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Abstract 

Trade-offs between pre- and postcopulatory traits influence their evolution, and male 

expenditure on such traits is predicted to depend on the number of competitors, the benefits 

from investing in weapons, and the risk and intensity of sperm competition. Males of the 

chorusing frog Crinia georgiana use their arms as weapons in contest competition. 

Previously, we showed that increased numbers of rivals elevated the risk and intensity of 

sperm competition due to multimale amplexus, and caused a reversal in the direction of 

precopulatory selection on arm girth. Here we focused on the factors affecting 

postcopulatory fertilization success during group spawning, using paternity data from 

natural choruses. Competitive fertilization success depended on the time spent amplexed 

and amplexus position. Relative testes size but not arm girth, contributed to fertilization 

success, but the effect of testes size depended on amplexus position. Our findings offer 

within species empirical support for recent sperm competition models that incorporate 

precopulatory male-male competition, and show why an understanding of the evolution of 
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animal weapons requires a consideration of both pre- and postcopulatory episodes of sexual 

selection. 

 

Introduction 

Sexual selection is a powerful force in evolution that arises from nonrandom variation in 

reproductive success (Darwin 1871; Andersson 1994). Originally thought to act prior to 

mating, we now know that sexual selection can continue after copulation. Postcopulatory 

sexual selection occurs when females mate with more than one male, so that the ejaculates of 

different males compete for fertilizations via sperm competition (Parker 1970) and cryptic 

female choice (Eberhard 1996). Postcopulatory sexual selection typically favors ejaculate 

traits, such as sperm number, size, and longevity (Simmons and Fitzpatrick 2012), that affect 

fertilization success, but may also act on copulatory behavior and the morphology of male 

genitalia (Eberhard 1996; Edvardsson and Arnqvist 2000; Birkhead and Pizzari 2002; 

Simmons 2014). 

Secondary sexual traits, such as male weapons and ornaments, that appear to have 

evolved primarily under the selective pressure of precopulatory mating competition, can 

also be subject to postcopulatory sexual selection. Male body size, a trait often under 

positive precopulatory sexual selection (Andersson 1994), can sometimes also contribute 

toward a male's competitive fertilization success (Lewis and Austad 1990; LaMunyon and 

Eisner 1993; Parker and Simmons 1994). Pre- and postcopulatory sexual selection can also 

act in opposing directions on the same trait. Such antagonistic pre- and postcopulatory 

sexual selection has been detected for body size in male water striders (Gerris lacustris), 

where larger males are more successful in competition for access to females, but are 

outcompeted by smaller males in sperm competition (Danielsson 2001). With some notable 
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exceptions (Preston et al. 2003; Pelissie et al. 2014; Devigili et al. 2015), studies on the 

evolution of weapons and ornaments have focused on precopulatory sexual selection, and it 

is largely unknown how the net action of pre- and postcopulatory sexual selection affects the 

evolution of male sexual traits (Kvarnemo and Simmons 2013). 

Recent sperm competition models (Parker et al. 2013) have incorporated trade-offs 

between male investment in traits under precopulatory sexual selection (weapons and 

ornaments that influence mate acquisition), and traits under postcopulatory sexual selection 

(testes size, sperm and ejaculate production). As the risk and intensity of sperm competition 

increases among species or populations, these models predict that males should invest more 

in their ejaculates, a pattern supported by data on testes size from a wide range of vertebrate 

and invertebrate taxa (Simmons and Fitzpatrick 2012). Importantly, sperm competition 

models traditionally assumed that mating success increases linearly with precopulatory 

investment (Parker and Pizzari 2010). This is compatible with scramble competition, but 

mating systems with direct contests and associated costly weaponry are taxonomically 

widespread (Emlen 2008). Parker et al.'s (2013) new models therefore incorporated the 

spectrum of mating systems from scramble competition to direct contest competition, and 

showed that, although the original predictions remained largely unchanged, as the 

competitive advantage gained per unit expenditure on weapons increases males should 

decrease their expenditure on testes and increase their expenditure on weapons. Thus, we 

should expect to see negative covariation between weapons and testes. 

Previously we tested Parker et al.'s (2013) models by examining the strength of 

precopulatory sexual selection acting on male weaponry and the levels of sperm competition 

in a natural population of quacking frogs, Crinia georgiana (Buzatto et al. 2015). This species 

is sexually monomorphic for body size (Smith and Roberts 2003), but strongly dimorphic for 

arm girth (Byrne 2001; Byrne and Roberts 2004), which scales hyperallometrically with body 
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size in males, so that the arm of a large male is up to 2.5 times thicker than the arm of a 

similar sized female (Buzatto et al. 2015). The enlargement of arms reflects the greater 

development of the flexor muscles that provide gripping strength (Oka et al. 1984; Navas 

and James 2007). Males use their arms in territorial wrestling disputes with rival males for 

the possession of small depressions that accumulate rain water and are used by females as 

oviposition sites (Byrne 2001; Byrne and Roberts 2004). We found density dependent 

precopulatory sexual selection acting on male arm girth. At low chorus density, males with 

larger arm girths had a greater probability of spawning (Buzatto et al. 2015). However, as 

chorus density increased the strength of precopulatory sexual selection acting on arm girth 

decreased, and males with larger arms became less likely to participate in spawning at the 

highest male densities. Concomitant with this change in payoff associated with expenditure 

on weapons was an increase in the level of sperm competition. 

