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Male contest competition and female choice are key features of the mating systems of many species, and whole-organism perfor-
mance may be targeted by both mechanisms given the dynamic body movements required during fighting and courtship displays. 
Using the dimorphic horned dung beetle Onthophagus taurus as a model system, we tested whether physical performance was impor-
tant in determining a male’s victory in fights, and whether successful fighters were preferred by females as mates. We found that 
physical strength, horn length, and body mass were significant predictors of male fighting success, but males that won fights were 
not more attractive to females. Rather, females preferred males that delivered a high courtship rate, which was not correlated with 
strength, horn length, or body mass, but previously has been shown to be genetically correlated with body condition. The fact that 
there was no relationship between fighting success and mating success suggests that selection on traits favored by male–male com-
petition and female choice can act relatively independently in this species, although both mechanisms appear to favor traits (strength 
and courtship, respectively) that are linked to a male’s ability to acquire and allocate resources for mass gain. Future work is needed to 
determine the relative contributions of these processes to the total strength of sexual selection acting on male phenotypes.
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INTRODUCTION
Male–male competition and female choice are the primary selec-
tive forces driving the evolution of  male secondary sexual char-
acters, with male–male competition resulting in the evolution of  
weapons, and female choice favoring the evolution of  ornaments 
and courtship displays (Darwin 1871; Andersson 1994). Although 
the evolution of  weapons and ornaments is traditionally envisioned 
as occurring via one or the other of  these 2 processes, this dichot-
omy is likely to be overly simplistic in most taxa because the same 
male trait can be important in determining the outcome of  both 
male contests and mate choice (Berglund et al. 1996; Qvarnström 
and Forsgren 1998; Wong and Candolin 2005; Hunt et al. 2009).

For example, many traits that are used by males to signal fight-
ing ability and intimidate rivals are also used to attract females 
(see Berglund et al. 1996 for review). Male–male competition and 
female choice can therefore reinforce each other to enhance the 
total strength of  selection acting on the male sexual trait. In other 
taxa, however, males that are successful in contest competition are 

not necessarily preferred by females as mates (Qvarnström and 
Forsgren 1998; Wong and Candolin 2005), so male–male com-
petition and female choice can also act in opposition to diminish 
net selection on male sexual traits. Because of  the numerous ways 
by which male–male competition and female choice can interact, 
studies need to evaluate the relative importance of  both processes 
in order to gain an accurate view of  how sexual selection operates 
(Qvarnström and Forsgren 1998; Hunt et al. 2009).

In addition to selection on ornaments and weapons, male–male 
competition and female choice are expected to favor correlated 
changes in general morphology, physiology, and performance capa-
bilities that allow males to wield their weapons and perform their 
courtship displays more effectively (Tomkins et  al. 2005; Lailvaux 
and Irschick 2006; Byers et al. 2010). Indeed, the outcome of  male 
contests and female preference are often largely determined by 
physical performance capabilities, or how well an organism per-
forms an ecologically relevant task (Lailvaux and Irschick 2006; 
Irschick et  al. 2007). For example, males with greater energy 
reserves, speed, and/or endurance are typically more likely to win 
aggressive encounters with rival males (reviewed in Lailvaux and 
Irschick 2006), and females often choose mates based on their 
ability to execute energetically demanding and complex courtship 
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displays (reviewed in Byers et al. 2010). These observations suggest 
that whole-organism performance itself  (e.g., strength, endurance, 
agility) is an important target of  sexual selection (Lailvaux and 
Irschick 2006; Irschick et  al. 2007). However, little is still known 
about whether the same aspects of  performance are favored by 
both male–male competition and female choice, or how these 2 
mechanisms interact to determine net selection on performance 
capabilities.

We examined the interactions between male–male competition, 
female choice, and physical performance in the horned dung bee-
tle Onthophagus taurus. Horned dung beetles are an ideal system for 
studying interactions between male–male competition and female 
choice because both processes are known to impose selection 
on males (Emlen 1997; Moczek and Emlen 2000; Kotiaho et  al. 
2001; Kotiaho 2002). Females dig tunnels beneath fresh dung pads 
where they mate and build brood masses in which to lay their eggs 
(Halffter and Edmonds 1982). Mating occurs inside these tunnels, 
so a male’s ability to control access to tunnels is critical to his repro-
ductive success. Males are dimorphic, with those above a critical 
body size developing a pair of  long, curved head horns, and those 
below this threshold developing no horns or only rudimentary 
horns (Hunt and Simmons 1997; Moczek and Emlen 1999). Large 
males use their horns as weapons in fights with rival males over 
ownership of  breeding tunnels containing females, whereas small 
hornless males rely on sneaking behaviors and dig intercepting side-
tunnels to gain matings inside the tunnels guarded by horned males 
(Emlen 1997; Moczek and Emlen 2000). Specifically, horned males 
engage in aggressive head-to-head contests to push opponents out 
of  tunnels, and larger horned males appear to have competitive 
advantage over smaller males (Moczek and Emlen 2000) that trans-
lates into greater reproductive success (Hunt and Simmons 2001).

Females, however, cannot be forced to mate, so a male that gains 
access to a breeding tunnel must also court the resident female and 
persuade her to open her genitalia before copulation can occur 
(Werner and Simmons 2008). Males court females by vigorously 
tapping on the female’s back with their antennae, head, and fore-
legs in bouts that last several seconds, and females are more likely 
to mate with males that deliver higher courtship rates, regardless of  
their body size or horn length (Kotiaho et al. 2001; Kotiaho 2002).

Because both fighting and courting require dynamic, coordinated 
body movements, and because females prefer the most actively 
courting males as mates, we hypothesized that whole-body physio-
logical performance would be favored by both male–male competi-
tion and female choice. We tested this hypothesis by measuring the 
physical strength of  males, and evaluating whether stronger males 
were more likely to win in male–male contests and to be selected by 
females as mates.

