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Understanding sexual selection requires adequate measures of reproductive success. In wild mammals, reliable data on variation in 
male reproductive success are available for very few species. We assessed the distribution of paternities and quantified skew in male 
reproductive success in 2 populations of a marsupial with strong sexual dimorphism, the eastern grey kangaroos (Macropus gigan-
teus) over 5 years. We assigned fathers to 356 juveniles, or 79% of those with known mother. We found a relatively weak mating skew 
and the most successful males did not monopolize a large fraction of paternities. Nearly half of the adult males we monitored fathered 
at least 1 young. The yearly opportunity for sexual selection (Is) for males ranged from 1.80 to 3.98, and Nonacs’ B index of mating skew 
was significant but low, ranging from 0.01 to 0.07. Considering the strong sexual dimorphism, long breeding season, and strong male 
dominance hierarchy, our results suggest an unexpectedly low reproductive skew. That is surprising given the wide range in male 
weights: the smallest fathers weighed 40% less than the heaviest ones. Skew in eastern grey kangaroos is weaker than that estimated 
for other species with lower sexual size dimorphism. We found substantial year-to-year variability in reproductive skew. Because male 
mating success varies according to the characteristics of competitors and the distribution of breeding opportunities, multiple years of 
monitoring are required to obtain reliable estimates. In the absence of data on paternity, strong sexual dimorphism cannot be assumed 
to imply high polygyny and strong sexual selection.

Key words:  intrasexual competition, male reproductive success, mammals, Nonacs’ B index, opportunity for sexual selection, 
sexual size dimorphism.

INTRODUCTION
Sexual selection plays a central role in evolutionary biology as it is a 
main driver of  mating systems (Emlen and Oring 1977, Andersson 
1994). At the core of  sexual selection, mating competition leads to 
an individual variation in reproductive fitness, called reproductive 
inequality. Much research in evolutionary ecology seeks to under-
stand the relationships between reproductive inequality, mating 
system, and ecological conditions. For instance, many authors have 
argued that precopulatory sexual selection should be stronger in 
polygynous than in monogamous species and should increase with 
the degree of  polygyny (Clutton-Brock and Vincent 1991; Brø-
Jørgensen 2011; Plard et al. 2011). That suggestion, however, is not 
universally accepted, especially given uncertainties about the ability 
of  a few males to monopolize matings (Clutton-Brock 2007; Kokko 
et al. 2012). For wild mammals in particular, reliable data on male 
reproductive success are available for a very limited number of  spe-
cies (Lukas and Clutton-Brock 2014). Further empirical data and 

comparative work are thus required to document the distribution 
of  paternities in polygynous species, quantify reproductive inequal-
ity among males and examine how differences in ecology, demog-
raphy, and their interaction affect the strength of  sexual selection 
(Clutton-Brock 2007).

Previous studies of  mammals described reproductive skew in 
males by providing percentages and mean number of  young pro-
duced per reproductive individual. Those studies, however, often 
present very different interpretations of  the strength of  reproduc-
tive skew. For example, skew was considered low among reproduc-
ing Galápagos sea lions (Zalophus wollebaeki) as 71% sired 1 young, 
and only 1.5% sired 4 (Pörschmann et  al. 2010). In that study, 
however, 81% of  males were not known to sire any young over the 
2 years of  study. In the bridled nailtail wallaby (Onychogalea fraenata), 
a solitary marsupial, 76% of  males did not sire any young and the 
most successful male fathered 13% of  offspring, leading to the sug-
gestion that reproductive skew was low (Fisher and Lara 1999). Yet, 
in the brown-throated 3-toed sloth (Bradypus variegatus), where 74% 
of  males did not sire any young, reproductive skew was considered 
high (Pauli and Peery 2012).Address correspondence to M. Festa-Bianchet. E-mail: m.festa@usherbrooke.ca.
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Reproductive inequality can be described by the opportunity for 
sexual selection Is the variance in reproductive success divided by 
the square of  the average reproductive success (Wade 1979; Shuster 
and Wade 2003). Being a squared coefficient of  variation of  repro-
ductive success, standardized by definition, Is has been used to com-
pare reproductive inequality among different reproductive episodes 
and/or different ecological systems. Is also quantifies the maximum 
potential for sexual selection and thus provides a useful statistic to 
describe mating systems (Krakauer et al. 2011; Shuster and Wade 
2003). The accuracy of  Is in predicting sexual selection, however, 
has been questioned because it can be biased by random processes 
influencing reproductive success (Sutherland 1985; Krakauer et al. 
2011).

