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Sexual selection has 2 main components, female preference and male–male competition, which can lead males to adopt alternative 
reproductive tactics to optimize their reproductive success. Two traits that significantly influence reproductive success are body size 
and coloration, as they can facilitate access to females through male contests or as female attractors. We investigated whether, and 
if so which mechanism of sexual selection contributes to the maintenance, and possibly even the establishment, of 2 almost discrete 
male morphs in the polyphenic black scavenger fly Sepsis thoracica (Diptera: Sepsidae): small and black, or large and amber. We 
performed 2 complementary laboratory experiments to evaluate the mating success of the different male morphs and the behaviors (of 
both males and females) presumably mediating their mating success. We found evidence for intraspecific disruptive sexual selection 
on male body size that is mediated by male–male interactions, and significant positive directional selection on body size that interacted 
with (directional) selection on coloration, likely contributing to the origin and/or maintenance of the threshold relationship between the 
2 traits in this species. The simultaneous occurrence of disruptive selection and polyphenism in S. thoracica supports the role of sexual 
selection in the intraspecific diversification of coupled traits (here body size and coloration), which could be a speciation starting point.

Key words: body size, Diptera, female preference, fly, male–male competition, mating, melanism, polymorphism, threshold 
trait, trade-off.

INTRODUCTION
Intraspecific phenotypic diversity can be significantly influenced 
by sexual selection (Andersson 1994; Gray and McKinnon 2007). 
In some animals, sexual selection not only mediates the evolution 
of  sexual dimorphism (Fairbairn et al. 2007), but also dimorphism 
within one sex (Rios-Cardenas et al. 2007; Hurtado-Gonzales et al. 
2010). In many cases, such polymorphisms (based on genetic dif-
ferences) or polyphenisms (induced by the environment) are main-
tained by divergent selection across populations; at least in theory 
such disruptive sexual selection can promote sympatric speciation, 
a mode of  speciation under controversy (van Doorn et  al. 2004; 
Gavrilets and Hayashi 2005; Gray and McKinnon 2007). However, 
this macro-evolutionary process is ultimately grounded in micro-
evolutionary disruptive selection within populations, for which 
there is comparatively little support (Gray and McKinnon 2007).

One of  the main components of  sexual selection is male–male 
competition (reviewed by Andersson 1994; Hunt et  al. 2009). 

Strong competition for mates can lead males to adopt different 
strategies to obtain mates, resulting in alternative reproductive 
tactics (Oliveira et  al. 2008). Gaining privileged access to mates 
bears costs; as resources are limited, individuals should tailor their 
investment into different traits so as to optimize their reproductive 
success through either alternative tactic. When these differential 
investments are mutually exclusive, as is the case for many trade-
offs, they can result in intrasexual polyphenisms (Taborsky and 
Brockmann 2010). Besides physiological allocation costs, trade-offs 
can impose more general costs in terms of  overall fitness whenever 
a beneficial change in one trait results in a detrimental change in 
another (Stearns 1989; Leroi et al. 1994). In such situations poly-
phenisms may continue to be favored by disruptive selection, 
reducing the fitness of  intermediate phenotypes (Brockmann et al. 
2008; Danforth and Desjardins 1999).

The other main component of  sexual selection is mate choice, 
most commonly exerted by females (Andersson and Simmons 2006; 
Hunt et al. 2009). Females are regularly choosier because they face 
higher reproductive costs than males (Bateman 1948; Clutton-
Brock 1988). A  strong female preference can cause divergence 
in male phenotypes, which can drive males to adopt alternative 
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reproductive tactics, either to invest in costly structures for mate 
attraction (bourgeois tactic), or omit these costs and exploit the 
investment of  their bourgeois conspecifics (parasitic tactic; Oliveira 
et  al. 2008). Females typically prefer bourgeois males, thereby 
exerting intersexual selection on them, while the parasitic males 
circumvent such preferences (Gross 1991; Shuster and Sassaman 
1997; Watson and Simmons 2010). Therefore, female preferences 
may result in disruptive sexual selection whenever males differ-
entially invest in such mutually exclusive functions (Taborsky and 
Brockmann 2010). Moreover, female choice can be variable, for 
instance, when females prefer different traits in different males, 
which can also result in disruptive sexual selection (Sappington and 
Taylor 1990; Greene et  al. 2000; Stelkens et  al. 2008; Busso and 
Davis Rabosky 2016).

Male–male competition and female preference are not mutually 
exclusive, so they can act simultaneously in a species (Hunt et  al. 
2009). Body size is one of  the most important traits often favored 
by classic male–male competition and/or female choice (reviewed 
by Andersson 1994; Blanckenhorn 2000; Fairbairn et  al. 2007; 
Hunt et  al. 2009). Larger body sizes normally facilitate access to 
females either through victory in aggressive contests between males 
or by forcing copulations (Partridge and Farquhar 1983; Anderson 
and Fedak 1985; Clutton-Brock 1988; Zucker and Murray 1996; 
Shine and Mason 2005). Larger body sizes are also often favored by 
female preferences (Simmons 1992; Brown et al. 1996; MacLaren 
and Rowland 2006). These benefits of  body size in mate acquisition 
are particularly evident in species that display alternative reproduc-
tive tactics (Dominey 1980; Emlen 1997; Taborsky and Brockmann 
2010). In such species, discrimination against intermediate body 
sizes can result in disruptive selection on male body size (Danforth 
and Desjardins 1999).

Another trait that also plays an important role in sexual selection 
is coloration (Andersson 1994; Lozano 1994). Coloration can influ-
ence male–male competition when it functions as a signal to other 
males (Pärt and Qvarnström 1997; Pérez I de Lanuza et al. 2013). 
It can also influence female preference when it functions to attract 
females (Kodric-Brown 1985; Lozano 1994), or it can be a simulta-
neous signal for both sexes (Kodric-Brown 1996; Pérez I de Lanuza 
et al. 2013). Through either of  these mechanisms, therefore, disrup-
tive selection on coloration may result in polyphenisms (Sappington 
and Taylor 1990; Greene et al. 2000).

Studies focusing on polymorphic species typically address the 
mechanisms that can (stably) maintain morphs in nature, such as 
negative frequency-dependent selection (Maynard Smith 1982; 
Kokko et al. 2007; Zajitschek and Brooks 2008). We here address 
the role of  disruptive sexual selection as a force maintaining or 
even widening the intraspecific phenotypic differences between 
morphs. We focus on the black scavenger fly Sepsis thoracica (Diptera: 
Sepsidae), which presents 2 male morphotypes: a small, black 
(obsidian) and a large, yellow (amber) morph, while females are 
always totally black (Busso et al. 2017). These differences are largely 
environmentally induced, hence a polyphenism, as body size, col-
oration, and fly behavior are only weakly genetically differentiated 
across Europe (Busso and Blanckenhorn 2018a). In other sepsid 
species, mating success is strongly influenced by individual body 
size and can involve both female preference and male–male compe-
tition (Ward 1983; Zerbe 1993; Blanckenhorn et al. 2000; Eberhard 
2002; Puniamoorthy, Blanckenhorn, et  al. 2012;  Puniamoorthy, 
Schäfer, et al. 2012). By analyzing male and female behaviors dur-
ing mating encounters, we here investigated whether, and if  so by 
which mechanism sexual selection contributes to the maintenance 

and possibly even the establishment of  the 2 male morphs in S. tho-
racica. If  male–male competition is more important, we expected 
significant behavioral differences between the morphs, whereas if  
female preferences play a greater role, we expected female rejection 
responses to differ between male morphs. We further asked if  the 
male polyphenism of  S. thoracica represents alternative reproductive 
tactics. This work should contribute to our ultimate goal, to under-
stand the evolution of  the male polyphenism in this species.

