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Abstract

Male-male competition and female mate choice based on or-
namentation and genetic traits are the main drivers of animal
sexual selection and group spawning. If male-male competi-
tion is intense, males with specific phenotypes should have
advantages in breeding success or occupying superior mating
positions. If female choice is important, females should have
preferences for mate relatedness or males with good genes or
optimal genetic compatibility against themselves. To detect
the intensities of male-male competition and female choice
and test the good genes and genetic compatibility hypotheses,
we observed breeding behaviors, measured individual body
lengths and breeding success indicators, and calculated male
genetic heterozygosity, male—female relatedness, and genetic
dissimilarity in an Omei treefrog (Rhacophorus omeimontis)
population in Badagongshan, China. Our analyses showed
that larger males obtained larger mates, had more mating op-
portunities, occupied better amplectant positions, and pro-
duced more offspring. However, females showed no
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inbreeding/outbreeding bias in mate choice, and the good
genes and genetic compatibility hypotheses were not support-
ed in female selection on mates and amplectant positions. We
considered male-male competition as the main driver of sex-
ual selection and group spawning in this prolonged mating
species because the cost of choosing mates with specific ge-
netic traits may be high for females.

Significance statement

Male-male competition and female mate choice are the main
drivers of animal sexual selection and mating behaviors.
However, their impacts on the evolution of mating system
are not yet quite clear. By studying the Omei treefrog, a
Chinese endemic anuran species with common group
spawning behaviors, this research posed the importance of
male-male competition and female mate choice and discussed
the mechanisms of sexual selection and multiple mating,
which are the most essential and debated issues in evolution-
ary biology and behavioral ecology. We found that, in this
prolonged mating and lek-patterned species, male-male com-
petition is the main driver of sexual selection and group
spawning. Larger males can get larger females, have more
breeding opportunities, occupy better amplectant positions,
and thus, obtain greater numbers of offspring. Whereas, fe-
males have no significant preferences on ornamentation and
genetic traits of their males or mating positions, and the infe-
rior males “make the best of a bad lot” by joining mating pairs
to produce mating groups. Our study provides empirical evi-
dence of reproductive mechanisms of amphibian species and
could advance the understandings on the evolution of animals’
sexual selection and mating system.

Keywords Female choice - Group spawning - Male-male
competition - Rhacophorus omeimontis - Sexual selection
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Introduction

In general, intra-sexual selection (i.e., members of the same
sex, usually males, compete for mates or mating opportunities)
and inter-sexual selection (i.e., individuals of one sex, usually
females, choose specific members of the opposite sex to obtain
high-quality mates and reproductive success) are considered
the two main components of animal sexual selection (Emlen
and Oring 1977; Bateson 1983; Andersson 1994; Andersson
and Simmons 2006; Dale et al. 2007; Nie et al. 2012). In many
species, male-male competition based on body size and orna-
mentation allows larger males or males with better ornamenta-
tion to access females as mates, and thus, these males gain
additional mating opportunities and higher breeding success
(Emlen and Oring 1977; Andersson 1994). However, in other
species, sexual selection is primarily controlled by females
(female choice or male—female interaction), because they typ-
ically have much greater investments than males in gametes
and offspring and hence are choosier in reproduction, favoring
males with superior phenotypes and genotypes (Williams
1975; Emlen and Oring 1977; Tregenza and Wedell 2000).
In essence, across species, diverse relative combinations of
male-male competition and female choice determine mating
success (Williams 1975; Andersson 1994; Wong and
Candolin 2005; Mclean et al. 2012). Studies that simultaneous-
ly focus on the intensities of both components of sexual selec-
tion can provide empirical evidence for a better understanding
of the mechanisms of animal sexual selection.

The development of weaponry and specific ornaments
(e.g., larger body size) in males that enhance reproductive
success will be favored by evolution through direct combats
against other males or through indirect male-male competition
(Andersson 1982; Candolin 2003; Bateson and Healy 2005).
Body size is considered an overall reliable indicator and fun-
damental expression of male quality and competitive ability
because it was reported to be heritable in some species and
could affect the survivability, vitality, and environmental
adaptability of the males both phenotypically and genetically
(Price 1984; Blanckenhorn et al. 1998; Olsson et al. 2002;
Mays and Hill 2004). A number of field- and lab-based studies
have revealed that larger males tend to defeat smaller compet-
itors and gain breeding advantages (Trivers 1976; McElligott
et al. 2001; Luo et al. 2014). As Devine (1984), Shine et al.
(2000), and Cogliati et al. (2014) assumed, if male-male com-
petition based on body size is important in determining out-
comes of sexual selection, then there are three plausible re-
sults: larger males will mate with larger (more fecund) fe-
males, larger males will obtain more numerous mating oppor-
tunities, and larger males will produce greater numbers of
offspring and have higher breeding success.

To pursue greater reproductive success and fitness, females
usually choose their mates according to ornamental and genetic
traits in males (Neff and Pitcher 2005). If females mate with
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close relatives (inbreeding), the expressions of deleterious reces-
sives in the homozygote state (dominance) or the superiority of
certain heterozygotes over homozygotes (overdominance)
might reduce offspring fitness over time (Shields 1982; Lynch
1991). By contrast, if females choose distant relatives as mates
(outbreeding), genetic segregation and recombination might
cause disruptions of local adaption, underdominance, or epistat-
ic interactions by breaking up co-adapted gene complexes
(which are important for the individuals to adapt to local envi-
ronments), thus allowing deleterious interactions between ho-
mozygous loci to become exposed, facilitating expressions of
“untested” or even harmful mutations, and thereby reducing
offspring fitness over time (Shields 1982; Bateson 1983;
Fenster et al. 1997; Turelli et al. 2001). Bateson (1978) consid-
ered that females should balance inbreeding and outbreeding
during mate choice, and thus, “optimal outcrossing” might be
achieved in an animal population (Mays and Hill 2004; Neff and
Pitcher 2005). Several empirical studies (e.g., Palmer and
Edmands 2000; Du and Lu 2009; Wang and Lu 2011; Luo et
al. 2015) found that in certain mammal, bird, amphibian, fish,
and invertebrate species, females can discriminate close kin
from unrelated males and avoid either extreme inbreeding or
outbreeding during mate selection and thus gain advantages in
reproductive fitness based on trade-offs between the costs and
benefits of avoidance and adaption via inbreeding and outbreed-
ing (Wilson 1987; Lynch 1991; Futuyma 1998; Mays and Hill
2004; Neff and Pitcher 2005).