Multiple alternative metrics are available to quantify reproduc-
tive inequality: Kokko et  al. (1999) listed 21 indices of  inequality, 
including several used in fields other than biology. The variety of  
ecological and demographic conditions under which mating com-
petition occurs, however, implies that no unique measure can ade-
quately describe all aspects of  sexual selection (Klug et  al. 2010; 
Krakauer et  al. 2011; Jennions et  al. 2012). Different indices can 
provide different estimations of  skew according to the number of  
competitors or the distribution of  reproductive success, leading 
Kokko et  al. (1999) to suggest that simply describing the data, as 
in the examples cited above, may be more informative than quan-
tifying the skew with an index. An index, however, is necessary to 
contrast an observed with a random distribution or to compare 
inequalities. Comparative studies found that most indices ranked 
inequalities rather similarly, although some appeared more appro-
priate in specific situations (Tsuji and Kasuya 2001; Nonacs 2003). 
Nonacs (2003) suggested that the B index was the most appropriate 
to characterize reproductive skew. This index takes into account the 
observed variance corrected by that expected if  all group members 
had an equal probability of  mating, when the index would equal 
0 (Nonacs 2000). Positive values represent a skew, whereas nega-
tive values indicate that matings are more evenly distributed than 
expected under random, equal mating probabilities.

Most studies on male reproductive success of  wild mammals have 
been performed in eutherians, usually in species with short breed-
ing seasons characterized by intense and overt competition among 
males for access to mates (Festa-Bianchet 2012). Very few studies 
have examined sexually dimorphic marsupials such as macropodids, 
whose extended breeding season may allow a few dominant males to 
monopolize matings (Delean 2007; Fisher and Lara 1999). Eastern 
grey kangaroos (Macropus giganteus) are sexually dimorphic (Jarman 
and Southwell 1986), as males can weigh up to 4 times as much as 
the smallest breeding females. This species may breed at any time 
of  the year, but most matings occur in spring and summer (Poole 
1983). Males establish a clear dominance hierarchy which is thought 
to determine access to oestrous females (Miller et  al. 2010). Males 
court and defend oestrous females, and a copulatory sequence can 
last well over an hour (E. Rioux-Paquette, personal observation). 
Although solicitation of  male–male competition by females has been 
reported in other macropods (Sigg and Goldizen 2006), we very 
rarely saw this behavior during our observations. Sexual selection 
appears to have led to male phenotypic traits favoring fighting abil-
ity, particularly large arms, size, and mass (Warburton et al. 2013). 
Given these characteristics, we hypothesized that reproductive skew 
among males would be high, as a few highly competitive males 
could monopolize oestrus females. However, with the exception 
of  a small enclosed population (Miller et al. 2010), there has been 
no genetic assignations of  paternity in this species. Here, we take 

advantage of  an unusually high success in paternity assignments and 
a large sample size in 2 wild populations to quantify the skew in 
male reproductive success. We then compare the reproductive skew 
observed in kangaroos with published B indices and opportunity for 
selection for male mammals, to determine if  there are any clear pat-
terns of  variability in these indices.

METHODS
Study areas and study species

We studied kangaroos at 2 sites in Victoria, Australia: Wilsons 
Promontory National Park (38°57′S, 146°20′E) and Anglesea 
Golf  Course (38°24′S, 144°11′E). Based on age estimates of  cap-
tured pouch young (Poole et  al. 1982), 62% of  births at Wilsons 
Promontory and 54% at Anglesea occurred in December–January. 
Because gestation lasts 35–38  days (Poole 1975), most matings 
occurred in November and December. In both study sites, we 
recorded births in all months of  the year, however, less than 10% of  
births occurred between May and October. For females that repro-
duced in consecutive years, the interbirth interval averaged about 
380 days but varied as a function of  reproductive success, offspring 
sex, and year (Gélin et al. 2015). The mating system of  kangaroos 
has been described as female-defence, with dominant males serially 
defending oestrous females (Jarman and Southwell 1986) and data 
from a semicaptive population suggest that dominant males have 
higher reproductive success (Miller et al. 2010).

