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The best-supported mechanism of  speciation is ecological speci-
ation, whereby divergent natural selection leads to trait divergence 
and subsequent reproductive isolation (Nosil 2012). Ecological spe-
ciation has received substantial support (Schluter 2001; Rundle and 
Nosil 2005; Nosil 2012; but see Hendry 2009). However, ecological 
speciation theory does not fully account for divergence of  popula-
tions inhabiting similar environments, or divergence in systems in 
which exaggerated secondary sexual characters are the primary or 
only traits differing between closely related species, yet both sce-
narios characterize some particularly speciose animal groups (e.g., 
birds of  paradise, Irestedt et  al. 2009; cichlid fish, Turner et  al. 
2001, Salzburger et al. 2005; Hawaiian fruit flies, Kaneshiro 1988). 
Considering speciation mechanisms beyond ecological speciation, 
like sexual selection, founder-effect, and mutation order speciation, 
has provided a modern conceptual framework that differentiates 
the nature of  selection (i.e., divergent vs. similar vs. reinforcing; 
Langerhans and Riesch 2013) and the distinct roles of  ecological 
selection, sexual selection, and drift (Streelman and Danley 2003; 
Schluter 2009; Langerhans and Riesch 2013; Safran et  al. 2013; 
Mendelson et al. 2014).

While the potential for sexual selection alone to drive specia-
tion has been more controversial than the role of  natural selec-
tion, it has nearly as long a history of  study (Ritchie 2007). Sexual 
selection arises from within-sex competition for mates or gametes, 
where individuals of  one sex, often males, compete directly through 
contests and/or indirectly through mate choice by the opposite 
sex (Andersson 1994). Darwin (1859; 1871)  initially distinguished 
natural from sexual selection, but left the role of  sexual selection 
in speciation as an implicit suggestion. Fisher (1930) provided the 
first verbal model of  speciation by sexual selection via the coevo-
lution of  female mating preferences and male secondary sexual 
traits in divergent populations. This idea was later formalized with 
2-locus (O’Donald 1980) and polygenic (Lande 1981) theoretical 
models, revitalizing interest in speciation by sexual selection (West-
Eberhard 1983; Panhuis et al. 2001; Ritchie 2007). Empirical data 
have shown that sexual selection via female choice can act alone 
to drive the evolution of  male secondary sexual characteristics 
(Mendelson and Shaw 2002; Grace and Shaw 2011), and that 
the extent of  divergence in female preferences between lineages 
seems to best predict the likelihood of  speciation (Rodríguez et al. 
2013). However, many examples of  sexual selection driving specia-
tion involve synergistic ecological selection, which emphasizes the 
importance of  interactions between sexual and natural selection 
(Ritchie 2007; Maan and Seehausen 2011; Scordato et  al. 2014; 
Servedio and Boughman 2017).

Darwin and his contemporaries had little trouble reasoning that 
competition for mates could result in adaptations like exaggerated 
weaponry that enhanced mating success, but had more difficulty 
imagining how mating preferences could lead to differential mating 
success (Simmons 2001). Despite early dismissal of  female prefer-
ences, over the past 25  years, more than 4 times as many papers 
have been published on female mate choice than male competition 
in leading behavior journals (McCullough et  al. 2016). Similarly, 
research on speciation by sexual selection has largely ignored male 
competition (Seehausen and Schluter 2004; Qvarnström et  al. 
2012). Speciation by sexual selection has even been defined as 
occurring when “parallel change in mate preference and second-
ary sexual traits within a population” leads to prezygotic isolation 
between populations (Panhuis et al. 2001). Here, we argue that our 
ability to describe how sexual selection contributes to speciation has 
been hampered by overlooking male competition.

Compelling evidence that male competition is a potent evolu-
tionary force capable of  driving divergence comes from 3 major 
sources. First, in some mating systems, variance in reproductive 
success is determined primarily by male competitive interactions, 
with little influence of  female mate choice (i.e., harem defense or 
resource defense polygyny in animals like deer, lizards, and horned 
beetles; West-Eberhard 1979; Clutton-Brock et  al. 1982; Olsson 
and Madsen 1995; Emlen 1996). Further, the diversity of  compet-
itive phenotypes (i.e., weapons, agonistic signals, and competitive 
strategies) across taxa is consistent with male competition facilitat-
ing divergence (Andersson 1994; Emlen 1996; Simmons 2001; 
Taborsky 2001). Second, similarities between competition for eco-
logical resources, an important driver of  phenotypic divergence and 
speciation (Polechová and Barton 2005; Schluter 2009; Pfennig and 
Pfennig 2010), and male competition for mates suggest a potential 
role for the latter in speciation. Third, recent theoretical advances 
and empirical evidence more directly support a role for male com-
petition in speciation in sympatry, allopatry, and secondary contact 
(Figure 1; Table 1).

In this review, we 1) consider existing evidence for how precopu-
latory male competition contributes to divergence in different geo-
graphic scenarios, 2) examine how male competition may interact 
with ecology and female mate choice, leading to speciation, and 
3)  articulate future research priorities. The speciation process 
involves divergence in traits (e.g., weapons, body size, behavioral 
strategies) and the underlying genes that may ultimately mediate 
the evolution of  reproductive isolation. Most work to date on spe-
ciation by male competition focuses on trait divergence, and thus, 
our review will focus largely on this critical first step in the spe-
ciation process (but see Future Research Priorities). We use the 
terms “male competition” and “female mate choice” to reflect 
sex-specific roles represented in the majority of  existing work, 
but note examples of  female-female competition and male mate 
choice throughout. Importantly, the processes and predictions we 
describe apply broadly to “competitors” and “choosers” regardless 
of  sex (akin to inclusive language for “signalers” and “choosers” in 
Rosenthal 2017). We focus here on precopulatory male aggression 
in animals. We recognize that sperm and pollen competition, both 
within and between populations, may rapidly generate incompat-
ibilities that limit gene flow (Howard 1999; Manier et  al. 2013; 
Baack et  al. 2015), but these topics are beyond the scope of  this 
review.

THEORETICAL AND EMPIRICAL EVIDENCE 
FOR THE ROLE OF MALE COMPETITION IN 
SPECIATION
Much work to date on the role of  male competition in speciation 
has focused on adaptive speciation mechanisms in sympatry. In this 
section, and in Table 1 and Figure 2, we take a broader view to 
1) describe and illustrate multiple nonmutually exclusive mecha-
nisms by which male competition might contribute to speciation 
in sympatry, allopatry, and secondary contact, 2) link these hypoth-
esized mechanisms to established speciation frameworks (Maan and 
Seehausen 2011; Langerhans and Riesch 2013, Safran et al. 2013, 
Mendelson et al. 2014), 3) identify key testable predictions deriving 
from these hypotheses, and 4) consider how mechanisms of  male 
competition might interact with ecology and female mate choice. 
Although we discuss sympatric, allopatric, and secondary contact 
separately, several male competition mechanisms are relevant in all 
3 scenarios (Table 1).
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Male competition can lead to speciation in 
sympatry

One major research focus has been determining how male competi-
tion might initiate sympatric speciation or stabilize a polymorphic 
male trait within a species (Table 1; Figure 2a). Inspired by observa-
tions in cichlid fish, Seehausen and Schluter (2004) outlined a verbal 
model describing how male competition could generate disruptive, 
negative frequency-dependent selection on a male competitive trait. 
In a mostly monomorphic population, a male with a rare, novel trait 
(e.g., color) may receive less aggression from other males because he 
is not recognized as a relevant competitor. As a consequence, rare 
males could maintain above-average body condition, dedicate more 
time to courtship, and/or occupy higher quality territories than 
more abundant male morphs. Rare males may further benefit from 
female mating biases for other male attributes (e.g., condition). Next, 
the rare male fitness advantage would exert positive selection on 
females with preferences for the rare type. Mating between females 
with the rare preference and males with the rare trait would result 
in a genetic correlation between trait and preference. Finally, further 
coevolution between trait and preference may allow sufficient differ-
entiation for the 2 morphs to become reproductively isolated by the 
time the fitness advantage of  the novel trait disappears at higher fre-
quencies. This process would be facilitated if  hybrid males suffered a 

disproportionate fitness cost as targets of  male aggression from both 
parental types. A theoretical model by Mikami et al. (2004) sought 
to explain how ecologically similar species might coexist in the same 
habitat. They assumed that conspecific males compete for mating 
and ecological resources while heterospecific males only compete for 
ecological resources. If  so, males that establish territories adjacent to 
heterospecifics have a potential fitness advantage as they lose fewer 
mating opportunities to conspecific neighbors. Similar to Seehausen 
and Schluter (2004), Mikami et  al. (2004) showed that dissimilar-
ity among territory neighbors can be adaptive and result in nega-
tive frequency-dependent selection. van Doorn et  al. (2004) tested 
whether sexual selection could drive speciation in sympatry using 
individual-based simulations and numerical analysis. The models 
showed that sympatric speciation is possible only when male compe-
tition, female mate choice, and female–female competition together 
act disruptively in a frequency-dependent manner. With disruptive 
selection from female mate choice and female–female competition 
only, female preferences and male signals do not diverge simultane-
ously, which is required for reproductive isolation to evolve via sex-
ual selection. Adding disruptive male competition can stabilize the 
polymorphism in male traits and corresponding mating preferences, 
enabling coexistence of  male types both during and after speciation 
(van Doorn et al. 2004).