MATERIALS AND METHODS
Sepsis thoracica maintenance and rearing

We sampled 7 European S.  thoracica populations from Pehka, 
Estonia (59.48° N, 26.37°⁰ W), Ludwigshafen, Germany (49.48° N, 
8.42° W), Asturias, Spain (43.3° N, 6.0° E), Petroia, Italy (43.23° 
N, 12.56° W), Padula, Italy (40.34° N, 15.66° W), Lagonero, Italy 
(40.14° N, 15.75° W), and Lamezzia, Italy (38.92° N, 16.25° W). 
Wild-caught females were brought to the laboratory and used to 
establish multiple (5–25) replicate iso-female line cultures per popu-
lation that were housed in separate plastic containers at 18 ± 1 °C 
under a 14:10 h light:dark cycle. The cultures were regularly sup-
plied with fresh cow dung, sugar, and water ad libitum.

To generate flies for our sexual selection experiments, containers 
with dung were placed for 24 h inside any of  the S.  thoracica stock 
cultures for females to deposit eggs. This dung was incubated after-
wards in another container until experimental adult flies emerged. 
To guarantee virginity, females and males were separated upon 
emergence under a stereo microscope MZ12 (Leica). All flies used 
in our experiments were 3 to 7 days old.

Estimation of sexual selection in the laboratory

For each experimental trial, we placed 4 amber and 4 obsidian 
males into a transparent plastic arena (10  ×  10  ×  20  cm3) and 
then introduced 4 females. This experiment using large groups of  
12 unmarked individuals served to best emulate the natural situ-
ation at a dung pat. All flies of  a given group stemmed from the 
same isofemale line from a given location, and over time a total 
of  N = 90 trials were performed, in random order, with flies from 
many different lines and locations to generally represent the spe-
cies. Females were picked randomly, and males were chosen by 
eye as being either black or fully amber, which was later verified 
by the measuring procedure described below, leading to occasional 
intermediate phenotypes (blue in Figure 1) that were excluded from 
analyses post-hoc. Based on preliminary trials, all behavioral inter-
actions were observed until all females were paired or otherwise 
stopped after 20 min.

We scored, as proxies for male–male competition, the number of  
fights and wavings between individual males. We noted the morph 
of  the performer and receiver of  these actions (without knowing 
the individual’s identity), as well as the number of  individuals of  
each morph present at the time of  each action. A fight was defined 
as a male jumping on another male and/or knocking him over to 
the ground; waving consisted of  simultaneous wing and abdomen 
movements directed to another individual, which we presumed 
(but not know for certain) to have aggressive display or signaling 
functions. We also measured the mounting latency (time elapsed 
until the male mounted a female to initiate copulation without get-
ting off again), the number of  mounting attempts until copulation 
took place or the trial ended, copulation latency (time elapsed until 
copulation started), and copulation duration (if  it occurred; always 
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measured fully, even beyond the 20-min threshold, as it lasts ca. 
20 min on average).

As a proxy for female preference we measured female reluctance 
(time elapsed since the male mounted the female until she bent her 
abdomen upward allowing him to contact her genitalia). In other 
sepsids, one can measure female shaking as a proxy for female pref-
erence (e.g., Blanckenhorn et  al. 2000), but we only observed few 
shaking events in our 90 trials, hence this variable was not further 
considered. We registered which male copulated with which female 
by isolating the mating pairs from the group, as individuals were 
unmarked.

After the experiment finished, we measured the body size of  
all mated and nonmated individuals. We scored the foreleg femur 
area as an excellent proxy for both body size and coloration, 
based on previous analyses (size and coloration of  all body parts 
are highly correlated; Busso and Blanckenhorn 2018a). All flies 
were dissected to photograph their foreleg under a stereo micro-
scope MZ12 with a DFC490 camera (Leica) against a neutral 
white background. The camera was calibrated with a mini IT-8 
calibration target to guarantee color consistency between the dif-
ferent pictures. We used a self-written code in ImageJ that mea-
sured the number of  pixels of  the foreleg femur, and converted 
them to the real area according to the scale in each picture. The 
code also measured the number of  melanic pixels in the femur 
as an objective quantification of  melanism, i.e., coloration, vary-
ing from amber to black. Any pixel with a V-value over 163 in 

the YUV color space was defined as melanic, corresponding to 
the valley in the bimodal V-value distribution of  femur color-
ation (Y: brightness; U: blue-luminance; V: red-luminance; see 
https://en.wikipedia.org/wiki/YUV; cf. Figure  1, right; Busso 
and Blanckenhorn 2018a). Melanism represented the proportion 
of  black and brown pixels over all the pixels of  the femur (thus 
requiring a logistic approach).

Alternative reproductive tactics experiment

We performed a second experiment to quantify behavioral dif-
ferences between the male morphs in more detail (N  =  174). 
Before each trial, males were marked with a small dot of  paint 
on the back of  their thorax to distinguish individuals of  the same 
morph. In this experiment, for each trial we placed 2 males (2 
ambers, 2 obsidians, or one of  each) in a transparent plastic 
arena (10  ×  10  ×  20  cm3) and then introduced 1 female. The 
order of  male introduction was random. During the trials, we 
scored the number of  fights and wavings between any 2 individu-
als (as above), scoring the sex and morph of  the performer and 
receiver of  these actions. We additionally registered mounting 
attempts, mounting latency, copulation latency, and copulation 
duration, as above. In this experiment, we did not measure the 
body size of  the individuals, just their size category defined by 
their color. Interactions were observed for 20  min or until the 
female was paired with one or the other male.
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Figure 1
Relationship between body size and melanization of  male Sepsis thoracica with their respective frequency distributions (data of  the sexual selection experiment 
only). The pictures show the amber and obsidian male morphs.
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Statistical analyses of the sexual selection 
experiment

We used standard regression methods to estimate uni- and bivari-
ate linear and quadratic (nonlinear) selection coefficients (Lande 
and Arnold 1983; Arnold and Wade 1984) assessing the intensity 
of  sexual selection on fore femur (i.e., body) size and melanism 
in S.  thoracica males in the sexual selection experiment. Univariate 
coefficients integrate direct and indirect selection on the traits, 
while bivariate coefficients indicate the selection on one trait con-
trolling for selection on another. This permits disentangling selec-
tion on multiple traits even when correlated, and also estimates 
the resulting direction of  selection acting on each trait (Lande 
and Arnold 1983; Arnold and Wade 1984). To allow direct com-
parison, we converted absolute to relative mating success (z-scores). 
We calculated, separately for each trial, standardized z-scores for 
fore femur size and melanism by subtracting the trial mean from 
each value and dividing the difference by the standard deviation: 
z x x SDi i x= -( ) / .  Relative fitness in each trial was calculated 
as the dichotomous absolute fitness (i.e., mated or not [1 or  0]) 
divided by the trial mean fitness, i.e. the proportion of  mated 
males (Arnold and Wade 1984). We used models of  relative fit-
ness on z-scored body size and melanism, w c z= + ,β1  to estimate 
univariate linear selection coefficients for each variable, where 
w is the relative fitness, β1 is the univariate linear selection coef-
ficient, and z is the standardized independent variable (body size 
or melanism). c is the intercept in all models. To estimate bivari-
ate linear selection, we used the model w c z zbs bs m m= + + ,β β2 2  
where β2bs and β2m are the bivariate linear selection coefficients of  
body size and melanism respectively, and zbs and zm refer to stan-
dardized body size and melanism. For the univariate quadratic 
(nonlinear) selection we used the model w c z z= + + ,β γ1 1