Research at Wilsons Promontory started in 2008. The warmest 
month is February with an average temperature of  20.7  °C and 
the coolest months are July and August with 8.6 °C. Mean annual 
rainfall is 1055 mm (http://www.weatherzone.com.au/climate/sta-
tion.jsp?It=site&Ic=85096). The study area includes grassland hab-
itats around an emergency landing strip. The density of  kangaroos 
during the study was high, varying from 4.3 to 7.1/ha (Gélin et al. 
2013). About 30–60% of  adults were marked, depending on year 
and section of  the study area.

At Anglesea, marked kangaroos have been monitored since 2007. 
Kangaroos use open grassy areas on the golf  course and nearby 
patches of  woodland and scrub. Density is lower than at Wilsons 
Promontory, but high compared with most populations, varying 
from 3.3 to 3.6 kangaroos/ha (Coulson et al. 2014). About 45–60% 
of  adults were marked depending on the year. In both populations, 
kangaroos are habituated to humans, making it possible to capture 
and recapture individuals.

Kangaroos were captured by remote injection of  Zoletil (King 
et al. 2011). Adults were marked with visual collars and Allflex ear 
tags. Females of  less than 18 kg and males of  less than 38 kg were 
marked with ear tags only. Pouch young of  at least 1 kg were marked 
with Leader ear tags. In both study areas, the proportion of  marked 
individuals increased over time, but we do not have exact estimates 
of  either population, partly because they are not isolated and ani-
mals, especially males, move in and out of  the study areas. By 2012, 
about half  the adult females at the Wilsons Promontory and over 
half  of  those at Anglesea appeared to be marked. In 2010–2012, 
we attempted to capture and sample every adult male seen in both 
study areas. That included any male the size of  an adult female 
(about 28–30 kg) and larger. Each year, new unmarked adult males 
arrived for the main breeding season (November–January). We do 
not know how many unmarked males we did not capture, but the 
high success in paternity assignment, especially in 2010–2012 at the 
Wilsons Promontory and all years at Anglesea (Table  1) suggests 
that we sampled the vast majority of  breeding males.
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All animal manipulations described here were approved by the 
Animal Care Committee of  the Université de Sherbrooke, affiliated 
with the Canadian Council on Animal Care (protocol MFB-2012-
2) and by the Faculty of  Science Animal Ethics Committee of  the 
University of  Melbourne (Projects 486-004-0-92-1157, 654-125-0-
94-1617 & 06146).

Paternity assignment

A tissue sample from the ear was collected at first capture of  
each kangaroo, either with a 2-mm biopsy punch or by collecting 
the tissue displaced by ear tags. Tissue was also collected from 5 
unmarked kangaroos found dead at Wilsons Promontory. Tissue 
samples were preserved in 95% ethanol and refrigerated at 4  °C 
prior to DNA extraction. DNA was extracted with a modified 
salt-extraction protocol (Aljanabi and Martinez 1997). After the 
evaporation of  ethanol, samples were placed in a saline extrac-
tion buffer (2-mM EDTA, 10-mM Tris-HCL, and 0.4-M NaCl). 
Sodium dodecyl sulfate 20% and proteinase K were added, and the 
sample was incubated overnight at 60 °C. The next morning, after 
the digestion was completed, a 6-M saline solution was added and 
the solution was then centrifuged at 10 300 rpm for 30 min. To pre-
cipitate DNA, 600 μL of  the supernatant was transferred and an 
equal volume of  isopropanol was added. Samples were incubated 
at −20 °C for between 40 and 50 min and pelleted by centrifuga-
tion at 13 000 rpm for 20 min. The DNA pellet was kept by remov-
ing the solution, washed with 200  μL of  70% ethanol, dried at 
60 °C for 2 h and resuspended in 200 μL of  distilled water.

DNA concentration was initially determined for each sample 
by gel electrophoresis migration and then diluted to a final con-
centration of  5 ng/μL. Polymerase chain reactions (PCR) were 
performed using 9 fluorescently labelled microsatellite loci already 
characterized for macropods (Supplementary Table S1): eastern 
grey kangaroo G12-6, G16-1, G16-2, G19-1, G26-4, G31-1, G31-3 
and tammar wallaby T3-1T, T32-1 (Zenger and Cooper 2001a, 
2001b). Two microliters of  DNA were used for the PCR amplifica-
tion, for a of  10-μL total reaction volume, which was amplified in 
a GeneAmp PCR System 9700 thermocycler (Applied Biosystems, 
Foster City, CA). Recipes for all loci are detailed in Supplementary 
Table S2. Conditions were set as follows: 5 min at 94 °C, cycles of  
30 s at 94 °C, 45 s at the annealing temperature (54 °C or 56 °C 
depending on the locus, see Supplementary Table S1) and 45 s at 
72  °C and a final extension of  10 min at 72  °C. The number of  
cycles was also dependent on the locus and was either 25 or 30 
cycles (Supplementary Table S1). Samples were then prepared by 
adding 0.15 μL of  Liz (Applied Biosystems) internal size standard 
and 8.35 μL of  Formamide Hi-Di (Applied Biosystems) to 1.5 μL 
of  multiplexes of  PCR products. Details of  the multiplex are in 
Supplementary Table S1. PCR products were visualized using an 
AB 3130xl capillary DNA sequencer (Applied Biosystems) and ana-
lysed using Genemapper version 4.1 (Applied Biosystems).