(a) (b) (e)

(d)

(c)

(h)
(f)

(g)

Figure 1
Example systems in which male competition is hypothesized to contribute to speciation. Empirical data support a role for male competition in divergence 
in at least a handful of  systems including, but not limited to: (a) rubyspot damselflies (top: Hetaerina titia, bottom: Hetaerina occisa; photo credits: P. Green and 
J.P. Drury, respectively); (b) ecologically divergent Lake Massoko cichlid fish ecomorphs (photo credit: A. Tyers); (c) British Columbian 3-spine sticklebacks, 
Gasterosteus aculeatus (top: limnetic, bottom: benthic; photo credit: A. Lackey); (d) red and black 3-spine sticklebacks (top: red morph, bottom: black morph; 
photo credit: R. Tinghitella); (e) darter species pairs (from top to bottom: Etheostoma etneiri-E. flavum and E. raneyi-E. zonistium; photo credit: M. Martin); (f) 
Kissenda Island cichlid fish (top: Pundamilia nyererei, bottom: Pundamilia pundamilia; photo credit: P. Dijkstra); (g) greenish warbler and representative song 
spectrograms (from top to bottom: Siberia, Kyrgyzstan, and India; photo credit: E. Scordato); and (h) Italian and western European common wall lizard 
(Podarcis muralis; photo credit: R. Heathcote).
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Empirical support for a role of  male competition in sympat-
ric speciation comes primarily from cichlid fish, a model system 
for studying adaptive radiation (Seehausen 2006). Seehausen and 
Schluter (2004) presented field data showing: 1)  closely related 
Lake Victoria haplochromine cichlids tended to co-occur if  males 
of  those species were differently colored, and 2)  territory holders 
within a breeding site were found more often near dissimilarly col-
ored males. Continued work in cichlids (Figure  1b,f) suggests that 
males often bias their aggression towards homotypic males, though 
results are mixed (Dijkstra et  al. 2006, 2007; Pauers et  al. 2008; 
Tyers and Turner 2013; Magalhaes et  al. 2013; Lehtonen 2014). 
This pattern is most pronounced early and late in divergence 
(Dijkstra et  al. 2007), but can be asymmetric (i.e., only one male 
type exhibits aggression bias; Dijkstra et  al. 2006). Aggression 
biases, along with intrinsic competitive advantages (Dijkstra et  al. 

2005) and female mate choice influenced by male traits and terri-
tory quality (Dijkstra et al. 2008), could aid a novel, rare male type 
during early invasion and as morph frequencies equilibrate.

Although a focus of  current theory, disruptive selection on male 
competitive traits need not be associated with rare male advantages 
in male competition. One example comes from limnetic and benthic 
3-spine stickleback fish species pairs (Figure 1c), which are a well-studied 
example of  ecological speciation (McKinnon and Rundle 2002). In 
F2 populations of  limnetic and benthic 3-spine stickleback fish species 
(Gasterosteus aculeatus spp.; Figure 1c), male competition favors divergence 
in sympatry without negative frequency-dependent selection: rare male 
phenotypes did not appear to have an advantage and, in fact, were 
selected against by male competition (Keagy et  al. 2016). Disruptive 
selection from male competition favored 2 phenotypic optima that 
correspond to the trait combinations in wild limnetic and benthic 

Fi
tn

es
s 

Divergence in Sympatry (a)

(c)

(b) Divergence in Allopatry

Ecological selection–di
erences in resources/demography or 
fighting/signaling environment lead to divergence in competitive
phenotypes (e.g., large vs. small sexual dimorphism [top], pushing/
blocking vs. prying/lifting weapon [bottom]) 

Weapon/Signal Morphology

Negative frequency-dependent selection–the 
competitive advantage of a rare male morph allows for the
maintenance of variation and morph coexistence  

Outcomes in Secondary Contact

Mutation order–the random order in which adaptive traits fix in 
populations experiencing similar competitive environments lead 
to divergence in competitive phenotypes (e.g., multiple short 
horns vs. long single horn) 

vs vs

Agonistic character displacement–selection to avoid 
costly intermorph competitive interactions facilitates 
divergence in agonistic signals and competitor recognition 

Competitive exclusion–asymmetries in competitive ability 
can lead to habitat/resource partitioning among the 
competing morphs 

Figure 2
Mechanisms hypothesized to drive divergence in male competition in sympatry, allopatry/parapatry, and secondary contact. Until recently, work on speciation 
by male competition focused on sympatric geographic contexts. (a) In sympatry, negative frequency-dependent selection that favors rare morphs can allow 
novel competitive phenotypes to become established in a population as well as maintain 2 morphs. (b) More recent work expands the circumstances in 
which male competition is important for speciation to include divergence in competitive phenotypes in allopatry via differences in ecological selection (top) 
or mutation order between populations (bottom). (c) During secondary contact male competition may contribute to speciation through agonistic character 
displacement or competitive exclusion.
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signal (Williams et  al. 2013) within species. In the lab, aggression 
between allopatric species decreased as interspecific color differ-
ences increased (Martin and Mendelson 2016a). In closely related 
darter species, environmental differences do not explain color dif-
ferences, but a positive relationship between neutral genetic diver-
gence and color differences suggests a role for chance mutational 
events in similar environments (Martin and Mendelson 2012; but 
see Bossu and Near 2015; Ciccotto and Mendelson 2016).

Character displacement via male competition in 
secondary contact

When recently diverged lineages come into secondary contact after 
a period of  allopatry, they may still share similar agonistic signals 
and similar responses to those signals (Schluter 2000). Selection 
from interspecific competition can then drive evolutionary changes 
in competitive phenotypes (Table 1, Figure 2c). Field observations 
suggest that agonistic signals and responses can either diverge or 
converge in secondary contact. Grether et al. (2009) used individ-
ual-based simulation models to test whether divergence or conver-
gence of  agonistic signals depends on the degree of  competition 
between heterotypic males for access to resources or mating oppor-
tunities (i.e., reproductive interference). They found that when het-
erotypic males rarely compete for access to the same resources or 
mates, competitive signals and responses diverge via agonistic char-
acter displacement (i.e., selection against competitive interactions 
between heterospecifics) (Grether et al. 2009). However, when het-
erotypic males frequently compete for the same resources or mates, 
competitive signals and responses converge because heterotypic 
males are relevant competitors, and interspecific aggression yields 
the same benefits as intraspecific aggression (Grether et  al. 2009; 
Drury et al. 2015).

Theoretical work has also examined potential outcomes for 
divergence when both agonistic and reproductive character dis-
placement (i.e., selection on female mate preferences to limit costly 
heterospecific mating; Pfennig and Pfennig 2009, 2010) act on the 
same trait (Grether et  al. 2013; Okamoto and Grether 2013). In 
genetically explicit individual-based models that allowed male sig-
nals, female mate recognition, and male competitor recognition 
to evolve, either agonistic or reproductive character displacement 
acting alone could result in rapid and persistent divergence in 
the male trait (Okamoto and Grether 2013). When agonistic and 
reproductive character displacement acted together on the same 
trait, divergence dynamics were driven largely by reproductive 
character displacement, even when agonistic character displace-
ment was stronger (Okamoto and Grether 2013), because males 
are under strong selection to be recognized by conspecific females. 
Importantly, divergence in competitor recognition could result 
directly from agonistic character displacement or indirectly from 
reproductive character displacement. Thus, a pattern of  differenti-
ated competitive phenotypes does not necessarily imply that male 
competition caused divergence.

Recent empirical work also supports a role for male competition 
driving divergence in aggressive signals and competitive responses 
during secondary contact (Grether et al. 2013). Where dark-winged 
rubyspot damselflies Hetaerina titia co-occur with clear-winged con-
geners (H.  americana or H.  occisa), both male wing coloration and 
competitor recognition have diverged relative to allopatric popu-
lations such that interspecific competition is relatively uncommon 
(Anderson and Grether 2010a,b; Figure  1a). Wing pigmentation 
does not impact female mate preferences (Drury and Grether 
2014), so reproductive character displacement is not a viable 

alternative explanation for the shifts in wing coloration and com-
petitor recognition (Okamoto and Grether 2013).

Intra- and interspecific male competition for territories in second-
ary contact might also result in competitive exclusion or asymmetric 
introgression due to differences in competitive abilities (Figure  2c). 
Competitive exclusion within or between species (one competitor 
type outcompeting another for a shared resource; Hardin 1960) 
could lead to local extinction of  the less successful competitor and/
or force the latter to use less preferred habitat (Owen-Ashley and 
Butler 2004; Winkelmann et al. 2014). If  competitor types differ in 
habitat use, natural selection could further differentiate competitive 
phenotypes. Selection against migrants could then lead to ecologi-
cal specialization and eventual speciation (Hendry 2004; Nosil et al. 
2005; Rundle and Nosil 2005). Interspecific interactions drive habitat 
segregation between several species of  birds (Jankowski et al. 2010; 
Freeman et al. 2016; Freeman and Montgomery 2016). For instance, 
male collared flycatchers (Ficedula albicollis) exclude pied flycatch-
ers (F.  hypoleuca) from preferred habitat (Vallin, Rice, Arntsen, et  al. 
2012). The use of  different habitats by each species has led to asyn-
chrony in breeding time (Vallin, Rice, Bailey, et al. 2012) and differ-
ences in habitat preference via imprinting (Vallin and Qvarnström 
2011), both of  which should strengthen reproductive isolation. In the 
common wall lizard (Podarcis muralis), intraspecific male competition 
contributes to asymmetric hybridization and introgression where 2 
divergent lineages co-occur in secondary contact zones (While et al. 
2015; Heathcote et  al. 2016). Smaller males of  the Italian subspe-
cies were excluded from conspecific matings by larger males, lead-
ing to their hybridization with females from the competitively inferior 
Western European lineage (MacGregor et al. 2017).