2  where 
γ1 is half  the univariate quadratic selection coefficient; and for 
the bivariate quadratic selection differentials we used the model 
w c z z z z z zbs bs m m bs bs m m bs m bs m= + + + + + ´ ,β β γ γ γ2 2 2

2
2

2
2  where γ2bs 

and γ2m are half  the bivariate quadratic selection coefficients of  
body size and melanism, respectively, and γ2bs×m is the correlational 
(i.e., interactive) selection between the 2 traits. The linear terms of  
the bivariate models are not interpreted, as these equations with 
higher order terms serve to measure only how selection influences 
the variances and covariances of  traits when linear selection effects 
are controlled (Lande and Arnold 1983). Significance of  each selec-
tion coefficient in these multiple regressions was tested with the 
corresponding binomial models with binary (i.e., absolute) mating 
success (rather than relative fitness) as the outcome. We incorpo-
rated in all models a random effect of  maternal line nested within 
populations to control for fly relatedness, and also the trials as ran-
dom effect to control for differences between trial conditions.

Because unmarked males of  the same morph could not be indi-
vidually differentiated in the sexual selection experiment, we cal-
culated fights and wavings per morph. We analyzed the fighting or 
waving differences between the morphs with a generalized mixed 
effect model, fitting a negative binomial to the data. The negative 
binomial fitted the data better than the Poisson model and solved 
the overdispersion problem. We included as factors in the model 
the morph of  the performer, the morph of  the receiver and the 
interaction between them (N  =  90 trials). We also incorporated 
in the model the random effects of  line nested within population  
and the trials (Briffa et  al. 2013), as above. The model also  
contained the following offsets: duration of  the trial, number of  per-
formers (number of  individuals of  each morph that could perform 

an action), and number of  receivers (number of  individuals of  
each morph that could receive the action). These offsets controlled 
for the observation time and also for the individuals present when 
an action was recorded, hence the output is directly interpretable 
as rates per minute, performer, and receiver (Reitan and Nielsen 
2016). Fights and wavings were analyzed similarly but separately.

For the mounting attempts, we fitted a Poisson model with 
male size, female size, morph, and all possible 2-way interactions 
between them. We also incorporated in the model line nested 
within populations and trials as random effects. The offset in this 
model was the mounting latency, or alternatively trial duration if  
there was no copulation. We took mounting latency whenever the 
male mounted the female and this lead to copulation, in which 
case the mated pair did not interact anymore with the other males. 
There were only 2 cases where another male took over a female, so 
these trials were excluded from the analyses. For mounting latency, 
copulation latency and female reluctance (N = 248 matings), we fit-
ted a generalized mixed effect model with a negative exponential 
distribution, and for copulation duration (N = 248) a linear mixed 
effect model with underlying normal distribution, always including 
the same explanatory variables and random effects as above but 
excluding any offsets.

To check for assortative mating, we fitted a linear mixed effect 
model where the outcome variable was relative male size (standard-
ized per trial) and the predictor variables were relative female size 
(standardized per trial), male morph, and the interaction between 
the two (N = 248). We also incorporated in the model line nested 
within populations and trial as random effects.

Statistical analyses of the alternative 
reproductive tactics experiment

We analogously analyzed the alternative reproductive tactics exper-
iment with a generalized mixed effect model, fitting a negative 
binomial regression to the fights and wavings (as above), including 
the factors morph of  the performer, morph of  the receiver, and 
the interaction between them (N = 87 trials). We here additionally 
included the color marking to detect if  it influenced the fly’s behav-
ior. The models also contained the random effects of  line nested 
within population and trial. The offset in this case was mounting 
latency or trial duration, as above. Mounting attempts, mounting 
and copulation latency, and copulation duration (N = 24 matings) 
were analyzed as in the sexual selection experiment.

We additionally analyzed the influence of  the fighting and wav-
ing behaviors on individual copulation success with a generalized 
mixed effect model, fitting a logistic binomial regression to the 
data. The model included the predictor variables fighting, waving, 
morph, opponent’s morph, marking, and the bivariate interactions 
fighting:morph, waving:morph, fighting:opponent’s morph, and 
waving:opponent’s morph. This model also contained the random 
effects line nested within population and trial. The offset in this 
case was again mounting latency or trial duration. All analyses were 
done using the software R Version 3.2.2 (R Development Core 
Team 2015).

RESULTS
Male–male interactions

The morphs had starkly different body sizes (Figure  1, 
Χ1

2  =  1106.38, P  <  0.001). In the sexual selection experiment 
amber males fought more than obsidians (Figure  2a, Χ1

2  =  6.90, 
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P  =  0.009), and obsidians attacked more other obsidians than 
ambers (fighter:receiver Χ1

2  =  4.21, P  =  0.040; an effect however 
turning marginally nonsignificant when adjusting for simultaneous 
analysis of  2 traits), both morphs receiving roughly equal numbers 
of  attacks (receiver Χ1

2 = 3.08, P = 0.080). Ambers also waved more 
than obsidians (Figure 2c, Χ1

2 = 5.58, P = 0.018), waving equally 
to both morphs, while obsidians waved mostly to other obsid-
ians (receiver Χ1

2  =  28.73, P  <  0.001; signaler:receiver Χ1
2  =  20.19, 

P < 0.001).
In the alternative reproductive tactics experiment, we also saw 

that ambers fight more than obsidians (Figure  2b, Χ1
2  =  6.12, 

P  =  0.013), but they were indifferent to the morph of  the oppo-
nent (receiver Χ1

2  =  0.04, P  =  0.846; fighter:receiver Χ1
2  =  0.48, 

P = 0.488). The marking did not significantly affect attack behavior 
(Χ1

2  =  2.39, P  =  0.122). For the wavings, results differed slightly 
from the sexual selection experiment, as ambers waved more than 
obsidians (Figure 2d, Χ1

2 = 11.38, P < 0.001), and waved more to 
obsidians than to ambers, while the opposite was true for obsidians 
(receiver Χ1

2 = 0.83, P = 0.363; signaler:receiver Χ1
2 = 6.40, P = 0.011). 

Again, the marking did not significantly affect waving behavior 
(Χ1

2 = 0.01, P = 0.923).

Of  all variables and bivariate interactions originally included 
in the alternative reproductive tactics experiment model, fighting 
was the only trait that significantly affected the morphs’ copulation 
success (Figure 3, Χ1

2 = 4.36, P = 0.037); all other variables were 
not significant (wavings, Χ1

2 = 1.55, P = 0.213; morph, Χ1
2 = 0.48, 

P  =  0.489; opponent’s morph, Χ1
2  =  2.79, P  =  0.095; marking, 

Χ1
2  =  0.29, P  =  0.591; morph:opponent’s morph, Χ1

2  =  0.08, 
P  =  0.771; fights:morph, Χ1

2  =  0.23, P  =  0.631; wavings:morph, 
Χ1

2  =  1.47, P  =  0.226; fights:opponent’s morph, Χ1
2  =  1.38, 

P = 0.239; wavings:opponent’s morph, Χ1
2 = 0.49, P = 0.484).