Spawning events in this species can include multiple males amplexed with a single 

female (Roberts et al. 1999). We found that as the local density of males increased, the 

probability of rival males joining a spawning event, and the number of males participating 

in a spawning event both increased (Buzatto et al. 2015). Thus, density dependent changes in 

precopulatory selection acting on arm girth were accompanied by density dependent 

changes in the risk and intensity of sperm competition. Parker et al.'s (2013) models of sperm 

competition might predict that males should expend less on arm girth and more on testes as 

density increases, if reproductive success depends less on the ability to gain matings and 

more on competitive fertilization success (Buzatto et al. 2015). However, arm strength could 

play a significant role in determining a male's position on the female during spawning, 

affecting cloacal proximity and his ability to maintain amplexus and therefore a male's 

competitive fertilization success. Thus male expenditure on weapons may be subject to 

postcopulatory sexual selection, and relative investment on weapons and testes might then 
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depend on the relative strengths of selection acting on weapons and testes during 

postcopulatory fertilization events. The factors affecting postcopulatory fertilization success 

during group spawning are the focus of the present study. 

We investigated the outcome of postcopulatory sexual selection, using paternity data 

from clutches deposited by females that spawned with multiple males within natural 

choruses of frogs. We measured the arm girth and testes size of males participating in group 

spawning, and observed their amplexus positions throughout spawning events. We use 

these data to determine how male behavior and expenditure on weapons and testes affect 

fertilization success. We discuss how episodes of pre- and postcopulatory selection interact 

and mediate the balance of male expenditure on weapons and testes, and how this system 

offers support for the general predictions from models of sperm competition in mating 

systems characterized by male-male contest competition. 

 

Materials and Methods 

FIELD OBSERVATIONS AND COLLECTION 

We actively searched for multimale spawnings of C. georgiana throughout choruses in three 

different locations (35°01′22′′ S, 117°52′53′′ E; 34°59′05′′ S, 117°15′56′′ E; 32°06′35′′ S, 116°08′54′′ 

E) in the southwest of Western Australia, during the breeding seasons (June to September) 

of 2013 and 2014. We used a digital camera (Full HD Bell & Howell DNV16HDZ) to film 39 

multimale spawnings, starting when the first male amplexed the female or when two or 

more males were found in amplexus with the same female, and stopping when the 

spawning had concluded and every male had released the female. These videos were later 

transcribed and the total time that each male spent in each amplexing position was recorded. 



 

 

 

This article is protected by copyright. All rights reserved. 

 

7 

We weighed every male to the nearest 0.01g with a compact digital scale (A&D HT-120), 

measured them for snout-vent length (SVL) and arm girth to the nearest 0.01 mm using a 

digital caliper (Vernier Craftright), and transported them to the lab. We also collected every 

egg laid by the females and kept eggs in plastic containers with distilled water inside an 

incubator set at 16ºC. These eggs were checked daily, distilled water was added when 

required to keep all eggs completely submerged, and dead eggs were removed to prevent 

the spread of fungus on the clutch. 

We humanely euthanized frogs in the laboratory by applying a thin layer of anesthetic 

benzocaine gel to their ventral surfaces, using a cotton swab. We then obtained toe clips 

from individuals for genetic analysis and stored them in 100% ethanol. Next, we fixed the 

individuals in formalin for 48h, and then stored them in 60% ethanol. We later dissected 

males and weighed their testes to the nearest 0.1 mg with an analytical balance (A&D GR-

202). When tadpoles hatched they were euthanized with a 10% ethanol solution for 10 

minutes, and stored in pure ethanol prior to genetic analysis. These procedures were 

approved by the Animal Ethics Committee of the University of Western Australia (permit 

number RA/3/100/1227). 

 

GENETIC ANALYSIS OF PATERNITY 

We used microsatellite analysis to assign each tadpole to its most probable father, using  

 DNA extracted from toe clips of adult frogs and from the tails of tadpoles. Our initial target 

was to sample 12 tadpoles for every male participating in each spawning, ranging from a 

total of 24 (for multimale spawnings with two males) to 108 tadpoles (for a multimale 

spawning with nine males). However, due to the variable sizes of clutches and egg-to-

tadpole survival, we sequenced and analyzed a total of 1,128 tadpoles, ranging from 14 to 65 
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tadpoles per spawning (median = 36), or 7 to 21 tadpoles per male per spawning. We also 

sequenced and analyzed the DNA of 31 adult females (known mothers) and 91 males 

(potential fathers). 

We extracted DNA with the Fisher-Biotech DNA HISPEX (High-Speed Extraction) kit, 

and used the loci Cg2Ca24 and Cg3Ca8 as microsatellite markers, following a similar 

protocol to the one used by Dziminski et al. (2009, 2010a). We multiplexed the markers into a 

polymerase chain reaction (PCR) with 1 x PCR buffer (10 mM Tris–HCl, pH 8.3, 50 mM KCl; 

this and all other reagents hereafter sourced from Thermo Fisher Scientific), 3 mM MgCl2, 

200 μM of each deoxynucleoside triphosphates, 250 nM of each forward primer (labeled 

primers diluted with unlabeled primer at 1:9), Cg2Ca24 labeled with NED, Cg3Ca8 labeled 

with VIC, 250 nM of each reverse primer, 0.5 units of Platinum Taq polymerase and 1–10 ng 

DNA. We performed PCR amplifications with the following cycling conditions: 94°C for 3 

min, 30 cycles of 94°C for 30s, 57°C for 30s, 72°C for 1 min, and 72°C for 30 min. The PCR 

product (1.5 μl) was then analyzed on an ABI3730 Sequencer, sized using Genescan-500 LIZ 

internal size standard, and genotyped using the program GeneMarker (version 1.91; 

SoftGenetics LLC, PA, USA). 

After genotyping all tadpoles and parents, we used CERVUS 3.0.7 (Kalinowski et al. 