METHODS
Beetles were collected from a dairy farm in southwest Western 
Australia and bred in the laboratory following published protocols 
(Simmons and Kotiaho 2002). Newly emerged, first-generation 
adults were kept in single-sex populations and fed fresh cow dung 
ad libitum for 2 weeks prior to experiments to ensure that they were 
sexually mature and unmated. Because tunneling behavior natu-
rally occurs in darkness, we conducted all observations in a dark 
room under dim, red-filtered light.

To measure male courtship, we placed 1 male and 1 randomly 
chosen female in an artificial tunnel of  clear vinyl tubing (13-mm 
internal diameter), and observed the pair for 60 min, or until the 

beetles mated. We checked pairs every 2 min and noted whether the 
male was courting or mating. Courtship rate was calculated as the 
number of  observations in which the male was courting, divided 
by the total duration of  the trial (60 min for unmated pairs or time 
until copulation for mated pairs) (Simmons and Holley 2011). Only 
males that engaged in courtship were included in the fighting and 
strength trials (see below) because we could not infer an outcome of  
female choice without any male courtship.

We measured male fighting success by staging contests between 2 
males over ownership of  an artificial tunnel (Emlen 1997; Moczek 
and Emlen 2000; Pomfret and Knell 2006). The observation cham-
bers consisted of  a 12-cm-long tunnel of  clear vinyl tubing that was 
fitted beneath a small plastic arena (8 × 8 × 5 cm) filled with moist 
sand. We glued sand onto the inside of  the tunnel wall to give beetles 
a rough surface to grip as they moved up and down the tunnel. The 
bottom of  the tube was covered with nylon mesh and then plugged 
with another piece of  tubing filled with fresh cow dung to mimic the 
brood balls built by females at the blind end of  tunnels (Emlen 1997; 
Moczek 1998), and to lure males to the bottom of  the tunnel.

To stage a fight, we placed one male into the tunnel and allowed 
him to adjust to the chamber for 3 min. We then added a second 
male to the tunnel and observed the pair continuously until one 
male was evicted from the tunnel or for 60 min. Because beetles 
always ran down toward the dung after being added to the tun-
nel, the new male quickly encountered the resident male, which 
typically resulted in an immediate head-to-head fight (Moczek and 
Emlen 2000). Fights usually lasted only a few minutes, with one 
male being pushed out of  the tunnel, and the other male remain-
ing inside the tunnel or guarding the entrance (see Supplementary 
Video). The male that was evicted was scored as the loser, and the 
male that remained in the tunnel was scored as the winner. If  both 
males exited the tunnel, or if  both remained in the tunnel at the 
end of  the 60-min trial, the interaction was scored as a tie. We 
marked the intruding male with a small dot of  white correction 
fluid to differentiate between the 2 males.

To analyze male fighting success, we selected the intruding 
male from each contest as the focal male, and scored the interac-
tion as 0 if  the focal male was the loser, 1 if  the focal male was 
the winner, and 0.5 if  the focal male tied. Intruders were no more 
likely to win fights than residents (χ2  =  0.22, degrees of  freedom 
[df] = 2, P = 0.90), so our results should not be biased by selecting 
the intruder as the focal male. We calculated the difference in body 
mass, horn length, and strength (see below) between each focal 
male and his opponent, and used these measurements as the inde-
pendent variables in our analyses.

We measured strength as the amount of  force required to pull 
a male out of  an artificial tunnel (Lailvaux et al. 2005; Knell and 
Simmons 2010). Trials were conducted in a horizontal tunnel of  
clear vinyl tubing with interior walls that had been roughened 
with sand. A  loop of  thread was superglued to a male’s elytron 
and attached on the other end to a Pesola spring scale. The beetle 
was encouraged to fully enter the tunnel, and then the thread was 
pulled gently to stimulate the beetle to brace its legs against the tun-
nel walls as it would in a typical fight (Moczek and Emlen 2000). 
We then measured the beetle’s strength by slowly pulling on the 
spring scale until the beetle was dislodged from the tunnel. Strength 
was measured 3 times for each individual (repeatability  =  0.78; 
95% confidence interval = [0.74, 0.83]; P < 0.001), and the maxi-
mum force from these trials was used in the statistical analyses 
(Losos et  al. 2002; McCullough 2014). Strength measurements 
were square-root transformed to control for heteroskedasticity.
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Prior to experiments, body mass was measured to the nearest 
0.1 mg on a digital balance, and body size (pronotum width) was 
measured to the nearest 0.01 mm with digital calipers. At the end 
of  the strength trials, the beetles were frozen, and a digital photo-
graph of  each male’s head was taken for horn measurements. Horn 
length was measured in ImageJ as the length of  the horn curve 
from the lowest point on the top of  the head to the center of  the 
horn tip (Measurement 4 in Tomkins et  al. 2006). We conducted 
all analyses on log-transformed measurements (hereafter simply 
referred to as body mass, body size, and horn length).

We determined male morph by fitting a switch-point regression 
between horn length and body size width using the segmented pack-
age in R (Muggeo 2003; Knell 2009). This regression gave a switch-
point at a log pronotum width of  0.664 (standard error = 0.006). 
Males with a log pronotum width greater than or equal to this 
switch-point were classified as majors, and the remaining males 
were classified as minors.

Because body mass, body size, horn length, and morph are 
strongly correlated, it was not appropriate to include all of  these 
traits, and their interactions as explanatory variables in our analy-
ses. To minimize the problem of  multicollinearity, we fit a general 
linear model for strength with all 4 potential explanatory variables 
and second-order interactions, and calculated the variance inflation 
factors (VIFs) of  each variable using the vif  function in the car pack-
age in R (Fox and Weisberg 2011). We then sequentially removed 
the variable with the highest VIF and recalculated the VIFs for the 
reduced model until all VIFs were less than 10 (Zuur et al. 2010). 
Body size and the second-order interactions had very high VIFs, 
and therefore were removed from the analyses. Conditioning plots 
showed no evidence of  the presence of  interactions, so our results 
should not be biased by excluding these second-order interactions 
from the models.