Finally, negative frequency-dependent selection resulting from 
males biasing aggression towards conspecifics could facilitate coex-
istence of  species upon secondary contact (Kohda 1998). However, 
as discussed above, aggression towards conspecific versus heterospe-
cific males may be adaptive responses to the degree of  competition 
between heterospecifics for resources, mates, and/or breeding sites. 
Interspecific aggression is also influenced by phenotypic similarity 
between species, with phenotypically similar species generally expe-
riencing higher levels of  interspecific interference (Tynkkynen et al. 
2004; Pauers et al. 2008; Drury et al. 2015).

INTERACTIONS BETWEEN MALE 
COMPETITION, FEMALE MATE CHOICE, 
AND ECOLOGY
We have shown that male competition can lead to phenotypic 
divergence in sympatry, allopatry, and secondary contact. Here, we 
ask whether existing empirical evidence supports the possibility that 
male competition can drive speciation on its own, or if  synergistic 
ecological selection or mate choice are required.

The best empirically supported mechanism for male competition 
driving trait divergence is negative frequency-dependent selection, 
but even this model requires assortative mating from female choice 
for the evolution of  reproductive isolation (Seehausen and Schluter 
2004). While speciation via divergent male competition alone may 
be possible, interactions between male competition and other selec-
tive mechanisms are much more likely to cause speciation quickly 
and under a broader range of  conditions (i.e., higher gene flow or 
weaker divergent natural selection; van Doorn et  al. 2004; Nosil 
et  al. 2009). Multiple independent sources of  selection that act in 
concert are likely necessary for sympatric speciation (Nosil et  al. 
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2009), and there are few examples of  female mate choice alone 
driving speciation without the addition of  ecological differences 
(Safran et al. 2013; Scordato et al. 2014; Servedio and Boughman 
2017, but see Gray and Cade 2000; Mendelson and Shaw 2005; 
Boul et al. 2007). By extension, speciation solely by male competi-
tion may be unlikely or rare.

Untangling the interactions between behavioral variation (e.g., 
competitive ability, mate and habitat preferences) and ecology dur-
ing population differentiation and speciation is complicated, espe-
cially between older species because phenotypic divergence is likely 
to continue after speciation has been completed (Coyne and Orr 
2004). Even if  reproductive isolation among closely related species 
arises due to divergence in male competitive phenotypes, the his-
tory of  divergence in these traits is often unknown. Species bound-
aries may currently be maintained by assortative mate choice, but 
initial trait divergence driven by male competition (with or without 
ecological interactions; Lackey and Boughman 2013; Winkelmann 
et al. 2014). The interconnectedness of  mate preferences, competi-
tive phenotypes, and ecological variation, in combination with the 
ability of  sexually selected traits to evolve rapidly, underscores the 
importance of  studying recently diverged populations and species 
to identify which processes most likely initiated speciation and how 
those processes interact.

 Recent studies clearly demonstrate that male competition and 
ecology can interact to drive divergence in the absence of  divergent 
female mate choice. In common wall lizards (Figure  1h), there is 
no evidence that female choice is important to the maintenance of  
species boundaries (Heathcote et al. 2014, 2016). Instead, assorta-
tive mating between Western European and Italian subspecies in 
secondary contact occurs through a combination of  male choice 
and competition, and environmentally-dependent competition 
dynamics affect whether the lineages remain distinct (Heathcote 
et al. 2016). Similarly, in riverine stickleback (Figure 1d) and Lake 
Malawi cichlid (Figure  1f) populations, male competitive biases 
likely contribute to color differentiation between types, while female 
preferences do not because females of  both types prefer the same 
trait (sticklebacks: Tinghitella et  al. 2015; but see Scott 2004) or 
show no preference under standardized lighting (cichlids: Malinsky 
et al. 2015). In cichlids, such lack of  preference suggests that diver-
gent mate preferences follow rather than drive divergence of  male 
color (Malinsky et al. 2015).

In many mating systems, both male competition and female 
choice act either sequentially or simultaneously to influence fit-
ness (Wong and Candolin 2005; Hunt et al. 2009). It is relatively 
straightforward to consider how male competition and female 
choice could act in concert to drive speciation if  both processes 
favor the same alternative male trait combinations and/or females 
choose mates on the basis of  dominance status. One well-studied 
example is the Pundamilia pundamilia-Pundamilia nyererei species pair of  
Lake Victoria cichlids. These species are sympatric but inhabit dif-
ferent depth ranges with corresponding differences in light environ-
ment, which likely led to divergence in visual sensitivity and male 
nuptial coloration, and ultimately to speciation (Seehausen et al. 
2008; Seehausen 2015; Maan et al. 2017). Divergent color patterns 
appear to be maintained by disruptive selection from both female 
choice (Seehausen and van Alphen 1998; Haesler and Seehausen 
2005) and male competition (Dijkstra et al. 2007; Verzijden et al. 
2008). However, male competition and female choice do not always 
act in concert. Instead, they may act on different traits (Lehtonen 
and Lindström 2009), or, rarely, in different directions on the 
same trait (Hunt et al. 2009). The evolutionary consequences of  

interactions between male competition and female choice will 
depend on genetic correlations between traits under selection by 
each mechanism. Systems in which male competition and female 
choice oppose one another are rare in speciation research and cer-
tainly deserve further study (Sefc et al. 2015; Svensson et al. 2016).

Finally, males and females often have different optimal repro-
ductive strategies, and this conflict between the sexes can lead to 
rapid evolutionary change and even speciation (Gavrilets 2014).  
For example, males may evolve traits that increase mating rates, 
while females evolve strategies to minimize unwanted harassment. 
This type of  interlocus sexual conflict can drive perpetual coevo-
lutionary changes in male and female traits, which could result in 
divergence between populations and allopatric speciation (Parker 
2006; Rönn et  al. 2007). Sexual conflict arising from adaptations 
to ensure success in male competition is likely to result in rapid 
evolutionary changes in whole suites of  male and female traits 
(Qvarnström et  al. 2012). However, the role of  male competition 
in sexual conflict and speciation is still poorly understood and is an 
exciting area for future research.

FUTURE RESEARCH PRIORITIES
The burgeoning body of  work on male competition makes this an 
ideal time to articulate future research priorities. To fully integrate 
male competition into our understanding of  speciation by sexual 
selection a number of  important questions need answering.

When is speciation by male competition most 
likely?

It is advantageous to develop broad, testable hypotheses about the 
conditions under which male competition might play a particularly 
important role in diversification. First, when males can monopo-
lize mating resources in patchy environments, polygyny is likely to 
evolve and male competition is consequently predicted to generate 
relatively strong selection (Emlen and Oring 1977). By extension, 
we predict that male competition is most likely to drive divergence 
between populations with polygynous mating systems as a result 
of  strong male competition within populations. At present, most 
research on male competition driving divergence appears focused 
on polygynous or polygynandrous systems. This may reflect limited 
taxonomic coverage of  male competition and speciation research, 
or it may mean that male competition is indeed more important 
for divergence in these mating systems. Future work on the contri-
bution of  male competition to divergence in monogamous systems 
would help resolve these alternatives. Second, fitness effects of  com-
petitive phenotypes can be ecologically-dependent. Investigating 
divergent male competition among populations that differ in key 
mating resources might be particularly fruitful (Scordato 2017), and 
we expand on this idea below. Finally, when mating resources are 
limited (in patchy/sparse environments) such that females benefit 
from access to resources guarded by males, we predict male compe-
tition and female choice to align, potentially facilitating speciation 
because both selective pressures operate in the same direction on 
the same phenotype.

What drives divergence in male competitive 
phenotypes?

Testing hypotheses for how environmental differences in allopa-
try or parapatry shape divergence in male competitive pheno-
types deserves further attention, given the current emphasis on 
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indirect result of  male competition. Work in 2 systems character-
ized by divergence in male competitive traits, darters (Martin and 
Mendelson 2016a) and wall lizards (Heathcote et al. 2016), suggest 
that male mate choice for conspecific females reduces hybridization. 
Identifying whether male competition commonly facilitates the 
evolution of  male mate choice requires additional study. Second, 
work in sperm and pollen competition is particularly promising for 
understanding how postcopulatory competition for mates can cause 
reproductive isolation because intraspecific mating traits (e.g., semi-
nal fluid proteins, pollen-pistil interactions) can evolve rapidly and 
yield reproductive isolation as a by-product (Manier et  al. 2013; 
Castillo and Moyle 2014).

Premating male competition could also contribute to postzygotic 
barriers. For instance, adaptation to different competitive environ-
ments could lead to divergence in a suite of  correlated traits and 
their underlying loci. This, in turn, could lead to Dobzhansky-
Muller incompatibilities, alleles that, when combined in a 
hybrid genetic background, cause hybrid sterility and inviability 
(Dobzhansky 1937; Muller 1942; Orr and Turelli 2001). Consistent 
with this idea, the extent of  total reproductive isolation (cumulative 
isolation from both pre- and postzygotic barriers) in darters corre-
lates with the extent of  differences in male color, an agonistic signal 
(Martin and Mendelson 2016b). Although male colors are likely the 
target of  both male competition and female choice in darters, these 
findings suggest that male competition could play a part in the evo-
lution of  intrinsic barriers to gene flow like gametic incompatibility 
and hybrid inviability.