2007), to calculate allele frequencies and perform a simulation of parentage analysis to assess 

the power of our markers to assign paternity with a known mother and the full set of 

candidate fathers. Our simulation indicated that we were able to assign paternity at the 95% 

confidence level to 85% of our samples. Finally, we used this software to assign the most 

likely father for each tadpole, employing the revised likelihood equations of Kalinowski et 

al. (2007), which accommodate genotyping errors. 
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STATISTICAL ANALYSES 

We fitted an exponential model to the allometric relationship between body size (measured 

as snout-vent length; SL) and arm girth (AG) in all males (as in Buzatto et al. 2015), resulting 

in the equation            
  

      
 , where e is Euler’s number. We used the residuals of this 

model as our measure of relative arm girth (rAG). We used a similar approach to model the 

allometric relationship between soma mass (SM; total body mass minus total testes mass) 

and total testes mass (TM), but this time using the linear equation TM = 7.444 + 0.00248 SM, 

as there was no indication of non-linearity in the relationship. We used the residuals of this 

model as our measure of relative testes mass (rTM). Prior to the analyses, we standardized 

all quantitative variables to the same scale by centering their means to zero, and setting their 

variances to 0.5 by multiplying observations by two times their standard deviations. 

The main position that each male attained on each spawning was recorded as: (1) the 

conventional anuran position, ‘dorsal’, (2) ‘ventral’, (3) ‘lateral’ or (4) ‘involved’, which 

included males that were amplexed with their cloacas towards the female’s head or males 

that were amplexing other males. Non-amplexing males were also considered involved in a 

spawning if they were physically contacting the female or males amplexed to her, and when 

they were positioned over recently laid eggs, next to the spawning. These males usually 

moved around constantly, apparently attempting to dislodge amplexed males, or to amplex 

the female. We included these males in our paternity analysis because they may have 

ejaculated on the female’s eggs at any time during this period of involvement with the 

spawning, regardless of the fact that they never physically amplexed the female. Given that 

males sometimes switch positions on the female during amplexus, we assigned each male 

one single main position (MP), defined as the position in which each male spent the greatest 

proportion of time. 
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We firstly investigated the effect of each male’s body size (measured as SL) and relative 

arm girth (rAG) on the probability that a male would amplex a female in one of the three 

most common positions — dorsal, ventral or lateral (Table 1). Next, we investigated the 

effects of the same variables on the probability that a male would amplex specifically in the 

dorsal position (Table 2), which is not only the conventional anuran spawning position, but 

also the only position used by males of C. georgiana in single male spawnings. The number of 

males in each spawning was always included as a covariate in these two analyses, and we 

based our inferences on a model selection approach using binomial generalized linear mixed 

effects models (GLMMs) with the random effect of spawning ID. We used the package 

glmmADMB (Skaug et al. 2016) in R version 3.0.3 (R Core Team 2014), and built sets of five 

candidate models with every possible combination between the fixed effects of SL, rAG, and 

their interaction, and with binomial error distributions. We then compared these models on 

the basis of the bias-corrected version of the Akaike Information Criterion (AICc): 

 

                 (
 

     
), 

 

where ln(L) represents the natural logarithm of the maximum likelihood for the model, k is 

the number of parameters in each model and n is the sample size (always 91 males in our 

case). In order to validate our best minimal models, we checked them for overdispersion by 

calculating the sum of squared Pearson residuals and comparing it to the residual degrees of 

freedom of the models. 

Next, we investigated the effect of each male’s SL, rAG and MP on the probability that a 

male would stay amplexed (or involved) in a spawning for the majority of the spawning 
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event. For this we calculated the total time amplexed and/or involved (as a proportion of 

the total duration of the spawning) for each male, and considered a male to have 

participated in the majority of the spawning if the sum of times he spent in any position was 

equal to or greater than 0.95 of the total duration of the spawning event. This conservative 

cut score includes only males that participated in the great majority of the spawning event, 

and at the same time it does not exclude males that joined a spawning only seconds after 

other males, or left a spawning only seconds before other males (as a cut score of 1 would). 

We repeated this analysis using a variety of different cut scores (0.7, 0.9, 1), and the results 

were qualitatively similar. Once again, the number of males in each spawning was included 

as a covariate in this analysis, and we based our inferences on a model selection approach 

using generalized linear mixed effects models (GLMMs) with the random effect of spawning 

ID. This time we built a set of 14 candidate models with every possible combination between 

the fixed effects of SL, rAG, MP, and one two-way interaction between two of these 

variables. Models with more than one interaction or with three-way interactions were not 

included in the candidate set, as they did not represent clear biological hypotheses. Models 

were built with the glmmadmb() function in the glmmADMB package (Skaug et al. 2016) in 

R version 3.0.3 (R Core Team 2014), using binomial error distributions. 

We calculated the paternity skew for each multimale spawning as the sum of the 

squared proportions of offspring sired by each male, based on the rationale of Starr (1984). 

This index of paternity skew is equal to an evenly split share of paternity when there is no 

skew (0.5 for spawnings with two males and 0.25 for spawnings with four males, for 

example), and increases with paternity skew towards 1.0 for cases where one male sires all 

offspring (regardless of the number of competing males). Since this index is affected by the 

number of offspring resulting from a spawning, we used a sampling error corrected index of 

paternity skew calculated as (Npi 2 – 1) / (N – 1), where pi is the proportion of offspring sired 
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by the ith father, and N is the number of offspring produced by a spawning (Pamilo 1993). 

We compared these observed skews with a null expectation of equally shared paternity 

among any given number of males. Paternity skew provides a measure of the overall 

opportunity for postcopulatory sexual selection. 

In order to investigate the effect of male body size, relative testes mass, and main 

amplexus position on the fertilization success of males, we used generalized linear mixed 

effects models (GLMMs) for count data, with number of offspring sired as a response 

variable, and the random effect of spawning ID. The total time spent amplexed and/or 

involved in a spawning (TT, proportional to total spawning time) was used as a covariate, 

and additional fixed effects included were snout-vent length (SL), relative testes mass (rTM), 

main amplexus position (MP), and every possible interaction between two of these variables. 

