
ABSTRACT 

ANDERSON, CHRISTOPHER MICHAEL. Elucidating Drivers of Genital Evolution and 
their Consequences for Speciation. (Under the direction of Dr. R. Brian Langerhans). 

 

Genitalia notoriously undergo rapid, divergent evolution, often exhibiting exceptional 

complexity and remarkable variation among closely related species. However, there still 

remains considerable debate about and scrutiny of the mechanisms underlying this well-

established evolutionary trend. We don’t yet understand the role of genital evolution in 

speciation or what drives genital divergence to the point of speciation. The majority of the 

research addressing genital evolution centers on males, creating a lack of attention on 

females.  This thesis employs two separate approaches to better understand the causes and 

consequences of genital evolution in both males and females: (1) a review of research 

concerning ecology’s role in genital evolution, and role of genital evolution in speciation, 

and (2) an empirical study that tests three hypotheses for the rapid evolution of female genital 

morphology. 

Chapter 1 provides a conceptual framework for understanding the relationship 

between ecology, genital evolution, and speciation. Ecology can drive genital divergence by 

altering the context of both natural and sexual selection. There is sparse research on ecology 

and genital evolution, though several lines of evidence suggest it’s importance might prove 

substantial. Genital evolution can facilitate the evolution of reproductive isolation through 

two mechanisms, either through the lock-and-key hypothesis, or by resulting in reproductive 

barriers as a byproduct. Though long disregarded by many, recent work suggests a focused 

reappraisal of the lock-and-key hypothesis is warranted; and despite increasing support with 

non-genital traits, there remains limited research addressing how genital divergence might 



commonly facilitate reproductive isolation as a byproduct. I provide a review of research 

addressing ecology’s role in genital evolution and genital evolution’s role in speciation, 

addressing each mechanism and hypothesis involved along the way by presenting the current 

state of the literature and making recommendations for futures studies. 

In Chapter 2, I test three hypotheses for the cause(s) of female genital evolution. I 

identify and empirically test three principal mechanisms that could lead to rapid genital 

divergence in female genital morphology, and result in patterns of male-female genital 

coevolution: (1) ecological variation that alters the context of sexual selection (ecology 

hypothesis), (2) sexually antagonistic selection (sexual conflict hypothesis), and (3) selection 

against inter-population mating (lock-and-key hypothesis). Our study system presents a 

‘natural experiment’ to test the role of predation risk on adaptive diversification- the model 

system of Bahamas mosquitofish (Gambusia hubbsi). Populations of G. hubbsi reside in blue 

holes that are each geographically isolated from one another, and categorized by the presence 

or absence of a predatory fish. We found strong evidence supporting predation as the primary 

factor driving among-population variation in female genital morphology. Additionally, 

analysis of female traits produced results suggestive of ecologically altered sexual selection 

as the most prominent mechanism driving female genital divergence, with both males and 

females evolving independently of one another. Further, we uncovered evidence that 

population pairs with greater evidence of recent gene flow showed the most disparate genital 

morphologies in both males and females, providing support for the lock-and-key hypothesis. 

We found no evidence for any role of sexual conflict in this system. 

 This thesis presents the first study to (1) articulate a unified framework for 

understanding ecology’s role in genital evolution, and how genital evolution may lead to 



speciation, and (2) empirically test the importance of three non-mutually exclusive 

mechanisms that could underlie rapid female genital divergence. I show in Ch. 2 that 

ecological variation indeed plays a major role in driving genital divergence in Bahamas 

mosquitofish, and that some aspects of genital divergence appear directly related to the 

evolution of reproductive isolation among populations.  
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Abstract: 

 

Male genitalia notoriously evolve rapidly, exhibiting extraordinary variation even 

among closely related species. Recently, a consensus emerged that identifies sexual selection 

as a primary driver of genital evolution. However, despite this great advance in 

understanding genital evolution, we still have a poor understanding of the broader causes and 

consequences of the remarkable diversity of genitalia. Here, we highlight this intellectual 

void by targeting two critical questions in need of focused attention: (1) what is the role of 

ecology in driving rapid genital evolution?, and (2) what is the role of genital evolution in 

speciation? We describe how ecological variation may present a potentially potent influence 

on the rapid evolution of male genitalia, especially through ecology’s frequent role in altering 

the context of sexual selection. Scant empirical evidence currently exists for ecology’s 

indirect role in driving genital divergence, but future testing of this hypothesis is 

straightforward. Genital divergence can potentially influence reproductive isolation in 

multiple ways, though results so far offer ambiguous conclusions for the evolution / 

divergence of genitalia in speciation. We point to the need to better understand the role of 

both male and female genital evolution in both processes and describe ways that future work 

might test the consequences of genital evolution on reproductive isolation and speciation. We 

also specifically suggest that functional studies of genitalia and tests of the byproduct 

mechanism represent fruitful paths of investigation. Altogether, we highlight several 

promising avenues to strengthen our understanding of the widespread phenomenon of rapidly  

evolving male genitalia. 
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Introduction: 

 

Male genitalia in animals with internal fertilization are often highly complex in form 

and function and typically exhibit strong variation even among closely related species 

(Eberhard, 1996, Edwards, 1993, Birkhead, 2000, Hosken & Stockley, 2004, Eberhard, 

1985). Rapid genital divergence represents one of the most widespread patterns in evolution 

and represents a longstanding puzzle in evolutionary biology, demanding an explanation for 

why genitalia should evolve more quickly than virtually any other trait. After considerable 

research in recent decades, a consensus has emerged that sexual selection represents a 

primary driver of genital evolution (Hosken & Stockley, 2004, Eberhard, 2010, Eberhard, 

2011, Eberhard, 1985, Eberhard, 1996). This largely resulted from strong comparative 

evidence among groups of organisms differing in mating systems, such as monandrous and 

polyandrous species, and followed by confirmatory evidence within many species, especially 

insects and spiders (Eberhard, 1985, Eberhard, 1996, Eberhard, 2011, Arnqvist, 1998, 

Hosken & Stockley, 2004, House & Lewis, 2007).  

The bulk of empirical research on the role of sexual selection in genital divergence 

suggests that postmating sexual selection is largely responsible (Eberhard, 1985, Eberhard, 

1996, Eberhard, 1998, Eberhard, 2001, Otronen, 1998, Arnqvist, 1998, Arnqvist & 

Danielsson, 1999, Tadler, 1999); although premating sexual selection has growing empirical  

support as well (Preziosi & Fairbairn, 1996, Arnqvist & Rowe, 2002, Bertin & Fairbairn, 

2005, Langerhans et al., 2005, Kahn et al., 2010, Mautz et al., 2013). Recently, considerable  

research has focused on testing whether sexual selection plays a role in genital evolution, and  
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the relative importance of alternative forms of sexual selection (e.g. mate choice, cryptic 

female choice, sperm competition, sexual conflict). This narrow focus on proximate 

mechanisms of sexual selection, while useful, may come at the cost of careful consideration 

of the broader, ultimate causes and consequences of genital evolution (Reinhardt, 2010, 

Langerhans, 2011, Masly, 2011).  

Considering the ample evidence for sexual selection’s role in genital evolution, we 

should question why sexual selection should so frequently drive divergence across 

populations or species, rather than simply resulting in a single optimal morphology. This 

could arise from arbitrary preferences or mutation-order processes, but it could also arise 

from environmental heterogeneity, as ecological differences across space and time—e.g. 

variation in predation risk, parasite community, structural habitat, resource availability, 

climate—can commonly alter the context of sexual selection in diverse taxa (Emlen & Oring, 

1977, Rowe et al., 1994, Zuk & Kolluru, 1998, Grether et al., 1999, Candolin et al., 2007, 

Schwartz & Hendry, 2007, Cornwallis & Uller, 2010, Botero & Rubenstein, 2012, Scordato 

et al., 2012). 

Male genitalia often exhibit a high degree of species specificity, and have long 

represented a key trait used to distinguish between closely related, and otherwise 

phenotypically similar, species. Although this pattern is well known, whether genital  

diversification plays a direct role in promoting speciation per se remains unclear. Indeed,  

genital evolution comprised the first proposed mechanism of speciation, as implications of 

genital divergence for reproduction seemed obvious. However, empirical studies to date have 

yielded mixed results. Thus, for the trait that seems to evolve more quickly than any other in  
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animals with internal fertilization, two major gaps in our understanding remain: (1) ecology’s 

ultimate role in genital divergence, and (2) the influence of genital divergence in speciation 

(Figure 1.1).  

 

1.1 Ecology’s Role in Genital Evolution 

 

Ecology—broadly defined as the interactions between organisms and their 

environment—unequivocally plays a role in promoting phenotypic diversification and 

speciation. Although receiving minimal research to date, ecology may influence genital 

evolution through four major routes: (1) eliciting direct natural selection on genital 

morphology, (2) influencing sexual selection on genitalia, (3) causing selection on traits 

correlated with genitalia, and (4) exerting effects on gene flow among populations (see 

Figure 1.1 and Figure 1.2). Owing to the widespread evidence for the role of sexual selection 

in genital evolution, it seems especially likely that ecology’s indirect influence on genital 

divergence, by altering the context of sexual selection, could prove particularly important. 