Allelic frequencies were first compared among years with an FST 
test in Arlequin 3.5 (Excoffier and Lischer 2010). There were no 
significant differences between years for either population (FST from 
−0.004 to −0.002, all P > 0.96); therefore, we pooled adults from all 
years. For each population and locus, Hardy–Weinberg equilibrium 
and potential linkage disequilibrium were tested using GENEPOP 
version 4.0.10 (Raymond and Rousset 1995) for all years combined. 
Table-wide significance levels for both tests were adjusted by the 
sequential Bonferroni method, correcting for multiple tests (Rice 
1989). Finally, the presence of  null alleles was assessed using Cervus 
3.0 (Kalinowski et al. 2007).

Maternal links were established from field observations of  
mother/young associations and confirmed by genetic analy-
ses. Paternal identities were determined using microsatellites. 
Individuals genotyped at more than 6 loci (Wilsons Promontory: 
8.95 ± 0.34; Anglesea: 8.99 ± 0.11) were considered in the analy-
ses and Cervus was used to assign paternity with a 95% statisti-
cal level of  confidence. Assignments were performed separately for 
each year because our rough estimate of  the proportion of  adult 
males sampled differed among years, ranging from 0.50 to 0.80 at 
Wilsons Promontory and 0.55 to 0.80 at Anglesea. Candidate males 
included all those captured on the study area over the entire study. 
Because numbers of  candidate males did not vary much for either 
site, we used the same number for all years. At Wilsons Promontory, 
the total number of  males was set to 138 and at Anglesea, 70. We 
assumed the proportion of  loci mistyped to be 0.02. Paternities 
inferred by Cervus were verified to ensure that assigned fathers 
were not known to be dead when mating occurred, or known to 
be younger than 36 months, the age of  sexual maturity (Poole and 
Catling 1974). Colony version 2.0 (Jones and Wang 2010) was used 
to identify potential paternal half-siblings sired by the same uncap-
tured males.

Measuring reproductive skew

We defined reproductive success as the number of  offspring geneti-
cally assigned to each male. To document reproductive inequality 
among males, we tested the null hypothesis of  random mating and 
calculated skew indices.

For each study area, we compared the observed annual distribu-
tion of  paternities with a simulated Poisson distribution of  equal 
mating probabilities with variance equal to the mean Kokko et al. 
(1999). Significantly different Poisson distributions are expected to 
feature different variances. We thus generated a fictitious popula-
tion of  candidate sires equal in number to observed males. From 
that population, reproductive success was simulated by random 
sampling with replacement of  a number of  sires corresponding to 
the number of  paternal assignments. We simulated 1000 mating 
episodes to generate the distribution of  paternities.

We calculated the B index (Nonacs 2000, 2003) to assess repro-
ductive skew and computed 95% confidence intervals (CIs) for 
this index by simulating a random distribution of  matings. Finally, 
we calculated the opportunity for sexual selection (Is), calculated 
by dividing the variance in genetic reproductive success by its 
squared mean (Jones 2009), and compared it with that expected 
from random mating, using the simulated distribution described 
above. We compared observed and simulated distributions with 
a Kolmogorov–Smirnov test and a Fisher’s exact test, as they 
included low frequencies.