Once again, models with more than one two-way interaction or with higher order 

interactions were not included in the candidate set, as they were not linked to clear 

biological hypotheses, resulting in a total of 40 models. Models were again built with the 

glmmadmb() function in the glmmADMB package (Skaug et al. 2016) in R version 3.0.3 (R 

Core Team 2014), this time using zero-inflated negative binomial error distributions. This 

analysis was also repeated including only amplexed males (removing males that had 

‘involved’ as their main position). This time, however, in 13 of the models, the argument 

‘zeroInflation’ had to be set to ‘FALSE’ to allow convergence, but since these models were 

not amongst the most parsimonious models, we did not investigate the impact of changing 

the zero inflation parameter further. 

 

Results 
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Out of the initial 39 multimale spawning events observed, we were able to film the 

spawning and extract DNA for paternity analysis for 31 of them. For the remaining eight 

spawnings, eggs were either not laid, could not be collected, or all tadpoles died due to 

fungal infection during development. Multimale spawnings had up to nine males, but the 

majority had two males and only two of these events had more than four males (Figure 1c). 

Spawning duration ranged from 2.6 to 92 minutes (median = 22.4 minutes), and there was 

no correlation between the number of males in a spawning event and spawning duration 

(Spearman, ρ = 0.179, P = 0.337). Female body mass was also not correlated with spawning 

duration (Spearman, ρ = -0.0099, P = 0.958) or with the number of males in a spawning 

(Spearman, ρ = 0.045, P = 0.811). 

During the multimale spawnings, 52 males amplexed the female in a single position, 

whereas 18 males changed between two different positions, and four males changed 

between three different positions. In order to include males that changed position in the 

following analyses, their main position was defined as the position in which they spent the 

greatest proportion of time. The best model describing the probability of a male amplexing 

in one of the most common positions (dorsal, ventral or lateral) was the null model (Table 1), 

with no evidence of effects of relative arm girth or snout-vent length. The best model 

describing the probability of a male amplexing specifically in the dorsal position was also 

the null model (model 1 in Table 2), again with no evidence of effects of relative arm girth or 

snout-vent length. There was no single most parsimonious model describing the probability 

of a male remaining amplexed (or involved) for at least 95% of the duration of a spawning 

(Table 3), as five models were ambiguously within an AICc of less than two from the best 

model. However, the best model was also the simplest, with only the effect of main position 

(MP). A graphical inspection of the data (Figure 2) reveals that this was driven by the fact 

that males in the dorsal and ventral positions had a higher chance of remaining amplexed 
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for at least 95% of the duration of the spawning than males amplexed laterally or involved in 

the spawning. 

Out of the 1,128 tadpoles for which we sequenced genotypes, we were able to assign 

paternity (at the 95% confidence level) to 703 of them, ranging from four to 53 per spawning 

(median = 22). A total of 377 tadpoles did not match the genotypes of their known mothers. 

This could be the result of mistakes in the genetic analyses, or in the collection of eggs, as 

some spawnings occurred in pools that already contained eggs from previous spawning 

events, and it was challenging to collect only recently laid eggs and completely avoid eggs 

that were already present in the pool. These offspring were discarded from further analyses. 

For the remaining 48 tadpoles, the microsatellite markers chosen were not variable enough 

to assign paternity, due to two or more candidate fathers having the same genotype, or 

genotypes that when matched with the mother’s genotype resulted in a redundant 

combination of alleles (increasingly likely in clutches as the number of males increases). 

Paternity was not shared equally among males in a spawning; 24 males (26%) in our 

dataset never sired any offspring, and paternity skew was significantly higher than expected 

from shared paternity for spawnings with two or three males amplexed (Figure 3), 

illustrating the opportunity for postcopulatory sexual selection to act on males. In the model 

selection for the analysis of fertilization success, seven models were within an AICc of less 

than two from the best model (Table 4). The simplest of these models (model 3, Table 4) only 

contained the fixed effect of total time amplexed and/or involved (TT), but this parameter 

was in only two of the seven most parsimonious models, and had a relative importance 

(Burnham and Anderson 2002) of 50.5%, revealed by the sum of the Akaike weights of 

models that included this parameter. Meanwhile, main amplexus position (MP) was in six 

out of the seven most parsimonious models, with a relative importance of 72.2% (Table 4). 

The effect of TT was positive (Figure 4a), and the effect of MP was mainly driven by a higher 
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fertilization success of males in the dorsal position (Figure 4b). However, when we removed 

the 23 males that never amplexed the females, or amplexed the females only in a ‘reversed’ 

position (with the cloaca towards the females’ head), and repeated this analysis, only two 

models were ambiguously within an AICc of less than two from the best model (Table 5). 

These two models included the fixed effects of total time amplexed (TT), relative testes mass 

(rTM), main amplexus position (MP), and an interaction between rTM and MP. The effect of 

TT was positive, so that the longer a male spent amplexed, the higher his probability of 

fertilizing eggs. The effect of the interaction between rTM and MP is interpreted visually in 

Figure 5, where residual testes mass had a positive effect on fertilization success, but only in 

the ventral amplexing position. 

 

Discussion 

Recent sperm competition models have focused on how males should invest in weapons 

and testes in mating systems characterized by direct male contest competition over access to 

females (Parker et al. 2013). Consistent with traditional sperm competition theory, male 

expenditure on sperm production, and thus relative testes size, is predicted to increase with 

the strength of selection from sperm competition. However, under contest competition 

males are predicted to invest more on weapons and less on testes as the payoff from 

expenditure on weaponry increases (Parker et al. 2013), generating negative covariation 

between weapons and testes among populations and species. Previously we tested these 

predictions in a chorusing frog, Crinia georgiana (Buzatto et al. 2015). Male C. georgiana use 

their arms in wrestling matches over access to oviposition sites used by females to spawn, 

and males with greater arm girth have a higher probability of spawning. However, 

increased male density results in a relaxation of selection on arm girth and an increase in the 
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occurrence of multimale spawning events, and thus selection from sperm competition 

(Buzatto et al. 2015). Here we examined postcopulatory sexual selection acting on arm girth 

and testes size during these multimale spawning events. A male's competitive fertilization 

success depended most strongly on the time he spent amplexed and on his amplexus 

position during spawning. Males amplexed dorsally or ventrally were able to retain their 

spawning positions for longer than males amplexed laterally and thereby obtained a greater 

share of paternity in a female's clutch. Males amplexed in the dorsal position had a 

fertilization advantage over males in alternative positions. Relative testes size but not arm 

girth, contributed to fertilization success, but the effect of testes size depended on amplexus 

position. Fertilization success only increased with testes size for males amplexed in the 

ventral position. 