How does correlated evolution of male 
competitive traits shape speciation?

Many studies tend to focus on a single competitive trait, but it is 
important to note that success in male competition is influenced 
by multiple traits (i.e., signal/weapon characteristics, competitor 
recognition, and aggressive behavior) that may evolve in concert 
and shape the process of  population differentiation and speciation. 
Male competitive traits can be functionally linked to other life-
history traits such as immunity or antioxidant defenses (Zera and 
Harshman 2001), genetically linked to other seemingly unrelated 
traits through pleiotropy or linkage disequilibrium, or correlated 
with other behavioral traits (Lundigran 1996; Caro et  al. 2003). 
For example, coordinated changes in male coloration and stress 
sensitivity in the melanocortin system (Ducrest et  al. 2008) could 
facilitate speciation if  alternative trait combinations are adaptive 
(Dijkstra et  al. 2017). In addition to shared physiological mecha-
nisms, correlated trait evolution is also driven by underlying genetic 
architecture. A  single chromosomal inversion is likely responsible 
for the evolution of  3 male morphs that differ in numerous traits 
(testis size, steroid metabolism, behavior, body size, and coloration) 
in the ruff (Philomachus pugnax; Küpper et  al. 2016; Lamichhaney 
et al. 2016). Additional studies of  speciation with gene flow suggest 
that genomic regions contributing to reproductive isolation accu-
mulate in inversions and other regions of  low recombination (Burri 
et  al. 2015; Cruickshank and Hahn 2014; Harrison and Larson 
2016). If  competitive traits are influenced by genes within these 
regions, this could facilitate the evolution of  reproductive isolation. 
These examples beg the question of  whether shared physiological 
or genetic mechanisms are required for divergence in competitive 
phenotypes, and if  they accelerate or impede divergence. Advances 
in genomic analysis of  nonmodel organisms are continuing to 
unravel the architecture of  complex phenotypes, and will surely 
shed light on these topics.

How do asymmetries in competitive ability and 
aggression biases influence speciation?

Male competitive ability among divergent populations may be 
asymmetric, with one type being consistently dominant and con-
sequently able to exclude heterotypics from high-quality habitats 
or displace them altogether (Owen-Ashley and Butler 2004; Pryke 
2009). A  recent meta-analysis found that the majority of  aggres-
sive interactions among closely related bird species are strongly 
asymmetric (Martin et  al. 2017). Competitive asymmetry in mat-
ing contests may commonly lead to habitat isolation via competi-
tive exclusion, but too few empirical studies exist for generalization. 
Alternatively, frequency-dependent social dominance (Bergmüller 
and Taborsky 2010) could facilitate the persistence of  distinct types, 
but the outcomes for gene flow and/or divergence are unclear. 
Asymmetry in competitive abilities could also influence hybridiza-
tion and asymmetric introgression, especially if  female choice is 
weak or unidirectional (While et  al. 2015; Heathcote et  al. 2016). 
Although we understand that competitive interactions are com-
monly asymmetric, whether they enhance or hinder reproductive 
isolation between divergent forms remains to be addressed.

Divergent populations may also exhibit asymmetry in homo-
typic aggression biases (Dijkstra et al. 2006; Lackey and Boughman 
2013). The degree of  homotypic aggression can be a response to 
the potential threat a particular phenotype poses (Horton et  al. 
2012) and could arise as a consequence of  asymmetries in com-
petitive ability. Similar asymmetries in female mate choice have 
been interpreted as either an indication of  the age of  a species pair 
(Arnold et al. 1996) or which of  2 interacting species is ancestral vs. 
derived (Kaneshiro 1976, 1980). Regardless of  their evolutionary 
origins, the consequences of  these asymmetries for hybridization 
and speciation with gene flow are poorly understood. When homo-
typic aggression biases are asymmetric, other factors must stabilize 
the polymorphism in male competitive trait(s) during speciation, or 
the phenotype receiving more aggression may be driven to extinc-
tion. Whether mate choice has a role to play in mitigating these 
asymmetries remains to be tested.

SUMMARY AND CONCLUSION
Although research on speciation by sexual selection has been 
gaining traction for more than 30 years, further research focusing 
on the role of  male competition is necessary to comprehensively 
explain how sexual selection contributes to phenotypic diversity, 
population divergence, and reproductive isolation. To motivate 
future work, we have described multiple mechanisms by which 
male competition may contribute to speciation, their predicted 
outcomes, and their connections with existing speciation frame-
works (Table  1). Promising but understudied areas of  research 
include studying the role of  male competition in divergence in 
allopatry/parapatry, and working with study systems in which 
male competition plays a more important role in dictating repro-
ductive success than does female choice. By evaluating when male 
competition can and is most likely to contribute to divergence and 
speciation, we will broaden and strengthen our current speciation 
framework.

FUNDING
This work was supported by the National Science Foundation (grant num-
ber IOS-1637252), which funded travel to ISBE 2016 for R.M.T., A.C.R.L., 
M.D.M., P.D.D., E.S.C.S., and J.K.

Downloaded from https://academic.oup.com/beheco/article-abstract/29/4/783/4769806
by California State Polytechnic U Pomona user
on 27 August 2018



Behavioral Ecology794

We are grateful to Leigh Simmons for inviting us to write this review. This 
review paper was stimulated by a symposium at the 2016 congress of  the 
International Society for Behavioral Ecology organized by A.C.R.L., 
M.D.M., and R.M.T., which included all coauthors as presenters. We thank 
the ISBE 2016 organizers for supporting this symposium.

Editor-in-Chief: Leigh Simmons

REFERENCES
Anderson CN, Grether GF. 2010a. Interspecific aggression and character 

displacement of  competitor recognition in Hetaerina damselflies. Proc Biol 
Sci. 277:549–555.

Anderson CN, Grether GF. 2010b. Character displacement in the fighting 
colours of  Hetaerina damselflies. Proc Biol Sci. 277:3669–3675.

Andersson M. 1994. Sexual selection. Princeton (NJ): Princeton University 
Press.

Arnold SJ, Verrell PA, Tilley SG. 1996. The evolution of  asymmetry in sex-
ual isolation: a model and a test case. Evolution. 50:1024–1033.

Baack E, Melo MC, Rieseberg LH, Ortiz-Barrientos D. 2015. The origins 
of  reproductive isolation in plants. New Phytol. 207:968–984.

Bakker TCM, Sevenster P. 1983. Determinants of  dominance in male stick-
lebacks (Gasterosteus aculeatus L.). Behaviour. 86:55–71.

Bergmüller R, Taborsky M. 2010. Animal personality due to social niche 
specialisation. Trends Ecol Evol. 25:504–511.

Bolnick DI, Hendrix K, Jordan LA, Veen T, Brock CD. 2016. Intruder 
colour and light environment jointly determine how nesting male stick-
leback respond to simulated territorial intrusions. Biol Lett. 12:20160467.

Bossu CM, Near TJ. 2015. Ecological constraint and the evolution of  sexual 
dichromatism in darters. Evolution. 69:1219–1231.

Boughman JW. 2001. Divergent sexual selection enhances reproductive iso-
lation in sticklebacks. Nature. 411:944–948.

Boughman JW. 2002. How sensory drive can promote speciation. Trends 
Ecol Evol. 17:571–577.

Boul KE, Funk WC, Darst CR, Cannatella DC, Ryan MJ. 2007. Sexual 
selection drives speciation in an Amazonian frog. Proc Biol Sci. 
274:399–406.

Burri R, Nater A, Kawakami T, Mugal CF, Olason PI, Smeds L, Suh A, 
Dutoit L, Bureš S, Garamszegi LZ, et  al. 2015. Linked selection and 
recombination rate variation drive the evolution of  the genomic land-
scape of  differentiation across the speciation continuum of  Ficedula fly-
catchers. Genome Res. 25:1656–1665.

Bush GL. 1975. Modes of  animal speciation. Annu Rev Ecol Syst. 
6:339–364.

Caro TM, Graham CM, Stoner CJ, Flores MM. 2003. Correlates of  horn 
and antler shape in bovids and cervids. Behav Ecol Sociobiol. 55:32–41.

Castillo DM, Moyle LC. 2014. Intraspecific sperm competition genes 
enforce post-mating species barriers in Drosophila. Proc Biol Sci. 
281(1797):20142050. doi:10.1098/rspb.2014.2050

Ciccotto PJ, Mendelson TC. 2016. The ecological drivers of  nuptial color 
evolution in darters (Percidae: Etheostomatinae). Evolution. 70:745–756.

Clutton-Brock TH, Albon SD, Guinness FE. 1982. Competition between 
female relatives in a matrilocal mammal. Nature. 300:178–180.

Coyne JA, Orr HA. 2004. Speciation. Sunderland (MA): Sinauer Associates.
Crothers LR, Cummings ME. 2015. A multifunctional warning sig-

nal behaves as an agonistic status signal in a poison frog. Behav Ecol. 
26:560–568.

Crothers L, Gering E, Cummings M. 2011. Aposematic signal variation 
predicts male-male interactions in a polymorphic poison frog. Evolution. 
65:599–605.