Male–female interactions

In the sexual selection experiment, we found no assortative mat-
ing, since standardized male size was not significantly correlated 
with standardized female size (Χ1

2  =  0.01, P  =  0.942), nor was 
there an interaction with morph (Χ1

2  =  1.37, P  =  0.504). The 
only significant effect was female body size positively influencing 
copulation duration, a well-known phenomenon in other sepsids 
(Puniamoorthy, Blanckenhorn, et al. 2012; Χ1

2 = 5.04, P = 0.021). 
Since all other behavioral traits at least partly attributable to the 
female (reluctance and copulation latency) had no significant effects 
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Figure 2
Mean ± 95% CI of  fighting and waving frequencies in the sexual selection (a,c) and the alternative reproductive tactics experiments (b,d).
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in either experiment before or after necessary statistical Bonferroni 
correction (all model estimates listed in Supplementary Tables  S1 
and S2), we conclude that the contribution of  female choice to sex-
ual selection in these competitive laboratory settings is minor in this 
species, based on the variables considered.

Selection estimates (sexual selection experiment)

Table 1 lists all univariate and bivariate linear and quadratic selec-
tion coefficients. To further illustrate the complex numerical inter-
pretation of  these coefficients, Figure 4 depicts the fitness landscape 
of  the males’ morphospace resulting from the model including all 
parameters.

DISCUSSION
We presented evidence for ongoing disruptive sexual selection on 
body size, here primarily mediated by male–male competition 
(Figures  2 and 3), in S.  thoracica (Diptera: Sepsidae; Figure  4), a 
dung fly species featuring a rare condition-dependent male dimor-
phism in size and coloration (Figure  1). Disruptive selection was 
accompanied by strongly positive directional selection on body size 
that interacted positively with selection on (orange) coloration (i.e., 
negatively with melanism), implying accelerating selection favor-
ing large, amber males (Table  1). Nevertheless, small black males 
showed greater mating success than middle-sized and -colored 
males (Figures  1 and 4). The 2 male morphs differ quantitatively, 
but not qualitatively, in their mating behavior, however so far show-
ing little evidence of  hard-wired (i.e., genetic) alternative mating 

tactics or strategies (Figure  2). We conclude that current sexual 
selection contributes to the maintenance, and in the past likely also 
contributed to the origin, of  the 2 male morphs (Danforth and 
Desjardins 1999; Brockmann et al. 2008).

Our evidence of  disruptive sexual selection on male body size 
selecting against intermediate body sizes is based on the bivariate 
nonlinear (quadratic) selection coefficient γ2bs for body size being 
positive (Table  1, Figure  4), which concurs with the phenotypic 
subdivision of  the males’ morphospace (Figure  1). A  strong influ-
ence of  body size on mating success has also been demonstrated 
in related sepsid flies lacking male polyphenism (S.  cynipsea and 
S.  punctum: Ward 1983; Blanckenhorn et  al. 2000; Puniamoorthy, 
Blanckenhorn, et  al. 2012;  Puniamoorthy, Schäfer, et  al. 2012), 
supporting the general idea that selection on size strongly affects 
the evolution of  body size and sexual dimorphism of  the entire 
clade (Rohner et  al. 2016). Although most sepsids—a family of  
acalypterate flies generally associated with decaying organic mat-
ter with ca. 300 species worldwide—are shiny-black, orange color 
recurs repeatedly throughout the clade (Pont and Meier 2002; see 
http://sepsidnet-rmbr.nus.edu.sg/ for pictures of  many species). 
However, as far as we know S.  thoracica is the only Sepsis species in 
Europe showing a male polyphenism in coloration strongly coupled 
with size (Figure 1). Strong selection on body size however was not 
accompanied by equally strong selection on melanism/coloration 
(one being the inverse of  the other), which was relatively weaker 
overall (Table 1), despite the fact that bimodality is strong for color-
ation and weak to nonexistent for size (Figure 1). We had expected 
the opposite. Nevertheless, in line with the coupling of  the 2 traits, 
correlational selection (γ2bs×m) was strong, qualitatively revers-
ing directional selection favoring melanism in the bivariate model 
(β2m; albeit not significant) to significantly disfavor melanism, i.e., 
favor amber-colored (and large) males in the univariate model 
(β1m; Table  1). Correlational selection at this point in time thus 
likely determines the precise position of  the 2 fitness peaks in the 
trait space (Figure  4). This interactive (correlational) selection on 

Table 1
Selection coefficients (± 95% CI) for body size and melanism 
in the sexual selection experiment (*P < 0.05; **P < 0.01; 
***P < 0.001)

Selection coefficient Fore femur area (bs) Melanism (m)

Univariate linear (β1) 0.537 (±0.144)*** −0.454 (±0.146)**
Bivariate linear (β2) 1.019 (±0.442)* 0.510 (±0.442)
Univariate quadratic (γ1) −0.052 (±0.388) −0.356 (±0.634)
Bivariate quadratic (γ2) 2.068 (±1.900)* 0.764 (±1.790)
Correlational (γ2bs×m) −1.791 (±1.750)*
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Figure 4
Two-dimensional fitness contour plot (forefemur size and melanism) for 
the S.  thoracica males in the sexual selection experiment. The black dots 
represent the actual individual phenotypes.
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Sigmoid positive influence of  fighting on mating success of  both male 
morphs in the alternative reproductive tactics experiment.
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body size and coloration at present also likely reinforces the cou-
pling of  the 2 traits, which may even be genetically linked via gene 
regulation (though we don’t know), as they have been shown to 
be functionally linked, via the enzyme phenoloxidase, by a trade-
off between the black color of  the fly and its immune defense 
(Figure 1; Busso et al. 2017). However, whether this link is cause or 
consequence of  sexual selection of  course cannot be determined 
retrospectively at this point in time. We can only speculate that 
the strength of  selection on coloration must have been relatively 
stronger than selection on body size at some earlier point in the 
evolution of  this polyphenism, which was likely linked with the 
secondary evolution of  male-biased sexual size dimorphism in this 
particular sepsid species (Rohner et al. 2016).

Accompanying disruptive sexual selection, we found 2 peaks in 
the males’ fitness landscape (Figure 4). Strong phenotypic plasticity 
allows S.  thoracica males to flexibly encompass both peaks with the 
same genotype. Polyphenism thus allows the species to avoid being 
trapped in either local optimum of  the fitness landscape (Woodcock 
and Higgs 1996). Ambers occupy a higher fitness peak than obsid-
ians, resulting in overall positive directional sexual selection for 
larger body sizes (Figure  4). This combination of  disruptive and 
directional selection in S. thoracica could mediate the eventual evolu-
tionary (i.e., genetic) escape from the lower (obsidians) to the higher 
optimum (ambers). Phenotypic plasticity will delay this escape until 
particular combinations of  genetic changes appear (Phillips 1996; 
Weissman et al. 2009), which in sepsids are likely to arise eventu-
ally due to their large population sizes (Pont and Meier 2002). In 
general, plasticity therefore can facilitate the course of  evolution 
by allowing a species to first explore the entire fitness landscape to 
then ultimately shift to a higher fitness peak through a combination 
of  disruptive and linear selection.