In monogamous spawning events frogs typically amplex in the dorsal position, and 

fertilization is maximized when the cloacae of male and female are closely aligned 

(Robertson 1990; Wells 2007). We found that for multimale spawning events the male in the 

dorsal position had the greatest postcopulatory success, fertilizing on average ~ 50% of a 

female's clutch, consistent with recent findings in the Omei treefrog (Luo et al. 2016), another 

species with multimale spawning. In C. georgiana, a male's fertilization success increased 

with the amount of time he was able to remain in his amplexus position. Males that were 

unable to amplex the female but were nonetheless "involved" in a spawning event also 

gained some fertilizations. A total of ten males (across seven different multimale spawnings) 

never amplexed a female, yet these males still managed to fertilize a significant proportion 

of eggs (6% to 77%; median = 32.6%), suggesting that "clutch piracy" (Vieites et al. 2004) 

represents an alternative route to reproductive success in this system. 

Males use their enlarged arms both to wrestle with other males during premating 

competition and to amplex females during spawning events. Thus, it is not unreasonable to 
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expect that male expenditure on arm girth might affect a male's ability to attain the 

amplexus position with the greatest fitness return and/or to maintain his amplexus position 

during spawning so that both pre- and postcopulatory episodes of sexual selection both 

favor male expenditure on weaponry. Our data show that arm girth did not affect a male's 

probability of entering amplexus, amplexus position or the total time he spent in a spawning 

event, and arm girth did not contribute to a male's subsequent fertilization success. Instead, 

attaining and maintaining a privileged position in amplexus is more likely to depend on 

stochastic factors such as order of arrival, resulting in a scramble competition form of male-

male competition. Together with our previous analyses (Buzatto et al. 2015), our data 

confirm that while male expenditure on arm girth is subject to positive precopulatory sexual 

selection in low density populations, pre- and postcopulatory episodes of sexual selection do 

not act simultaneously in favoring male expenditure on arm girth, and male expenditure on 

weaponry is not subject to selection in high density populations where sperm competition is 

prevalent. Parker and Birkhead (2013) used a simple model to show how sperm competition 

should generally reduce the strength of precopulatory sexual selection acting on males. In 

their study of jungle fowl Gallus gallus, Collet et al. (2012) found that sperm competition 

generated by increased multiple mating by females had the effect of reducing the strength of 

precopulatory sexual selection acting on male dominance status. A recent study of 

salmonids found that the presence of precocious parr that engage in sperm competition with 

anadromous males have the effect of reducing the strength of precopulatory sexual selection 

for fighter male body size (Weir et al. 2016).  Our data for C. georgiana thereby contribute to a 

growing body of work showing that sperm competition can relax selection acting on the 

weapons of precopulatory sexual selection. 

We detected selection acting on testes size that was dependent on amplexus position. 

Males in the dorsal position had a fertilization advantage that depended strongly on the 
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time they maintained their advantaged position and the effect of testes mass was weakly 

negative. For males in the disadvantaged, ventral position, those with larger testes fertilized 

more eggs.  Since larger testes produce more sperm (Dziminski et al. 2010b), males with 

larger testes may be able to partially compensate for their disadvantaged position through 

greater numbers of ejaculated sperm. In the lateral positions males uniformly had the lowest 

fertilization success that depended only weakly on the proportion of spawning time they 

were amplexed and testes mass. Although there is clearly variation in the number of males 

engaged in multimale spawning events, variation that depends on male density, by far the 

majority of multimale spawnings include just two males. When secondary males join a 

spawning pair they typically engage in the ventral position (Byrne and Roberts 2004) so that 

positive selection on testes size among secondary males is likely to be persistent. Moreover, 

whether a male achieves the dorsal or ventral position appears to be random with respect to 

male phenotype. Any potential advantage for larger males to gain the dorsal position has 

been shown to disappear in high density populations (Byrne and Roberts 2004). When roles 

(in this case advantaged or disadvantaged amplexus position) are assigned randomly 

among males in a population, we expect to see a general response to selection on testes size 

in all males (Parker 1990). Consistent with this expectation, studies of C. georgiana have 

failed to find evidence for alternative phenotypes in which some males invest more in testes 

growth than others (Hettyey and Roberts 2007). Fertilization success is high (~96%) in 

monogamous spawnings, with no effect of male phenotype on the proportion of eggs 

fertilized in a clutch (Byrne and Roberts 1999). Thus, testes size is likely to be subject to 

relatively stronger selection in high density populations when males compete for 

fertilizations than in low population densities where pairs spawn monogamously. 

Our findings offer within species empirical support for the predictions of Parker et al.'s 

(2013) general sperm competition models for pre-copulatory male-male competition. A 



 

 

 

This article is protected by copyright. All rights reserved. 

 

19 

reduction in the strength of precopulatory sexual selection acting on arm girth as male C. 

georgiana become increasingly unable to monopolize spawning events (Buzatto et al. 2015), 

coupled with increasing postcopulatory sexual selection acting on testes size, is expected to 

favor a shift in male expenditure on weapons to testes (Parker et al. 2013). Among natural 

populations of C. georgiana there is indeed a negative relationship between male expenditure 

on weapons and testes that is mediated by the density of competing males. In low density 

populations males have relatively enlarged arm girth and small testes while the reverse is 

true in high density populations (Parker et al. 2013). Changes in the strengths of pre- and 

postcopulatory sexual selection on weapons and testes have been reported previously, and 

have likewise been linked to the monopolizability of females. In Soay sheep, the selective 

advantage of horns declines and the selective advantage of testes increases as the availability 

of females, and thus a male's ability to monopolize access to females, increases (Preston et al. 