RESULTS
Microsatellite analyses

Of  558 individuals genotyped at Wilsons Promontory, 272 aged 
3  years and older were included in analyses of  alleles and geno-
types disequilibrium. At Anglesea, 212 of  438 individuals geno-
typed were included in analyses. The mean number of  alleles per 
locus was 9.89 (range 6–15) at Wilsons Promontory and 10.33 
(range 7–18) at Anglesea, a nonsignificant difference (P  =  0.80) 
(Supplementary Table S3). Expected heterozygosity for loci ranged 
from 0.690 to 0.865 (mean 0.780) at Wilsons Promontory and from 
0.641 to 0.881 (mean 0.774) at Anglesea. No locus deviated from 
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Hardy–Weinberg equilibrium and there was no evidence of  null 
alleles (Supplementary Table S3). At Wilsons Promontory, of  36 
pairs of  loci, only 2 (5.6%) showed evidence of  linkage disequilib-
rium after Bonferroni correction: T3-1T and G26-4; and G19-1 
and G31-1. Analyses conducted separately for each year, however, 
revealed no consistent linkage disequilibrium and thus all loci were 
kept for analyses. At Anglesea, 4 of  36 pairs (11.1%) showed link-
age disequilibrium after Bonferroni correction, but again there was 
no consistent disequilibrium across years. We therefore kept all loci 
to conduct our analyses.

Parentage assignment

At Wilsons Promontory, 256 young were assigned to 139 mothers. 
At Anglesea, we sampled 195 young born to 120 mothers. There 
were mismatches at 1 locus for 6 mother-young pairs (1.3% of  
pairs, 0.15% of  loci). We considered these assignments reliable. We 
defined a cohort as young born between August 1st of  year X-1 
and July 31st of  year X. Paternity was assigned with a 95% level 
confidence for 196 young (76.6% of  those sampled) at Wilsons 
Promontory and 160 (82.1%) at Anglesea (Table 1). Yearly pater-
nity assignment success increased from 53.3% in 2008 to 90.2% 
in 2012 at Wilsons Promontory, in agreement with our increasing 
efforts to sample adult males, and varied between 66.7% and 92.3% 
at Anglesea (Table 1). We only allowed a maximum of  1 mismatch 
between assigned fathers and young. At Wilsons Promontory, 1 
assigned father (0.5%) had 2 mismatching loci and was removed 
from subsequent analyses. At Anglesea, 16 fathers (10%) had 1 mis-
match with the genotype of  their putative offspring: these were kept 
as father-young pairs. The highest yearly mean number of  young 
assigned per father was 2.17 in 2011 at Wilsons Promontory and 
2.40 in 2008 at Anglesea (Table 1).

The mean number of  young sired by fathers of  at least 1 
young at Wilsons Promontory was 1.80, with a variance of  2.16. 
At Anglesea, reproducing males sired on average 1.72 young 
with a variance of  1.32. The highest number of  young assigned 
to 1 male within a year was 8 at Wilsons Promontory and 9 at 
Anglesea. Program Colony assigned an additional 43 young at 
Wilsons Promontory and 19 at Anglesea to unsampled males 
(Supplementary Table S4). Differences between mean and vari-
ance in number of  young assigned using only Cervus or combin-
ing Cervus and Colony were not significant (Wilsons Promontory: 
1 = 1.80, 2 = 1.81, t = 0.02, DF = 7.97, P = 0.99, var1 = 1.86, 
var2  =  1.71, t  =  0.29, DF  =  8, P  =  0.78; Anglesea: 1  =  1.72, 
2 = 1.59, t = 0.51, DF = 9.67, P = 0.62, var1 = 1.32, var2 = 1.20, 
t = 0.14, DF = 9.90, P = 0.89). These results suggest that young of  
unknown paternity were not sired by a few highly successful males. 
Therefore, subsequent analyses included only paternity assignments 
using Cervus, but excluded data for 2008 for Wilsons Promontory 
and 2007 and 2012 for Anglesea, due to low sample sizes (Table 1).

Test for random mating

Just over half  of  reproducing males sired only 1 young per year: 
53.7% at Wilsons Promontory and 54.4% at Anglesea (Figure  1). 
About a quarter of  fathers had more than 2 young per year 
(Figure  1). The most successful male each year sired 14.3–18.8% 
of  young at Wilsons Promontory and 10.4–21.4% at Anglesea. 
Because we did not sample all males each year, we could not pre-
cisely determine the number of  nonreproductive males. The dis-
tribution of  reproductive success including males with 0 offspring 
sired was therefore only examined in years where more than 

80% of  young were assigned a father: 2011 and 2012 at Wilsons 
Promontory and 2010 and 2011 at Anglesea (Figure 1). At Wilsons 
Promontory, on average during these 2 years, 56.8% (63 of  111) of  
sampled male-years did not sire any offspring. At Anglesea, the cor-
responding proportion was 56.6% (47 of 83).