We used general linear models to identify the most important 
predictors of  male strength and courtship, and a generalized lin-
ear model with binomial errors and a logit link function to iden-
tify the most important predictors of  mating success (mated  =  1, 
unmated = 0). Models were initially fit with all potential explana-
tory variables, and then simplified to the minimum adequate model 
by sequentially removing nonsignificant terms on the basis of  dele-
tion tests (Crawley 2007). We report Nagelkerke’s R2 for the gener-
alized linear model to aid in the assessment of  model goodness of  
fit (Nagelkerke 1991).

We analyzed the fighting outcome data in 2 ways. First, we fit-
ted a generalized linear model with binomial errors and a logit 
link function to identify the most important predictors of  defini-
tive fighting success (winner = 1, loser = 0). Our data did not meet 
the proportional odds assumption, so we were unable to use ordi-
nal logistic regression to identify the strongest determinants of  all 3 
possible outcomes (wins, ties, and losses). Interactions that resulted 
in a tie were excluded from these analyses (n = 19/112 total con-
tests), but our results are qualitatively the same if  we classified males 
that tied as winners. The full model included the differences in the 
quantitative measures of  mass, horn length, and strength, and focal 
male morph as dependent variables, and was simplified to the mini-
mum adequate model on the basis of  deletion tests (Crawley 2007). 
Second, we used a multivariate analysis of  variance (MANOVA) 
to test whether the differences in mass, horn length, and strength 
between a focal male and his opponent differed among fights that 
resulted in a win, tie, or loss, and used post hoc Student’s t-tests to 
evaluate whether these differences were significantly different from 
zero.

RESULTS
There was a strong positive relationship between maximum 
strength and both body mass (R2 = 0.60, F1, 213 = 319.6, P < 0.001) 
and horn length (R2 = 0.54, F1, 213 = 254.4, P < 0.001), but body 
mass was the only predictor that remained in the minimum ade-
quate model (Table 1). Post hoc examination of  the data found that 
a quadratic model described the relationship between body mass 
and strength better than a linear model (F212, 213 = 6.00, P = 0.02). 
The final model therefore included both body mass and squared 
body mass, and explained 61% of  the variation in male strength 
(Figure 1; R2 = 0.61, F2, 212 = 166.6, P < 0.001).

Morph was a weak, but significant predictor of  courtship rate 
(R2 = 0.022, F1, 213 = 6.9, P = 0.03). Courtship rate was higher for 
minor males (0.16 ± 0.15 bouts per min, mean ± standard devia-
tion) than major males (0.12 ± 0.12 bouts per min), but morph only 
explained 2% of  the variation in courtship rate. Similarly, there 
was a trend for a negative association between courtship rate and 
body mass (R2 = 0.02, F1, 213 = 3.3, P = 0.07), but this relationship 
was not statistically significant. There were no significant relation-
ships between courtship rate and either horn length (R2 = 0.008, F1, 

213 = 1.7, P = 0.20) or strength (R2 = 0.008, F1, 213 = 1.8, P = 0.18). 
Morph was the only explanatory variable that remained in the 
minimum adequate model (Table 2).

Table 1
Explanatory variables retained and removed (shown in italics) 
for the general linear model predicting maximum strength

Explanatory variable Coefficient SE F P

Intercept −1.57 0.10
Log body mass 1.03 0.06 319.6 <0.001
Log horn length 3.87 0.05
Morph 1.94 0.17

The F-statistics and P values are from partial F-tests comparing the goodness 
of  fit between models with and without the explanatory variable in question 
when less significant terms have been removed. SE, standard error.
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Figure 1
Relationship between log body mass and the square root of  strength 
(R2 = 0.61, F2, 212 = 166.6, P < 0.001; strength = 1.44 − 2.38 × body mass 
+ 0.96 × body mass2).
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Courtship rate was the only significant predictor of  mating suc-
cess (Table 3). There was a significant positive relationship between 
courtship rate and mating success (Figure  2; χ2  =  7.2, df  =  1, 
P = 0.007); courtship rates were significantly higher among males 
that mated (0.16 ± 0.15 bouts per min) than males that did not 
mate (0.11 ± 0.10 bouts per min). However, the minimum adequate 
model only explained 5% of  the observed variation in mating suc-
cess (Nagelkerke’s R2 = 0.048). Our conclusions were the same if  
we used latency to mating instead of  mating success as a measure 
of  female mating preference (Shackleton et al. 2005; Simmons and 
Kotiaho 2007): Courtship rate was the only significant predictor 
of  a female’s latency to mate, but it explained only a small por-
tion of  the variation in female preference (R2 = 0.03, F1, 213 = 6.9, 
P = 0.009).

Males that won fights were significantly heavier (t  =  9.41, 
df  =  98.1, P  <  0.001), had longer horns (t  =  7.98, df  =  183.7, 
P < 0.001), and were stronger (t = 8.97, df = 103.6, P < 0.001) 
than their opponents. Males that won fights were also more likely 
to be majors than minors (χ2 = 6.91, df = 1, P = 0.009). However, 
body mass, horn length, strength, and morph are all positively 
correlated, and the difference in body mass between a focal male 
and his opponent was the only predictor that remained in the 
minimum adequate model (Table 4; Figure 3; χ2 = 13.5, df = 1, 
P  <  0.001). The difference in body mass explained 24% of  the 
variation in the outcome of  fights (Nagelkerke’s R2 = 0.238), and 
66% of  fights were won by males that were heavier than their 
opponent. In contrast, the difference in horn length explained 
just 15% of  the variation in the outcome of  fights (Nagelkerke’s 
R2  =  0.146), and the difference in strength explained 19% 
(Nagelkerke’s R2 = 0.190).