2003). Comparative studies across a variety of taxa are likewise beginning to offer general 

support for Parker et al's (2013) models. Among species of pinnipeds (Fitzpatrick et al. 2012), 

cetaceans (Dines et al. 2015) and howler monkeys (Dunn et al. 2015), those species that 

expend most on secondary sexual traits for the monopolization of females expend least on 

testes growth, and the monopolizability of females appears to be a general factor 

determining the direction of covariation between weapons and testes (Lüpold et al. 2014). 

These studies emphasize how our understanding of the morphological diversity in animal 

weapons depends critically on a consideration of how patterns of sexual selection vary 

across pre- and postcopulatory episodes of selection (Kvarnemo and Simmons 2013). 
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FIGURE CAPTIONS 

 

Figure 1: (a,b,d) Multimale spawnings of the Australian quacking frog Crinia georgiana and 

(c) the frequency distribution of the number of males amplexed / involved in such 

spawnings. Males in (a) are amplexed in the dorsal and lateral position. Males in (b) are 

amplexed in the dorsal and ventral position, and underneath the amplexus there is one extra 

male ‘involved’ (according to our definition, see text). Males in (d) are amplexed in the 

dorsal and ventral positions, and there are two more males ‘involved’, one amplexing the 

female with his cloaca towards the female’s head and the other one attempting to amplex 

the male in the ventral position. 

 

Figure 2: Proportion of males of the Australian quacking frog Crinia georgiana that did 

(black) and did not (gray) remain amplexed or involved for at least 95% of the spawning 

time. Data is from 91 males associated with 31 different multimale spawnings. 
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Figure 3: Paternity skew (see methods) and number of males amplexed / involved for 31 

multimale spawnings of the Australian quacking frog Crinia georgiana. Six different 

spawnings had the same combination of two males and paternity skew = 1, and are 

therefore represented by a larger circle. The filled circles and vertical lines represent the 

average and 95% confidence intervals (respectively) for the spawnings with two, three and 

four males. The trend line represents the null expectation of equally shared paternity (evenly 

split) among any given number of males, provided for comparison with the data. 
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Figure 4: (a) Proportion of time amplexed / involved had a positive effect on the fertilization 

success of males of the Australian quacking frog Crinia georgiana. Only the males that sired 

the most eggs from each spawning are represented (31 males from a total of 91), and the 

combination of 100% of time in the spawning and 100% of fertilization success was achieved 

by five males (represented by the largest circle). (b) Main spawning position also had an 

effect on the fertilization success of males, due to the higher fertilization success of males in 

the dorsal position. 
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Figure 5: Heat plots showing a positive effect of total time spent amplexed on the 

fertilization success of males of the Australian quacking frog Crinia georgiana. Warmer colors 

represent greater proportions of offspring sired, and the black contour lines join points of 

equal fertilization success in each plot. The effect of residual testes mass was positive in the 

ventral amplexing position (center), but negative in the dorsal (left side of the figure) and 

lateral (right side of the figure) positions, although much weaker. Inference was based on 

model 2 in Table 5, and the figure was generated with a nonparametric thin plate spline 

using the data. 
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Table 1 Model selection for the effects of snout-vent length (SL) and residual arm girth (rAG) 

on the probability that spawning males of the Australian quacking frog Crinia georgiana 

would amplex a female in one of the most common positions (dorsal, ventral and lateral). 

Males that failed to amplex in one of these positions included males that amplexed with 

their cloacas towards the female’s head, males that were amplexing other males, and non-

amplexing males that were physically contacting the female, amplexed males or the recently 

laid eggs. All models were generalized mixed effects models with binomial errors, with the 

random effect of spawning ID and the number of males in each spawning as a covariate. The 

most parsimonious model is indicated in bold. 

 

Nº Fixed effects k AICc ΔAICc Weight 

Log-

likeligood 

Cumulative 

weight 

1 Null 3 93.54 0.00 0.54 -49.74 0.54 

2 rAG 4 95.68 2.15 0.19 -49.59 0.73 

3 SL 4 95.72 2.18 0.18 -49.73 0.91 

4 SL + rAG 5 97.91 4.38 0.06 -49.58 0.97 

5 SL + rAG + (SL x rAG) 6 99.49 5.96 0.03 -49.20 1.00 

 

Table 2 Model selection for the effects of snout-vent length (SL) and residual arm girth (rAG) 

on the probability that spawning males of the Australian quacking frog Crinia georgiana 

would amplex the female in the dorsal position. All models were generalized mixed effects 

models with binomial errors, with the random effect of spawning ID and the number of 

males in each spawning as a covariate. Shaded rows indicate the most parsimonious models, 

and the simplest of these models is indicated in bold. 
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Nº Fixed effects k AICc ΔAICc Weight 

Log-

likelihood 

Cumulative 

weight 

1 SL 4 122.81 0.00 0.43 -57.17 0.43 

2 SL + rAG 5 124.38 1.57 0.20 -56.84 0.63 

3 Null 3 124.45 1.64 0.19 -59.09 0.82 

4 SL + rAG + (SL x rAG) 6 125.87 3.06 0.09 -56.43 0.92 

5 rAG 4 126.09 3.28 0.08 -58.81 1.00 

 

Table 3 Model selection for the effects of snout-vent length (SL), residual arm girth (rAG) 

and main amplexus position (MP) on the probability that spawning males of the Australian 

quacking frog Crinia georgiana would stay amplexed (or involved) in a spawning for at least 

95% of the total time of the spawning. All models were generalized mixed effects models 

with binomial errors, the random effect of spawning ID and the number of males in each 

spawning as a covariate. Shaded rows indicate the most parsimonious models, and the 

simplest of these models is indicated in bold. 