Cruickshank TE, Hahn MW. 2014. Reanalysis suggests that genomic 
islands of  speciation are due to reduced diversity, not reduced gene flow. 
Mol Ecol. 23:3133–3157.

Cummings ME, Crothers LR. 2013. Interacting selection diversifies warn-
ing signals in a polytypic frog: an examination with the strawberry poison 
frog. Evol Ecol. 27:693–710.

Darwin C. 1859. On the origin of  species by means of  natural selection, 
or the preservation of  favoured races in the struggle for life. London: 
Murray.

Darwin C. 1871. The descent of  man, and selection in relation to sex. 
London: John Murray.

Dijkstra PD, Lindström J, Metcalfe NB, Hemelrijk CK, Brendel M, 
Seehausen O, Groothuis TG. 2010. Frequency-dependent social domi-
nance in a color polymorphic cichlid fish. Evolution. 64:2797–2807.

Dijkstra PD, Maguire SM, Harris RM, Rodriguez AA, DeAngelis RS, 
Flores SA, Hofmann HA. 2017. The melanocortin system regulates body 
pigmentation and social behaviour in a colour polymorphic cichlid fish. 
Proc R Soc London B Biol Sci. 284:20162838.

Dijkstra PD, Seehausen O, Gricar BLA, Maan ME, Groothuis TGG. 2006. 
Can male-male competition stabilize speciation? A test in Lake Victoria 
haplochromine cichlid fish. Behav Ecol Sociobiol. 59:704–713.

Dijkstra PD, Seehausen O, Groothuis TGG. 2005. Direct male-male com-
petition can facilitate invasion of  new colour types in Lake Victoria cich-
lids. Behav Ecol Sociobiol. 58:136–146.

Dijkstra PD, Seehausen O, Pierotti ME, Groothuis TG. 2007. Male-male 
competition and speciation: aggression bias towards differently coloured 
rivals varies between stages of  speciation in a Lake Victoria cichlid spe-
cies complex. J Evol Biol. 20:496–502.

Dijkstra PD, Van Der Zee EM, Groothuis TGG. 2008. Territory qual-
ity affects female preference in a Lake Victoria cichlid fish. Behav Ecol 
Sociobiol. 62:747–755.

Dobzhansky T. 1937. Genetics and the origin of  species, 3rd edn. New 
York: Columbia University Press.

Dreher CE, Cummings ME, Pröhl H. 2015. An analysis of  predator selec-
tion to affect aposematic coloration in a Poison frog species. PLoS One. 
10:e0130571.

Drury JP, Grether GF. 2014. Interspecific aggression, not interspecific 
mating, drives character displacement in the wing coloration of  male 
rubyspot damselflies (Hetaerina). Proc Biol Sci. 281:20141737.

Drury JP, Okamoto KW, Anderson CN, Grether GF. 2015. Reproductive 
interference explains persistence of  aggression between species. Proc Biol 
Sci. 282:20142256.

Ducrest AL, Keller L, Roulin A. 2008. Pleiotropy in the melanocor-
tin system, coloration and behavioural syndromes. Trends Ecol Evol. 
23:502–510.

Edward DA, Chapman T. 2011. The evolution and significance of  male 
mate choice. Trends Ecol Evol. 26:647–654.

Emlen DJ. 1996. Artificial selection on horn length-body size allometry 
in the horned beetle Onthophagus acuminatus (Coleoptera: Scarabaeidae). 
Evolution. 50:1219–1230.

Emlen DJ. 2001. Costs and the diversification of  exaggerated animal struc-
tures. Science. 291:1534–1536.

Emlen DJ, Marangelo J, Ball B, Cunningham CW. 2005. Diversity in 
the weapons of  sexual selection: horn evolution in the beetle genus 
Onthophagus (Coleoptera: Scarabaeidae). Evolution. 59:1060–1084.

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

Fisher RA. 1930. The genetical theory of  natural selection. Oxford: 
Clarendon Press.

Freeman BG, Class Freeman AM, Hochachka WM. 2016. Asymmetric 
interspecific aggression in New Guinean songbirds that replace one 
another along an elevational gradient. Ibis. 158:726–737.

Freeman BG, Montgomery G. 2016. Interspecific aggression by the 
Swainson’s Thrush (Catharus ustulatus) may limit the distribution of  
the threatened Bicknell’s Thrush (Catharus bicknelli) in the Adirondack 
Mountains. Condor. 118:169–178.

Gavrilets S. 2014. Models of  speciation: where are we now? J Hered. 
105(Suppl 1):743–755.

González-Santoyo I, González-Tokman DM, Munguía-Steyer RE, 
Córdoba-Aguilar A. 2014. A mismatch between the perceived fighting 
signal and fighting ability reveals survival and physiological costs for bear-
ers. PLoS One. 9:e84571.

Grace JL, Shaw KL. 2011. Coevolution of  male mating signal and female 
preference during early lineage divergence of  the Hawaiian cricket, 
Laupala cerasina. Evolution. 65:2184–2196.

Grant JWA, Bryant MJ, Soos CE. 1995. Operational sex ratio, mediated by 
synchrony of  female arrival, alters the variance of  male mating success in 
Japanese medaka. Anim Behav. 49:367–375.

Gray DA, Cade WH. 2000. Sexual selection and speciation in field crickets. 
Proc Natl Acad Sci USA. 97:14449–14454.

Grether GF. 2000. Carotenoid limitation and mate preference evolution: a 
test of  the indicator hypothesis in guppies (Poecilia reticulata). Evolution. 
54:1712–1724.

Grether GF, Anderson CN, Drury JP, Kirschel AN, Losin N, Okamoto 
K, Peiman KS. 2013. The evolutionary consequences of  interspecific 
aggression. Ann N Y Acad Sci. 1289:48–68.

Grether GF, Losin N, Anderson CN, Okamoto K. 2009. The role of  inter-
specific interference competition in character displacement and the evo-
lution of  competitor recognition. Biol Rev Camb Philos Soc. 84:617–635.

Downloaded from https://academic.oup.com/beheco/article-abstract/29/4/783/4769806
by California State Polytechnic U Pomona user
on 27 August 2018



Tinghitella et al. • Male competition and speciation 795

Haesler MP, Seehausen O. 2005. Inheritance of  female mating preference 
in a sympatric sibling species pair of  Lake Victoria cichlids: implications 
for speciation. Proc Biol Sci. 272:237–245.

Hammers M, von Engelhardt N, Langmore NE, Komdeur J, Griffith SC, 
Magrath MJL. 2009. Mate-guarding intensity increases with breeding 
synchrony in the colonial fairy martin, Petrochelidon ariel. Anim Behav. 
78:661–669.

Hardin G. 1960. The competitive exclusion principle. Science. 
131:1292–1297.

Harrison RG, Larson EL. 2014. Hybridization, introgression, and the 
nature of  species boundaries. J Hered. 105 (Suppl 1):795–809.

Harrison RG, Larson EL. 2016. Heterogeneous genome divergence, differ-
ential introgression, and the origin and structure of  hybrid zones. Mol 
Ecol. 25:2454–2466.

Heathcote RJ, While GM, MacGregor HE, Sciberras J, Leroy C, D’Ettorre 
P, Uller T. 2016. Male behaviour drives assortative reproduction during 
the initial stage of  secondary contact. J Evol Biol. 29:1003–1015.

Heathcote RJP, Bell E, d’Ettorre P, While GM, Uller T. 2014. The scent of  
sun worship: basking experience alters scent mark composition in male 
lizards. Behav Ecol Sociobiol. 68:861–870.

Hendry AP. 2004. Selection against migrants contributes to the rapid evo-
lution of  ecologically dependent reproductive isolation. Evol Ecol Res. 
6:1219–1236.

Hendry AP. 2009. Ecological speciation! Or the lack thereof ? Can J Fish 
Aquat Sci. 66:1383–1398.

Hill GE, McGraw KJ. 2004. Correlated changes in male plumage col-
oration and female mate choice in cardueline finches. Anim Behav. 
67:27–35.

Horton BM, Hauber ME, Maney DL. 2012. Morph matters: aggression 
bias in a polymorphic sparrow. PLoS One. 7:e48705.

Howard DJ. 1999. Conspecific sperm and pollen precedence and specia-
tion. Annu Rev Ecol Syst. 30:109–132.

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.

Ingley SJ, Johnson JB. 2014. Animal personality as a driver of  reproductive 
isolation. Trends Ecol Evol. 29:369–371.

Irestedt M, Jønsson KA, Fjeldså J, Christidis L, Ericson PG. 2009. An unex-
pectedly long history of  sexual selection in birds-of-paradise. BMC Evol 
Biol. 9:235.

Irwin DE. 2000. Song variation in an avian ring species. Evolution. 
54:998–1010.

Irwin DE, Bensch S, Price TD. 2001. Speciation in a ring. Nature. 
409:333–337.

Jankowski JE, Robinson SK, Levey DJ. 2010. Squeezed at the top: 
Interspecific aggression may constrain elevational ranges in tropical birds. 
Ecology. 91:1877–1884.

Jirotkul M. 1999. Population density influences male-male competition in 
guppies. Anim Behav. 58:1169–1175.

Kaneshiro KY. 1976. Ethological isolation and phylogeny in the planitibia 
subgroup of  hawaiian drosophila. Evolution. 30:740–745.

Kaneshiro KY. 1980. Sexual isolation, speciation and the direction of  evolu-
tion. Evolution. 34:437–444.