The quasi dichotomous male coloration in S. thoracica could have 
also evolved as a status badge to signal the body size and fighting 
ability of  an individual (Rohwer 1982). The honesty of  the amber 
badge could have been maintained by the costs it incurs in terms 
of  energy, physical injury and/or death (Geist 1974; Georgiev et al. 
2013). Here, the amber coloration likely results in reduced immu-
nocompetence of  the individual (Busso et al. 2017). This cost would 
favor a sigmoid relationship with a trait threshold below which 
exhibiting the amber color would be detrimental in a highly com-
petitive environment (Rohwer 1982), as only large enough individu-
als should afford the amber badge, ultimately producing a (genetic) 
linkage between body size and melanism. If  a signal is an accurate 
predictor of  the resource holding potential of  an individual, such 
threshold traits can be adaptive (Svennungsen et  al. 2011). The 
bimodal fitness landscape in male S. thoracica encompassing a trade-
off between body size and melanism supports the idea that disrup-
tive selection favors threshold traits (Svennungsen et al. 2011). The 
fitness trade-off between the mating advantage of  large amber 
males and the better immune system of  the small, melanic obsid-
ians (Busso et al. 2017) thus can contribute to the discontinuous fit-
ness optimum resulting in a bimodal fitness landscape (Chevin and 
Lande 2013), ultimately maintaining, if  not producing, the 2 male 
morphs in S. thoracica.

Accompanying the morphological differences between morphs, 
we also found divergence in their behavior. In both experiments, 
ambers fought significantly more than obsidians, and the higher 
fighting frequency increased their mating success (Figure 3). Such 
condition-dependent behavior is likely integral part of  the poly-
phenic syndrome. The benefit of  aggression applies whether males 
fight directly for females, or whether they fight for territories on 

dung pats granting them access to females coming to feed or lay 
eggs on the dung, both of  which occur in this species (personal field 
observations). Regardless of  the precise mechanism, our results 
concur with the typically greater mating success of  aggressive indi-
viduals found in many other species (Dow and von Schilcher 1975; 
Gerlai et al. 2000; Brown et al. 2007; Spence et al. 2008).

Nevertheless, aggression also incurs costs in terms of  energy, 
physical injury, and ultimately death (Geist 1974; Georgiev et  al. 
2013). Hence, individuals alternatively might employ signals to 
limit such fighting costs (Tinbergen 1951; Parker 1974; Rohwer 
1982). We found that ambers waved more than obsidians in both 
experiments, which seems to result in less fighting (and waving) of  
obsidians with ambers at least in the sexual selection experiment 
(Figure 2a,c). However, waving did not significantly influence male 
mating success. This lack of  effect could be either because waving 
is not an honest signal of  an individual’s resource holding potential, 
or because it has yet another meaning. Alternatively, female pres-
ence could have influenced male waving behavior in form of  an 
audience effect, which can alter the original message of  the signal 
(Zuberbühler 2008). Signals also typically depend on the environ-
mental setting (Endler 1992; Schluter and Price 1993). As results 
from our 2 differing laboratory settings were not completely con-
gruent, further experiments are needed to understand the signaling 
behavior of  sepsid flies (cf. Puniamoorthy et al. 2009).

Regardless, there needs to be a mechanism regulating the fre-
quency of  the 2 morphs so that both can coexist in the long term. 
A threshold trait conditioned on body size seems to be an adequate 
solution to flexibly regulate the frequency dependent expression of  
behavioral tactics, as juvenile population density is typically negatively 
correlated with body size (Busso et al. 2017). At low densities the spe-
cies can afford to produce only aggressive amber males (“hawks”; cf. 
Parker 1974) because the risks of  fighting will be lower. As population 
density increases, fighting risks also increase and only the most com-
petitive individuals will be able to bear the amber badge, which deters 
fights with obsidians (Figure 2). At very high densities the majority, if  
not all, individuals will be less aggressive obsidians (“doves”). Hence a 
threshold can provide a mechanism to balance the ratio between the 
2 morphs and render optimal combinations of  ambers (hawks) and 
obsidians (doves) according to the population density to minimize the 
fitness costs of  each tactic. Note that this plastic regulation of  morph 
frequencies under disruptive selection is an alternative evolutionary 
mechanism to classic frequency-dependent selection on genetically 
fixed genotypes, which we did not investigate here because in S. thorac-
ica morphs are not fixed but largely plastic (Busso and Blanckenhorn 
2018a). So, we cannot definitely exclude a role of  negative frequency 
dependent selection in this system.

In contrast to male competitive behavior, female preferences did 
not play much of  a role in our study, based on the laboratory set-
tings and behaviors we assessed here. We found no specific female 
preferences for any morph, coloration or body size in the sexual 
selection experiment. This lack of  preference was observed for 
both female mating behaviors studied (female reluctance to copu-
late and copulation latency). Hence, our combined evidence sug-
gests that male–male competition is the primary diversification 
agent in this species (Seehausen and Schluter 2004), contributing 
to the male-biased sexual size dimorphism exhibited by the amber 
morphs (Rohner et  al. 2016). However, one-on-one trials lacking 
any male–male interactions, which albeit unnatural arguably would 
be the best test of  female preferences, were not performed here, so 
our conclusions about lacking female choice must remain limited 
(cf. Puniamoorthy 2014).
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In our study, we estimated fitness benefits based on individual 
mating success, but as mentioned the amber morph may suffer 
other costs beyond mating, such as compromised immunity (Busso 
et  al. 2017), energy loss, or physical injury (Geist 1974; Georgiev 
et  al. 2013), all reducing survival. Additionally, body size affects 
fitness by influencing a large set of  interrelated life-history traits 
(Blanckenhorn 2000). Further studies encompassing other fitness 
components are therefore the logical next step towards understand-
ing the possible role of  sexual selection for maintaining the male 
polyphenism in S.  thoracica. For instance, predation could certainly 
additionally affect the costs and benefits of  the morphs (cf. Busso 
and Blanckenhorn 2018c).

To conclude, we found evidence for intraspecific directional and 
disruptive sexual selection on male body size in the dimorphic fly 
S. thoracica that is mediated by male–male interactions, as also seen 
in dung beetles (Moczek and Emlen 1999, 2000), which contrib-
utes to the maintenance, if  not the origin, of  the male morphs in 
this species, together with other processes. Body size selection was 
strongly correlated with selection on coloration (melanism), in 
accordance with the functional link between the 2 traits (Figure 1), 
again presumably reinforcing that link. The morphological and 
quantitative behavioral differences between the morphs suggest the 
beginning of  alternative reproductive tactics in this species as part 
of  the entire condition dependent syndrome. Our study adds an 
important case in Diptera to an otherwise short list of  examples 
of  intraspecific disruptive sexual selection (Sappington and Taylor 
1990; Greene et  al. 2000; Stelkens et  al. 2008; Busso and Davis 
Rabosky 2016). More generally, the simultaneous occurrence of  
disruptive selection and polyphenism in S.  thoracica supports the 
role of  sexual selection in the intraspecific diversification of  vari-
ous traits (Andersson 1994; Eberhard 2010), and ultimately could 
be a speciation starting point (Wittkopp et  al. 2009; Corl et  al. 
2010). Disruptive selection acting within a species here supports the 
prospect of  micro-evolutionary processes leading to reproductive 
isolation and ultimately sympatric speciation by sexual selection, a 
controversial issue in evolutionary biology (van Doorn et al. 2004; 
Gavrilets and Hayashi 2005).