For female mate choice, two mechanisms are increasingly
recognized and emphasized: the good genes hypothesis and the
genetic compatibility hypothesis (Colegrave et al. 2002;
Roberts and Gosling 2003; Mays and Hill 2004). Good genes
are considered as alleles or allele combinations that increase
individual fitness and are linked to the expression of ornamen-
tal traits (Mays and Hill 2004; Neff and Pitcher 2005). The
good genes hypothesis posits that females prefer males with
better ornamentations or genetic traits (e.g., high genetic het-
erozygosity, large body size, strong claws, loud vocalization)
as their mates to obtain genetic benefits for offspring to max-
imize their fitness (Andersson 1994; Zahavi 1975; Mays and
Hill 2004). Previous reports showed that these traits, especially
body size and genetic heterozygosity, are mixed and reliable
signals of male quality, because body size is closely related to
development time, maturity degree, ability to compete and
occupy resources, and genetic heterozygosity is closely related
to the adaptability to the changing environment (Blanckenhom
et al. 1998; Cotton et al. 2004; Tomkins et al. 2004).
Compatible genes are considered as alleles that increase indi-
vidual fitness when in specific genotypes and paired with spe-
cific homologs or alleles at other loci than their own (Neff and
Pitcher 2005). The genetic compatibility hypothesis states that
because the genetic diversity and fitness of the offspring are
affected by combinations of their parental alleles, female mate
choice and reproductive success can be determined based on
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the genetic dissimilarity between the male mate and the female
(Neff and Pitcher 2005). Some studies found genetic similarity
enhances fertilization and breeding success (e.g., in frog
species Litoria peronii; Sherman et al. 2008); however, based
on certain empirical data, including those on the major histo-
compatibility complex (MHC) genes (e.g., Schwensow et al.
2008), females prefer mates with dissimilar genes because the
compatibility effect can enhance fertilization capacity and off-
spring development (Tregenza and Wedell 2000; Evans and
Marshall 2005) and also might lead to non-additive genetic
variations and produce novel gene combinations enabling their
offspring to adapt to the changing environment (Colegrave et
al. 2002; Roberts and Gosling 2003; Bernasconi et al. 2004).
Although Mays and Hill (2004) stated that both good genes
and genetic compatibility can have crucial impacts on animal
sexual selection, and also, some research tested and found
empirical evidence for both of the two hypotheses in some
animal species (e.g., three-spined sticklebacks Gasterosteus
aculeatus; Lenz et al. 2009), studies that simultaneously con-
sider the two hypotheses are still incomplete.

Anurans generally display mating patterns in which male-
male competition and female choice are expressed in various
intensities (Wilbur et al. 1978). Because frogs and toads are
characterized by concentrated populations during breeding sea-
sons and external fertilization and hatching, all of the individ-
uals in a population can be located during breeding seasons,
their body conditions can be conveniently measured, the breed-
ing behaviors can be comprehensively observed, and their eggs
can be unambiguously counted in the wild (Wilbur et al. 1978).
Thus, anurans provide excellent subjects for the study of animal
sexual selection. Furthermore, group spawning (in which mul-
tiple males clasp and mate with a single female) has been re-
ported in several anuran species (Roberts and Byre 2011).
Males in different amplectant positions (i.e., dominant vs. sub-
ordinate) within a spawning group might achieve discrepant
reproductive success, because some studies have considered
group mating pattern as a result of male-male competition,
i.e., a strategy for inferior males to secure reproductive success
by joining with mating pairs and sneaking fertilizations without
attracting females through advertisement calls or fighting
against dominant males (Fukuyama 1991; Jennions and
Passmore 1993; Halliday 1998; Byrne and Roberts 2004).
However, female choice in the amplectant positions might also
affect male breeding behaviors, their own reproductive success,
and the mating pattern of the species. A detailed understanding
of the mechanisms and adaptive relevance of group spawning
in anurans is lacking. Consequently, direct comparisons of body
condition and breeding success among males occupying differ-
ent amplectant positions are urgently needed. At the same time,
analyses of female preference for male relatedness and genetic
traits for different amplectant positions remain to be conducted.

The Omei treefrog Rhacophorus omeimontis (Anura:
Rhacophoridae), is an endemic anuran species of central and

southwestern China (Fei et al. 2012). This species is an arbo-
real breeder with concentrated populations, lek-patterned
breeding behaviors, and limited dispersal ability such that it
is distributed in subtropical forests at the elevations of 700—
2000 m a.s.l. in the mountainous areas (Liao and Lu 2011a; Fei
et al. 2012). During their breeding season from April to July,
male frogs gather and produce advertisement calls in a perma-
nent pond (lek) to attract females (Liao and Lu 2010, 2011a, b).
No direct fights or aggressive behaviors among males have
been observed in the lek. During breeding, a male frog clasps
a female, and the amplectant pair climbs up onto a nearby tree
and remains on a leaf over the pond for hours before spawning.
Frequently, another male or multiple males gradually join the
mating before the female lays eggs, thus demonstrating group
spawning in which several males amplex with a single female
(Liao and Lu 2010, 2011a, b; our field observations).

Based on systematic field observations and molecular anal-
yses of a population of R. omeimontis, we expected to detect
the relative intensities of male-male competition and female
choice within the population and across mating groups for the
purpose of explaining the main mechanisms of sexual selec-
tion in Omei treefrogs. Our aims were (1) to test whether
larger males obtain physically larger female mates, gain more
numerous mating opportunities, and achieve greater numbers
of offspring; (2) to compare the relatedness of mated partners
to the relatedness of random male—female pairs in the popu-
lation to examine female preference in male relatedness (in-
breeding vs. outbreeding); (3) to assess the relationships
among reproductive success, genetic heterozygosity of males,
and genetic dissimilarity between mating partners so as to test
the good genes hypothesis and the genetic compatibility hy-
pothesis; and (4) to compare the body size and offspring num-
ber among males in different mating positions within each
multiple mating group so as to test male-male competition
on amplectant positions and compare genetic heterozygosity
among males in different mating positions and compare their
relatedness and genetic compatibility against their female
mates so as to test female choice on amplectant positions.
This study provides empirical evidence and has important
implications for anuran breeding ecology and sexual selection
theory because it provides an insight into the relative impor-
tance of intra- and inter-sexual selection and into the evolution
of a largely uninvestigated group spawning mating system.

Methods

Field methods

Our field observations were performed in a pond (a constant
lek of R. omeimontis chosen based on our long-term surveys)

near the Tianpingshan field station (29°47'02" N, 110°0527"
E, elevation: 1413 m; Fig. 1) of the Badagongshan National
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Fig. 1 Study area (top-left panel) and amplexus of the Omei treefrog
Rhacophorus omeimontis: Multiple males-one female amplexus (group
spawning) (left-bottom panel: 1 female, 2 dominant male, 3, 4 1st

Nature Reserve (29°38'-29°49' N, 109°41'-110°10" E) in
Hunan Province of central China during the R. omeimontis
breeding seasons in 2011-2013 (18 April to 4 June 2011, 14
April to 27 May 2012, and 22 April to 27 May 2013). Each
night, we moved around the pond and the nearby trees
searching for individuals of R. omeimontis using a 12-V flash-
light. We observed and recorded the behaviors of the frogs and
determined the sexes based on their positions within the am-
plexus (the clasping individuals are the males) and the pres-
ence (male) or absence (female) of vocal sacs. Because one
male-one female amplexus and multiple males-one female
amplexus (group spawning) both occurred in our observa-
tions, we applied the following definitions. In a spawning
group, the male clasped at the dorsal line on the female was
the dominant male, whereas the males clasped on the female’s
left/right body sides and on the periphery of the group were
the 1st and 2nd subordinate males (Fig. 1). After the
amplectant pairs or groups laid eggs, we arbitrarily captured
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subordinate males, 5 2nd subordinate male) and one male-one female
amplexus (right panel: 1 female, 2 male)

the frogs using a string bag, gently but firmly held them in
hand until they became docile, measured their dorsal lengths
three times from the tip of the nose to the anus (snout-vent
length, SVL) to the nearest 0.1 mm using a vernier caliper, and
used the mean values as their body length data. Next, we
clipped approximately 1 mm x 1 mm of tissues at the ends of
the toes using a pair of operating scissors to mark the individ-
uals and collect samples (stored in 95 % ethanol) for molecu-
lar analyses. All individuals were released at the capture sites
as soon as possible (within 30 min) upon completion of these
procedures. Any recaptured individuals were released imme-
diately without measurements or sampling. We collected all of
the clutches of eggs from the trees and hatched each clutch in a
plastic bucket (with a 10-20 cm depth of water) by the side of
the pond. The eggs were counted in each bucket (for data on
the number of eggs), and after the hatching process was fin-
ished, we counted the tadpoles, unhatched but fertilized eggs,
and unfertilized eggs based on our field observational
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experiences. The fertility rate and hatchability for each clutch
were calculated as follows: fertility rate=(number of eggs
—number of unfertilized eggs)/number of eggs and
hatchability =number of tadpoles/(number of tadpoles + num-
ber of fertilized but unhatched eggs). For molecular analyses of
the offspring, we randomly selected 24 tadpoles within each
bucket, clipped approximately 1 mm > 1 mm of tissues from
the ends of their tails, and stored the samples in 95 % ethanol.
Finally, all tadpoles were released back to the pond.