The differences in body mass, horn length, and strength were 
significantly different among fights that resulted in wins, ties, and 
losses (Figure  4; MANOVA: Pillai’s trace  =  0.19, F3, 108  =  8.30, 
P  <  0.001). Specifically, the difference in strength was margin-
ally greater than zero among focal males that won (t  =  2.19, 
P  =  0.03), significantly less than zero among focal males that 
lost (t  =  −3.39, P  <  0.001), and not significantly different from 
zero among focal males that tied (t = 0.46, P = 0.65). The differ-
ence in body mass was marginally greater than zero among focal 
males that tied (t  =  2.16, P  =  0.04), significantly less than zero 
among focal males that lost (t = −4.87, P < 0.001), and not signif-
icantly different from zero among focal males that won (t = 1.32, 
P  =  0.20). The difference in horn length was significantly less 
than zero among focal males that lost (t  =  −3.81, P  =  0.001), 
but not significantly different from zero among focal males that 
either won (t = 0.78, P = 0.44) or tied (t = 1.06, P = 0.30).

There was no relationship between fighting success and mat-
ing success (χ2  =  0.52, df  =  2, P  =  0.77), or between fighting 
success and a female’s latency to mate (F1, 213  =  0.07, P  =  0.79). 
Considering only the fights among major males, there also was no 
relationship between fighting success and mating success (χ2 = 0.21, 
df = 2, P = 0.90), or between fighting success and a female’s latency 

Table 2
Explanatory variables retained and removed (shown in italics) 
for the general linear model predicting courtship rate

Explanatory variable Coefficient SE F P

Intercept 0.12 0.01
Morph 0.04 0.02 4.73 0.03
Horn length 0.18 0.67
Body mass 0.92 0.34
Strength 0.01 0.91

The F-statistics and P values are from partial F-tests comparing the goodness 
of  fit between models with and without the explanatory variable in question 
when less significant terms have been removed. SE, standard error.

Table 3
Explanatory variables retained and removed (shown in italics) 
for the generalized linear model with binomial errors and a 
logit link predicting male mating success

Explanatory variable Coefficient SE Deviance P(>χ2, 1 df)

Intercept −0.21 0.20
Courtship rate 3.04 1.13 7.88 0.005
Horn length 2.20 0.14
Body mass 1.41 0.23
Strength 1.55 0.21
Morph 0.13 0.72

The changes in deviance and P values are from chi-square tests comparing 
the goodness of  fit between models with and without the explanatory 
variable in question when less significant terms have been removed. SE, 
standard error.
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Figure 2
Relationship between courtship rate and mating success (Nagelkerke’s 
R2 = 0.05, χ2 = 7.2, df = 1, P = 0.007).

Table 4
Explanatory variables retained and removed (shown in italics) 
for the generalized linear model with binomial errors and a 
logit link predicting fighting success between 2 males

Explanatory variable Coefficient SE Deviance P(>χ2, 1 df)

Intercept 0.14 0.24
Difference in body mass 11.54 3.15 18.28 <0.001
Difference in strength 2.36 0.12
Morph 1.68 0.20
Difference in horn length 0.83 0.36

The changes in deviance and P values are from chi-square tests comparing 
the goodness of  fit between models with and without the explanatory 
variable in question when less significant terms have been removed. SE, 
standard error.
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to mate (F1, 128 = 0.49, P = 0.48). Finally, there was no difference 
in courtship rate between males that won or lost fights (t  =  0.65, 
df = 169.4, P = 0.52).

DISCUSSION
Both male–male competition and female choice are known to be 
important in determining male mating success in the horned dung 
beetle O. taurus (Moczek and Emlen 2000; Kotiaho et al. 2001), and 
whole-organism physical performance might be targeted by both 
mechanisms given the importance of  dynamic muscular move-
ments during fights and courtship displays (Lailvaux and Irschick 
2006). Physical strength, horn length, and body mass were signif-
icant predictors of  a male’s victory in fights, but males that won 

in fights were not more likely to be preferred by females as mates. 
Instead, females preferred to mate with males that delivered high 
courtship rates, which were not correlated with strength, horn 
length, or body mass. Our results therefore suggest that the traits 
favored by male–male competition are different from those favored 
by female choice and that the evolution of  male fighting behavior 
and courtship displays may proceed relatively independently in this 
species. Future studies, however, are needed to assess the genetic 
correlations underlying these traits (Lailvaux and Kasumovic 2011).

Males that won fights were significantly heavier, had longer 
horns, and were stronger than their opponents, which suggests 
that all 3 traits are favored by male–male competition. However, 
body mass, horn length, and strength were tightly correlated, and 
model comparison found that body mass alone was the strongest 
predictor of  a male’s victory in fights. The fact that body mass, but 
not morph, remained in the final model is particularly interesting 
because it suggests that mass is more important in determining 
fighting outcome than size, as major and minor morphs were sepa-
rated on the basis of  a threshold body size. Unfortunately, because 
our study was correlational, we were unable to partition the sepa-
rate effects of  body mass, body size, horn length, and strength on 
male fighting success. However, previous experimental studies that 
staged fights between size-matched males have shown that males 
with longer horns are more likely to win (Emlen 1997; Moczek and 
Emlen 2000), which indicates that horn size has an independent 
effect on the outcome of  fights. It was not feasible to pair rival males 
of  equal mass in this study because we had to first screen males for 
courtship before conducting any fighting trials, and therefore were 
restricted in the number of  potential competitors. However, the 
fact that the contests that resulted in ties occurred between males 
that differed in body mass, but were closely matched in horn length 
and strength, provides further evidence that all 3 traits are indeed 
important in resolving fights. Of  course, future studies that stage 
contests between males that are matched for body mass and/or 
strength are needed to fully tease apart these relationships.