Thus, we concentrate on this particular route here.  

Ecological variation commonly changes the context of sexual selection across 

environments, often resulting in divergence in sexually selected traits (Table 1.1). One way 

this can occur is by altering the cost-benefit balance for traits subject to tradeoffs between  

natural selection and premating sexual selection. This has been widely demonstrated for  

conspicuous sexual ornaments such as coloration, exaggerated morphological traits, and 

degree of courtship displays across diverse taxa in response to numerous ecological agents  
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(Endler, 1987, Langerhans et al., 2005, Fowler-Finn & Hebets, 2011). For instance, variation 

in predation risk may alter the strength and form of both natural selection against elaborate 

sexual traits and premating sexual selection favoring elaboration of the traits. For genitalia 

subject to such forms of selection, such as non-retractable genitalia that serve as sexual 

signals, a tradeoff between natural selection and premating sexual selection may generate 

rapid genital divergence. Indeed, male poeciliid fishes possess a large, non-retractable sperm-

transfer organ which serves as a premating sexual signal in multiple species (Brooks & 

Caithness, 1995, Langerhans et al., 2005, Kahn et al., 2010), experiences strong natural 

selection via its effects on locomotor performance (Langerhans et al., 2005, Langerhans, 

2011) and has repeatedly diverged in size between predatory environments (Langerhans et 

al., 2005, Kelly et al., 2000, Jennions & Kelly, 2002). While small, retractable genitalia 

might not typically evolve via this mechanism, large, non-retractable genitalia might. Thus, 

ecology’s role in genital divergence through the generation of tradeoffs between natural 

selection and premating sexual selection deserves more attention in taxa with appropriate 

genitalia. 

Ecology can also alter the context of postmating sexual selection, a known major  

driver of genital divergence. For instance, ecological agents, such as predation risk or 

resource availability, can affect the opportunity for postmating sexual selection by 

influencing the frequency or duration of courtship behaviors, frequency of coercive mating  

attempts, degree of multiple mating, or strength of sexual conflict (Lima & Dill, 1990,  

Magnhagen, 1991, Magurran & Seghers, 1994, Endler, 1991, Candolin, 1997, Sih, 1994, 

Wing, 1988). How might these ecology-driven changes in postmating sexual selection drive  
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genital evolution? This question has so far received very little attention (though see Evans et 

al., 2011, Heinen‐Kay & Langerhans, 2013), but considering that genital morphology often 

exhibits associations with copulation duration, sperm-transfer rate, and insemination and 

fertilization success, it seems logical that ecology-mediated shifts in postmating sexual 

selection might often produce genital divergence. We suggest this mechanism could prove 

especially widespread.  

Variation in predation risk and ecological factors that affect population demographics 

seem particularly promising areas for future research in this area. Elevated levels of predation 

risk often elicit different forms of selection on genital morphology (see above), perhaps for 

mediating efficient sperm transfer and effective fertilization. Further, changes in population 

demographics, such as density or sex ratio, can commonly alter sexual selection 

(Cluttonbrock & Parker, 1992, Kvarnemo & Ahnesjo, 1996, Prohl, 2002, Magurran, 2005, 

Kokko & Rankin, 2006, Knell, 2009), and may thus often alter postmating sexual selection 

on genitalia. More studies are needed to better understand how ecological conditions may 

affect the nature of postcopulatory selection, and whether ecological variation may play an 

important role in promoting genital diversity (see Chapter 2 of this thesis). 

  

1.2 Role of Genital Evolution in Speciation 

  

Whether or not male genital morphology has often played an instrumental role in the 

speciation process is currently unknown. Clearly, male genitalia often represent one of the 

first diagnostic traits to exhibit divergence subsequent to speciation— but did genital  
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divergence causally influence the evolution of reproductive isolation, and the splitting of 

lineages? Because of the obvious and critical link between genitalia and reproduction, rapid 

divergence in male genital morphology might strongly impact reproductive isolation between 

populations, potentially facilitating rapid speciation. Yet this question has received 

comparatively little attention to date. We describe a conceptual framework for better 

understanding how rapid genital evolution might influence speciation.  

Genital evolution can facilitate the evolution of reproductive isolation through two 

distinct pathways: (1) selection that directly favors reproductive isolation (i.e. 

reinforcement), leading to genital divergence as a means to reduce interbreeding, and (2) 

divergence in genitalia for reasons other than selection against interpopulation mating, which 

incidentally results in reproductive isolation between populations as a byproduct (i.e. 

byproduct mechanism) (see Figure 1.1).  

 

1.3 Reinforcement selection and lock-and-key hypothesis 

 

The first route to speciation via genital evolution represents one of the three distinct 

ways that selection can drive speciation, ‘speciation by reinforcement selection’ (sensu  

Langerhans & Riesch, 2013). We follow Langerhans and Riesch (2013; see references 

therein) in defining reinforcement as the process where selection acts directly against inter-

population matings, driving the evolution of prezygotic isolation. Once controversial, it has 

now garnered substantial empirical support in diverse taxa (Littlejohn & Watson, 1985, 

Noor, 1995, Rundle & Schluter, 1998, Servedio & Noor, 2003, Nosil et al., 2003). In most  
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cases, researchers have focused on traits influencing assortative mating as the targets of 

reinforcement selection, such as mating behaviors and sexual signals. But rather than 

premating, prezygotic isolating mechanisms, reinforcement might also manifest via 

postmating, prezygotic isolation. Indeed, a longstanding hypothesis for genital evolution 

represents a special case of reinforcement selection, the lock-and-key hypothesis, and 

deserves greater attention in this context.  

The lock-and-key hypothesis posits that genitalia evolve rapidly due to selection 

against interpopulation matings, which favors species-specific complementarity in male (key) 

and female (lock) genitalia (Shapiro & Porter, 1989, Arnqvist, 1998, Langerhans, 2011). 

Thus, the lock-and-key mechanism represents the scenario of reinforcement selection where 

selection acts on genitalia as a means of reducing hybridization between closely related (or 

diverging) species. Because genitalia are directly involved in the mating process, rapid 

divergence of genital morphologies among populations can quickly enhance mechanical 

isolation, where males may be physically incapable of properly copulating, inseminating, or 

fertilizing a heterospecific female, regardless of behavioral traits. While intuitive, the lock-

and-key mechanism traditionally received little convincing support despite a long history of 

investigation (Eberhard, 1985, Shapiro & Porter, 1989, Arnqvist, 1998, Masly, 2011). 

However, recent work suggests it indeed represents a plausible mechanism for speciation by 

genital evolution (Sota & Kubota, 1998, Kawano, 2004, Langerhans, 2011, Anderson, in 

prep.). Might this mechanism represent a common way that genital evolution influences 

reproductive isolation, and how might we answer this question? 

Because reinforcement selection can only occur in sympatry or parapatry, the lock- 



 

10 

and-key mechanism makes a specific biogeographic prediction: reproductive character 

displacement (Langerhans, 2011). Reproductive character displacement (seen as RCD 

herein) represents a clear pattern of selection on genitalia favoring reproductive isolation. 

That is, differences in genital morphology should be greater among diverging populations 

when in sympatry than in allopatry. RCD occurs between species when (i) the reproductive 

success of an organism is decreased because of heterospecifics matings, and when (ii) 

divergence in an heritable trait (genitalia) between species causes a decrease in mating 

success between heterospecifics (Howard, 1993, Uit De Weerd et al., 2006). The degree of 

divergent genital evolution should equate with the recurrence of potential copulatory contacts 

with those individuals of close relation; individuals that show increased chance of having 

reproductive contact should show the greatest degree of lock-and-key (Langerhans, 2011).  

Empirical studies demonstrating RCD are numerous (Murray & Clarke, 1980, 

Johnson, 1982, Cooley et al., 2001, Geyer & Palumbi, 2003), though a minority establish the 

presence of RCD in traits associated with postmating, prezygotic isolation, e.g. genital 

morphology (though see Brown & Wilson, 1956, Marshall & Cooley, 2000, Kawano, 2002, 

Smith & Rausher, 2008). Further, few studies have linked RCD with ecology and speciation. 

With evidence presented above, we believe that RCD often implies lock-and-key and 

represents a common mechanism in genital evolution’s path to speciation, though further 

functional investigations are needed for stronger evidence and a clearer understanding. 

 

1.4 Speciation by divergent selection 
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The second route to speciation via genital evolution is described as ‘speciation by 

divergent selection’ (sensu Langerhans and Riesch 2013). Researchers have recently shown a 

lot of interest in the idea of speciation driven by divergent selection, also known as 

“ecological speciation” (Schluter, 2001, Hendry et al., 2007, Rundle & Nosil, 2005, 

Langerhans et al., 2007), which constitutes a series of actions in which ecologically based 

divergence in selection leads to reproductive isolation (Nosil, 2012). The most critical idea is 

not what characterizes “ecologically based” selection, rather that divergent selection is what 

drives reproductive isolation (Langerhans & Riesch, 2013). We believe that any selection, 

including but not exclusively the ways that ecology affects genital evolution, can result in 

genital divergence and increased reproductive isolation between populations because changes 

in genital morphologies can reduce reproductive compatibilities.  