Molecular analyses

We extracted the total DNA of each frog and tadpole from the
toe and tail tissue samples using the TTANamp Genomic DNA
Kit (TIANGEN Biotech Co. Ltd, Beijing, China) and dis-
solved them in ddH,O at a temperature of —20 °C. Because
genes of the major histocompatibility complex (MHC) encode
cell surface glycoproteins that present foreign (MHC class 1
genes) and self (MHC class II genes) peptides into T lympho-
cytes, they can reveal the molecular mechanisms underlying
the evolution of immunity-related adaptation (Klein 1986;
Hughes and Yeager 1998). Thus, MHC gene diversity might
be closely related to the fitness of the treefrogs and their off-
spring and should have important effects on sexual selection
in R. omeimontis. In this study, eight microsatellite loci
(OMTF1, OMTF2, OMTF4, OMTF6, OMTF7, OMTF9,
OMTF10, and OMTF11 with GenBank accession numbers
JQ031742, JQ031743, JQ031745, JQ031747, JQ031748,
JQ031750, JQO31751, and JQ031752, respectively) and one
MHC gene marker (MHC class II B genes exon 2 with the
GenBank accession numbers KR232021-KR232080) were
chosen based on our previous studies (Zhao et al. 2012;
Chen 2013). Detailed descriptions of the primer designs, po-
lymerase chain reactions (PCRs), and genotyping of the mi-
crosatellite markers are presented by Zhao et al. (2012), and
those for the primer design, PCR, cloning, and sequencing of
the MHC gene marker can be found in Chen (2013). We
estimated the numbers of alleles for the eight microsatellite
loci and the MHC gene markers in FSTAT 2.9.3.2 (Goudet
2002). The observed heterozygosity (H,), expected heterozy-
gosity (H,), and polymorphic information content (PIC) per
locus were calculated in Cervus 3.0 (Kalinowski et al. 2007).
We also evaluated the departure from Hardy-Weinberg equi-
librium (HWE) for each locus over the treefrog population
using the software packages GenAlEx 6.5 (Peakall and
Smouse 2012) and FSTAT 2.9.3.2 (Goudet 2002).

Based on our genotype data from the microsatellite loci, we
calculated the genetic relatedness of all individual pairs using
the method of Lynch and Ritland (1999) in Coancestry 1.0
software (Wang 2011). That is, the relatedness of mated pairs
and the relatedness of all possible male—female pairs in the
frog population were obtained. To test the offspring numbers
for each mated male, we performed parentage analyses with

Cervus 3.0 software (Kalinowski et al. 2007) using microsat-
ellite genotype data from the adult males and 24 randomly
selected tadpoles (detailed procedures are presented in Wang
(2014)). The overall exclusionary powers for the eight micro-
satellite loci were 0.984 for the 1st father and 0.999 for the 2nd
father, and only 1.5 % (30 of 2016) of the tadpoles could not
be assigned to a genetic father. The offspring number for a
given male within a given mating pair/group was calculated as
follows: (the number of tadpoles assigned to this male in the
24 randomly selected tadpoles / 24) x the total number of tad-
poles from the egg clutch of this mating pair/group.

To calculate the genetic heterozygosity of the microsatellite
loci of a frog or a tadpole, we used Coltman’s index and the
HL (homozygosity by loci) index based on Coltman et al.
(1999) and Aparicio et al. (2006). Coltman’s index defines a
standardized individual heterozygosity as the proportion of
heterozygous typed loci in an individual divided by the mean
observed heterozygosity of all typed loci (Coltman et al.
1999). Because this method assumes a linear relationship be-
tween locus-specific heterozygosity and allele numbers and
assigns equal weight for all loci regardless of the allelic fre-
quencies, it might underestimate the effect of variable loci in
the standardization (Aparicio et al. 2006). Thus, to estimate
the homozygosity and heterozygosity weighting for the con-
tribution of each locus to the genetic heterozygosity index, the
HL index (values range from 0 to 1) defines a weighted ho-
mozygosity by loci for a given individual as the summation of
the expected heterozygosities for all the homozygous loci di-
vided by the summation of expected heterozygosities for all
the loci (including homozygous loci and heterozygous loci)
(Aparicio et al. 2006). Individual heterozygosity could be es-
timated using the 1-HL index, and both indices were calculat-
ed for all mated male frogs and sampled offspring. Next, we
counted the number of alleles per male as the indicator of
heterozygosity of the MHC class II B genes exon 2 marker.
To obtain the microsatellite dissimilarity scores between
paired males and females, the pair-wise identity index was
computed in the IDENTIX 1.1 software (Belkhir et al. 2002)
following the method of Forsberg et al. (2007) because this
method is an integrative estimator that considers several dis-
similarity coefficients, including the number of shared alleles
and allelic distance (Forsberg et al. 2007). For the dissimilarity
of the MHC class II B genes exon 2 marker, the Poisson-
corrected pair-wise amino acid distance of a mated male and
female was calculated in MEGA 5 (Tamura et al. 2011), and
the dissimilarity scores were computed using the summation
method and maximal distance method following the approach
of Landry et al. (2001) and Forsberg et al. (2007).

Statistical analyses

We assessed the normality of all data (body length, related-
ness, egg number, fertility rate, hatchability, tadpole number,
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heterozygosity indices, and genetic dissimilarity indices)
using Kolmogorov-Smirnov (K-S) tests and the homogeneity
of variance of their residual distributions using Levene’s tests.
All of the variables were normally distributed (P> 0.05) with
homoscedasticity (P>0.05). To assess the sexual dimorphism
of body size in our R. omeimontis population, we used one-
way ANOVA between male and female SVLs.

Three steps were conducted to analyze male-male competi-
tion in this study. First, we plotted and linearly fit the relation-
ships between the SVLs of mated males and females. Because
one male-one female mating pairs and multiple males-one fe-
male amplexus both occurred in the population, we performed
the analyses for one male-one female mating pairs, multiple
males-one female mating groups, and all mating pairs/groups,
respectively, using the individual SVLs as parameters. To
avoid pseudoreplication in the analysis, we only used SVL data
of the dominant males for the multiple males-one female
groups. Next, to explore the relationship between body size
and breeding opportunity for male frogs, we counted the num-
ber of matings per male within each breeding season and de-
tected its correlation to the male SVL using linear regressions.
Finally, to explore the relationship between male body size and
breeding success, and considering that the offsprings from the
female could be shared by several males in multiple males-one
female mating groups, and group spawning could have im-
pacts on the number of offspring each male obtained, we cal-
culated Pearson’s correlation coefficients and conducted linear
regressions among the male SVLs and their tadpole numbers
(for one male-one female mating pairs, all the males were
analyzed; for multiple males-one female mating groups, only
the dominant males were analyzed; for all mating pairs/groups,
all the males in one male-one female mating pairs and the
dominant males in multiple males-one female mating groups
were analyzed). As female body condition could have ef-
fects on breeding success, we also calculated partial cor-
relation coefficients and carried out partial regressions
using female SVL as controlling factors.