At Wilsons Promontory, simulated distributions of  matings for 
both years were not different from Poisson distributions according 
to a Kolmogorov–Smirnoff test (2011: D = 0.002, P = 1.0; 2012: 
D  =  0.004, P  =  0.81), as expected if  males had equal probabili-
ties of  mating. The observed distribution of  reproductive success 
was different from the simulated 1 for 2011 (Kolmogorov–Smirnoff 
test: D = 0.20, P = 0.03; Fisher’s exact test, P = 0.03). In 2012, the 
observed distribution was not clearly different from the simulated 
1 (Kolmogorov–Smirnoff test, D  =  0.17, P  =  0.07; Fisher’s exact 
test, P = 0.20). For both years, observed variances were higher than 
expected (2011: varobs  =  2.40, varsim  =  0.94; 2012: varobs  =  2.26, 
varsim = 0.95, both P < 0.05).

For Anglesea, both simulated distributions also fit a Poisson dis-
tribution (all P > 0.05). For 2010, the observed distribution was dif-
ferent from the simulated 1 (Kolmogorov–Smirnoff test, D = 0.24, 
P = 0.02; Fisher’s exact test, P = 0.03). For 2011, however, observed 
and expected distributions were similar (Kolmogorov–Smirnoff 
test, D = 0.06, P = 1.0, Fisher’s exact test, P = 0.95). Similarly to 
Wilsons Promontory, observed variances in paternity were 1.3 to 
3.1 times higher than expected (2010: varobs = 3.24, varsim = 0.90; 
2011: varobs = 1.18, varsim = 0.81, both P < 0.05).

Reproductive skew

For all sites and years, the B index was different from 0 (95% CIs 
did not include 0), suggesting a nonrandom distribution of  male 
reproductive success (Table 2). For Anglesea in 2011, the B index 
was only marginally significant (CI 0.0001 to 0.06, Table 2).

The average opportunity for sexual selection (Is) was simi-
lar for males in the 2 study sites (mean IsWilsons Promontory  =  2.61, 
IsAnglesea = 2.89, t = −0.26, DF = 1.02, P = 0.84). The observed Is 
was higher than the simulated 1 (one-tailed test, P < 0.05, Table 3) 
for both sites in all years.

Sexual dimorphism

We contrasted our measured variability in mass with the general 
impression that eastern grey kangaroos are very sexually dimor-
phic (Jarman and Southwell 1986). Although the largest males, at 
75 kg at Anglesea and 63 kg at the Wilsons Promontory, were much 
heavier than any breeding female (mean 27.7 kg + 2.8 SD, range 
21–34 kg), males as light as 33 kg were assigned paternities. The 
average mass of  fathers at the Wilsons Promontory was 49.1 + 7.6 
SD, range 33–62 kg. We did not recapture individuals sufficiently 
often at Anglesea to provide comparable data for that population.

DISCUSSION
As expected, our analyses suggest an unequal distribution of  repro-
ductive success among male eastern grey kangaroos. Surprisingly, 
however, we found limited reproductive monopolization by the 
most successful males. Observed reproductive variances were 
higher than those expected under random mating, but observed 
and simulated mating distributions differed only in some years. The 
B index showed that males had unequal probabilities of  mating. 
Overall, our analyses documented nonrandom mating in half  of  
the population-year combinations, suggesting that sexual selection 
should exist in both populations.
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We had expected to quantify a highly polygynous mating system 
in kangaroos, considering the strong sexual size dimorphism (Loison 
et al. 1999; Vanpé et al. 2008), long breeding season giving domi-
nant males the opportunity to serially monopolize receptive females 
(Say et  al. 2001) and a clear dominance hierarchy among males 
(Ellis 1995). Yet, reproductive skew was low in both study areas. In 
addition to the fact that quantification of  skew in male reproductive 
success is challenging (Kokko et al. 1999), and that different meth-
ods to investigate reproductive skew might lead to different results 
(see below), alternative reasons may explain this result. In some spe-
cies, the cost of  searching for receptive females can be substantial 
(Lane et  al. 2010). With a long breeding season, mate-searching 
behavior could compromise a male’s body condition, and possibly 
future reproduction, if  it reduced feeding (Pörschmann et al. 2010). 
Given the small size of  our study areas (about 1 km2) in relation to 
the size of  a kangaroo, however, the energetic cost of  mate search-
ing may not be excessive. Sperm depletion can also lower repro-
ductive success of  dominant males (Preston et al. 2001), but there 
is no information on whether this affects kangaroos. Alternately, 
strong female choice may not be based on male social status.