 

Nº Fixed effects k AICc ΔAICc Weight 

Log-

likelihood 

Cumulative 

weight 

1 MP 6 104.71 0.00 0.29 -45.85 0.29 

2 SL + MP + (SL x MP) 10 105.15 0.44 0.23 -41.20 0.52 

3 MP + rAG  7 106.17 1.47 0.14 -45.41 0.66 

4 SL + MP  7 106.41 1.71 0.12 -45.53 0.78 

5 SL + rAG + MP + (SL x MP) 11 106.54 1.83 0.12 -40.60 0.89 

6 SL + rAG + MP 8 107.51 2.81 0.07 -44.88 0.96 
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7 SL + rAG + MP + (SL x rAG) 9 109.98 5.27 0.02 -44.88 0.98 

8 rAG + MP + (rAG x MP) 10 111.53 6.82 0.01 -44.39 0.99 

9 SL + rAG + MP + (rAG x MP) 11 112.97 8.26 0.00 -43.81 1.00 

10 Null 3 116.21 11.51 0.00 -54.97 1.00 

11 rAG  4 117.07 12.36 0.00 -54.30 1.00 

12 SL  4 117.74 13.03 0.00 -54.64 1.00 

13 SL + rAG 5 118.56 13.85 0.00 -53.93 1.00 

14 SL + rAG + (SL x rAG) 6 120.85 16.14 0.00 -53.92 1.00 

 

Table 4 Model selection for the effects of snout-vent length (SL), relative testes mass (rTM), 

main amplexus position (MP), and total time spent amplexed and/or involved in a 

spawning (TT) on the fertilization success of spawning males of the Australian quacking 

frog Crinia georgiana. All models had the random effect of spawning ID, and were fit with 

zero-inflated negative binomial error distributions for overdispersed count data. Shaded 

rows indicate the most parsimonious models, and the simplest of these models is indicated 

in bold. 

N

º Fixed effects k AICc 

ΔAIC

c 

Weigh

t 

Log-

likelihoo

d 

Cumulativ

e weight 

1 rTM + MP + (rTM x MP) 

1

1 

546.3

0 — 0.12 -260.48 0.12 

2 SL + rTM + MP + (rTM x MP) 

1

2 

546.5

1 0.22 0.11 -259.26 0.23 

3 TT 5 

546.7

5 0.46 0.09 -268.02 0.32 

4 MP 7 
546.8

0.51 0.09 -265.73 0.41 
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0 

5 SL + MP 8 

547.7

7 1.47 0.06 -265.01 0.47 

6 

TT + SL + rTM + MP + (rTM x 

MP) 

1

3 

547.9

7 1.67 0.05 -258.62 0.52 

7 rTM + MP 8 

547.9

8 1.69 0.05 -265.11 0.57 

8 TT + rTM 6 

548.4

1 2.11 0.04 -267.71 0.61 

9 TT + MP 8 

548.4

4 2.14 0.04 -265.34 0.65 

10 TT + rTM + MP + (rTM x MP) 

1

2 

548.4

9 2.19 0.04 -260.24 0.69 

11 TT + SL 6 

548.5

6 2.26 0.04 -267.78 0.73 

12 TT + MP + SL 9 

549.0

2 2.72 0.03 -264.40 0.76 

13 MP + SL + rTM 9 

549.5

2 3.23 0.02 -264.65 0.79 

14 TT + rTM + MP 9 

549.7

1 3.41 0.02 -264.74 0.81 

15 TT + SL + (TT x SL) 7 

549.7

5 3.45 0.02 -267.20 0.83 

16 Null 4 

550.3

9 4.09 0.02 -270.96 0.85 

17 TT + SL + rTM 7 

550.5

1 4.21 0.01 -267.58 0.86 

18 TT + rTM + (TT x rTM) 7 

550.7

1 4.41 0.01 -267.68 0.87 

19 TT + MP + SL + (TT x MP) 

1

2 

550.9

3 4.63 0.01 -261.47 0.88 

20 TT + SL + rTM + MP 

1

0 

550.9

5 4.66 0.01 -264.10 0.90 
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21 TT + SL + rTM + (SL x rTM) 8 

551.0

1 4.71 0.01 -266.63 0.91 

22 TT + MP + SL + (TT x SL) 

1

0 

551.1

8 4.89 0.01 -264.22 0.92 

23 MP + SL + rTM + (SL x rTM) 

1

0 

551.3

0 5.00 0.01 -264.27 0.93 

24 rTM 5 

551.7

0 5.40 0.01 -270.50 0.94 

25 TT + rTM + MP + (TT x MP) 

1

2 

551.7

3 5.43 0.01 -261.87 0.94 

26 TT + MP + (TT x MP) 

1

1 

551.7

6 5.47 0.01 -263.21 0.95 

27 TT + SL + rTM + (TT x SL) 8 

552.1

5 5.85 0.01 -267.20 0.96 

28 

TT + SL + rTM + MP + (TT x 

MP) 

1

3 

552.1

5 5.85 0.01 -260.71 0.96 

29 TT + rTM + MP + (TT x rTM) 

1

0 

552.1

6 5.86 0.01 -264.70 0.97 

30 SL 5 

552.6

1 6.31 0.01 -270.95 0.98 

31 

TT + SL + rTM + MP + (SL x 

rTM) 

1

1 

552.6

3 6.34 0.01 -263.65 0.98 

32 TT + SL + rTM + (TT x rTM) 8 

552.7

8 6.49 0.00 -267.51 0.98 

33 

TT + SL + rTM + MP + (TT x 

rTM) 

1

1 

553.2

7 6.97 0.00 -263.96 0.99 

34 TT + SL + rTM + MP + (TT x SL) 

1

1 

553.5

0 7.20 0.00 -264.08 0.99 

35 SL + rTM 6 

553.8

9 7.59 0.00 -270.44 0.99 

36 SL + MP + (SL x MP) 

1

1 

553.9

8 7.69 0.00 -264.32 1.00 

37 SL + rTM + (SL x rTM) 7 
555.6

9.33 0.00 -270.14 1.00 
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Table 5 The analysis reported in Table 4 was repeated focusing on only males that amplexed 

the female in the dorsal, ventral or lateral positions. Model selection for the effects of snout-

vent length (SL), relative testes mass (rTM), main amplexus position (MP), and total time 

spent amplexed (TT) on the fertilization success of amplexed males of the quacking frog 

Crinia georgiana. All models had the random effect of spawning ID, and were fit with zero-

inflated negative binomial error distributions for overdispersed count data. Shaded rows 

indicate the most parsimonious models, and the simplest of these models is indicated in 

bold. 