SUPPLEMENTARY MATERIAL
Supplementary data are available at Behavioral Ecology online.

FUNDING
This PhD project was supported by grant no. 31003A-143787/1 of  the 
Swiss National Science Foundation.

We are grateful to the Georges and Antoine Claraz Stiftung for a grant pro-
vided for this study. We also thank the people at the Castello di Petroia for 
letting us collect fly specimens on their pastures. Thanks to the Wolfpack 
(Alex, Athene, Hayat, Jeannine, Julian, Martin, Natalia, Patrick, Stefan, 
Valerian) for their comments and recommendations, and, last but not least, 
Ernesto (el Francés) Robles, for getting his face so close to the cow dung.

Data accessibility: Analyses reported in this article can be reproduced using 
the data provided by Busso and Blanckenhorn 2018b.

Handling editor: Michael Taborsky

REFERENCES
Anderson SS, Fedak MA. 1985. Grey seal males: energetic and behavioural 

links between size and sexual success. Anim Behav. 33:829–838.
Andersson B. 1994. Sexual selection. Princeton (NJ): Princeton University 

Press.

Andersson M, Simmons LW. 2006. Sexual selection and mate choice. 
Trends Ecol Evol. 21:296–302.

Arnold SJ, Wade MJ. 1984. On the measurement of  natural and sexual 
selection: applications. Evolution. 38:720–734.

Bateman AJ. 1948. Intra-sexual selection in Drosophila. Heredity (Edinb). 
2:349–368.

Blanckenhorn WU. 2000. The evolution of  body size: what keeps organisms 
small? Q Rev Biol. 75:385–407.

Blanckenhorn WU, Mühlhäuser C, Morf  C, Reusch T, Reuter M. 2000. 
Female choice, female reluctance to mate and sexual selection on body 
size in the dung fly Sepsis cynipsea. Ethology. 106:577–593.

Briffa M, Hardy IC, Gammell MP, Jennings D, Clarke DD, Goubault M. 
2013. Analysis of  animal contest data. In: Hardy ICW, Briffa M, editors. 
Animal contests. Cambridge: Cambridge University Press. p. 47–85.

Brockmann HJ, Oliveira R, Taborsky M. 2008. Integrating mechanisms 
and function: prospects for future research. In: Oliveira RF, Taborsky M, 
Brockmann HJ, editors. Alternative reproductive tactics: An integrative 
approach. Cambridge: Cambridge University Press, p. 471–489.

Brown WD, Chimenti AJ, Siebert JR. 2007. The payoff of  fighting in house 
crickets: motivational asymmetry increases male aggression and mating 
success. Ethology. 113:457–465.

Brown WD, Wideman J, Andrade MCB, Mason AC, Gwynne DT. 
1996. female choice for an indicator of  male size in the song of  the 
black-horned tree cricket, Oecanthus nigricornis (Orthoptera: Gryllidae: 
Oecanthinae). Evolution. 50:2400–2411.

Busso JP, Blanckenhorn WU. 2018a. Climatic factors shaping plastic 
trade-offs in the polyphenic black scavenger fly Sepsis thoracica (Diptera: 
Sepsidae). J Biogeogr. 45:593–603. doi: 10.1111/jbi.13140

Busso JP, Blanckenhorn WU. 2018b. Data from: disruptive sexual selection 
on male body size in the polyphenic black scavenger fly Sepsis thoracica. 
Dryad Digital Repository. http://dx.doi.org/10.5061/dryad.k3b6sv7

Busso JP, Blanckenhorn WU. 2018c. Viability selection by invertebrate 
predators in the polyphenic black scavenger fly Sepsis thoracica (Diptera: 
Sepsidae). Behav Ecol. 29:769–777.

Busso JP, Blanckenhorn WU, Gonzáles-Tokman D. 2017. Healthier or big-
ger? Trade-off mediating male dimorphism in the black scavenger fly 
Sepsis thoracica (Diptera: Sepsidae). Ecol Entomol. 42:517–525.

Busso JP, Davis Rabosky AR. 2016. Disruptive selection on male reproduc-
tive polymorphism in a jumping spider, Maevia inclemens. Anim Behav. 
120:1–10.

Chevin LM, Lande R. 2013. Evolution of  discrete phenotypes from con-
tinuous norms of  reaction. Am Nat. 182:13–27.

Clutton-Brock TH. 1988. Reproductive success: studies of  individual variation 
in contrasting breeding systems. Chicago (IL): University of  Chicago Press.

Corl A, Davis AR, Kuchta SR, Sinervo B. 2010. Selective loss of  polymor-
phic mating types is associated with rapid phenotypic evolution during 
morphic speciation. Proc Natl Acad Sci USA. 107:4254–4259.

Danforth B, Desjardins C. 1999. Male dimorphism in Perdita portalis 
(Hymenoptera, Andrenidae) has arisen from preexisting allometric pat-
terns. Insectes Soc. 46:18–28.

Dominey WJ. 1980. Female mimicry in male bluegill sunfish - a genetic 
polymorphism. Nature. 284:546–548.

van Doorn GS, Dieckmann U, Weissing FJ. 2004. Sympatric speciation by 
sexual selection: a critical reevaluation. Am Nat. 163:709–725.

Dow MA, von Schilcher F. 1975. Aggression and mating success in 
Drosophila melanogaster. Nature. 254:511–512.

Eberhard WG. 2002. The relation between aggressive and sexual behavior 
and allometry in Palaeosepsis dentatiformis flies (Diptera: Sepsidae). J Kans 
Entomol Soc. 75:317–332.

Eberhard WG. 2010. Evolution of  genitalia: theories, evidence, and new 
directions. Genetica. 138:5–18.

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

Endler JA. 1992. Signals, signal conditions, and the direction of  evolution. 
Am Nat. 139:S125–S153.

Fairbairn DJ, Blanckenhorn WU, Székely T. 2007. Sex, size and gender 
roles: evolutionary studies of  sexual size dimorphism. Oxford: Oxford 
University Press.

Gavrilets S, Hayashi TI. 2005. Speciation and sexual conflict. Evol Ecol. 
19:167–198.

Geist V. 1974. On fighting strategies in animal combat. Nature. 250:354.
Georgiev AV, Klimczuk AC, Traficonte DM, Maestripieri D. 2013. When 

violence pays: a cost-benefit analysis of  aggressive behavior in animals 
and humans. Evol Psychol. 11:678–699.

776



Busso and Blanckenhorn • Sexual selection: pushing phenotypes apart

Andersson M, Simmons LW. 2006. Sexual selection and mate choice. 
Trends Ecol Evol. 21:296–302.

Arnold SJ, Wade MJ. 1984. On the measurement of  natural and sexual 
selection: applications. Evolution. 38:720–734.

Bateman AJ. 1948. Intra-sexual selection in Drosophila. Heredity (Edinb). 
2:349–368.