Alterations in ecological conditions- including, but not limited to predation, 

competition, structural habitat, climate, and noise/light pollution- can alter the context of 

sexual selection in a population (Heinen‐Kay & Langerhans, 2013, Zuk & Kolluru, 1998, 

Schwartz & Hendry, 2007, Botero & Rubenstein, 2012, Candolin et al., 2007, Oneal & 

Knowles, 2013), which in turn may give rise to genital evolution (Eberhard, 1985, Eberhard, 

1996, Andersson, 1994, Langerhans, 2011). There is a wide-ranging evolutionary tendency 

for male genitalia to diverge in a rapid manner, resulting in traits that are highly species 

specific (West-Eberhard, 1983, Eberhard, 1985, Eberhard, 1996). Such specificity allows for 

genitalia to act as reproductively isolating barriers by causing mechanical incompatibilities 

between male and female genitalia from different populations. Though logical, this idea that 

disparate genital morphologies causes a mismatch in male and female genital fit across  
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populations- in turn driving reproductive isolation- lacks direct evidence (Bath et al., 2012, 

Sota & Tanabe, 2010, Masly, 2011,  though see Heinen‐Kay & Langerhans, 2013, Anderson  

et al., in prep.) and should be investigated further.  

 

1.5 Byproduct mechanism- sexual conflict, similar selection, genetic drift 

  

When speciation ensues as a byproduct of divergent selection, levels of reproductive 

isolation increase amongst ecologically divergent populations, as compared to ecologically 

analogous populations of similar age (Schluter, 2000, Nosil et al., 2003). A range of 

mechanisms can produce speciation as a byproduct of divergent genital evolution, such as (i) 

sexual conflict (Parker, 1979; Arnqvist & Rowe, 2005), (ii) response to similar selection 

(Langerhans & Riesch, 2013), and (iii) genetic drift. 

Sexual conflict may drive a coevolutionary arms race, leading to elaboration of 

genital morphology and other secondary sexual traits (Eberhard, 1985, Arnqvist & Rowe, 

1995).  Studies on sexual conflict and mating systems in insects have documented such cases 

of elaborate genitalia (Parker, 1979, Thornhill, 1983, Eberhard, 1985, Rowe et al., 1994, 

Sakaluk et al., 1995, Arnqvist, 1998), though studies in other taxa exist, demonstrating an 

antagonistic coevolutionary arms race (Eberhard 1996; Kuntner et al., 2009). Impairment of 

either behavioral or morphological mating strategies may lead to coevolution between male 

and female genitalia. Genitalia often bear the hallmark of sexual conflict, demonstrating 

significant changes that are unique to each individual system; more studies of speciation 

should be focused on these changes.  
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 Trait divergence via response to similar selection may evoke increased reproductive 

isolation between populations, leading to speciation (i.e. speciation by similar selection). 

This route of speciation may occur by two processes: (1) mutation-order speciation and (2) 

one-allele mechanisms (see Langerhans & Riesch, 2013).  Though both processes represent 

routes leading to speciation, we focus on mutation-order speciation alone because of its 

usefulness in explaining genital evolution. Mutation-order speciation occurs by the fixation 

of dissimilar advantageous mutations (Schluter, 2009, Schluter & Conte, 2009, Nosil & 

Flaxman, 2011); different populations create disparate solutions to the same selective 

quandary (Langerhans & Riesch, 2013). Evidence from various pathways demonstrates 

mutation-order speciation as a viable explanation for reproductive isolation (Lande, 1981, 

Rice, 1998, Gavrilets, 2000, Chapman et al., 2003), where genitalia act as a causal 

enhancement factor. Understudied factors in mutation-order research include sexual conflict 

and divergent preferences for arbitrary traits, e.g. genitalia. Additional research is requisite 

for full understanding of mutation-order speciation via genital evolution. 

Genetic drift can occur when populations experience a lack of selection on a 

particular trait, and evolution of a neutral mutant can take over (Lande, 1975). When 

individuals in a population experience genetic drift due to random demographic effects, 

temporary linkage disequilibrium (LD) between a marker locus and an locus occurs (see 

Figure 1.2). Assortative mating, which may be based upon genital morphology, produces 

both positive and negative feedback mechanisms, magnifying local LD into global LD,  

resulting in a split of sympatric populations into clusters that are reproductively isolated from 

one another (Dieckmann & Doebeli, 1999). Note: we must consider that effects of genetic 
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drift are lowered in the presence of selection, so it’s true usefulness in explaining speciation 

due to genital evolution is limited, though important nonetheless. 

 

1.6 Functional questions, sperm competition, and cryptic female choice  

  

One of the most obvious ways to better understand the causes and consequences of 

genital evolution involves addressing three functional questions: how genitalia influence 

mating, how genitalia influence insemination, and how genitalia influence fertilization. 

Understanding how genitalia influence mating involves both premating and postmating 

mechanisms of evolution, while understanding the influence on insemination and fertilization 

involves postmating, prezygotic hypotheses.  Here, we expound upon three areas of 

functional investigation in an attempt to demonstrate the importance of addressing these 

functional questions: antagonistic genital evolution, sperm competition, and cryptic female 

choice. Together, these three represent fruitful areas of research into how and why males and 

females have evolved genitalic structures and the physiological systems involved in mating. 

Note- other mechanisms may be involved in all three functional hypotheses, though not 

reviewed here. 

 Genital morphology plays a crucial role in the mating systems and sexual behavior of 

organisms. Intersexual arms races occur when the mating behavior or morphology of one sex 

is detrimental to the fitness of the other, driving a tight antagonistic evolution of genitalia in 

both sexes (Arnqvist & Rowe, 2005). Evidence of male genitalia inflicting harm on the 

female during copulation demonstrates an explicit example of how genitalia may influence  
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mating (Crudgington & Siva-Jothy, 2000, Stutt & Siva-Jothy, 2001, Blanckenhorn et al., 

2002) and drive intersexual antagonistic evolution. Further evidence from male insects shows 

how many species have evolved traits used to clasp females during copulation (Eberhard, 

1985, Eberhard, 1996, Arnqvist, 1997), overriding female choice. Opposite male claspers is 

evidence from diving beetles and water striders where females have evolved pre- and 

modified genital segments that aid in resistance to male grasping / mating attempts (Arnqvist 

& Rowe, 1995, Arnqvist & Rowe, 2002). Asking how genitalia influence mating success is 

crucial in understanding the functional morphology of genitalia, but future studies should 

further investigate functional female genital morphology in order to better how intersexual 

antagonistic coevolution may lead to speciation.  

 Sperm competition, a powerful selective force that can shape many traits of male 

genitalia (Birkhead & Møller, 1998), takes place when multiple males mate with the same 

female, i.e. the spermatozoa of two or more males must compete to fertilize the egg of the 

female (Parker, 1970). Sperm competition occurs in many forms: (i) sperm mixing (Parker et 

al., 1990), (ii) sperm precedence (Gromko et al., 1984), and (ii) sperm displacement (Lefevre 

Jr & Jonsson, 1962). The process acts to increase the confidence of paternity (Alexander 

1975), meaning sperm physiology and/or genital morphology evolve to enhance the male’s  

chance of successful fertilization. Sperm competition is a hot topic in sexual selection 

research, with vast amounts of literature pertaining to multiple taxa (see Smith, 1984, Baker 

& Bellis, 1995, Birkhead & Møller, 1998, Simmons, 2001). Sperm competition likely 

represents one of the most direct drivers of male genital evolution. With advances in genetics 

and laboratory technology allowing us to visualize sperm after mating, future research and 
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functional investigations of sperm competition are warranted for a better understanding off 

sperm competition’s role in insemination and fertilization success.  

 Cryptic female choice, defined as the ability for females to segregate, discern, and 

utilize the sperm of different males after copulation (Thornhill, 1983), was considered an 

ineffective selection force (Parker, 1979), though has gained credence with accumulation of 

data supporting it as a postmating, prezygotic selection mechanism (see Eberhard, 1996 for a 

full review). Cryptic female choice may result in either directional selection favoring 

phenotypically attractive traits (e.g. sexy son hypothesis Fisher, 1930),  or non-directional 

selection favoring sperm of the male with the most compatible genotype (e.g. good genes). 

We believe that evidence of females cryptically biasing males that performed better 

copulatory stimulation (e.g. Otronen & Siva-Jothy, 1991, Eberhard, 2001) suggests cryptic 

female choice likely follows Fischerian models of selection and promotes the evolution of 

divergent genital morphologies. Direct empirical support for genital evolution via cryptic 

female choice is accumulating (e.g. Eberhard, 1996, Reyer et al., 1999, Burger et al., 2003, 

Bussiégre et al., 2006, Jagadeeshan & Singh, 2006), though future investigations into it’s 

exact place in the speciation process are desperately needed. 