To examine the female preference in male mate relatedness,
we calculated the genetic relatedness frequencies for one
male-one female mating pairs, multiple males-one female
mating groups (only the dominant males were included), all
mating pairs/groups (only the dominant males were included),
and all of the possible male—female pairs (based on a random
mating assumption) in the population for 2011-2013 and each
breeding season, respectively, and employed paired-samples ¢
tests to test for differences in their means and variances (all the
possible male—female pairs vs. one male-one female mating
pairs, all the possible male—female pairs vs. multiple males-
one female mating groups, all the possible male—female pairs
vs. all mating pairs/groups). Next, linear regressions were per-
formed among the relatedness of mating partners (for the mat-
ing groups, only the dominant males were included) and their
egg numbers, fertility rates, and hatchability (for one male-one
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female mating pairs, multiple males-one female mating
groups, and all mating pairs/groups, respectively). To test the
good genes hypothesis, we counted the total number of tad-
poles per male per breeding season and detected its relation-
ships to the genetic heterozygosity indicators (microsatellite
loci: Coltman’s index and HL index; MHC class II B genes
exon 2 marker: number of alleles) of the male using linear
regressions (for 2011, 2012, and 2013, respectively). Then,
we used male genetic heterozygosity of each mating pair
and genetic heterozygosity of the dominant male per
spawning group as an indicator of good genes and applied
generalized linear models (GLMs) among this indicator and
breeding success parameters (i.c., egg number, fertility rate,
and hatchability) for one male-one female mating pairs, mul-
tiple males-one female mating groups, and all mating pairs/
groups, respectively. We also used paired-samples ¢ tests to
compare the means of these genetic heterozygosity indicators
between all males vs. males from mating pairs, all males vs.
dominant males from mating groups, and all males vs. males
from mating pairs and dominant males from mating groups.
For the genetic compatibility hypothesis, we used GLMs to
show the relationships among the male—female genetic com-
patibility indexes (for the mating groups, only the dominant
males were included; microsatellite loci: identity index; MHC
class II B genes exon 2 marker: dissimilarity scores by the
summation and maximal distance methods) and breeding suc-
cess parameters for one male-one female mating pairs, multi-
ple males-one female mating groups, and all mating pairs/
groups, respectively. We also used paired-samples ¢ tests to
compare the means of these genetic compatibility indicators
between all possible male—female pairs (based on a random
mating assumption) vs. males from mating pairs against their
females, all possible male—female pairs vs. dominant males
from mating groups against their females, and all possible
male—female pairs vs. males from mating pairs and dominant
males from mating groups against their females. Furthermore,
we processed GLMs between microsatellite genetic heterozy-
gosity for the males and their tadpoles (Coltman’s index and
HL index, respectively; for tadpoles, the means were used)
and between parental microsatellite genetic compatibility
(identity index) and their tadpole genetic heterozygosity
(means of Coltman’s index and HL index, respectively).

To detect male-male competition in amplectant position,
we used one-way ANOVAs to compare the body lengths
(SVL), offspring proportions within the clutch, and offspring
numbers among dominant, 1st subordinate, and 2nd subordi-
nate males for multiple males-one female mating groups. For
female choice of amplectant position in genetic relatedness
and male good genes, one-way ANOVAs were performed
based on the relatedness, microsatellite heterozygosity
(Coltman’s index and HL index), and MHC gene heterozy-
gosity (allele number) among the dominant, 1st subordinate,
and 2nd subordinate males for mating groups. Additionally,
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the female choice of amplectant position in genetic compati-
bility was tested using one-way ANOVAs of the identity index
(microsatellite loci) and MHC genetic dissimilarity indices
(the summation and maximal distance methods) among the
dominant, 1st subordinate, and 2nd subordinate males.

To minimize observer bias, blinded methods were used
when all behavioral data were recorded and analyzed.

Results

A total of 157 adult individuals (78 females, 79 males) were
measured and sampled in this study, including 40 one male-
one female amplexus and 44 multiple males-one female am-
plexus (2—7 males clasping with a single female). The one-
way ANOVA of male and female SVLs showed significant
sexual dimorphism ('} 156=621.213, P<0.001) showing that
females (77.77 £4.86 mm (mean + SE; the same below), rang-
ing from 65.62 to 86.50 mm), are obviously larger than males
(64.31£3.76 mm, ranging from 51.31 to 74.97 mm). The egg
number per mating pair/group ranged from 237 to 963. The
number of tadpoles obtained by each male treefrog in each
mating ranged from 0 (the male could not succeed in mating)
to 769. The number of matings per male per breeding season
ranged from 0 to 5. Our results showed significant positive
linear relationships between male SVL and female SVL across
mating pairs or groups (P<0.05, Fig. 2), i.e., larger males
obtained larger females as their mates for all the mating
pairs/groups (P<0.05, Fig. 2a), and for one male-one female
mating pairs (P <0.05, Fig. 2b) and multiple males-one female
mating groups (P<0.05, Fig. 2c), respectively. The count of
number of matings per male frog per breeding season showed
that larger males had more numerous mating opportunities on
average (Fig. 3), and the positive trends between body length
and number of matings were significant for the breeding sea-
sons of 2011, 2012, 2013, and 2011-2013, respectively, ac-
cording to the one-way ANOVAs (P<0.05) and linear regres-
sions (P<0.03, R*>0.5). Using the mating pair/group as the
unit, we calculated Pearson’s correlation coefficients () and
conducted linear regressions of the male body lengths against
their tadpole numbers, and no positive correlation (males in
one male-one female mating pairs »=—0.094, P=0.441; dom-
inant males in multiple males-one female mating groups
r=-—0.137, P=0.277; males in mating pairs and dominant
males in mating groups »=-—0.125, P=0.375) was found.
Because breeding success can be influenced by female body
condition, we performed partial correlation analyses (r},) using
female SVL as the controlling factor and did not find signifi-
cant relationship (males in one male-one female mating pairs
r,==—0.221, P=0.627; dominant males in multiple males-one
female mating groups r,,=—0.298, P=0.426; males in mating
pairs and dominant males in mating groups r,=-0.309,
P=0.510).

The genetic diversity of the microsatellite loci, MHC class
II B genes exon 2 marker, and their departures from the
Hardy-Weinberg equilibrium for the R. omeimontis popula-
tion are shown in Online Resource 1. The pair-wise related-
ness (microsatellite loci) of mated males and females ranged
from —0.334 to 0.681 in our R. omeimontis population, where-
as those of random male—female pairs (during the breeding
seasons of 2011, 2012, and 2013) ranged from —0.377 to
1.000. The relatedness frequencies of mated (for mating
groups, only the dominant males were included) and random
male—female pairs and their paired-samples  tests revealed no
significant differences in their means and SE (2011-2013:
relatednessai matings = —0.031+0.143, relatednesspaing
pair=—0.033 £0.119, relatednessmaging group =—0.029+0.141,
relatedness angom =—0.028 £0.134, paired-samples ¢ tests
P>0.5; 2011: relatedness,i matings = —0.020£0.140,
relatednessmating pair = —0.022£0.144, relatednessmating
eroup = —0.020£0.137, relatedness, sngom =—0.027=0.141,
paired-samples ¢ tests P>0.5; 2012: relatedness,;; mat-
ings = —0.051£0.140, relatednessmating pair=—0.057+0.137,
relatednesSmating group=—-0.049£0.141,
relatedness anqgom =—0.024+0.139, paired-samples ¢ tests
P>0.5; 2013: relatednessai; matings = —0.028£0.130,
relatednessmating pair = —0.030=0.120, relatednesspaing
eroup=—0.033£0.131, relatednessangom =—-0.036+0.111,
paired-samples ¢ tests P>0.5), which means no inbreeding
or outbreeding bias emerged during female mate choice in this
R. omeimontis population. The linear regressions of the male—
female relatedness against egg number, fertility rate, and
hatchability also showed non-significant relationships
(P>0.05, R*<0.07; Online Resource 2).

