Lane 2017), often depending 
on social environment (Spong et al. 2008), can also affect 
RHP. A promising research avenue is the cost of phenotypic 
traits that contribute to RHP. If dominance rating and its 
determinants are honest signals, they should be costly to 
produce and maintain (Zahavi 1975). We still know little 
about the costs of high dominance rank and whether or 
not males adopt different strategies, likely condition-
dependent, by spending more or less time pursuing higher 
dominance status. Another key issue is the possibility that 
not all unobserved dyadic interactions are weaknesses of 
a dataset, due to sparse sampling. Instead, it seems likely 
that dyads of mismatched opponents are not often observed 
interacting because the weaker individual tends to avoid 
these confrontations (Shizuka and McDonald 2012). Finally, 
new theory may be required to explain the co-occurrence 
of strong sexual selection and low monopolization of 
reproduction by high-rating males. The idea that the ability 
of males to monopolize mates determines the strength of 
sexual selection (Emlen and Oring 1977) is deeply rooted 
in sexual selection research. More studies quantitatively 
comparing the strength of sexual selection to indices of 
monopolization are required.
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