In addition to being the most significant determinant of  fight-
ing success, body mass was the most important predictor of  a 
male’s physical strength. These patterns suggest that the connection 
between body mass and fighting success is mediated by differences 
in physical performance, and provides a mechanism for why larger 
males win fights: Larger males have the physical capacity to out-
compete rivals (Sneddon et al. 2000; Lailvaux et al. 2004; Lailvaux 
et al. 2005). We measured physical strength as the amount of  force 
required to pull a male out of  a tunnel. This capacity is expected to 
be important in the context of  fights because males that can resist 
more force will be better at defending ownership of  breeding tun-
nels. In support of  this hypothesis, we found that intruding males 
that were stronger than their opponents definitively won fights; 
intruding males that were weaker than their opponents definitively 
lost fights; and intruding males that were equal in strength with 
their opponents were unable to resolve fights. We note, however, 
that strength is just one measure of  whole-organism performance 
(Lailvaux and Irschick 2006), and other physical capabilities, such 
as endurance or speed, may also play a role in determining fighting 
success (Marden and Waage 1990; Briffa and Elwood 2001; Briffa 
and Elwood 2004; Lailvaux et al. 2005).

Our finding that body mass was the best predictor of  male 
strength is consistent with previous findings that O.  taurus major 
males, who directly compete with other males for access to mates, 
allocate more resources toward residual body mass when they are 
exposed to rivals during the period of  sexual maturation following 
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adult emergence (Simmons and Buzatto 2014). That is, when males 
develop in competitive environments, major males invest more 
resources to increase mass gain, which should improve their physi-
cal strength, and likelihood of  winning in male–male fights. In fact, 
a recent study using path analysis in the dung beetle Euoniticellus 
intermedius found that there was a direct link between weight gain 
following adult emergence and male strength, which suggests that 
the resources assimilated during this period of  “maturation feed-
ing” are allocated directly to the musculature that improves fighting 
performance (Reaney and Knell 2015). However, in contrast with 
our findings for O.  taurus, body size and horn length were equally 
important in predicting male strength in E.  intermedius (Lailvaux 
et  al. 2005). These results suggest that the degree to which horns 
are used to signal competitive ability to opponents, and thus the 
relative importance of  strength, body size, body mass, and horn 
length in resolving fights, can differ among species (Emlen 2008). In 
particular, we note that O. taurus is male dimorphic whereas E. inter-
medius is not, and the patterns of  selection on mass allocation may 
be very different for dimorphic versus monomorphic species.

We found no evidence that males who won fights were more 
attractive to females. These results are consistent with previous 
studies that also found no effect of  either body or horn size on a 
male’s mating success (Kotiaho et  al. 2001; Kotiaho 2002). Our 
findings are nevertheless interesting because females should benefit 
from preferentially mating with large males. Large O.  taurus males 
help females provision dung during brood mass construction (Hunt 
and Simmons 1998; Hunt and Simmons 2000), which reduces the 
costs of  maternal care (Hunt et  al. 2002), and results in the pro-
duction of  significantly heavier brood masses (Hunt and Simmons 
1998; Hunt and Simmons 2000). Because brood size determines 
larval development and final adult size (Emlen 1994; Moczek 
1998), and because large adult body size improves both male and 
female fitness (Hunt and Simmons 2001; Hunt et al. 2002), females 
should benefit from producing larger offspring. So why do not 
females choose to mate with larger males?

One possibility for why females do not prefer large males is 
that adult body size is strongly affected by variation in the larval 
food environment (Emlen 1994; Hunt and Simmons 1997), such 
that offspring size cannot be reliably predicted from the paternal 
phenotype (Moczek and Emlen 1999; but see Hunt and Simmons 
2000). As a result, females may benefit from choosing mates based 
on traits that are more closely linked with male genetic quality. 
Females appear to prefer males that deliver high courtship rates, 
and this preference may help females gain indirect benefits for their 
offspring (Kotiaho et al. 2001; Kotiaho 2002; Simmons and Holley 
2011). Indeed, because courtship rate is heritable and genetically 
correlated with body condition (Kotiaho et al. 2001; Kotiaho 2002), 
females benefit from mating with males displaying higher courtship 
rates by producing sons that achieve higher mating success (Kotiaho 
et  al. 2001), and offspring with greater viability (García-González 
and Simmons 2011; Simmons and Holley 2011). Importantly, 
these studies measured body condition as residual body mass, 
which suggests that male–male competition and female choice both 
favor traits (fighting ability and courtship rate, respectively) that 
are linked to a male’s ability to acquire and allocate resources for 
mass gain. The fact that we found no relationship between fight-
ing success and mating success is intriguing, but highlights the fact 
that condition is a complex, multivariate phenomenon (see Wilson 
and Nussey 2010; Lailvaux and Kasumovic 2011 for reviews), and 
there may not be a single axis of  among-individual heterogeneity 
that best explains variation in individual fitness under all selective 

contexts (Bonduriansky and Rowe 2003; Lailvaux et  al. 2010; 
Lailvaux and Kasumovic 2011).