Kaneshiro KY. 1988. Speciation in the Hawaiian Drosophila: sexual selec-
tion appears to play an important role. Bioscience. 38:258–263.

Keagy J, Lettieri L, Boughman JW. 2016. Male competition fitness land-
scapes predict both forward and reverse speciation. Ecol Lett. 19:71–80.

Kohda M. 1998. Coexistence of  permanently territorial cichlids of  the 
genus Petrochromis through male-mating attack. Environ Biol Fishes. 
52:231–242.

Kokko H, Rankin DJ. 2006. Lonely hearts or sex in the city? Density-
dependent effects in mating systems. Philos Trans R Soc Lond B Biol Sci. 
361:319–334.

Kolluru GR, Grether GF. 2005. The effects of  resource availability on 
alternative mating tactics in guppies (Poecilia reticulata). Behav Ecol. 
16:294–300.

Küpper C, Stocks M, Risse JE, Dos Remedios N, Farrell LL, McRae SB, 
Morgan TC, Karlionova N, Pinchuk P, Verkuil YI, et al. 2016. A super-
gene determines highly divergent male reproductive morphs in the ruff. 
Nat Genet. 48:79–83.

Kvarnemo C, Ahnesjo I. 1996. The dynamics of  operational sex ratios and 
competition for mates. Trends Ecol Evol. 11:404–408.

Lackey ACR, Boughman JW. 2013. Divergent sexual selection via male 
competition: ecology is key. J Evol Biol. 26:1611–1624.

Lamichhaney S, Fan G, Widemo F, Gunnarsson U, Thalmann DS, 
Hoeppner MP, Kerje S, Gustafson U, Shi C, Zhang H, et  al. 2016. 
Structural genomic changes underlie alternative reproductive strategies in 
the ruff (Philomachus pugnax). Nat Genet. 48:84–88.

Lande R. 1981. Models of  speciation by sexual selection on polygenic traits. 
Proc Natl Acad Sci USA. 78:3721–3725.

Langerhans RB, Riesch R. 2013. Speciation by selection: a framework for 
understanding ecology’s role in speciation. Curr Zool. 59:31–52.

Leal M, Fleishman LJ. 2002. Evidence for habitat partitioning based on 
adaptation to environmental light in a pair of  sympatric lizard species. 
Proc Biol Sci. 269:351–359.

Leal M, Fleishman LJ. 2004. Differences in visual signal design and 
detectability between allopatric populations of  Anolis lizards. Am Nat. 
163:26–39.

Lehtonen TK, Sowersby W, Wong BBM. 2015. Heterospecific aggression 
bias towards a rarer colour morph. Proc R Soc B Biol Sci. 282:20151551.

Lehtonen TK. 2014. Colour biases in territorial aggression in a neotropical 
cichlid fish. Oecologia. 175:85–93.

Lehtonen TK, Lindström K. 2009. Females decide whether size matters: 
plastic mate preferences tuned to the intensity of  male-male competition. 
Behav Ecol. 20:195–199.

Logue DM, Abiola IO, Rains D, Bailey NW, Zuk M, Cade WH. 2010. Does 
signalling mitigate the cost of  agonistic interactions? A  test in a cricket 
that has lost its song. Proc Biol Sci. 277:2571–2575.

Lundigran B. 1996. Morphology of  horns and fighting behavior in the fam-
ily Bovidae. J Mammal. 77:462–475.

Maan ME, Seehausen O. 2011. Ecology, sexual selection and speciation. 
Ecol Lett. 14:591–602.

Maan ME, Cummings ME. 2012. Poison frog colors are honest signals of  
toxicity, particularly for bird predators. Am Nat. 179:E1–14.

Maan ME, Seehausen O, Groothuis TG. 2017. Differential survival between 
visual environments supports a role of  divergent sensory drive in Cichlid 
fish speciation. Am Nat. 189:78–85.

Macedonia JM, Clark DL, Brown ZN, Gensterblum S, McNabb L, 
Myrberg AB, Myrberg BD, Petroche MF, Karson A. 2015. Responses of  
Anolis grahami males to manipulations of  species identity and components 
of  displays in lizard robots. Herpetologica. 71:110–116.

Macedonia JM, Clark DL, Riley RG, Kemp DJ. 2013. Species recognition 
of  color and motion signals in Anolis grahami: evidence from responses to 
lizard robots. Behav Ecol. 24:846–852.

Macedonia JM, Evans CS, Losos JB. 1994. Male Anolis lizards discrimi-
nate video-recorded conspecific and heterospecific displays. Anim Behav. 
47:1220–1223.

Macedonia JM, Stamps JA. 2010. Species recognition in Anolis grahami 
(Sauria, Iguanidae): evidence from responses to video playbacks of  con-
specific and heterospecific displays. Ethology. 98:246–264.

MacGregor HEA, While GM, Barrett J, Pérez i de Lanuza G, Carazo 
P, Michaelides S, Uller T. 2017. Experimental contact zones reveal 
causes and targets of  sexual selection in hybridizing lizards. Funct Ecol. 
31:742–752.

Magalhaes IS, Croft GE, Joyce DA. 2013. Altering an extended phenotype 
reduces intraspecific male aggression and can maintain diversity in cich-
lid fish. PeerJ. 1:e209.

Malinsky M, Challis RJ, Tyers AM, Schiffels S, Terai Y, Ngatunga BP, 
Miska EA, Durbin R, Genner MJ, Turner GF. 2015. Genomic islands 
of  speciation separate cichlid ecomorphs in an East African crater lake. 
Science. 350:1493–1498.

Mani GS, Clarke BC. 1990. Mutational order: a major stochastic process in 
evolution. Proc R Soc Lond B Biol Sci. 240:29–37.

Manier MK, Lüpold S, Belote JM, Starmer WT, Berben KS, Ala-Honkola 
O, Collins WF, Pitnick S. 2013. Postcopulatory sexual selection generates 
speciation phenotypes in Drosophila. Curr Biol. 23:1853–1862.

Martin MD, Mendelson TC. 2012. Signal divergence is correlated with 
genetic distance and not environmental differences in darters (Percidae: 
Etheostoma). Evol Biol. 39:231–241.

Martin MD, Mendelson TC. 2016a. Male behaviour predicts trait diver-
gence and the evolution of  reproductive isolation in darters (Percidae: 
Etheostoma). Anim Behav. 112:179–186.

Martin MD, Mendelson TC. 2016b. The accumulation of  reproductive iso-
lation in early stages of  divergence supports a role for sexual selection. J 
Evol Biol. 29:676–689.

Martin PR, Freshwater C, Ghalambor CK. 2017. The outcomes of  most 
aggressive interactions among closely related bird species are asymmetric. 
PeerJ. 5:e2847.

Downloaded from https://academic.oup.com/beheco/article-abstract/29/4/783/4769806
by California State Polytechnic U Pomona user
on 27 August 2018



Behavioral Ecology796

Mateos C, Carranza J. 1997. The role of  bright plumage in male-male 
interactions in the ring-necked pheasant. Anim Behav. 54:1205–1214.

Mayr E. 1963. Animal species and evolution. Cambridge (MA): Belknap 
Press of  Harvard University Press.

McCullough EL, Miller CW, Emlen DJ. 2016. Why sexually selected weap-
ons are not ornaments. Trends Ecol Evol. 31:742–751.

McCullough EL, Tobalske BW, Emlen DJ. 2014. Structural adaptations to 
diverse fighting styles in sexually selected weapons. Proc Natl Acad Sci 
USA. 111:14484–14488.

McKinnon JS. 1996. Red coloration and male parental behaviour in the 
threespine stickleback. J Fish Biol. 49:1030–1033.

McKinnon JS, Rundle HD. 2002. Speciation in nature: the threespine stick-
leback model systems. Trends Ecol Evol. 17:480–488.

McPhail JD. 1969. Predation and the evolution of  a stickleback (Gasterosteus). 
J Fish Res Board Canada. 26:3183–3208.

Mendelson TC, Shaw KL. 2002. Genetic and behavioral components of  
the cryptic species boundary between Laupala cerasina and L.  kohalensis 
(Orthoptera: Gryllidae). Genetica. 116:301–310.

Mendelson TC, Shaw KL. 2005. Sexual behaviour: rapid speciation in an 
arthropod. Nature. 433:375–376.

Mendelson TC, Martin MD, Flaxman SM. 2014. Mutation-order diver-
gence by sexual selection: diversification of  sexual signals in similar envi-
ronments as a first step in speciation. Ecol Lett. 17:1053–1066.

Mikami OK, Kohda M, Kawata M. 2004. A new hypothesis for species 
coexistence: male-male repulsion promotes coexistence of  competing 
species. Popul Ecol. 46:213–217.

Moran RL, Zhou M, Catchen JM, Fuller RC. 2017. Male and female 
contributions to behavioral isolation in darters as a function of  genetic 
distance and color distance. Evolution. 71(10): 2428–2444. doi:10.1111/
evo.13321

Muller HJ. 1942. Isolating mechanisms, evolution and temperature. Biol 
Symp. 6:71–125.

Ng J, Landeen EL, Logsdon RM, Glor RE. 2013. Correlation between 
Anolis lizard dewlap phenotype and environmental variation indicates 
adaptive divergence of  a signal important to sexual selection and species 
recognition. Evolution. 67:573–582.

Nicholson KE, Harmon LJ, Losos JB, Pavan D, Larson A. 2007. Evolution 
of  Anolis lizard dewlap diversity. PLoS One. 2:e274.