The ranges of the microsatellite HL index and Coltman’s
index were 0.001-0.639 and 0.386—1.573, respectively, for
adult male frogs, and the ranges of those heterozygosity indi-
ces for the offspring were 0.089-0.479 and 0.622-1.277
(Fig. 4a, b, Online Resource 3). The number of alleles within
the MHC class II B genes exon 2 marker ranged from 1 to 4 in
adult males (Fig. 4c, Online Resource 3). Our results showed
significant and positive relationships of tadpole number per
male per breeding season against the genetic heterozygosity
indicators (HL index, Coltman’s index, MHC allele number)
of the males for 2011, 2012, and 2013, separately (P<0.05;
R*>0.05, Fig. 4). The GLMs among the male genetic hetero-
zygosity (HL index, Coltman’s index, MHC allele number)
and breeding success indices (egg number, fertility rate, and
hatchability) across mating pairs/groups showed limited linear
relationships, with most characterized by P>0.05 and low
explanatory powers (R*<0.10) (Online Resource 3a—f, 3i—
k), which means that genetic heterozygosity in males might
have quite weak effects on breeding success. Furthermore,
genetic heterozygosity indicators among males from mating
pairs, dominant males from mating groups, and all male indi-
viduals showed non-significant differences (HL,j;
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paired-samples ¢ tests P>0.5; Coltman’s indeX,
males = 0.959£0.199, Coltman’s indeXmales from mating
pairs=0-971 i0212: Coltman’s indexdomina.nt males from mating
groupszo-g51 i02223 Coltman’s indexmales from mating pairs and
dominant males from mating groups — 0.966+ 02013 paired—samples t
tests P>0.5; no. of alleles,) mates=2.256+0.408, no. of
allelesmales from mating pairs = 2-305 £0.441, no. of allelesgominant
males from mating groups:2-242i0-337> no. of a“e]esmales from
mating pairs and dominant males from mating groups:2'274i0~430a
paired-samples # tests P>0.5). Thus, the good genes hypoth-
esis was not supported by our empirical data. However, the
HL and Coltman’s indices between males and their tadpoles
showed significant positive (monotone increasing) trends
(P<0.05, R*> 0.2; Online Resource 3g, h), which means that
male heterozygosity promotes genetic diversity of their
offspring.

The male—female pair-wise genetic compatibility of micro-
satellite loci (identity index) ranged from 0.253 to 0.963
(Online Resource 4a—c) in our R. omeimontis population,
whereas that of the MHC marker ranged from 0.001 to
6.231 and from 0.001 to 3.155 based on the summation meth-
od (Online Resource 4d—f) and maximal distance method
(Online Resource 4g—i), respectively. Weak linear relation-
ships among genetic dissimilarity scores (identity index and
two MHC dissimilarity indices) and breeding success were
detected by the GLMs, with most characterized by P>0.05
and R?<0.10 (Online Resource 4a—i). Furthermore, genetic
compatibility indicators among males from mating pairs
against their females, dominant males from mating groups
against their females, and all of the possible female—male pairs
showed non-significant differences (identitya possivle male-fe-
male pairs — 0.591+0.175 > identitYmales from mating pairs against their
females =0.595 :|:0179, identitydominant males from mating groups
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against their females — 0.588+0.1 77’ 1dent1tYmales from mating pairs and

dominant males from mating groups against their females — 0.590 i01675
paired-samples ¢ tests P>0.5; summationg possible male—female

paim:3-618i0-446, SU»rnrn":ltionmales from mating pairs against their
females — 3.615 i03659 surnl’na-tiondominant males from mating groups
against their females — 3.598+0.455 5 smnmationmales from mating pairs
and dominant males from mating groups against their females:3‘612
+0.444, paired-samples ¢ tests P>0.5; maximal distance,
possible male—female pairs — 1.742 :|:0234, maximal diStancemales
from mating pairs against their females ™ 1.751 :|:0207, maximal
diStancedominant males from mating groups against their females — 1.746
+0.241 ’ maximal diStancemales from mating pairs and dominant males
from mating groups against their females — 1.741 i02553 paired'
samples ¢ tests P>0.5). However, our results showed obvious-
ly positive relationships between parental genetic compatibil-
ity (identity index) and offspring genetic heterozygosity (HL
index and Coltman’s index) (P<0.05, R*>0.2; Online
Resource 4j, k). In order words, although genetic compatibil-
ity might not significantly enhance the breeding success (the
genetic compatibility hypothesis was not supported) of the
treefrogs, their offspring could obtain benefits or advantages
from higher genetic heterozygosity.

The one-way ANOVAs among males from different
amplectant positions in multiple males-one female mating
groups revealed that dominant males were significantly larger
than subordinate males in body size (ANOVA F ;o5 =28.145,
P=0.034; Fig. 5a), obtained significantly higher proportions
of offspring within the mating groups (ANOVA F,
94=34.498, P<0.001; Fig. 5b), and thus produced a greater
number of tadpoles (ANOVA F; 94=60.871, P<0.001;
Fig. 5b). These results suggest that male-male competition
for mating positions might be obvious in the R. omeimontis
population because better amplectant positions could lead to
breeding advantages for the male frogs. In contrast, our com-
parisons among the dominant, 1st, and 2nd subordinate males
relative to relatedness (microsatellite loci), genetic heterozy-
gosity (indices of microsatellite and MHC class 11 B genes
exon 2 markers), and compatibility (indices of microsatellite
and MHC class II B genes exon 2 markers) showed non-
significant differences (ANOVA P>0.05; Table 1), which
means that the females might have obvious preferences for
these genetic traits in selecting males for different amplectant
positions; thus, the good genes hypothesis and the genetic
compatibility hypothesis were not supported in female mate
choice of amplectant positions in this study.