Blanckenhorn WU. 2000. The evolution of  body size: what keeps organisms 
small? Q Rev Biol. 75:385–407.

Blanckenhorn WU, Mühlhäuser C, Morf  C, Reusch T, Reuter M. 2000. 
Female choice, female reluctance to mate and sexual selection on body 
size in the dung fly Sepsis cynipsea. Ethology. 106:577–593.

Briffa M, Hardy IC, Gammell MP, Jennings D, Clarke DD, Goubault M. 
2013. Analysis of  animal contest data. In: Hardy ICW, Briffa M, editors. 
Animal contests. Cambridge: Cambridge University Press. p. 47–85.

Brockmann HJ, Oliveira R, Taborsky M. 2008. Integrating mechanisms 
and function: prospects for future research. In: Oliveira RF, Taborsky M, 
Brockmann HJ, editors. Alternative reproductive tactics: An integrative 
approach. Cambridge: Cambridge University Press, p. 471–489.

Brown WD, Chimenti AJ, Siebert JR. 2007. The payoff of  fighting in house 
crickets: motivational asymmetry increases male aggression and mating 
success. Ethology. 113:457–465.

Brown WD, Wideman J, Andrade MCB, Mason AC, Gwynne DT. 
1996. female choice for an indicator of  male size in the song of  the 
black-horned tree cricket, Oecanthus nigricornis (Orthoptera: Gryllidae: 
Oecanthinae). Evolution. 50:2400–2411.

Busso JP, Blanckenhorn WU. 2018a. Climatic factors shaping plastic 
trade-offs in the polyphenic black scavenger fly Sepsis thoracica (Diptera: 
Sepsidae). J Biogeogr. 45:593–603. doi: 10.1111/jbi.13140

Busso JP, Blanckenhorn WU. 2018b. Data from: disruptive sexual selection 
on male body size in the polyphenic black scavenger fly Sepsis thoracica. 
Dryad Digital Repository. http://dx.doi.org/10.5061/dryad.k3b6sv7

Busso JP, Blanckenhorn WU. 2018c. Viability selection by invertebrate 
predators in the polyphenic black scavenger fly Sepsis thoracica (Diptera: 
Sepsidae). Behav Ecol. 29:769–777.

Busso JP, Blanckenhorn WU, Gonzáles-Tokman D. 2017. Healthier or big-
ger? Trade-off mediating male dimorphism in the black scavenger fly 
Sepsis thoracica (Diptera: Sepsidae). Ecol Entomol. 42:517–525.

Busso JP, Davis Rabosky AR. 2016. Disruptive selection on male reproduc-
tive polymorphism in a jumping spider, Maevia inclemens. Anim Behav. 
120:1–10.

Chevin LM, Lande R. 2013. Evolution of  discrete phenotypes from con-
tinuous norms of  reaction. Am Nat. 182:13–27.

Clutton-Brock TH. 1988. Reproductive success: studies of  individual variation 
in contrasting breeding systems. Chicago (IL): University of  Chicago Press.

Corl A, Davis AR, Kuchta SR, Sinervo B. 2010. Selective loss of  polymor-
phic mating types is associated with rapid phenotypic evolution during 
morphic speciation. Proc Natl Acad Sci USA. 107:4254–4259.

Danforth B, Desjardins C. 1999. Male dimorphism in Perdita portalis 
(Hymenoptera, Andrenidae) has arisen from preexisting allometric pat-
terns. Insectes Soc. 46:18–28.

Dominey WJ. 1980. Female mimicry in male bluegill sunfish - a genetic 
polymorphism. Nature. 284:546–548.

van Doorn GS, Dieckmann U, Weissing FJ. 2004. Sympatric speciation by 
sexual selection: a critical reevaluation. Am Nat. 163:709–725.

Dow MA, von Schilcher F. 1975. Aggression and mating success in 
Drosophila melanogaster. Nature. 254:511–512.

Eberhard WG. 2002. The relation between aggressive and sexual behavior 
and allometry in Palaeosepsis dentatiformis flies (Diptera: Sepsidae). J Kans 
Entomol Soc. 75:317–332.

Eberhard WG. 2010. Evolution of  genitalia: theories, evidence, and new 
directions. Genetica. 138:5–18.

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

Endler JA. 1992. Signals, signal conditions, and the direction of  evolution. 
Am Nat. 139:S125–S153.

Fairbairn DJ, Blanckenhorn WU, Székely T. 2007. Sex, size and gender 
roles: evolutionary studies of  sexual size dimorphism. Oxford: Oxford 
University Press.

Gavrilets S, Hayashi TI. 2005. Speciation and sexual conflict. Evol Ecol. 
19:167–198.

Geist V. 1974. On fighting strategies in animal combat. Nature. 250:354.
Georgiev AV, Klimczuk AC, Traficonte DM, Maestripieri D. 2013. When 

violence pays: a cost-benefit analysis of  aggressive behavior in animals 
and humans. Evol Psychol. 11:678–699.

Gerlai R, Lahav M, Guo S, Rosenthal A. 2000. Drinks like a fish: zebra 
fish (Danio rerio) as a behavior genetic model to study alcohol effects. 
Pharmacol Biochem Behav. 67:773–782.

Gray SM, McKinnon JS. 2007. Linking color polymorphism maintenance 
and speciation. Trends Ecol Evol. 22:71–79.

Greene E, Lyon BE, Muehter VR, Ratcliffe L, Oliver SJ, Boag PT. 2000. 
Disruptive sexual selection for plumage coloration in a passerine bird. 
Nature. 407:1000–1003.

Gross MR. 1991. Evolution of  alternative reproductive strategies: fre-
quency-dependent sexual selection in male bluegill sunfish. Philos Trans 
Biol Sci. 332:59–66.

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.

Hurtado-Gonzales JL, Baldassarre DT, Uy JA. 2010. Interaction between 
female mating preferences and predation may explain the maintenance of  
rare males in the pentamorphic fish Poecilia parae. J Evol Biol. 23:1293–1301.

Kodric-Brown A. 1985. Female preference and sexual selection for male col-
oration in the guppy (Poecilia reticulata). Behav Ecol Sociobiol. 17:199–205.

Kodric-Brown A. 1996. Role of  male-male competition and female choice 
in the development of  breeding coloration in pupfish (Cyprinodon pecosen-
sis). Behav Ecol. 7:431–437.

Kokko H, Jennions MD, Houde A. 2007. Evolution of  frequency-dependent 
mate choice: keeping up with fashion trends. Proc Biol Sci. 274:1317–1324.

Lande R, Arnold SJ. 1983. The measurement of  selection on correlated 
characters. Evolution. 37:1210–1226.

Leroi AM, Chippindale AK, Rose MR. 1994. Long-term laboratory evolu-
tion of  a genetic life-history trade-off in Drosophila melanogaster. 1. The role 
of  genotype-by-environment interaction. Evolution. 48:1244–1257.

Lozano GA. 1994. Carotenoids, parasites, and sexual selection. Oikos. 
70:309–311.

MacLaren RD, Rowland WJ. 2006. Differences in female preference for 
male body size in using simultaneous versus sequential stimulus presenta-
tion designs. Behaviour. 143:273–292.

Maynard Smith J. 1982. Evolution and the theory of  games. Cambridge 
(NY): Cambridge University Press.