 

 

Summary: 

 

 Understanding the ultimate causes and consequences of genital evolution relies on the 

comprehension of two currently understudied areas of science: ecology’s role in driving male  
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genital evolution and genital evolution’s role in the speciation process. Through 

investigations into ecologically driven sexual selection (though not disregarding natural 

selection in the process), we can better understand both the mechanisms leading to, and the 

consequences of, genital evolution.  Ecology often alters the context of sexual selection 

through various means (e.g. variation in background environments, population 

demographics, predation risk, etc.), likely leading to divergence in sexually selected traits 

like genitalia. Through gene flow and correlated traits (including pleiotropic traits, genetic 

linkage, and linkage disequilibrium), we see how ecologically driven sexual selection may 

lead directly to divergent genital evolution. Though the usefulness of correlated traits and 

gene flow in explaining the cause of genital evolution and speciation is limited, these 

mechanisms represent pathways that cannot be ignored, that have little current research, and 

all of which that need further investigation. 

 Lastly, evidence points to genital evolution as a driver of reproductive isolation and 

speciation through reinforcement selection and the byproduct mechanism. These two 

pathways encompass fundamental hypotheses that largely account for the consequences of 

genital evolution- including lock-and-key, reproductive character displacement, sexual 

conflict, response to similar-selection, and genetic drift- but which also represent two under-

investigated areas of research that desperately require future analysis. Researchers need to  

address how genitalia can affect the success of mating, insemination, and fertilization of a 

species in order to better understand the functionality of genitalia, why they have evolved as 

such, and the role they play in driving reproductive isolation and speciation.  
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CHAPTER 2 

 

 

CAUSES OF RAPID DIVERGENCE OF FEMALE GENITAL MORPHOLOGY IN 

BAHAMA MOSQUITOFISH (GAMBUSIA HUBBSI) 
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Abstract: 

 

While male genitalia notoriously evolve rapidly amongst internally fertilizing species, 

the rate and mechanisms of female genital evolution is comparatively obscure. We identify 

three major mechanisms that could lead to rapid genital divergence in females, and result in 

patterns of correlated evolution of male and female genitalia among populations or species: 

(1) ecological variation that alters the context of sexual selection (“ecology hypothesis”), (2) 

sexually antagonistic selection (“sexual conflict hypothesis”), and (3) selection against inter-

population mating (“lock-and-key hypothesis”). We provide the first empirical investigation 

of the roles of these three non-mutually exclusive mechanisms of rapid female genital 

divergence using the model system of Bahamas mosquitofish (Gambusia hubbsi) inhabiting 

blue holes. We found strong divergence in female genital morphology between blue holes 

with and without predatory fish. Prior work suggests this resulted from shifts in sexual 

selection owing to changes in mating behaviors across predation regimes. Because male 

genital morphology has also diverged between predatory environments, this finding suggests 

that ecological variation is very important in ultimately driving rapid male and female genital 

divergence: in the presence of predators, males evolved more bony and elongate genital tips, 

while females exhibited reduced size of the genital opening. We further uncovered that 

population pairs with greater evidence of recent gene flow based on molecular genetic data 

exhibited greater divergence in male genital morphology and female genital opening shape. 

This pattern is consistent with reproductive character displacement, with selection acting 

against inter-population mating and favoring mechanical isolation among populations. We  
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found no evidence for a role of sexual conflict in driving correlated genital divergence of 

males and females in this system. Altogether, this study revealed that both ecological 

variation and reinforcing selection favoring reproductive isolation underlies diversification 

patterns of genitalia in Bahamas mosquitofish.  

 

Introduction:  

 

The rapid divergent evolution of male genital morphologies amongst internally 

fertilizing species represents one of the most well established trends in phenotypic evolution, 

with closely related species often showing marked variation (Eberhard, 1985, Eberhard, 

1996, Arnqvist, 1998, Hosken & Stockley, 2004). However, there is still considerable debate 

and inquiry into the underlying mechanisms driving this evolutionary pattern. Recent work 

has highlighted the widespread importance of postmating sexual selection and sexual conflict 

in driving rapid evolution of male genital morphology (Heinen-Kay & Langerhans, 2013, 

Eberhard, 1985, Eberhard, 1996); although other mechanisms also play a role (Arnqvist & 

Rowe, 2002; Hosken & Stockley, 2004; Langerhans 2005, 2011). While most research in the 

topic of genital evolution has focused squarely on male genital morphologies, there are 

reasons to suspect that female genitalia frequently experience selection pressures that could 

elicit rapid divergent evolution, similar to patterns for male genitalia. We currently know 

very little about the rate and mechanisms of female genital evolution and greater efforts are 

needed in determining patterns of phenotypic variation in female genital morphology 

(Simmons, 2014). 
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Three major mechanisms could lead to rapid genital evolution in females, and result 

in a pattern of correlated evolution of male and female genitalia across populations and 

species: (1) both sexes respond to common changes in selection by altering genital 

morphology (hereafter, “ecology hypothesis”), (2) sexually antagonistic selection (hereafter, 

“sexual conflict hypothesis”), and (3) selection against inter-population mating (hereafter, 

“lock-and-key hypothesis”). In the first mechanism, no reciprocal selection occurs among the 

sexes—i.e. male genital morphology does not affect selection on female genital morphology, 

and vice versa—but a pattern resembling true coevolution of the sexes can result because of 

environmental gradients shared by both sexes. The latter two mechanisms describe 

coevolution in the strict sense, as selection on genitalia of one sex depends on the genital 

morphology of the opposite sex, either via conflict over control of mating / fertilization or 

through selection for mechanical reproductive isolation with outside populations / species. 

Previous theoretical and empirical research suggests all three mechanisms are plausible, but 

the relative importance of these three non-mutually exclusive mechanisms of rapid female 

genital evolution has never before been examined.  

 

2.1 Ecology hypothesis 

 

First, the “ecology hypothesis” of rapid female genital evolution posits that ecological 

variation alters sexual selection in ways that drive genital divergence between environments 

in both sexes, resulting in a pattern of correlated evolution of genitalia among males and 

females. Many previous studies have demonstrated a role of ecological variation in altering  
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the context of sexual selection (Emlen & Oring, 1977, Rowe et al., 1994, Grether et al., 1999, 

Schwartz & Hendry, 2007, Botero & Rubenstein, 2012), as well as reproductive traits and 

mating displays (e.g. see Stoner & Breden, 1988, Lima & Dill, 1990, Magnhagen, 1991, 

Endler, 1987, Sih, 1994), illuminating with equal amounts of research and reviews discussing 

sexual selection’s role in genital evolution (Lloyd 1979; Eberhard 1985, 1996, 2010; Hosken 

and Stockley, 2004; Simmons 2014). Putting these pieces together, recent work has indicated 

that ecology can alter the context of sexual selection and result in rapid male genital 

evolution (see Heinen-Kay & Langerhans, 2013). Differences in sexual selection across 

space and time, induced by ecological variation, might not only affect male genital 

morphology, but also female genitalia; yet only male genitalia has so far been examined in 

depth. Postmating-prezygotic sexual selection mechanisms are largely believed to be the 

primary driver of genital morphology (Arnqvist & Rowe, 2005, Eberhard, 2010, Simmons, 

2003, Eberhard, 1996, Arnqvist, 1998), with much of the attention focused on sperm 

competition and cryptic female choice. 

One particularly potent ecological factor known to alter sexual selection in many 

systems is predation risk. Because of predation’s influence on the fitness cost of mating 

behaviors and sexual signals, variation in predation risk can drive divergence in mating 

tactics, copulation frequency and duration, conspicuity of mating signals, and overall 

intensity and nature of courtship displays  (e.g. Stoner & Breden, 1988, Wing, 1988, Lima & 

Dill, 1990, Sakaluk, 1990, Endler, 1991, Magnhagen, 1991, Magurran & Seghers, 1994, Sih, 

1994, Candolin, 1997, Lima, 2009, Heinen-Kay & Langerhans, 2013). While most previous 

work has centered on predation’s role in driving divergent evolution of reproductive traits  
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through trade-offs between natural selection and premating sexual selection, many known 

effects of predation risk can strongly alter postmating sexual selection as well (Heinen-Kay 

& Langerhans, 2013). For instance, increased predation risk can lead to shifts in postmating 

sexual selection through increased multiple mating and coercive mating attempts, and 

decreased courtship behaviors (Magurran & Seghers, 1994, Godin, 1995, EVANS et al., 

2003, Hrušková Martišová et al., 2010). All of these factors can alter selection on genitalia 

and result in rapid evolution of male and female genital morphology. As an example, higher 

predation risk might favor rapid, frequent, and coercive mating by males, which results in the 

evolution of male genitalia that facilitate insemination and fertilization under these 

circumstances, as well as female genitalia that restrict insemination or fertilization by 

undesirable males. To date, no previous study has investigated the role of ecology in 

ultimately driving variation in female genital morphology.  