Discussion

Male-male competition

Male-male competition might be an important driver of sexual
selection in our focused population of R. omeimontis because
two of the intra-sexual selection assumptions (see the

Introduction; Devine 1984; Shine et al. 2000; Cogliati et al.
2014) were supported by our empirical data on the spawning
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Fig. 5 Comparisons of body length (a), offspring proportion, and
offspring number (b) among the dominant, 1st subordinate, and 2nd
subordinate males for multiple males-one female mating groups of the
Omei treefrog Rhacophorus omeimontis in Badagongshan. The columns
represent the dominant, 1st, and 2nd subordinate males. The lengths of

groups and mating pairs. Although the exact ways that larger
males can defeat the smaller ones during male-male competi-
tion to achieve better females are not clear (no direct combats
were observed but other ways, e.g., recognition of the variations
on vocalization, body size, or skin color by competing males,
might contribute; Zahavi 1975; Andersson 1994; Mays and Hill
2004) and need detailed research, the positive relationships
between male body length and female body length for the
one male-one female mating pairs, multiple males-one
female mating groups, and all mating pairs/groups, re-
spectively, and the positive relationship between male
body length and male mating times per year, indicated
that large males could pair with large females and mate
several times in a single breeding season and thus might
have advantages in breeding against small males.
Number of offspring is important in determining the mate
choice patterns and reproductive strategies of amphibians
(Andersson and Simmons 2006). A number of studies on frog
(e.g., Jennions et al. 1992; Friedl and Klump 2005) and toad
(e.g., Davies and Halliday 1977; Bowcock et al. 2013) species
concluded that larger males can fertilize a larger number of
eggs, achieve higher hatchability, produce more numerous tad-
poles, and finally achieve greater breeding success than smaller
males during intra-sexual competition. In contrast, this study
found no significant increase in such indicators with increasing
male body size for the one male-one female mating pairs, mul-
tiple males-one female mating groups, and all mating pairs/
groups, respectively, i.e., our empirical data do not provide
sufficient evidence for the third assumption of intra-sexual
competition from Devine (1984), Shine et al. (2000), and
Cogliati et al. (2014). We considered this result as a conse-
quence of multiple mating behaviors of large males such that
they could mate with several female frogs and produce a mass
of offspring during a single breeding season. It might hint that
they suffer sperm depletion in given matings or it might be lead
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by energy (number of sperms, time, etc.) input strategies
among matings across the whole breeding season by the large
males. Furthermore, certain other factors, such as sex ratio and
environmental conditions, might also contribute to the varia-
tions in fertilization, hatchability rates, and offspring amount.

Our study suggests that intra-sexual interactions might
have important impacts on amplectant position competition
among males within a spawning group because male frogs
with larger body sizes generally possessed better positions
and produced larger numbers of tadpoles, although the exact
ways that larger males can defeat the smaller ones to get dom-
inant amplexus positions are not clear and need more studies.
Because superior mating positions can lead to advantages in
breeding success (e.g., higher fertility rate), similar situations
have been reported in other frog species that exhibit group
spawning, such as R. arboreus (Kusano et al. 1991), R.
schlegelli (Fukuyama 1991), Agalychnis callidryas
(D’Orgeix and Turner 1995), and Chiromantis xerampelina
(Jennions et al. 1992). For inferior males, as females were
limited in the population, the joining of mating pairs may
represent a breeding strategy for “making the best of a
bad lot.” In other words, by sneakily joining mating pairs,
subordinate males may compensate for competitive infe-
riority due to phenotypic constraints (e.g., body size) and
produce a certain number of eggs or offspring (Byrne and
Roberts 2004).

Female choice on genetic relatedness

Our study found no significant difference among the related-
ness of the observed partners in the one male-one female mat-
ing pairs, multiple males-one female mating groups, all mat-
ing pairs/groups, and the expected male—female relatedness
under a random mating assumption, which suggested that fe-
males in the treefrog population display neither inbreeding nor
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Table 1 Comparisons of
relatedness, genetic Dominant male  1st subordinate 2nd subordinate ANOVA  ANOVA P
heterozygosity, and compatibility (mean+ SE) male (mean+SE)  male (mean=SE)  F) ;o5
indices among the dominant, 1st
subordinate, and 2nd subordinate Relatedness —0.039+0.139 —0.025+0.122 —0.040+£0.118 1.054 0.534
males for multiple males-one Good genes (heterozygosity)
female mating groups of the Omei Microsatellite loci
treefrog Rhacophorus omeimontis HL index 0315£0.159  0353+0.171 0.339+0.192 0.196 0.817
in Badagongshan
Coltman’s index 1.012+£0.238 0.973+£0.266 0.973+0.270 0.994 0.498
MHC class II B gene exon 2
No. of alleles 1.723+1.016 1.744 +0.860 2.2924+1.334 1.868 0.375
Genetic compatibility
Microsatellite loci
Identity index 0.740+0.157 0.731+£0.120 0.743£0.132 —-0.076 0.940
MHC class II B gene exon 2
Summation 4.437+1.797 4.104+1.916 4292+1.916 0.071 0.878
method
Maximal distance ~ 2.113+0.867 1.954+0.954 2.053+0.868 0.987 0.524
method

outbreeding bias in selection of mates. Within each single
female-multiple males mating group, this study found no sig-
nificant difference in genetic relatedness of the female against
the males occupying different amplectant positions (domi-
nant, 1st subordinate, and 2nd subordinate). Similarly, a ran-
dom mating pattern in genetic relatedness was reported in a
few frog species, such as Allobates femoralis (Ringler et al.
2012). We considered that, as a prolonged mating species,
Omei treefrogs arrive at the breeding pond randomly and se-
quentially, and therefore, the females cannot compare all
mates simultaneously. Choosing males with specific related-
ness traits (inbreeding or outbreeding) means losing all current
reproductive benefits by not breeding immediately (Kokko
and Ots 2006). The high costs of searching for close or remote
relatives might drive females to ignore their preference for
genetic relatedness in mate choice and promote a more ran-
dom mating pattern.

Female choice on good genes and genetic compatibility

The results showed that males with high genetic heterozygos-
ity obtained great breeding success (abundant offspring) dur-
ing each breeding season, which provided evidences for ge-
netic heterozygosity as an index of good genes. This study
generally found no positive relationships between reproduc-
tive success (egg number, fertility rate, or hatchability) and
male genetic heterozygosity or pair-wise compatibility indica-
tors (both for microsatellite and MHC gene markers) on the
mating pair/group unit for the one male-one female mating
pairs, multiple males-one female mating groups, and all mat-
ing pairs/groups, respectively. In addition, genetic heterozy-
gosity of males from mating pairs or the dominant males from
mating groups was not significantly greater than that of all
males, while genetic compatibility among males from mating

pairs or the dominant males from mating groups against their
females was not significantly greater than that of all the pos-
sible male—female pairs. These results provided insufficient
support for the good genes or genetic compatibility hypothe-
ses. Furthermore, our results detected limited differences in
the indicators of good genes and genetic compatibility among
males from various amplectant positions within a mating
group and thus might indicate no significant female selection
on mate genetic traits across mating ranks. We considered that
it might be caused by the multiple mating behaviors of the
high heterozygosity males and their energy input strategies
among matings across a breeding season and the making the
best of a bad lot strategy of the inferior males under intensive
male-male competition. Also, within the sequential-mating-
patterned Omei treefrog population, the high cost of obtaining
males with specific good genes or genetic dissimilarity could
drive females to ignore potential benefits from good genes or
genetic compatibility and to mate immediately (Kokko and
Ots 2006). Furthermore, we only involved the contributions
of genetic heterozygosity, allele number, and genetic dissimi-
larity in female mate choice in this study, although various
individual traits (such as body mass, vocalization, claw, move-
ment, color, etc.) also may be important indicators for good
genes and genetic compatibility and thus might have effects
on sexual selection in the treefrogs (Mays and Hill 2004).
However, our results revealed increasing trends in offspring
genetic heterozygosity with the increase in paternal genetic
heterozygosity or parental genetic dissimilarity for the one
male-one female mating pairs, multiple males-one female
mating groups, and all mating pairs/groups, respectively.
Therefore, to a certain extent, higher individual genetic diver-
sity and male—female genetic compatibility might produce
higher genetic diversity and better adaptation to the changing
environments among their offspring.