We also note at least 2 possibilities of  how our experimental 
design could have influenced our ability to detect a relationship 
between fighting success and mating success. First, we measured 
male attractiveness using no-choice tests by presenting females 
with a single male and scoring whether (and how quickly) he was 
accepted as a mate. Mating preferences are generally stronger 
when measured using choice tests, in which 2 or more males are 
presented simultaneously, so our measure of  male attractiveness 
may have been affected by our experimental design (Dougherty 
and Shuker 2015). Unfortunately, we do not know how many males 
a female encounters at a given time inside natural breeding tunnels, 
so it is unclear whether choice or no-choice tests will yield the most 
ecologically relevant estimates of  female preference in this species. 
Second, we measured fighting success by scoring a male’s ability 
to evict a rival male from an artificial tunnel, and the outcome of  
these contests is obviously highly dependent on the relative quali-
ties of  the males in each dyad. As a result, a male that is classified 
as a winner may not, in fact, be a good fighter in comparison with 
the majority of  males in the population, and even if  females pre-
fer males that are good fighters, they may not chose winners more 
often than losers. To explore this issue further, we examined the 
outcome of  fights that involved just major males, which are likely 
to be competitively superior to minor males. Among these large 
males, there was no relationship between fighting success and mat-
ing success, which is consistent with the hypothesis that the traits 
that affect fighting success are not correlated with those that affect 
male attractiveness.

Future work is needed to determine the relative contributions 
of  male–male competition and female choice to the total strength 
of  sexual selection under natural conditions (Hunt et  al. 2009). 
Because O.  taurus mates exclusively within underground tunnels, a 
male’s ability to win fights and gain access to breeding tunnels is 
likely to be critical to his reproductive success (Emlen 1997; Moczek 
and Emlen 2000). In particular, large horned males that are able 
to defend ownership of  breeding tunnels should have a reproduc-
tive advantage over small hornless males, and previous studies have 
confirmed that large males do enjoy higher mating (Emlen 1997) 
and fertilization (Hunt and Simmons 2001) success. However, fights 
with rival males and subsequent turnovers in tunnel ownership are 
common, and tunnels are often intercepted by side-tunnels that are 
excavated and used by hornless males to sneak copulations (Emlen 
1997; Moczek and Emlen 2000). Females may therefore encounter 
several different males inside tunnels and may be able to assess and 
preferentially mate with attractive males (i.e., those delivering the 
highest courtship rates; Kotiaho et al. 2001; Kotiaho 2002).

Females may also exert cryptic, postcopulatory preferences by 
biasing the use of  sperm from attractive males to fertilize their 
eggs (i.e., cryptic female choice; Eberhard 1991), and sperm from 
different males may also compete within a female’s reproductive 
tract for access to her eggs (i.e., sperm competition; Parker 1970; 
Simmons 2001). In O.  taurus, these selective episodes are likely to 
act synergistically. Females preferentially use shorter sperm to fertil-
ize eggs; males with larger testes gain higher fertilization success; 
and both short sperm and large testes are genetically correlated 
with residual body mass or body condition (reviewed in Simmons 
2011). Intriguingly, these results suggest that a male’s ability to allo-
cate resources to weight gain is favored by all 4 episodes of  sexual 
selection (i.e., male–male competition, female choice, sperm com-
petition, and cryptic female choice), and experimental evolution 
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studies have shown that sexual selection acts to increase male con-
dition (Simmons and García-González 2008) and purge deleterious 
mutations that affect male strength (Almbro and Simmons 2014). 
Studies that examine how these mechanisms interact are needed to 
fully understand net selection on male condition and the patterns 
of  resource allocation to different fitness-enhancing traits (e.g., tes-
tes, muscle, and energy reserves).

More generally, this study adds to a small but growing num-
ber of  studies that find that male–male competition and female 
choice can act in opposition or target different traits (e.g., insects: 
Moore AJ and Moore PJ 1999; Sih et  al. 2002; Candolin 2004; 
Bonduriansky and Rowe 2003; Shackleton et al. 2005; Okada et al. 
2014; birds: Pryke et al. 2001; Andersson et al. 2002; fish: Forsgren 
1997; Wong 2004; Casalini et al. 2009; lizards: López et al. 2002). 
Thus, males that are successful fighters are not always preferred 
as mates (Qvarnström and Forsgren 1998; Hunt et al. 2009). The 
challenge now is to determine how these selective episodes play out 
under natural conditions in order to gain an accurate view of  the 
overall strength of  sexual selection on male phenotypes.

SUPPLEMENTARY MATERIAL
Supplementary material can be found at http://www.beheco.
oxfordjournals.org/

FUNDING
This work was funded by grants from the National Science 
Foundation (IRFP 1400720 to E.L.M.) and Australian Research 
Council (DP110104594 to L.W.S.).

We thank J. Berson and B. Buzatto for their help rearing the beetles.

Handling editor: Bob Wong

REFERENCES
Almbro M, Simmons LW. 2014. Sexual selection can remove an experimen-

tally induced mutation load. Evolution. 68:295–300.
Andersson M. 1994. Sexual selection. Princeton (NJ): Princeton University 

Press.
Andersson S, Pryke SR, Örnborg J, Lawes MJ, Andersson M. 2002. 

Multiple receivers, multiple ornaments, and a trade-off between agonistic 
and epigamic signaling in a widowbird. Am Nat. 160:683–691.

Berglund A, Bisazza A, Pilastro A. 1996. Armaments and ornaments: 
an evolutionary explanation of  traits of  dual utility. Biol J Linn Soc. 
58:385–399.

Bonduriansky R, Rowe L. 2003. Interactions among mechanisms of  sexual 
selection on male body size and head shape in a sexually dimorphic fly. 
Evolution. 57:2046–2053.

Briffa M, Elwood RW. 2001. Decision rules, energy metabolism and vigour 
of  hermit–crab fights. Proc Biol Sci. 268:1841–1848.

Briffa M, Elwood RW. 2004. Use of  energy reserves in fighting hermit 
crabs. Proc Biol Sci. 271:373–379.

Byers J, Hebets E, Podos J. 2010. Female mate choice based upon male 
motor performance. Anim Behav. 79:771–778.