 

2.2 Sexual conflict hypothesis  

 

Second, the “sexual conflict hypothesis” posits that sexually antagonistic selection 

within populations drives coevolution of male and female genital morphologies. This results 

in a pattern of correlated evolution of male and female genital morphologies even within 

similar ecological environments—in contrast to the first mechanism, in which correlated 

evolution of genitalia only occurs across ecological environments. That is, males and females 

often have conflicting interests in relation to mating and fertilization, which may lead to the 

evolution of male genitalia to bypass female choice (often at a cost to the female), then  
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causing female genitalia to evolve defenses against the male armaments and regain control 

over mating or fertilization, and so on (Wing, 1982, Eberhard, 1985, Arnqvist & Rowe, 1995, 

Rice & Holland, 1997, Arnqvist & Rowe, 2005). Previous research has documented evidence 

of such sexual coevolutionary arms races (e.g. see Parker, 1979, Parker, 1984, Hammerstein 

& Parker, 1987, Arnqvist & Rowe, 1995, Rönn et al., 2007), however there is much debate 

about the general importance of sexual conflict in explaining rapid genital evolution 

(Arnqvist 1998, Eberhard 2004a,b, Hosken & Stockley 2004, Arnqvist & Rowe 2005, House 

& Lewis 2007, Eberhard 2010, Simmons 2014). With studies arguing that existing data 

provide both strong and weak support for the role of sexual conflict in genital evolution, we 

clearly need more empirical studies that attempt to directly examine the importance of this 

mechanism.  

 

2.3 Lock-and-key hypothesis  

 

Third, the “lock-and-key hypothesis” posits that selection against inter-population 

mating favors genital incompatibilities between populations, resulting in rapid evolution of 

complementary genitalia in the male (key) and female (lock) within populations / species 

(Dufour, 1844, Shapiro & Porter, 1989, Arnqvist, 1998, Langerhans, 2011). This mechanism 

drives the coevolution of male and female genitalia as a means of reducing the probability of 

mating with heterospecifics due to their negative fitness consequences. Unlike the first two 

hypotheses, the lock-and-key hypothesis predicts a pattern of reproductive character 

displacement, where populations or species differ more strongly in genital morphology when  
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in sympatry (or when they’ve more recently experienced mating opportunities or gene flow) 

compared to when in allopatry (or when mating opportunities have been absent, rare, or more 

ancient). While the lock-and-key hypothesis has not gained much support in some taxa 

(Eberhard, 1985, Shapiro & Porter, 1989, Arnqvist, 1998, Eberhard, 2010), recent work 

points to evolutionary trends seen as likely results of the lock-and-key mechanism (McPeek 

et al., 2009, Langerhans, 2011, Simmons, 2014). This recent research, combined with the 

general lack of attention on female genitalia, indicates that there is a dire need of more 

research to illuminate the role of this mechanism in driving genital evolution. 

 

2.4 The Study System 

 

Here we test these three hypotheses of female genital evolution using the model 

system of Bahamas mosquitofish (Gambusia hubbsi) inhabiting blue holes. Gambusia hubbsi 

is an internally fertilizing, livebearing fish in the family Poeciliidae. Bahamas mosquitofish 

in blue holes represents a model study system for investigating the causes of genital 

evolution as these fish are polyandrous and previous work has characterized variation in 

ecological parameters (notably predation risk) and sexual behaviors (notably copulation 

frequency) among blue holes (Heinen-Kay & Langerhans, 2013, Heinen et al., 2013). Male 

poeciliids will use their gonopodium—a non-retractable modified anal fin—to transfer sperm 

to females through the apertural opening and into the urogenital sinus (Fig 2.1). The size and 

shape of male gonopodia vary across populations and species (Kelly et al., 2000, Jennions & 

Kelly, 2002, Langerhans et al., 2005, Heinen-Kay & Langerhans, 2013, Langerhans, 2011),  
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with most variation seen in the complex distal-tip, which is the portion of male genitalia that 

comes in contact with the female during copulation. There is comparatively less known about 

female genital morphology in poeciliid fishes, but existing work has found variation among 

populations and species (Peden, 1972, Langerhans, 2011, Evans et al., 2011).  

Sexual selection studies in poeciliids have demonstrated that females prefer males 

with larger gonopodia (Brooks & Caithness, 1995, Langerhans et al., 2005, Kahn et al., 

2010), but an evolutionary trade-off driven by natural selection results in increased mortality 

among males with larger gonopodia in the presence of a predator, due to reduced burst speed 

(Langerhans et al., 2005, Langerhans, 2011). Previous work has predicted that males in 

populations with predatory fish experience selection for a gonopodium and distal-tip that 

increases efficiency of sperm transfer during copulation, resulting in a more bony, elongate 

distal-tip, where males in the absence of predation retain more fleshy, rotund distal-tips 

(Heinen-Kay & Langerhans, 2013) . However, there is little known about whether female 

traits evolve in sync, i.e. whether females in populations where males show more bony, 

elongate tips have altered apertural opening areas. 

 Female Gambusia genitalia have rarely been studied in detail despite showing 

variation across species (Peden, 1972, Langerhans, 2011).  The female genital unit is hereby 

defined as the urogenital aperture, which includes the external genital features of the 

apertural papilla and apertural opening. Female Gambusia genitalia are relatively small with 

the apertural opening terminated at the large apertural papilla, both residing within the 

urogenital sinus. The urogenital sinus is formed where the urinary and reproductive tracts 

meet and where the apertural opening leads. During copulation, the male distal tip will come  
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in direct contact with the female urogenital aperture, where he must then deposit sperm into 

the female urogenital sinus through the apertural opening. Previous work investigating 

correlations between male and female genitalia between species of Gambusia uncovered 

evidence suggestive of a functional relationship; species with males exhibiting more pointed 

gonopodia generally have females with larger apertural papilla’s and smaller apertural 

openings (Peden, 1972, Langerhans, 2011). It is not likely that female genitalia experience 

premating sexual selection, but rather have evolved in response to postmating sexual 

selection; future analysis of role natural selection and sexual selection on functional genital 

traits is needed in this system.  

Bahamian inland blue holes represent a ‘natural experiment’ to test the role of 

predation risk on adaptive diversification (Langerhans et al., 2005). Bahamas mosquitofish 

have time and again evolved similar traits (e.g. body morphology and life history; 

(Langerhans et al., 2007, Riesch et al., 2013) in response to variation in predation regime 

(Heinen-Kay & Langerhans, 2013). Populations in disparate predation regimes show strong 

behavioral reproductive isolation, and there is recent evidence demonstrating that they are 

currently undergoing ecological speciation (Langerhans et al., 2007; Heinen-Kay & 

Langerhans, 2013). The notion that Bahamas mosquitofish are currently undergoing 

ecological speciation would benefit greatly from evidence confirming disparate female 

genital morphologies across predation regimes; investigations into female genital evolution 

and possible male-female coevolution are needed.  
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2.5 Study Outline 

 

The purpose of this investigation is to evaluate three possible mechanisms behind 

rapid female genital divergence that may result in patterns of coevolution in male and female 

genital morphologies in Bahamas mosquitofish. Male G. hubbsi show consistent, heritable 

variation in male distal-tip morphology between populations, and a shared evolutionary 

response to a common selective agent across blue holes; males in populations with predators 

have a more bony and elongate distal gonopodial-tips, while those in populations without a 

predator exhibit more fleshy and rotund tips.(Heinen-Kay & Langerhans, 2013). Based on 

this recent evidence of male genital divergence and suggestive correlations between male and 

female genitalia in Gambusia (Peden, 1972, Langerhans, 2011), we hypothesize that female 

genitalia will show similar divergent trends of genital morphology across predation regimes. 

We expect that females in populations with predators present will exhibit smaller urogenital 

apertures and smaller apertural openings, as males in those populations have more bony and 

elongate distal gonopodial-tips (Heinen-Kay & Langerhans, 2013). This research will be the 

first to examine the role of all three mechanisms in female genital evolution, providing 

empirical evidence which will elucidate the role of each, and will lend vital support to the 

idea that it is more important to investigate the evolution of female genitalia than previously 

thought.  
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Methods and Materials: 

 

To test the three hypotheses of rapid evolution of female genitalia, we employed a 

four-step approach, testing (1) whether female genital morphology has diverged between 

predation regimes (test of ecology hypothesis), (2) whether male and female genital 

morphology is correlated among populations while statistically controlling for potential 

ecological factors (test for pattern predicted by both sexual conflict and lock-and-key 

hypotheses), (3) whether more closely related populations exhibit greater divergence in those 

aspects of genital morphology that we have identified as potentially coevolving among the 

sexes (test of lock-and-key hypothesis), and (4) whether a pattern of coevolution of male and 

female genitalia persists after statistically controlling for genetic relatedness (test of sexual 

conflict). To accomplish these objectives, we measured female genital morphology for 14 

populations of Bahamas mosquitofish, and examined previously published data on several 

biotic and abiotic factors in blue holes (from Heinen et al. 2013), male genital morphology 

(from Heinen-Kay and Langerhans 2013), and genetic relatedness among populations (from 

Heinen-Kay and Langerhans 2013).        