Nosil P. 2012. Ecological speciation. New York: Oxford University Press.
Nosil P, Harmon LJ, Seehausen O. 2009. Ecological explanations for 

(incomplete) speciation. Trends Ecol Evol. 24:145–156.
Nosil P, Vines TH, Funk DJ. 2005. Perspective: reproductive isolation 

caused by natural selection against immigrants from divergent habitats. 
Evolution. 59:705–719.

O’Donald P. 1980. Genetic models of  sexual selection. Cambridge (UK): 
Cambridge University Press.

Okamoto KW, Grether GF. 2013. The evolution of  species recognition 
in competitive and mating contexts: the relative efficacy of  alternative 
mechanisms of  character displacement. Ecol Lett. 16:670–678.

Olsson M, Madsen T. 1995. Female choice on male quantitative traits in 
lizards-why is it so rare? Behav Ecol Sociobiol. 36:179–184.

Orr HA, Turelli M. 2001. The evolution of  postzygotic isolation: accumu-
lating Dobzhansky-Muller incompatibilities. Evolution. 55:1085–1094.

Owen-Ashley NT, Butler LK. 2004. Androgens, interspecific competition 
and species replacement in hybridizing warblers. Proc Biol Sci. 271(Suppl 
6):S498–S500.

Panhuis TM, Butlin R, Zuk M, Tregenza T. 2001. Sexual selection and spe-
ciation. Trends Ecol Evol. 16:364–371.

Parker GA. 2006. Sexual conflict over mating and fertilization: an overview. 
Philos Trans R Soc Lond B Biol Sci. 361:235–259.

Pauers MJ, Kapfer JM, Fendos CE, Berg CS. 2008. Aggressive biases towards 
similarly coloured males in Lake Malawi cichlid fishes. Biol Lett. 4:156–159.

Pfennig DW, Pfennig KS. 2010. Character displacement and the origins of  
diversity. Am Nat. 176(Suppl 1):S26–S44.

Pfennig KS, Pfennig DW. 2009. Character displacement: ecological and 
reproductive responses to a common evolutionary problem. Q Rev Biol. 
84:253–276.

Polechová J, Barton NH. 2005. Speciation through competition: a critical 
review. Evolution. 59:1194–1210.

Pryke SR. 2009. Is red an innate or learned signal of  aggression and intimi-
dation? Anim Behav. 78:393–398.

Pryke SR, Astheimer LB, Buttemer WA, Griffith SC. 2007. Frequency-
dependent physiological trade-offs between competing colour morphs. 
Biol Lett. 3:494–497.

Qvarnström A, Vallin N, Rudh A. 2012. The role of  male contest competi-
tion over mates in speciation. Curr Zool. 58:493–509.

Reichard M, Ondracková M, Bryjová A, Smith C, Bryja J. 2009. Breeding 
resource distribution affects selection gradients on male phenotypic traits: 
experimental study on lifetime reproductive success in the bitterling fish 
(Rhodeus amarus). Evolution. 63:377–390.

Reimchen TE. 1989. Loss of  nuptial color in threespine sticklebacks 
(Gasterosteus aculeatus). Evolution. 43:450–460.

Ritchie MG. 2007. Sexual selection and speciation. Annu Rev Ecol Evol 
Syst. 38:79–102.

Rodríguez RL, Boughman JW, Gray DA, Hebets EA, Höbel G, Symes LB. 
2013. Diversification under sexual selection: the relative roles of  mate 
preference strength and the degree of  divergence in mate preferences. 
Ecol Lett. 16:964–974.

Rönn J, Katvala M, Arnqvist G. 2007. Coevolution between harmful male 
genitalia and female resistance in seed beetles. Proc Natl Acad Sci USA. 
104:10921–10925.

Rosenthal GG. 2017. Mate choice: the evolution of  sexual decision making 
from microbes to humans. Princeton (NJ): Princeton University Press.

Rowland WJ, Bloyard KJ, Halpern AD. 1995. The dual effect of  stickleback 
nuptial coloration on rivals: manipulation of  a graded signal using video 
playback. Anim Behav. 50:267–272.

Rundle HD, Nosil P. 2005. Ecological speciation. Ecol Lett. 8:336–352.
Safran RJ, Scordato ES, Symes LB, Rodríguez RL, Mendelson TC. 2013. 

Contributions of  natural and sexual selection to the evolution of  pre-
mating reproductive isolation: a research agenda. Trends Ecol Evol. 
28:643–650.

Safran RJ, Scordato ESC, Wilkins MR, Hubbard JK, Jenkins BR, Albrecht 
T, Flaxman SM, Karaardç H, Vortman Y, Lotem A, et  al. 2016. 
Genome-wide differentiation in closely related populations: the roles of  
selection and geographic isolation. Mol Ecol. 25:3865–3883.

Salzburger W, Mack T, Verheyen E, Meyer A. 2005. Out of  Tanganyika: 
genesis, explosive speciation, key-innovations and phylogeography of  the 
haplochromine cichlid fishes. BMC Evol Biol. 5:17.

Schluter D. 2000. Ecological character displacement in adaptive radiation. 
Am Nat. 156:S4–16.

Schluter D. 2001. Ecology and the origin of  species. Trends Ecol Evol. 
16:372–380.

Schluter D. 2009. Evidence for ecological speciation and its alternative. 
Science. 323:737–741.

Scordato ES, Symes LB, Mendelson TC, Safran RJ. 2014. The role of  
ecology in speciation by sexual selection: a systematic empirical review. J 
Hered. 105(Suppl 1):782–794.

Scordato ESC. 2017. Geographical variation in male territory defence strat-
egies in an avian ring species. Anim Behav. 126:153–162.

Scott RJ. 2001. Sensory drive and nuptial colour loss in the three-spined 
stickleback. J Fish Biol. 59:1520–1528.

Scott RJ. 2004. Assortative mating between adjacent populations of  threes-
pine stickleback (Gasterosteus aculeatus). Ecol Freshw Fish. 13:1–7.

Seehausen O. 2006. African cichlid fish: a model system in adaptive radia-
tion research. Proc Biol Sci. 273:1987–1998.

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

Seehausen O, Terai Y, Magalhaes IS, Carleton KL, Mrosso HD, 
Miyagi R, van der Sluijs I, Schneider MV, Maan ME, Tachida H, 
et al. 2008. Speciation through sensory drive in cichlid fish. Nature. 
455:620–626.

Seehausen O. 2015. Evolution: beauty varies with the light. Nature. 
521:34–35.

Seehausen O, Van Alphen JJM. 1998. The effect of  male coloration on 
female mate choice in closely related Lake Victoria cichlids (Haplochromis 
nyererei complex). Behav Ecol Sociobiol. 42:1–8.

Sefc KM, Hermann CM, Steinwender B, Brindl H, Zimmermann H, 
Mattersdorfer K, Postl L, Makasa L, Sturmbauer C, Koblmüller 
S. 2015. Asymmetric dominance and asymmetric mate choice 
oppose premating isolation after allopatric divergence. Ecol Evol. 
5:1549–1562.

Servedio MR. 2016. Geography, assortative mating, and the effects of  sex-
ual selection on speciation with gene flow. Evol Appl. 9:91–102.

Servedio MR, Boughman JW. 2017. The role of  sexual selection in local 
adaptation and speciation. Annu Rev Ecol Evol Syst. 48:85–109.

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

Downloaded from https://academic.oup.com/beheco/article-abstract/29/4/783/4769806
by California State Polytechnic U Pomona user
on 27 August 2018



Tinghitella et al. • Male competition and speciation 797

Qvarnström A, Vallin N, Rudh A. 2012. The role of  male contest competi-
tion over mates in speciation. Curr Zool. 58:493–509.

Reichard M, Ondracková M, Bryjová A, Smith C, Bryja J. 2009. Breeding 
resource distribution affects selection gradients on male phenotypic traits: 
experimental study on lifetime reproductive success in the bitterling fish 
(Rhodeus amarus). Evolution. 63:377–390.

Reimchen TE. 1989. Loss of  nuptial color in threespine sticklebacks 
(Gasterosteus aculeatus). Evolution. 43:450–460.

Ritchie MG. 2007. Sexual selection and speciation. Annu Rev Ecol Evol 
Syst. 38:79–102.

Rodríguez RL, Boughman JW, Gray DA, Hebets EA, Höbel G, Symes LB. 
2013. Diversification under sexual selection: the relative roles of  mate 
preference strength and the degree of  divergence in mate preferences. 
Ecol Lett. 16:964–974.

Rönn J, Katvala M, Arnqvist G. 2007. Coevolution between harmful male 
genitalia and female resistance in seed beetles. Proc Natl Acad Sci USA. 
104:10921–10925.

Rosenthal GG. 2017. Mate choice: the evolution of  sexual decision making 
from microbes to humans. Princeton (NJ): Princeton University Press.

Rowland WJ, Bloyard KJ, Halpern AD. 1995. The dual effect of  stickleback 
nuptial coloration on rivals: manipulation of  a graded signal using video 
playback. Anim Behav. 50:267–272.

Rundle HD, Nosil P. 2005. Ecological speciation. Ecol Lett. 8:336–352.
Safran RJ, Scordato ES, Symes LB, Rodríguez RL, Mendelson TC. 2013. 