The mating system of  eastern grey kangaroo has been described 
as female defence by dominant males (Jarman and Southwell 
1986). Our results, however, suggest that alternative tactics are 
likely present in our study populations, because reproductive suc-
cess was not monopolized by a few dominant males. It is difficult 
to explain, for example, how a 33-kg male could defend an oes-
trous female against males that are twice as heavy. The wide varia-
tion in mass and size of  potentially breeding males also makes the 

estimation of  the proportion of  successful males rather difficult to 
compare among studies. Although many males were not assigned 
any paternities (Figure 1c and d), the number of  “zero paternities” 
largely depends on the threshold used to define candidate fathers. 
In kangaroos, the smallest father weighed 33 kg, but very few pater-
nities were assigned to males weighing less than 35 kg. Had we set 
a threshold at 30 kg to be conservative, the number of  males with 
zero paternities would have increased.

Although the distribution of  male reproductive success has inter-
ested biologists for a long time, very few reliable data for wild mam-
mals are available (Tatarenkov et  al. 2008; Festa-Bianchet 2012). 
Although determination of  female reproductive success in mam-
mals is usually straightforward, it is much more difficult to estimate 
male reproductive success, or to determine how many males do 
not sire any offspring (Wade and Shuster 2004): some males may 
mate outside the study area, or with unsampled females. Transient 
or peripheral males may be captured and sampled, but may not 
mate with sampled resident females. Because the ranging behavior 
of  males may bias the calculation of  the opportunity for selection 
(Wade and Shuster 2004), the estimation of  how many males do 
not reproduce requires a very strong sampling effort. Consequently, 
some studies report only results for males that were assigned at least 
1 paternity, which could substantially affect the calculation of  skew 
(Rossiter et  al. 2006; Ward et  al. 2014). Absence of  skew among 
reproducing males, however, does not imply that there is no skew in 
male reproductive success, because males that attempt unsuccess-
fully to reproduce should be included in estimations of  reproduc-
tive skew. We contend that our estimates for kangaroos are reliable 
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Figure 1
Number of  offspring sired by eastern grey kangaroo males that reproduced at 2 study areas in Victoria, Australia, (a) Wilsons Promontory, 2009–2012 and 
(b) Anglesea, 2008–2012; and for all mature males at (c) Wilsons Promontory 2011–2012, and (d) Anglesea 2010–2011. Note that more years of  data are 
included in (a)–(b) than (c)–(d) (see text).
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because we considered years with a minimum of  80% success in 
paternity assignments, and we found no evidence of  highly success-
ful unsampled males.

To compare skew between species, we considered only stud-
ies that genetically assigned paternities and included unsuccessful 
males in analyses, rather than limiting the calculation to success-
ful breeders. However, we found several problems in these com-
parisons. First, similarly to our results, most studies (Tables 4 and 5) 

reported substantial variation between breeding seasons or between 
populations, suggesting that reproductive skew cannot be reliably 
measured by a single value obtained over 1 mating season. Second, 
low statistical power may not allow the detection of  differences 
between observed and random paternity distributions, a problem 
we faced with some year-specific analyses of  mating distribution in 
kangaroos. The sample size in our study was unusually large for 
wild mammals, as we assigned paternity to 357 young (79.2% of  
those sampled), more than for most studies listed in Table 5. The 
yearly variability in reproductive distributions (Tables 2 and 4) 
strongly suggests that calculations of  skew should be specific to a 
single breeding season for each population, because reproductive 
skew can be affected by many demographic parameters, such as sex 
ratio or the number and age structure of  competing males that vary 
across years and populations (Cornwallis and Uller 2010; Krakauer 
et  al. 2011). In addition, calculations of  skew based on multiple 
years compare the success of  some males that did not compete with 
each other because they were not present at the same time. Given 
that in mammals male mating success is mostly limited by competi-
tion with other males, that comparison appears problematic.