 

2.6 Genital Measurements 

 

 We collected 109 female G. hubbsi from 14 blue holes on Andros Island, The 

Bahamas (8 low-predation and 6 high-predation; Table 2.1, Figure 2.3); all fish used were 

preserved in 70% ethanol. Images of female genitalia were captured using a Leica S8 APO  
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stereoscope (Leica Microsystems Inc., Buffalo Grow, IL, USA) equipped with a DFC 425 

digital camera and a TCL RCI base. For each specimen, three to four photographs were taken 

of the female genital region at either 48× or 64× magnification, and stacked into a single 

composite image using the software Helicon Focus (http://www.heliconsoft.com/). We used 

TPSDIG2, version 2.16 (Rohlf, 2010a) to measure several aspects of female genital 

morphology on each image (Figure 2.2). We measured the area of three genital features by 

tracing outlines on the images: urogenital apertural area, apertural opening area, and apertural 

papilla area. We also measured two linear measurements on the images: apertural opening 

width and apertural opening length. We further calculated three additional measurements to 

capture additional components of genital shape: proportional opening area (apertural opening 

area / urogenital apertural area), apertural elongateness (apertural opening width / length), 

and apertural opening aspect ratio (apertural opening width2 / apertural opening area). Thus, 

in total we examined 8 genital variables.  

Because size or shape of genital components might vary with overall body size and 

parturition experience, we attempted to minimize variation due to these variables by 

exclusively examining large adult females (> 0.3g); females of this size are virtually 

guaranteed to have given birth multiple times in their lives. We measured body mass of each 

fish using a Core™ compact portable balance CQT202 scale (Adam Equipment Co. Ltd., 

Danbury, CT, USA). Prior to analysis, we first transformed the variables to meet assumptions 

of normality (log-transformed mass, area, and length measurements, arc-sin square-root 

transformed proportional area of apertural opening, and square-root transformed ratio 

metrics). We then regressed all variables against body size (log body mass) and for those  
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exhibiting significant associations (all but measurements of apertural opening width/length 

and apertural opening aspect ratio), we saved residuals to control for body size (after 

confirming homogeneity of slopes among groups).   

 

2.7 Statistical Analysis 

 

To begin statistical analysis, we set out to confirm that female body size did not differ 

between predation regime as we wished to compare genital morphologies amongst similarly 

sized females from disparate predation regimes. We tested for size differences between 

predation regimes and variation among populations nested within predation regimes, making 

population a random effect, using a mixed-model nested Analysis of Variance (ANOVA) for 

log-transformed weight. Results did confirm no significant size differences in female body 

size across predation regimes (F = 1.2192, p = 0.2912), thus we had a highly appropriate 

dataset for us to start investigating morphological variation among populations and their 

underlying causes.  

 First, we tested whether female genital morphology, characterized by the 8 genital 

measurements stated above, had diverged between predation regimes (ecology hypothesis) 

by conducting a mixed-model analysis of variance (MANOVA) while controlling for the 

effects of body size. We then examined canonical loadings and post-hoc univariate tests to 

investigate which variables exhibited the clearest differences between predation regimes. We 

evaluated the relative importance of model terms using the effect size measurement of 

Wilks’s partial η2.  
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 Second, we used a model selection approach to test (1) whether ecological factors 

other than predation might influence female genital divergence, and (2) whether male and 

female genital morphology is correlated among populations while statistically controlling for 

potential ecological factors (pattern predicted by sexual conflict and lock-and-key 

hypotheses). In order to assess the correlation between male and female genital morphology, 

we used an estimate of male gonopodial distal-tip shape for each population taken from 

Heinen-Kay and Langerhans (2013). We used one particular variable from that study to 

quantify male genital shape, Relative Warp 2 (RW2), as that study centered on that particular 

axis of variation (second principal component) because it differed most strongly between 

predation regimes and had a genetic basis. Because only 11 populations overlapped between 

the studies, we had to reduce the sample size from 14 (see table 2.1). We used general linear 

models and Akaike information criterion corrected for small sample sizes (ΔAICC and 

Akaike weight) to determine which environmental factor(s) best explained inter-population 

variation in female genital shape in the wild. Model terms included presence of the predator 

Gobiomorus, presence of the competitor pupfish Cyprinodon, adult G. hubbsi sex ratio, log-

transformed zooplankton density, log-transformed phytoplankton density, relative 

chlorophyll a density, and male genital morphology (RW2). Data for all ecological terms can 

be found in (Heinen et al., 2013), while data for RW2 measurements can be found in 

(Heinen-Kay & Langerhans, 2013) with methods for these measurements found in each 

accordingly. Ecological variables are highly repeatable across time, indicating reasonable 

estimates for relative differences among blue holes (Heinen et al., 2013) Models with a 

ΔAICC  less than 2 and an Akaike weight of  ≥ 0.10 were selected.  
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 Third, we tested the prediction of the lock-and-key hypothesis that more closely 

related populations should exhibit greater divergence genital morphology. To accomplish 

this, we centered on the aspects of genital morphology identified in the previous analysis as 

showing patterns of coevolution among male and female genitalia, and used previously 

published estimates of genetic relatedness among populations (Heinen-Kay & Langerhans, 

2013, Langerhans et al., 2007, Riesch et al., 2013). We used the published genetic distances 

for the 11 populations that overlapped across studies. Focusing on the width / length female 

genital measurement because of the evidence for coevolution found in model selection, we 

conducted a Mantel test to examine the association between genetic relatedness and both 

male and female genital morphology (Mantel, 1967).  

Finally, we tested for male-female genital coevolution, controlling for genetic 

relatedness, as would be predicted by the sexual conflict hypothesis. That is, if sexually 

antagonistic selection were responsible for patterns of correlated shifts in male and female 

genitalia across populations, then such a pattern should persist regardless of genetic 

relatedness among populations. To test this hypothesis, we conducted a partial Mantel test, 

examining the association between male and female genital morphology, while holding the 

matrix of genetic distance constant. 
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Results: 

 

2.8 Test of ecology hypothesis 

 

Results from our multivariate analysis of variance (MANOVA) show definite  

evidence of overall female genital divergence across predation regime (p <0.001, η2 = 

0.4053). The canonical loadings and post-hoc tests show significant effects of 7 of 8 

covariates, with 3 traits showing highly significant effects of divergence across predation 

regimes- (1) urogenital aperture area, (2) apertural opening area, and (3) width of apertural 

opening (Table 2.2). Analysis into the divergence of these 3 traits amongst individual 

populations, as well as predation regime, reveals variation amongst populations with obvious 

disparities across predation regime (urogenital aperture area, Figure 2.4; apertural opening 

area, Figure 2.5; width of apertural opening, Figure 2.6). 

 

2.9 Test for patterns predicted by sexual conflict and lock-and-key hypotheses 

 

Model selection results examining other environmental factors that may influence 

female genital morphology in addition to predation revealed a significantly strong effect of 

predation on female genitalia (Table 2.3). When analyzing trends of coevolution between 

male genital morphology (RW2) and female genital morphology, we uncovered significant 

evidence of coevolution in apertural opening elongateness (width/length)1/2 (see Figure 2.7), 

but only suggestive evidence of coevolution of apertural opening length. No other traits  
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showed indications of coevolution. We also uncovered evidence in all four models 

suggestive of competitor pupfish species, chlorophyll a, and sex ratio as factors driving 

divergence in proportional opening area. Phytoplankton density demonstrated a marginally 

non-significant effect for urogenital apertural area, apertural opening, and papilla opening in  

Models 2 and 3, while there is only weak evidence suggesting a role of sex ratio in Model 2  

and chlorophyll a density in Model 3 

 

2.10 Test of lock-and-key hypothesis and sexual conflict 

 

We first found results showing no significant relationship between overall female 

genital morphology and genetic relatedness (p = 0.13420). Following this, we confirmed that 

differences in female genital morphology between predation regimes do persist when 

controlling for genetic distance (p = 0.02630). This indicates that there is female genital 

divergence across predation regimes, but that shared ancestry / gene flow is not the cause. 

We found negative relationships between genital shape differences between predation pairs 

and genetic relatedness in males (p = 0.00110; Figure 2.8) and females (p = 0.04421; Figure 

2.9); population pairs with the lowest genetic distances, i.e. greatest evidence of recent gene 

flow, exhibit the most divergent genital morphologies.  