Candolin U. 2004. Opposing selection on a sexually dimorphic trait through 
female choice and male competition in a water boatman. Evolution. 
58:1861–1864.

Casalini M, Agbali M, Reichard M, Konecná M, Bryjová A, Smith C. 
2009. Male dominance, female mate choice, and intersexual conflict in 
the rose bitterling (Rhodeus ocellatus). Evolution. 63:366–376.

Crawley MJ. 2007. The R book. Chichester (UK): John Wiley and Sons.
Darwin C. 1871. The descent of  man, and selection in relation to sex. 

London: John Murray.
Dougherty LR, Shuker DM. 2015. The effect of  experimental design on the 

measurement of  mate choice: a meta-analysis. Behav Ecol. 26:311–319.

Eberhard WG. 1991. Copulatory courtship and cryptic female choice in 
insects. Biol Rev. 66:1–31.

Emlen DJ. 1994. Environmental control of  horn length dimorphism in the 
beetle Onthophagus acuminatus (Coleoptera: Scarabaeidae). Proc Biol Sci. 
256:131–136.

Emlen DJ. 1997. Alternative reproductive tactics and male-dimorphism 
in the horned beetle Onthophagus acuminatus (Coleoptera: Scarabaeidae). 
Behav Ecol Sociobiol. 41:335–341.

Emlen DJ. 2008. The evolution of  animal weapons. Annu Rev Ecol Evol 
Syst. 39:387–413.

Forsgren E. 1997. Female sand gobies prefer good fathers over dominant 
males. Proc Biol Sci. 264:1283–1286.

Fox J, Weisberg S. 2011. An R companion to applied regression. 2nd ed. 
Thousand Oaks (CA): Sage.

García-González F, Simmons LW. 2011. Good genes and sexual selection 
in dung beetles (Onthophagus taurus): genetic variance in egg-to-adult and 
adult viability. PLoS One. 6:e16233.

Halffter G, Edmonds WD. 1982. The nesting behavior of  dung beetles 
(Scarabaeinae). An ecological and evolutive approach. Mexico City 
(Mexico): Instituto de Ecologia.

Hunt J, Breuker CJ, Sadowski JA, Moore AJ. 2009. Male-male competition, 
female mate choice and their interaction: determining total sexual selec-
tion. J Evol Biol. 22:13–26.

Hunt J, Simmons LW. 1997. Patterns of  fluctuating asymmetry in beetle 
horns: an experimental examination of  the honest signalling hypothesis. 
Behav Ecol Sociobiol. 41:109–114.

Hunt J, Simmons LW. 1998. Patterns of  parental provisioning covary with 
male morphology in a horned beetle (Onthophagus taurus) (Coleoptera: 
Scarabaeidae). Behav Ecol Sociobiol. 42:447–451.

Hunt J, Simmons LW. 2000. Maternal and paternal effects on offspring 
phenotype in the dung beetle Onthophagus taurus. Evolution. 54:936–941.

Hunt J, Simmons LW. 2001. Status-dependent selection in the dimorphic 
beetle Onthophagus taurus. Proc Biol Sci. 268:2409–2414.

Hunt J, Simmons LW, Kotiaho JS. 2002. A cost of  maternal care in the 
dung beetle Onthophagus taurus? J Evol Biol. 15:57–64.

Irschick DJ, Herrel A, VanHooydonck B, Van Damme R. 2007. A func-
tional approach to sexual selection. Funct Ecol. 21:621–626.

Knell RJ. 2009. On the analysis of  non-linear allometries. Ecol Entomol. 34:1–11.
Knell RJ, Simmons LW. 2010. Mating tactics determine patterns of  

condition dependence in a dimorphic horned beetle. Proc Biol Sci. 
282:20100257.

Kotiaho JS. 2002. Sexual selection and condition dependence of  courtship 
display in three species of  horned dung beetles. Behav Ecol. 13:791–799.

Kotiaho JS, Simmons LW, Tomkins JL. 2001. Towards a resolution of  the 
lek paradox. Nature. 410:684–686.

Lailvaux SP, Hall MD, Brooks RC. 2010. Performance is no proxy for 
genetic quality: trade-offs between locomotion, attractiveness, and life his-
tory in crickets. Ecology. 91:1530–1537.

Lailvaux SP, Hathway J, Pomfret J, Knell RJ. 2005. Horn size predicts 
physical performance in the beetle Euoniticellus intermedius (Coleoptera: 
Scarabaeidae). Funct Ecol. 19:632–639.

Lailvaux SP, Herrel A, Vanhooydonck B, Meyers JJ, Irschick DJ. 2004. 
Performance capacity, fighting tactics and the evolution of  life-stage 
male morphs in the green anole lizard (Anolis carolinensis). Proc Biol Sci. 
271:2501–2508.

Lailvaux SP, Irschick DJ. 2006. A functional perspective on sexual selection: 
insights and future prospects. Anim Behav. 72:263–273.

Lailvaux SP, Kasumovic MM. 2011. Defining individual quality over life-
times and selective contexts. Proc Biol Sci. 278:321–328.

López P, Muñoz A, Martín J. 2002. Symmetry, male dominance and female 
mate preferences in the Iberian rock lizard, Lacerta monticola. Behav Ecol 
Sociobiol. 52:342–347.

Losos JB, Creer DA, Schulte JA. 2002. Cautionary comments on the mea-
surement of  maximum locomotor capabilities. J Zool. 258:57–61.

Marden JH, Waage JK. 1990. Escalated damselfly territorial contests are 
energetic wars of  attrition. Anim Behav. 39:954–959.

McCullough EL. 2014. Mechanical limits to maximum weapon size in a 
giant rhinoceros beetle. Proc Biol Sci. 281:20140696.