@ Springer



604

Behav Ecol Sociobiol (2016) 70:593—-605

Acknowledgments This research was supported by the National
Natural Science Foundation of China (No. 31300307 and No.
31270425) and the Fundamental Research Funds for the Central
Universities of China (CCNU14A05030). We thank Wei Zhang, Yujie
Ran, Cheng Chen, Jian Chen, and Qian Wang for assistance in data
collection and molecular experiments and the staff of the Badagongshan
National Nature Reserve for assistance in field investigations.

Compliance with ethical standards Our field studies were conducted
under a permit issued by the Management Bureau of the Badagongshan
National Nature Reserve. The research was conducted under animal
ethics approval granted by Central China Normal University. We adhered
to the “Guidelines for the Use of Animals in Research” published in
Animal Behaviour and the laws of China. Our observations, captures,
measurements, egg counting, and toe clipping procedures did not induce
substantial stress or suffering in the study animals and caused no obvious
disturbance to the mating process, reproductive success, behavioral
rhythm, or the ultimate survival of the frogs and tadpoles.

Conflict of interest The authors declare that they have no competing
interests.

References

Andersson M (1982) Female choice selects for extreme tail length in a
widowbird. Nature 299:818-820

Andersson M (1994) Sexual selection. Princeton University Press,
Princeton

Andersson M, Simmons LW (2006) Sexual selection and mate choice.
Trends Ecol Evol 21:298-302

Aparicio JM, Ortego J, Cordero PJ (2006) What should we weight to
estimate heterozygosity alleles or loci? Mol Ecol 15:4659-4665

Bateson P (1978) Sexual imprinting and optimal outbreeding. Nature
273:659-660

Bateson P (1983) Mate choice. Cambridge University Press, Cambridge

Bateson M, Healy SD (2005) Comparative evaluation and its implications
for mate choice. Trends Ecol Evol 20:659-664

Belkhir K, Castric V, Bonhomme F (2002) IDENTIX, a software to test
for relatedness in a population using per-mutation methods. Mol
Ecol Notes 2:611-614

Bernasconi G, Ashman TL, Birkhead TR et al (2004) Evolutionary ecol-
ogy of the prezygotic stage. Science 303:971-975

Blanckenhorn WU, Reusch T, Miithlhduser C (1998) Fluctuating asym-
metry, body size and sexual selection in the dung fly Sepsis
cynipsea-testing the good genes assumptions and predictions. J
Evol Biol 11:735-753

Bowcock H, Brown GP, Shine R (2013) Sexual selection in cane toads
Rhinella marina: a male’s body size affects his success and his
tactics. Curr Zool 59:747-753

Byrne PG, Roberts JD (2004) Intrasexual selection and group spawning
in quacking frogs (Crinia georgiana). Behav Ecol 15:872-882

Candolin U (2003) The use of multiple cues in mate choice. Biol Rev 78:
575-595

Chen C (2013) Isolation and polymorphic analysis of MHC classIIB
genes in Rhscophorus omeimontis. Master’s Dissertation of
Central China Normal University, Wuhan, China

Cogliati KM, Mistakidis AF, Marentette JR, Lau A, Bolker BM, Neff BD,
Balshine S (2014) Comparing population level sexual selection in a
species with alternative reproductive tactics. Behav Ecol 25:1524—
1533

@ Springer

Colegrave N, Kotiaho JS, Tomkins JT (2002) Mate choice or polyandry:
reconciling genetic compatibility and good genes sexual selection.
Evol Ecol Res 4:911-917

Coltman DW, Pilkington JG, Smith JA, Pemberton JM (1999) Parasite-
mediated selection against inbred Soay sheep in a free-living island
population. Evolution 53:1259-1267

Cotton S, Fowler K, Pomiankowski A (2004) Do sexual ornaments dem-
onstrate heightened condition-dependent expression as predicted by
the handicap hypothesis? Proc R Soc Lond B 271:771-783

D’Orgeix CA, Turner BJ (1995) Multiple paternity in the red-eyed tree
frog Agalychnis callidryas (Cope). Mol Ecol 4:505-508

Dale J, Dunn PO, Figuerola J, Lislevand T, Székely T, Whittingham LA
(2007) Sexual selection explains Rensch’s rule of allometry for sex-
ual size dimorphism. Proc R Soc Lond B 274:2971-2979

Davies NB, Halliday TR (1977) Optimal mate selection in the toad Bufo
bufo. Nature 269:56-58

Devine MC (1984) Potential for sperm competition in reptiles: behavioral
and physiological consequences. In: Smith TR (ed) Sperm compe-
tition and the evolution of animal mating systems. Academic,
Orlando, pp 509-521

Du B, Lu X (2009) Bi-parental vs. cooperative breeding in a passerine:
fitness-maximizing strategies of males in response to risk of extra-
pair paternity? Mol Ecol 18:3929-3939

Emlen ST, Oring LW (1977) Ecology, sexual selection and the evolution
of mating systems. Science 197:215-223

Evans JP, Marshall DJ (2005) Male-by-female interactions influence fer-
tilization success and mediate the benefits of polyandry in the sea
urchin Heliocidaris erythrogramma. Evolution 59:106-112

Fei L, Ye C, Jiang J (2012) Colored atlas of Chinese amphibians and their
distributions. Sichuan Science and Technology Press, Chengdu

Fenster CB, Galloway LG, Chao L (1997) Epistasis and its consequences
for the evolution of natural populations. Trends Ecol Evol 12:282—
286

Forsberg LA, Dannewitz J, Petersson E, Grahn M (2007) Influence of
genetic dissimilarity in the reproductive success and mate choice of
brown trout-females fishing for optimal MHC dissimilarity. J Evol
Biol 20:1859-1869

Friedl TWP, Klump GM (2005) Sexual selection in the lek-breeding
European treefrog: body size, chorus attendance, random mating
and good genes. Anim Behav 70:1141-1154

Fukuyama K (1991) Spawning behaviour and male mating tactics of a
foam-nesting treefrog, Rhacophorus schlegelli. Anim Behav 42:
193-199

Futuyma DJ (1998) Evolutionary biology, 3rd edn. Sinauer Associates,
Sunderland

Goudet J (2002) Fstat v. 2.9.3.2. Lausanne, Switzerland, www2.unil.ch/
popgen/softwares/fstat.htm. Accessed 25March 2015

Halliday T (1998) Sperm competition in amphibians. In: Birkhead TR,
Moller AP (eds) Sperm competition and sexual selection. Academic,
London, pp 465-502

Hughes AL, Yeager M (1998) Natural selection at major histocompati-
bility complex loci of vertebrates. Annu Rev Genet 32:415-435

Jennions MD, Passmore NI (1993) Sperm competition in frogs: testis size
and a “sterile male” experiment on Chiromantis xerampelina
(Rhacophoridae). Biol J Linn Soc 50:211-220

Jennions MD, Backwell PRY, Passmore NI (1992) Breeding behaviour of
the African frog Chiromantis xerampelina. Anim Behav 44:1091—
1100

Kalinowski ST, Taper ML, Marshall TC (2007) Revising how the com-
puter program CERVUS accommodates genotyping error increases
success in paternity assignment. Mol Ecol 16:1099-1106

Klein J (1986) Natural history of the major histocompatibility complex.
John Wiley and Sons, New York

Kokko H, Ots I (2006) When not to avoid inbreeding. Evolution 60:467—
475


http://www2.unil.ch/popgen/softwares/fstat.htm
http://www2.unil.ch/popgen/softwares/fstat.htm