Results from our partial Mantel test on male-female genital coevolution, while 

controlling for genetic distance, revealed no significance (p = 0.21970). The trend of sexual 

coevolution put forward by model selection disassociates here.  
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Discussion: 

 

 Previous research on genital evolution has largely focused on males, though female  

genitalia may evolve just as rapidly, so empirical work investigating female genital evolution  

is greatly needed. We found divergence in female genitalia between predation regimes, so we 

the tested the roles of 3 mechanisms in driving this rapid female genital divergence: (1) 

ecological variation that alters the context of sexual selection, (2) sexually antagonistic 

selection, and (3) selection against inter-population mating (lock-and-key hypothesis). Our 

results provide strong evidence for two of the three mechanisms- ecology is the major driver 

of female genital divergence, with patterns of coevolution in one trait following lock-and-

key; sexual conflict was not found to be an important factor in this system. 

 To test the role of ecology, we first centered on predation because of the putative 

importance and known effects on female genitalia (Heinen-Kay & Langerhans, 2013). We 

found that females show clear signs of divergent genital evolution across predation regimes, 

with females in high-predation populations consistently evolving smaller apertural opening 

areas. Based on previous work addressing the effects of predation risk on mating behaviors 

and reproductive traits (Endler, 1991, Heinen-Kay & Langerhans, 2013, Sih, 1994, Magurran 

& Nowak, 1991, Magnhagen, 1991), we suggest our findings reflect female evolution in 

response to altered postmating sexual selection. Examples of animals reducing premating 

behaviors and increasing more coercive mating tactics are numerous (Endler, 1987, Godin, 

1995, Magurran & Seghers, 1994, Candolin, 1997), often leading females to evolve more 

defensive or restrictive traits. The risky context of mating in high-predation blue holes may  
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enhance conflict over mating control between the sexes, leading to more sexually offensive 

males (Arnqvist & Rowe, 2005), and sexually defensive females. A reduction in size of 

genital openings likely reflects a sexually defensive tactic to maintain or regain selective 

control of the mating success of more sexually aggressive males, inducing a physical barrier  

 

that males must bypass or evolve to bypass.  

 Across all populations, we found a general association between male and female 

genitalia, where males from predation populations exhibited more bony and elongate distal 

gonopodial tips, females showed less elongateness of apertural opening (see fig 3.10). We 

believe males and females largely evolved their respective genital morphologies without 

having direct, reciprocate selection on one another, i.e. an independent response to a common 

selective agent. Model selection results confirmed predation regime to be the strongest 

explanatory variable for female genital morphology (6 of 8 traits and 12 of 18 models), while 

evidence of male-female genital coevolution only appeared as significant in one trait. Our 

results further indicate the potential importance of competitor species, chlorophyll a, 

phytoplankton density, and sex-ratio in the evolution of genital morphology in Bahamas blue 

hole system.  

Focusing on the one female trait significantly influenced by male genital morphology, 

apertural opening elongateness- we believe this finding reflects true coevolution. Males and 

females are inducing selection on each other in a way that causes each to evolve. Male G. 

hubbsi have evolved more bony, elongate distal gonopodial-tips and increased sexually 

coercive behavior in response to predation, likely to increase sperm transfer efficiency and  
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fertilization success (though this is not confirmed), thus taking choice away from 

females in those systems and inducing postmating sexual selection. By females evolving 

smaller urogenital aperture openings, specifically elongateness, they likely induce selection 

on males to develop genitalia that will fit into this uniquely shaped opening. This reciprocal 

relationship between the sexes on genital morphology is consistent with both lock-and-key  

hypothesis and sexual conflict hypothesis in that you expect a tight coevolution between 

traits that are unique to each population. However, once we controlled for genetic 

relatedness, evidence for male-female coevolution dissipated; this evidence is consistent with 

lock-and-key hypothesis, but not sexual conflict.  

The fact that we found no evidence for sexual conflict was quite unexpected. Sexual 

conflict often evolves when disparities in mating tactics or fitness levels occur (Arnqvist & 

Rowe, 1995, Parker, 1979), leading to the evolution of traits that act to bypass choice of the 

other. Numerous studies have shown that predation suppresses conspicuous mating behaviors 

(e.g. see Candolin, 1997, Sih, 1994), and that females become less sexually responsive to 

males under increased risk (Jennions & Petrie, 1997), resulting in alternative mating 

behaviors. Research in guppies has provided numerous lines of evidence demonstrating how 

predation risk leads to alternate mating tactics and more forced copulation (Magurran, 2001, 

Evans & Magurran, 1999, Endler, 1987, Magurran & Nowak, 1991, Godin, 1995), which is 

argued to enhance sexual conflict (Magurran & Seghers, 1994, Hammerstein & Parker, 1987, 

Smuts & Smuts, 1993). Our model system follows trends laid out in these previous studies in 

closely related poeciliids: the presence of a predator is correlated with alternate mating 

strategies, decreased levels of premating displays, and increased levels of coercive mating. In  
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our study system, male G. hubbsi employ rapid copulatory behaviors, often forcefully 

mating with females, especially in populations with predation risk (Heinen-Kay & 

Langerhans, 2013, Heinen et al., 2013). However, we clearly found that sexual conflict does 

not represent a driving force behind genital evolution, though all signs pointed to sexual 

conflict as a likely driver of evolutionary trends seen. This suggests that investigations 

concluding sexual conflict may demand more careful testing and harsher scrutiny.  

Though we found no evidence of sexual conflict in this system, we found clear 

support for lock-and-key hypothesis, despite much recent work suggesting little importance 

in genital evolution (Ware & Opell, 1989, Porter & Shapiro, 1990, Arnqvist et al., 1997, 

Arnqvist & Thornhill, 1998, Eberhard & Ramirez, 2004). Lock-and-key makes three main 

predictions: (1) there is increased selection against interpopulation mating and hybrid 

formation, (2) tight coevolution between male and female genitalia, and (3) genital 

differences between sympatric species/populations are greater than between allopatric 

species/populations, i.e. reproductive character displacement (see Table 2.4). In poeciliids, 

early work combated lock-and-key hypothesis (Clark et al., 1954), but multiple sources in the 

following decades lent support to lock-and-key as a probable mechanism driving genital 

evolution in this genus of fish (Peden, 1975, Peden, 1972, Langerhans, 2011). In order to 

better address why lock-and-key may be involved in male and female genital evolution in 

Bahamas mosquitofish, we must address arguments against these hypotheses and discuss a 

possible alternative that was not included in analysis. 
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2.11 Addressing the problem of allopatry and lock-and-key 

 

The first argument against lock-and-key in Bahamas mosquitofish is that there surely 

is no selection against interpopulation mating since all blue holes are strictly allopatric. For 

lock-and-key to occur, there must be selection against interpopulation mating. One argument 

against lock-and-key in Bahamas mosquitofish is that there is no selection to prevent  

interpopulation mating since all populations are, for all intents and purposes, strictly 

allopatric; selection can’t possibly favor morphologies that aid in prevention of hybrid 

formation if there hasn’t been any instances of sympatry. However, the geography of Andros 

island (flat, low-lying woodlands and marshes), along with genetic data, suggests low levels 

of movement of individuals with some evidence of gene flow. Many of the blue holes are 

consistent with complete allopatry, but not all. Because there exists conditions which allow 

for gene flow, with evidence suggesting it has occurred before, we can’t rule out selection 

against interpopulation mating. Secondary contact amongst populations does occur, even if 

rarely, and may be important in explaining the results we see. 

Lock-and-key is the only hypothesis that predicts a pattern of genital evolution that 

shows a decrease in genitalic trait differentiation between populations with increasing genetic 

distance, i.e. population pairs with most recent evidence of gene flow should show the most 

disparate genital morphology. Other mechanisms predict varying patterns of genital 

evolution, though none remotely predict the patterns we found. Thus, our results are 

consistent with a role of lock-and-key in driving intersexual coevolution in genital 

morphology, albeit a relatively small role, as most of the variation in genital morphology of  
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both sexes was explained by differences in the predation regime of blue holes. This suggests 

that only occasional experiences of secondary contact between allopatric populations may be 

enough to drive selection against interpopulation mating, opening the doors for lock-and-key 

hypothesis to be investigated in previously unanalyzed species and study systems. 

 

2.12 Addressing direction of evolution and trends of lock-and-key 

 

The next argument against lock-and-key using the direction of evolution is that 

evolving larger openings implies female genitalia to be less strict “locks”. The ancestral 

environment of Bahamas mosquitofish inhabiting the blue holes is seen along the coast of 

Bahamas, where G. hubbsi still reside. Analysis of predation levels in these ancestral 

environments shows that ecological release from predator is derived environment, meaning 

that the larger apertural openings of the females within these populations is the derived trait. 

Females in low-predation populations have consistently evolved larger openings (the derived 

form) in relation to females in high-predation regimes, though we do not have a definitive 

explanation as to why (but point to particular hypotheses for future testing). To some, this 

evolution of larger genital openings presents a problem- males with small genitalia should 

theoretically be better able to mate with females with larger openings, meaning female 

genitalia are less able to discriminate against males from other populations. If these concerns 

are right, then our prediction of lock-and-key should fall apart. 