Moczek A, Emlen D. 1999. Proximate determination of  male horn dimor-
phism in the beetle Ontophagus taurus (Coleoptera: Scarabaeidae). J Evol 
Biol. 12:27–37.

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

Oliveira RF, Taborsky M, Brockmann HJ. 2008. The evolution of  alter-
native reproductive tactics: concepts and questions. In: Oliveira RF, 
Taborsky M, Brockmann HJ, editors. Alternative reproductive tactics: An 
integrative approach. Cambridge: Cambridge University Press, p. 1–21.

Parker G. 1974. Assessment strategy and the evolution of  animal conflicts. J 
Theor Biol. 47:223–243.

Pärt T, Qvarnström A. 1997. Badge size in collared flycatchers predicts out-
come of  male competition over territories. Anim Behav. 54:893–899.

Partridge L, Farquhar M. 1983. Lifetime mating success of  male fruitflies 
(Drosophila melanogaster) is related to their size. Anim Behav. 31:871–877.

Pérez I de Lanuza G, Font E, Monterde JL. 2013. Using visual modelling to 
study the evolution of  lizard coloration: sexual selection drives the evolu-
tion of  sexual dichromatism in lacertids. J Evol Biol. 26:1826–1835.

Phillips PC. 1996. Waiting for a compensatory mutation: phase zero of  the 
shifting-balance process. Genet Res. 67:271–283.

Pont AC, Meier R. 2002. The Sepsidae (Diptera) of  Europe. Leiden (NL): 
Brill.

Puniamoorthy N. 2014. Behavioural barriers to reproduction may evolve 
faster than sexual morphology among populations of  a dung fly 
(Sepsidae). Anim Behav. 98:139–148.

Puniamoorthy N, Blanckenhorn WU, Schäfer MA. 2012. Differential 
investment in pre- vs. post-copulatory sexual selection reinforces a cross-
continental reversal of  sexual size dimorphism in Sepsis punctum (Diptera: 
Sepsidae). J Evol Biol. 25:2253–2263.

Puniamoorthy N, Ismail MR, Tan DS, Meier R. 2009. From kissing to belly 
stridulation: comparative analysis reveals surprising diversity, rapid evo-
lution, and much homoplasy in the mating behaviour of  27 species of  
sepsid flies (Diptera: Sepsidae). J Evol Biol. 22:2146–2156.

Puniamoorthy N, Schäfer MA, Blanckenhorn WU. 2012. Sexual selection 
accounts for the geographic reversal of  sexual size dimorphism in the 
dung fly, Sepsis punctum (Diptera: Sepsidae). Evolution. 66:2117–2126.

R Development Core Team. 2015. R: a language and environment for 
statistical computing. Vienna (Austria): R Foundation for Statistical 
Computing.

Reitan T, Nielsen A. 2016. Do not divide count data with count data; a 
story from pollination ecology with implications beyond. PLoS One. 
11:e0149129.

Rios-Cardenas O, Tudor MS, Morris MR. 2007. Female preference varia-
tion has implications for the maintenance of  an alternative mating strat-
egy in a swordtail fish. Anim Behav. 74:633–640.

Rohner PT, Blanckenhorn WU, Puniamoorthy N. 2016. Sexual selection on 
male size drives the evolution of  male-biased sexual size dimorphism via 
the prolongation of  male development. Evolution. 70:1189–1199.

Rohwer S. 1982. The evolution of  reliable and unreliable badges of  fighting 
ability. Am Zool. 22:531–546.

Sappington TW, Taylor OR. 1990. Disruptive sexual selection in Colias eury-
theme butterflies. Proc Natl Acad Sci USA. 87:6132–6135.

Schluter D, Price T. 1993. Honesty, perception and population divergence 
in sexually selected traits. Proc R Soc Lond [Biol]. 253:117–122.

Seehausen O, Schluter D. 2004. Male–male competition and nuptial–colour 
displacement as a diversifying force in Lake Victoria cichlid fishes. Proc R 
Soc Lond [Biol]. 271:1345–1353.

Shine R, Mason RT. 2005. Does large body size in males evolve to 
facilitate forcible insemination? A  study on garter snakes. Evolution. 
59:2426–2432.

Shuster SM, Sassaman C. 1997. Genetic interaction between male mating 
strategy and sex ratio in a marine isopod. Nature. 388:373–377.

Simmons LW. 1992. Sexual selection and body size in a natural population 
of  the field cricket, Gryllus campestris (L.). J Orthoptera Res. 1:12–13.

Spence R, Gerlach G, Lawrence C, Smith C. 2008. The behaviour 
and ecology of  the zebrafish, Danio rerio. Biol Rev Camb Philos Soc. 
83:13–34.

Stearns SC. 1989. Trade-offs in life-history evolution. Funct Ecol. 
3:259–268.

Stelkens RB, Pierotti ME, Joyce DA, Smith AM, van der Sluijs I, Seehausen 
O. 2008. Disruptive sexual selection on male nuptial coloration in an 
experimental hybrid population of  cichlid fish. Philos Trans R Soc Lond 
B Biol Sci. 363:2861–2870.

Svennungsen TO, Holen ØH, Leimar O. 2011. Inducible defenses: continu-
ous reaction norms or threshold traits? Am Nat. 178:397–410.

Taborsky M, Brockmann HJ. 2010. Alternative reproductive tactics and life 
history phenotypes. In: Kappeler P, editor. Animal behaviour: evolution 
and mechanisms. Heidelberg: Springer. p. 537–586.

Tinbergen N. 1951. The study of  instinct. Oxford: Oxford University Press.
Ward PI. 1983. The effects of  size on the mating behaviour of  the dung fly 

Sepsis cynipsea. Behav Ecol Sociobiol. 13:75–80.
Watson NL, Simmons LW. 2010. Mate choice in the dung beetle Onthophagus 

sagittarius: are female horns ornaments? Behav Ecol. 21:424–430.
Weissman DB, Desai MM, Fisher DS, Feldman MW. 2009. The rate 

at which asexual populations cross fitness valleys. Theor Popul Biol. 
75:286–300.

Wittkopp PJ, Stewart EE, Arnold LL, Neidert AH, Haerum BK, Thompson 
EM, Akhras S, Smith-Winberry G, Shefner L. 2009. Intraspecific poly-
morphism to interspecific divergence: genetics of  pigmentation in 
Drosophila. Science. 326:540–544.

Woodcock G, Higgs PG. 1996. Population evolution on a multiplicative 
single-peak fitness landscape. J Theor Biol. 179:61–73.

Zajitschek SR, Brooks RC. 2008. Distinguishing the effects of  familiarity, 
relatedness, and color pattern rarity on attractiveness and measuring 
their effects on sexual selection in guppies (Poecilia reticulata). Am Nat. 
172:843–854.

Zerbe F. 1993. Innerartliche Größenvariabilität und Paarungsverhalten 
bei Sepsis punctum (Fabricius, 1794)  [Diptera, Sepsidae]. Diploma thesis. 
Würzburg: Julius-Maximilians-Universität Würzburg.

Zuberbühler K. 2008. Audience effects. Curr Biol. 18:R189–R190.
Zucker N, Murray L. 1996. Determinants of  dominance in the tree lizard 

Urosaurus ornatus: the relative importance of  mass, previous experience 
and coloration. Ethology. 102:812–825.

777