Behav Ecol Sociobiol (2016) 70:593-605

605

Kusano T, Toda M, Fukuyama K (1991) Testis size and breeding system
in Japanese anurans with special reference to large testes size in the
tree frog Rhacophorus arboreus. Behav Ecol Sociobiol 29:27-31

Landry C, Garant D, Duchesne P, Bernatchez L (2001) “Good genes as
heterozygosity”: the major histocompatibility complex and mate
choice in Atlantic salmon (Salmo salar). Proc R Soc Lond B 268:
1279-1285

Lenz TL, Eizaguirre C, Scharsack JP, Kalbe M, Milinski M (2009)
Disentangling the role of MHC-dependent ‘good genes’ and ‘com-
patible genes’ in mate-choice decisions of three-spined sticklebacks
Gasterosteus aculeatus under semi-natural conditions. J Fish Biol
75:2122-2142

Liao W, Lu X (2010) Breeding behaviour of the Omei tree frog
Rhacophorus omeimontis (Anura: Rachophoridae) in a subtropical
montane region. J Nat Hist 44:2929-2940

Liao W, Lu X (2011a) Male mating success in the Omei treefrog
(Rhacophorus omeimontis): the influence of body size and age.
Belg J Zool 141:3-10

Liao W, Lu X (2011b) Variation in body size, age and growth in the Omei
treefrog (Rhacophorus omeimontis) along an altitudinal gradient in
western China. Ethol Ecol Evol 23:248-261

Luo Z, Li C, Wang H, Zhao M, Gu Q, Gu Z, Liao C, Wu H (2014) Mutual
mate choice in the Asiatic toad, Bufo gargarizans, exerts stabilizing
selection on body size. Chin Sci Bull 59:38-45

Luo Z, HuM, Hong M, Li C, Gu Q, Gu Z, Liao C, Zhao M, Wu H (2015)
Outbreeding avoidance as probable driver of mate choice in the
Asiatic toad. J Zool 295:223-231

Lynch M (1991) The genetic interpretation of inbreeding depression and
outbreeding depression. Evolution 45:622—629

Lynch M, Ritland K (1999) Estimation of pairwise relatedness with mo-
lecular markers. Genetics 152:1753-1766

Mays HLJ, Hill GE (2004) Choosing mates: good genes versus genes that
are a good fit. Trends Ecol Evol 19:554-559

McElligott AG, Gammell MP, Harty HC, Paini DR, Murphy DT, Walsh
JT, Hayden TJ (2001) Sexual size dimorphism in fallow deer (Dama
dama): do larger, heavier males gain greater mating success? Behav
Ecol Sociobiol 49:266-272

Mclean MJ, Bishop PJ, Nakagawa S (2012) Male quality, signal reliabil-
ity and female choice: assessing the expectations of inter-sexual
selection. J Evol Biol 25:1513-1520

Neff BD, Pitcher TE (2005) Genetic quality and sexual selection: an
integrated framework for good genes and compatible genes. Mol
Ecol 14:19-38

Nie Y, Swaisgood RR, Zhang Z, Liu X, Wei F (2012) Reproductive
competition and fecal testosterone in wild male giant panda
(diluropoda melanoleuca). Behav Ecol Sociobiol 66:721-730

Olsson MM, Shine R, Wapstra E, Ujvari B, Madsen T (2002) Sexual
dimorphism in lizard body shape: the roles of sexual selection and
fecundity selection. Evolution 56:1538-1542

Palmer CA, Edmands S (2000) Mate choice in the face of both inbreeding
and outbreeding depression in the intertidal copepod Tigriopus
californicus. Mar Biol 136:693—-698

Peakall R, Smouse PE (2012) GenAlEx 6.5: genetic analysis in Excel.
Population genetic software for teaching and research-an update.
Bioinformatics 28:2537-2539

Price TD (1984) Sexual selection on body size, territory and plumage
variables in a population of Darwin’s finches. Evolution 38:327-341

Ringler E, Ringler M, Jehle R, H6dl W (2012) The female perspective of
mating in 4. femoralis, a territorial frog with paternal care-a spatial
and genetic analysis. PLoS ONE 7, 40237

Roberts JD, Byme PG (2011) Chapter 1-Polyandry, sperm competition,
and the evolution of anuran amphibians. Adv Study Behav 43:1-53

Roberts SC, Gosling LM (2003) Genetic similarity and quality interact in
mate choice decisions by female mice. Nat Genet 35:103-106

Schwensow N, Eberle M, Sommer S (2008) Compatibility counts: MHC-
associated mate choice in a wild promiscuous primate. Proc R Soc
Lond B 275:555-564

Sherman CDH, Wapstra E, Uller T, Olsson M (2008) Males with high
genetic similarity to females sire more offspring in sperm competi-
tion in Peron’s tree frog Litoria peronii. Proc R Soc Lond B 275:
971-978

Shields WM (1982) Philopatry, inbreeding, and the evolution of sex.
State University of New York Press, Albany

Shine R, Olsson MM, Moore IT, Lemaster MP, Greene M, Mason RT
(2000) Body size enhances mating success in male garter snakes.
Anim Behav 59:4-11

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S (2011)
MEGAS: molecular evolutionary genetics analysis using maximum
likelihood, evolutionary distance, and maximum parsimony
methods. Mol Biol Evol 28:2731-2739

Tomkins JL, Radwan J, Kotiaho JS, Tregenza T (2004) Genic capture and
resolving the lek paradox. Trends Ecol Evol 19:323-328

Tregenza T, Wedell N (2000) Genetic compatibility, mate choice and
patterns of parentage: invited review. Mol Ecol 9:1013-1027

Trivers RL (1976) Sexual selection and resource-accruing abilities in
Anolis garmani. Evolution 30:253-269

Turelli M, Barton NH, Coyne JA (2001) Theory and speciation. Trends
Ecol Evol 19:490-496

Wang J (2011) COANCESTRY: a program for simulating, estimating and
analyzing relatedness and inbreeding coefficients. Mol Ecol Resour
11:141-145

Wang H (2014) The influence of body size and sex ratio on reproductive
success in Rhacophorus omeimontis. Master’s Dissertation of
Central China Normal University, Wuhan, China

Wang C, Lu X (2011) Female ground tits prefer relatives as extra-pair
partners: driven by kin-selection? Mol Ecol 20:2851-2863

Wilbur HM, Rubenstein DI, Fairchild L (1978) Sexual selection in toads:
the roles of female choice and male body size. Evolution 32:264—
270

Williams GC (1975) Sex and evolution. Princeton University Press,
Princeton

Wilson EO (1987) Kin recognition: an introductory synopsis. In: Fletcher
DJ, Michener CD (eds) Kin recognition in animals. John Wiley and
Sons, Chichester, pp 7-18

Wong BBM, Candolin U (2005) How is female mate choice affected by
male competition. Biol Rev 80:559-571

Zahavi A (1975) Mate selection-selection for a handicap. J Theor Biol 53:
205-214

Zhao M, Zhang R, Li C, Mu T, Wei S, Li X, Wu H (2012) Development
of novel microsatellite markers in the Omei treefrog (Rhacophorus
omeimontis). Int ] Mol Sci 13:552-557

@ Springer



	Male-male competition drives sexual selection and group spawning in the Omei treefrog, Rhacophorus omeimontis
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Field methods
	Molecular analyses
	Statistical analyses

	Results
	Discussion
	Male-male competition
	Female choice on genetic relatedness
	Female choice on good genes and genetic compatibility

	References