Moczek AP. 1998. Horn polyphenism in the beetle Onthophagus taurus: larval 
diet quality and plasticity in parental investment determine adult body 
size and male horn morphology. Behav Ecol. 9:636–641.

Moczek AP, Emlen DJ. 1999. Proximate determination of  male horn 
dimorphism in the beetle Onthophagus taurus (Coleoptera: Scarabaeidae). 
J Evol Biol. 12:27–37.

Page 7 of 8

 at U
niversity of W

estern A
ustralia on A

pril 3, 2016
http://beheco.oxfordjournals.org/

D
ow

nloaded from
 

http://www.beheco.oxfordjournals.org/
http://www.beheco.oxfordjournals.org/
http://beheco.oxfordjournals.org/


Behavioral Ecology

Moczek AP, Emlen DJ. 2000. Male horn dimorphism in the scarab beetle, 
Onthophagus taurus: do alternative reproductive tactics favour alternative 
phenotypes? Anim Behav. 59:459–466.

Moore AJ, Moore PJ. 1999. Balancing sexual selection through opposing 
mate choice and male competition. Proc Biol Sci. 266:711–716.

Muggeo VM. 2003. Estimating regression models with unknown break-
points. Stat Med. 22:3055–3071.

Nagelkerke NJ. 1991. A note on a general definition of  the coefficient of  
determination. Biometrika. 78:691–692.

Okada K, Katsuki M, Sharma MD, House CM, Hosken DJ. 2014. Sexual 
conflict over mating in Gnatocerus cornutus? Females prefer lovers not fight-
ers. Proc Biol Sci. 281:20140281.

Parker GA. 1970. Sperm competition and its evolutionary consequences in 
the insects. Biol Rev. 45:525–567.

Pomfret JC, Knell RJ. 2006. Sexual selection and horn allometry in the 
dung beetle Euoniticellus intermedius. Anim Behav. 71:567–576.

Pryke SR, Andersson S, Lawes MJ. 2001. Sexual selection of  multiple 
handicaps in the red-collared widowbird: female choice of  tail length but 
not carotenoid display. Evolution. 55:1452–1463.

Qvarnström A, Forsgren E. 1998. Should females prefer dominant males? 
Trends Ecol Evol. 13:498–501.

Reaney LT, Knell RJ. 2015. Building a beetle: how larval environ-
ment leads to adult performance in a horned beetle. PLoS One. 
10:e0134399.

Shackleton MA, Jennions MD, Hunt J. 2005. Fighting success and attrac-
tiveness as predictors of  male mating success in the black field cricket, 
Teleogryllus commodus: the effectiveness of  no-choice tests. Behav Ecol 
Sociobiol. 58:1–8.

Sih A, Lauer M, Krupa JJ. 2002. Path analysis and the relative importance 
of  male–female conflict, female choice and male–male competition in 
water striders. Anim Behav. 63:1079–1089.

Simmons LW. 2001. Sperm competition and its evolutionary consequences 
in the insects. Princeton (NJ): Princeton University Press.

Simmons LW. 2011. Sexual selection after mating: the evolutionary conse-
quences of  sperm competition and cryptic female choice in onthophagines. 

In: Simmons LW, Ridsdill-Smith TJ, editors. Ecology and evolution of  
dung beetles. 1st ed. West Sussex (UK): Wiley-Blackwell. p. 66–86.

Simmons LW, Buzatto BA. 2014. Contrasting responses of  pre- and 
post-copulatory traits to variation in mating competition. Funct Ecol. 
28:494–499.

Simmons LW, García-González F. 2008. Evolutionary reduction in testes 
size and competitive fertilization success in response to the experimental 
removal of  sexual selection in dung beetles. Evolution. 62:2580–2591.

Simmons LW, Holley R. 2011. Offspring viability benefits but no apparent 
costs of  mating with high quality males. Biol Lett. 7:419–421.

Simmons LW, Kotiaho JS. 2002. Evolution of  ejaculates: patterns of  pheno-
typic and genotypic variation and condition dependence in sperm com-
petition traits. Evolution. 56:1622–1631.

Simmons LW, Kotiaho JS. 2007. The effects of  reproduction on courtship, 
fertility and longevity within and between alternative male mating tactics 
of  the horned beetle, Onthophagus binodis. J Evol Biol. 20:488–495.

Sneddon LU, Huntingford FA, Taylor AC, Orr JF. 2000. Weapon strength 
and competitive success in the fights of  shore crabs (Carcinus maenas). J 
Zool. 250:397–403.

Tomkins JL, Kotiaho JS, LeBas NR. 2005. Phenotypic plasticity in the 
developmental integration of  morphological trade-offs and secondary 
sexual trait compensation. Proc Biol Sci. 272:543–551.

Tomkins JL, Kotiaho JS, LeBas NR. 2006. Major differences in minor 
allometries: a reply to Moczek. Am Nat. 167:612–618.

Werner M, Simmons LW. 2008. The evolution of  male genitalia: functional 
integration of  genital sclerites in the dung beetle Onthophagus taurus. Biol J 
Linn Soc. 93:257–266.

Wilson AJ, Nussey DH. 2010. What is individual quality? An evolutionary 
perspective. Trends Ecol Evol. 25:207–214.

Wong BB. 2004. Superior fighters make mediocre fathers in the Pacific 
blue-eye fish. Anim Behav. 67:583–590.

Wong BB, Candolin U. 2005. How is female mate choice affected by male 
competition? Biol Rev Camb Philos Soc. 80:559–571.

Zuur AF, Ieno EN, Elphick CS. 2010. A protocol for data exploration to 
avoid common statistical problems. Methods Ecol Evol. 1:3–14.

Page 8 of 8

 at U
niversity of W

estern A
ustralia on A

pril 3, 2016
http://beheco.oxfordjournals.org/

D
ow

nloaded from
 

http://beheco.oxfordjournals.org/