If  we accept that interspecific comparisons are legitimate, skew in 
male reproductive success in kangaroos is surprisingly low, consider-
ing the strong sexual dimorphism, the long breeding season and the 
clear hierarchy among males. Among marsupials, reproductive skew 
is lower for semelparous antechinus species (Antechinus stuartii and 
A.  agilis) than for eastern grey kangaroos, but it is higher for koalas 
(Phascolarctos cinereus), where male–male interactions are rare (Ellis and 
Bercovitch 2011) (Table 4). The value for the eastern grey kangaroo 
was lower than those reported for any ungulate except for white-tailed 
deer (Odocoileus virginianus), where males tend females for at least 24 h 
and appear incapable of  monopolizing multiple receptive females 
(Sorin 2004). Eastern grey kangaroos also had lower reproductive 
skew than nearly all marine mammals (Table  2). Yearly B indices 
in both study populations were greater than those obtained for the 
northern muriqui (Brachyteles hypoxanthus) which was considered to have 
a low reproductive skew (Strier et al. 2011). The B index for kanga-
roos, however, was lower than for polygynous white-faced capuchins 
(Cebus capucinus) and Rhesus macaques (Macaca mulatta) (Table 5).

Our results suggest that, in the absence of  data on pater-
nity, the mere appearance of  high polygyny and high potential 
for sexual selection based on morphology cannot be assumed to 
imply high polygyny and strong sexual selection. Importantly, 

Table 1
Paternity assignment in eastern grey kangaroos, for (a) cohorts 2008–2012 at Wilsons Promontory National Park and (b) cohorts 
2007–2012 at Anglesea

Cohort
Young with 
known mother

Young assigned 
to a father

Assignment 
success rate No. sires

Max. no. of  young 
sired by 1 male

Mean no. of  young 
assigned per male Variance

Wilsons promontory
2008 15 8 53.3 6 3 1.33 0.67
2009 53 32 60.4 21 6 1.52 1.36
2010 69 49 71.0 26 7 1.88 2.03
2011 58 52 89.7 24 8 2.17 2.67
2012 61 55 90.2 26 8 2.12 2.59
Anglesea
2007 13 11 84.6 8 3 1.38 0.55
2008 60 48 80.0 20 5 2.40 1.62
2009 18 12 66.7 8 2 1.50 0.29
2010 48 42 87.5 19 9 2.21 4.29
2011 43 36 83.7 22 5 1.64 1.00
2012 13 12 92.3 10 5 1.20 0.18

Table 2
Mating skew index B (Nonacs, 2000) with 95% CIs for the 
reproductive success of  male eastern grey kangaroos in 2 
populations in Victoria, Australia: Wilsons Promontory National 
Park and Anglesea Golf  Club

Cohort B 95% CI

Wilsons Promontory
2011 0.03 0.01, 0.07
2012 0.02 0.01, 0.07
Anglesea
2010 0.07 0.04, 0.12
2011 0.01 0.00, 0.06

Only years for which more than 80% of  young sampled were assigned to a 
father were considered.

Table 3
Observed and simulated opportunity for sexual selection (Is) for 
eastern grey kangaroos of  each sex at the Wilsons Promontory 
National Park (2011 and 2012) and for males at Anglesea Golf  
Club (2010 and 2011)

Cohort Ismales Isfemales Ismalessim Critical value

Wilsons Promontory
2011 2.70 1.41 1.06 1.44
2012 2.51 1.20 1.06 1.38
Anglesea
2010 3.98 NA 1.11 1.52
2011 1.80 NA 1.24 1.78

Ismales: opportunity for sexual selection for males; Isfemales: opportunity for 
sexual selection for females; Ismalessim: simulated opportunity for sexual 
selection for males.
The critical value for the difference between observed and simulated 
opportunity for sexual selection for males is also shown.
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the opportunity for selection represents the upper limit of  the 
strength of  sexual selection and not the actual selection on a 
trait (Sutherland 1985; Klug et  al. 2010; Jennions et  al. 2012). 
Therefore, the lower opportunity for selection we calculated for 
eastern grey kangaroos, compared with other species with lower 
sexual size dimorphism, does not imply that the actual strength of  
selection on size is lower. Other studies have also reported a lack 
of  relation between the opportunity for selection and sexual size 
dimorphism (Kappeler and Schäffler 2008; Ohsawa et al. 1993).

We suggest that metrics of  reproductive inequality are useful to 
study how ecological and demographic conditions can influence 
the distribution of  paternities, but cannot be used directly to infer 
selective processes (Klug et al. 2010). Our study clearly underlines 
the need to examine alternative evolutionary explanations for the 
relationships between reproductive inequality and sexual dimor-
phism (Krüger et al. 2014).
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