3 

38 TT + MP + SL + (SL x MP) 

1

2 

555.8

1 9.52 0.00 -263.91 1.00 

39 MP + SL + rTM + (SL x MP) 

1

2 

556.5

6 10.26 0.00 -264.28 1.00 

40 TT + SL + rTM + MP + (SL x MP) 

1

3 

558.4

7 12.18 0.00 -263.87 1.00 

Nº Fixed effects k AICc 

ΔAIC

c 

Weigh

t 

Log-

likelihoo

d 

Cumulativ

e weight 

1 

TT + SL + rTM + MP + (rTM x 

MP) 

1

1 

428.3

7 — 0.26 -200.83 0.26 

2 TT + rTM + MP + (rTM x MP) 

1

0 

428.5

3 0.16 0.24 -202.33 0.50 

3 TT 5 

430.8

1 2.44 0.08 -209.92 0.57 

4 TT + MP 7 

431.2

0 2.83 0.06 -207.67 0.64 

5 TT + rTM 6 
431.6

3.26 0.05 -209.12 0.69 



 

 

 

This article is protected by copyright. All rights reserved. 

 

36 

3 

6 TT + rTM + MP + (TT x rTM) 9 

431.6

6 3.29 0.05 -205.28 0.74 

7 TT + SL + MP 8 

432.0

9 3.72 0.04 -206.82 0.78 

8 TT + rTM 7 

432.5

5 4.18 0.03 -208.34 0.81 

9 

TT + SL + rTM + MP + (TT x 

rTM) 

1

0 

432.6

6 4.30 0.03 -204.40 0.84 

10 TT + SL 6 

432.7

9 4.42 0.03 -209.71 0.87 

11 TT + SL + rTM 7 

433.8

4 5.47 0.02 -208.99 0.88 

12 TT + SL + (TT x SL) 7 

433.9

3 5.56 0.02 -209.03 0.90 

13 Null 4 

434.0

8 5.71 0.01 -212.72 0.91 

14 TT + SL + MP + (TT x SL) 9 

434.3

6 6.00 0.01 -206.63 0.93 

15 TT + SL + rTM + (TT x rTM) 8 

434.8

8 6.51 0.01 -208.22 0.94 

16 

TT + SL + rTM + MP + (SL x 

rTM) 

1

0 

435.1

7 6.80 0.01 -205.65 0.95 

17 TT + SL + rTM + (SL x rTM) 8 

435.2

7 6.91 0.01 -208.42 0.95 

18 TT + SL + rTM + (TT x SL) 8 

435.4

1 7.04 0.01 -208.48 0.96 

19 rTM 5 

435.5

7 7.20 0.01 -212.30 0.97 

20 TT + MP + (TT x MP) 9 

435.9

1 7.54 0.01 -207.40 0.97 

21 TT + rTM + MP + (TT x MP) 

1

0 

435.9

1 7.55 0.01 -206.03 0.98 
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22 SL 5 

436.3

9 8.02 0.00 -212.71 0.98 

23 TT + SL + MP + (TT x MP) 

1

0 

436.5

4 8.17 0.00 -206.34 0.99 

24 

TT + SL + rTM + MP + (TT x 

MP) 

1

1 

436.8

8 8.51 0.00 -205.08 0.99 

25 

TT + SL + rTM + MP + (SL x 

MP) 

1

1 

437.9

2 9.55 0.00 -205.60 1.00 

26 SL + rTM 6 

437.9

3 9.56 0.00 -212.28 1.00 

27 SL + rTM + (SL x rTM) 7 

440.2

0 11.84 0.00 -212.17 1.00 

28

* TT + rTM + MP 7 

440.6

5 12.28 0.00 -212.39 1.00 

29

* MP 5 

440.8

4 12.47 0.00 -214.93 1.00 

30

* rTM + MP 6 

441.7

3 13.36 0.00 -214.18 1.00 

31

* TT + SL + rTM + MP 8 

443.1

7 14.80 0.00 -212.36 1.00 

32

* SL + MP 6 

443.2

3 14.86 0.00 -214.93 1.00 

33

* rTM + MP + (rTM x MP) 8 

443.2

5 14.88 0.00 -212.40 1.00 

34

* SL + rTM + MP 7 

444.1

7 15.80 0.00 -214.15 1.00 

35

* TT + SL + rTM + MP + (TT x SL) 9 

444.9

5 16.58 0.00 -211.92 1.00 

36

* SL + rTM + MP + (rTM x MP) 9 

445.9

0 17.53 0.00 -212.40 1.00 

37

* SL + rTM + MP + (SL x rTM) 8 

446.4

2 18.05 0.00 -213.99 1.00 

38
TT + SL + MP + (SL x MP) 9 

446.7
18.42 0.00 -212.84 1.00 
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*these models did not converge with zero inflation, so they were fit without zero inflation. 

* 9 

39

* SL + MP + (SL x MP) 8 

447.8

6 19.49 0.00 -214.71 1.00 

40

* SL + rTM + MP + (SL x MP) 9 

448.7

3 20.36 0.00 -213.81 1.00 