Contributions of  natural and sexual selection to the evolution of  pre-
mating reproductive isolation: a research agenda. Trends Ecol Evol. 
28:643–650.

Safran RJ, Scordato ESC, Wilkins MR, Hubbard JK, Jenkins BR, Albrecht 
T, Flaxman SM, Karaardç H, Vortman Y, Lotem A, et  al. 2016. 
Genome-wide differentiation in closely related populations: the roles of  
selection and geographic isolation. Mol Ecol. 25:3865–3883.

Salzburger W, Mack T, Verheyen E, Meyer A. 2005. Out of  Tanganyika: 
genesis, explosive speciation, key-innovations and phylogeography of  the 
haplochromine cichlid fishes. BMC Evol Biol. 5:17.

Schluter D. 2000. Ecological character displacement in adaptive radiation. 
Am Nat. 156:S4–16.

Schluter D. 2001. Ecology and the origin of  species. Trends Ecol Evol. 
16:372–380.

Schluter D. 2009. Evidence for ecological speciation and its alternative. 
Science. 323:737–741.

Scordato ES, Symes LB, Mendelson TC, Safran RJ. 2014. The role of  
ecology in speciation by sexual selection: a systematic empirical review. J 
Hered. 105(Suppl 1):782–794.

Scordato ESC. 2017. Geographical variation in male territory defence strat-
egies in an avian ring species. Anim Behav. 126:153–162.

Scott RJ. 2001. Sensory drive and nuptial colour loss in the three-spined 
stickleback. J Fish Biol. 59:1520–1528.

Scott RJ. 2004. Assortative mating between adjacent populations of  threes-
pine stickleback (Gasterosteus aculeatus). Ecol Freshw Fish. 13:1–7.

Seehausen O. 2006. African cichlid fish: a model system in adaptive radia-
tion research. Proc Biol Sci. 273:1987–1998.

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

Seehausen O, Terai Y, Magalhaes IS, Carleton KL, Mrosso HD, 
Miyagi R, van der Sluijs I, Schneider MV, Maan ME, Tachida H, 
et al. 2008. Speciation through sensory drive in cichlid fish. Nature. 
455:620–626.

Seehausen O. 2015. Evolution: beauty varies with the light. Nature. 
521:34–35.

Seehausen O, Van Alphen JJM. 1998. The effect of  male coloration on 
female mate choice in closely related Lake Victoria cichlids (Haplochromis 
nyererei complex). Behav Ecol Sociobiol. 42:1–8.

Sefc KM, Hermann CM, Steinwender B, Brindl H, Zimmermann H, 
Mattersdorfer K, Postl L, Makasa L, Sturmbauer C, Koblmüller 
S. 2015. Asymmetric dominance and asymmetric mate choice 
oppose premating isolation after allopatric divergence. Ecol Evol. 
5:1549–1562.

Servedio MR. 2016. Geography, assortative mating, and the effects of  sex-
ual selection on speciation with gene flow. Evol Appl. 9:91–102.

Servedio MR, Boughman JW. 2017. The role of  sexual selection in local 
adaptation and speciation. Annu Rev Ecol Evol Syst. 48:85–109.

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

Smith AR, van Staaden MJ, Carleton KL. 2012. An evaluation of  the role 
of  sensory drive in the evolution of  lake Malawi cichlid fishes. Int J Evol 
Biol. 2012:1–12.

Streelman JT, Danley PD. 2003. The stages of  vertebrate evolutionary radi-
ation. Trends Ecol Evol. 18:126–131.

Sullivan-Beckers L, Cocroft RB. 2010. The importance of  female choice, 
male-male competition, and signal transmission as causes of  selection on 
male mating signals. Evolution. 64:3158–3171.

Svensson EI, Nordén A, Waller JT, Runemark A. 2016. Linking intra- and 
interspecific assortative mating: consequences for asymmetric sexual iso-
lation. Evolution. 70:1165–1179.

Svensson PA, Wong BBM. 2011. Carotenoid-based signals in behavioural 
ecology: a review. Behaviour. 148:131–189.

Taborsky M. 2001. The evolution of  bourgeois, parasitic, and cooperative 
reproductive behaviors in fishes. J Hered. 92:100–110.

Tinghitella RM, Lehto WR, Minter R. 2015. The evolutionary loss of  a 
badge of  status alters male competition in three-spine stickleback. Behav 
Ecol. 26:609–616.

Tinghitella RM, Wang JM, Zuk M. 2009. Preexisting behavior renders a muta-
tion adaptive: flexibility in male phonotaxis behavior and the loss of  singing 
ability in the field cricket Teleogryllus oceanicus. Behav Ecol. 20:722–728.

Tinghitella RM, Zuk M. 2009. Asymmetric mating preferences accommodated 
the rapid evolutionary loss of  a sexual signal. Evolution. 63:2087–2098.

Turelli M, Barton NH, Coyne JA. 2001. Theory and speciation. Trends 
Ecol Evol. 16:330–343.

Turner GF, Seehausen O, Knight ME, Allender CJ, Robinson RL. 2001. 
How many species of  cichlid fishes are there in African lakes? Mol Ecol. 
10:793–806.

Tyers AM, Turner GF. 2013. Signal and preference divergence among pop-
ulations of  the non-endemic basal lake Malawi cichlid fish Astatotilapia cal-
liptera (Perciformes: Cichlidae). Biol J Linn Soc. 110:180–188.

Tynkkynen K, Rantala MJ, Suhonen J. 2004. Interspecific aggression and 
character displacement in the damselfly Calopteryx splendens. J Evol Biol. 
17:759–767.

Vallin N, Qvarnström A. 2011. Learning the hard way: imprinting can 
enhance enforced shifts in habitat choice. Int J Ecol. 2011:1–7.

Vallin N, Rice AM, Arntsen H, Kulma K, Qvarnström A. 2012. Combined 
effects of  interspecific competition and hybridization impede local coexis-
tence of  Ficedula flycatchers. Evol Ecol. 26:927–942.

Vallin N, Rice AM, Bailey RI, Husby A, Qvarnström A. 2012. Positive feed-
back between ecological and reproductive character displacement in a 
young avian hybrid zone. Evolution. 66:1167–1179.

van Doorn GS, Edelaar P, Weissing FJ. 2009. On the origin of  species by 
natural and sexual selection. Science. 326:1704–1707.

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

Verzijden MN, Korthof  REM, ten Cate C. 2008. Females learn from 
mothers and males learn from others. The effect of  mother and sib-
lings on the development of  female mate preferences and male aggres-
sion biases in Lake Victoria cichlids, genus Mbipia. Behav Ecol Sociobiol. 
62:1359–1368.

Via S. 2001. Sympatric speciation in animals: the ugly duckling grows up. 
Trends Ecol Evol. 16:381–390.

von Hippel FA. 1999. Black male bellies and red female throats: color 
changes with breeding status in a threespine stickleback. Environ Biol 
Fishes. 55:237–244.

Wacker S, Mobley K, Forsgren E, Myhre LC, de Jong K, Amundsen T. 
2013. Operational sex ratio but not density affects sexual selection in a 
fish. Evolution. 67:1937–1949.

Wauters LA, Bertolino S, Adamo M, Van Dongen S, Tosi G. 2005. Food 
shortage disrupts social organization: the case of  red squirrels in conifer 
forests. Evol Ecol. 19:375–404.

Weir LK, Grant JW, Hutchings JA. 2011. The influence of  operational sex 
ratio on the intensity of  competition for mates. Am Nat. 177:167–176.

West-Eberhard M. 1979. Sexual selection, social competition, and evolu-
tion. Proc Am Philos Soc. 123:222–234.

West-Eberhard MJ. 1983. Sexual selection, social competition, and specia-
tion. Q Rev Biol. 58:155–183.

While GM, Michaelides S, Heathcote RJ, MacGregor HE, Zajac N, 
Beninde J, Carazo P, Pérez I  de Lanuza G, Sacchi R, Zuffi MA, et  al. 
2015. Sexual selection drives asymmetric introgression in wall lizards. 
Ecol Lett. 18:1366–1375.

Williams TH, Gumm JM, Mendelson TC. 2013. Sexual selection act-
ing on a speciation trait in darters (Percidae: Etheostoma). Behav Ecol. 
24:1407–1414.

Winger BM. 2017. Conseqences of  divergence and introgression for specia-
tion in Andean cloud forest birds. Evolution. 71:1815–1831.

Winkelmann K, Genner MJ, Takahashi T, Rüber L, Sturmbauer C. 2014. 
Competition-driven speciation in cichlid fish. Nat Commun. 5:3412. 
doi:10.1038/ncomms4412

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

Zera AJ, Harshman LG. 2001. The physiology of  life history trade-offs in 
animals. Annu Rev Ecol Syst. 32:95–126.

Zhou M, Fuller RC. 2016. Intrasexual competition underlies sexual selec-
tion on male breeding coloration in the orangethroat darter, Etheostoma 
spectabile. Ecol Evol. 6:3513–3522.

Zuk M, Kolluru GR. 1998. Exploitation of  sexual signals by predators and 
parasitoids. Q Rev Biol. 73:415–438.

Zuk M, Rotenberry JT, Tinghitella RM. 2006. Silent night: adaptive disap-
pearance of  a sexual signal in a parasitized population of  field crickets. 
Biol Lett. 2:521–524.

Downloaded from https://academic.oup.com/beheco/article-abstract/29/4/783/4769806
by California State Polytechnic U Pomona user
on 27 August 2018