We do not believe this argument/problem presented above takes away from our 

findings for two reasons: (1) the female genital trait found to coevolve with male genitalia is  
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opening elongateness, not area, and (2) a larger opening area does not necessarily 

mean female genitalia are “non-lock” traits, or even less strict “locks”. First, evidence shows 

that female opening shape is coevolving with male RW2, not opening area. If the argument 

was corrected to replace opening area with opening elongateness, then the contention is that 

less elongate genitalia function as less strict locks than more elongate genitalia. We do not 

have any evidence to suggest that less elongate genitalia are less strict “locks” as compared 

to more elongate genitalia.  

Further, if we were to address the argument concerning overall opening area and 

strictness of “lock” as first stated, there still is no evidence that can falsify lock-and-key. 

Lock-and-key posits that heterospecifics have a lower probability of mating/fertilization than 

conspecifics, due to selection against interpopulation mating. Males and females evolve such 

correlated, species-specific genitalia to prevent successful fertilization of a female by a 

heterospecific male, by means of genital divergence. A lot of emphasis is placed on the idea 

that proper mechanical fit is what defines the success (or failure) of a mating attempt, though 

this is not necessarily the case. Conspecific males should be better able to properly stimulate 

the female before, during, or after copulation, though how he achieves this may vary across 

populations. While a tight mechanical fit between male and female genitalia of conspecific 

individuals would surely result in favorable stimulatory conditions, proper stimulation is not 

dependent on such a tight mechanical fit; genitalic behavior is likely involved as well. In 

such a way, the evolution of larger apertural openings, and thus apparent reduction in 

strictness of female genitalia acting as a “lock”, is not evidence that necessarily contrasts 

lock-and-key.   
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2.13 Alternative hypothesis- male stimulation of female genitalia 

 

Now that we have addressed two major questions concerning evidence for lock-and-

key, we want to discuss one possible alternative explanation that was not included in  

analysis- the possibility that male genitalia function to stimulate female genitalia in Bahamas 

mosquitofish. Female choice hypothesis posits that male genitalia are often devices used to 

stimulate the female prior to or during copulation, and that these stimulatory structures 

evolve rapidly and divergently (Eberhard 1985). This hypothesis assumes two types of 

principles that may guide a female’s mate choice (i.e. choosing the “best” sperm to fertilize 

her eggs): (1) sensory stimuli on copulatory organs, and (2) their mechanical fit (Huber 

1993).  

The hypothesis that male genitalia act as stimulators of female choice, producing 

highly species-specific genitalia, is supported by numerous studies (e.g. raking, tapping, 

insertion & withdrawal, and tactile internal stimulation- reviewed in Eberhard 1985), with 

species specificity in traits involved in this stimulation. However, evidence in poeciliid fish is 

non-existent, though this does not mean we should exclude it. Male distal-tip complexity 

varies across species, though investigations into the purpose of various parts has only 

recently begun (e.g. Kwan et al. 2013). We do not have any direct evidence to support female 

choice based on male stimulation of the female, though we note: (1) female genitalia have 

nerve endings, so females likely are able to sense variance in stimuli, (2) male gonopodial-

tips have many traits (e.g. hooks, elbows, serrae) that may act as stimulating agents, and (3) 

female genitalia is composed of soft tissue as opposed to hardened structures, which is harder  
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to empirically test when addressing exact mechanical fit. With the lack of direct evidence in 

favor of or in contradiction to female choice from stimulation amongst poeciliids, and more 

specifically Bahamas mosquitofish, we cannot rule it out as important for some traits in this 

system.  

Female choice mediated through changes in external female genital morphology 

predict male-female genital correlation similar to that for sexual conflict, i.e. males and 

females are coevolving in response to one another, creating unique genitalia across 

populations. Our current study did indeed test this. Our partial mantel results showed that 

trends of male-female genital coevolution dissipated when we controlled for genetic 

relatedness. Perhaps some aspects of both male and female genitalia have evolved via cryptic 

female choice in this system, but our study did not reveal a pattern of intersexual genital 

coevolution that could have emerged from this mechanism. That said, cryptic female choice 

could certainly play a role in driving male genital evolution regardless of variation in female 

external genital morphology, and thus in the absence of any male-female genital correlation. 

Moreover, divergence between predation regimes in genitalia of both sexes of G. hubbsi 

certainly may reflect variation in cryptic female choice - in the presence of predators, where 

premating female choice is risky and reduced, females have evolved smaller openings, 

perhaps partially as a way to more subtly detect variation in male gonopodial distal tips and 

exert postmating female choice. 

 This study is novel in that we directly address three major themes. First, we 

empirically address female genital evolution independently of males, further addressing 

hypotheses of male-female genital coevolution. Second, demonstrate the vast importance of  
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ecology in ultimately driving genital evolution in females. How ecology directly drives 

genital evolution is understudied, so it is our hope that this work validates the ever-growing 

need for this research in both males and females. Lastly, we provide evidence that is 

consistent with lock-and-key hypothesis, an often neglected and rejected mode of selection  

on male-female genital evolution. Though future research in this system is needed to 

determine the true role of lock-and-key in driving male-female genital divergence, we show 

that lock-and-key should still be addressed when researching intersexual genital coevolution.  
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Figures and Tables: 
 
 
 

 
 
 
 
Figure 1.1- Conceptual illustration of the many ways that ecology can influence genital evolution, and how genital evolution can 
subsequently influence reproductive isolation (i.e. speciation). 
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Table 1.2- Examples of how ecological variation may alter the context of sexual selection on various traits across taxa 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Taxon Environmental 
Factor 

Altered Context of 
Sexual Selection Divergent Traits References 

Firefly, Photinus 
collustrans Predation risk Mating behavior Copulation duration Wing 1988 

Guppy, Poecilia reticulata Light intensity Mate choice Male Coloration Endler 1987 

Guppy, Poeciliia reticulate Predation Mate choice, Mating 
behavior 

Coloration, frequency of 
courtship Stoner & Breden 1988 

Bahamas mosquitofish, 
Gambusia hubbsi Predation Mate choice, mating 

behavior 

Frequency of courtship, size and 
shape of male genitalia, male 

coloration 

Langerhans (2005),  
Heinen-Kay and 

Langerhans (2013) 

Goby, Coryphopterus 
nicholsi 

Resource 
competition Intersexual selection Body size; aggression Breitburg 1987 

Newt, Notophtalmus 
virideescens 

Anthropogenic 
disruption- pollution Mating behavior Pheromone communication 

Park and Propper 
2002; Lürling and 

Scheffer 2007 

Lizard, Anolis cristatellus Light intensity, 
spectral quality Mate preference Dewlap morphology (used in 

social communication) 
Leal & Fleishman 

2004 

Crossbill, Loxia 
curvirostra Dietary Resource Mate choice Call types Kondrashov & 

Kondrashov 1999 

Hume’s Warbler,  
Phylloscopus humei Climate(change( Mate choice 

Timing of copulation, expression 
of sexually selected traits (e.g. 

wing bar size) 
Scordato et al. 2012 
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Figure 1.2- Box with many explanations of ways that ecology can indirectly lead to genital 
evolution- mechanisms involved in divergent natural and sexual selection 
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Box 1 
 

Ecology’s putative indirect influence on genital diversification ultimately 
arises from four primary sources: natural selection, sexual selection, gene flow, and 
changes in genetically correlated traits (i.e. pleiotropism, linkage, and linkage 
disequilibrium) (see also Figure 1.1).  

 
 Divergent natural selection across ecologically disparate environments can drive 
genital divergence in many ways. Although commonly perceived to entail small 
costs (Eberhard, 1985, Edwards, 1993,  Andersson, 1994), male genitalia may in fact 
experience strong natural selection from a number of agents. Retractable or hidden 
genitalia may commonly experience natural selection from disease agents, while 
non-retractable genitalia may regularly encounter selection via predation, 
ectoparasites, temperature, and the need for effective movement through the 
environment. Because these selective agents vary among ecologically heterogeneous 
environments, combined with recent work demonstrating natural selection’s role in 
genital evolution in diverse taxa (Ramos et al., 2004, Langerhans et al., 2005, 
Neufeld & Palmer, 2008, Langerhans 2011),the indirect role of ecology in driving 
rapid genital evolution via divergent natural selection deserves more attention.  
 
 Ecological differences across populations or species may often alter the context 
of sexual selection, potentially leading to divergent sexual selection on male 
genitalia. Because of the strong prior evidence for both ecology’s role in modifying 
sexual selection (e.g. see Table 1.1) and the role of sexual selection in genital 
evolution, this underappreciated mechanism may prove especially widespread, 
explaining many cases of rapid genital evolution (see Chapter 1 text). While it may 
be easy to envision how differences in ecology can generate divergent natural or 
sexual selection, even ecologically similar environments with similar selection 
regimes can elicit trait divergence (e.g. see Langerhans and Riesch, 2013). This can 
occur when ecologically-dependent selection favors similar functions (e.g. 
performance outcomes) across populations, but organisms evolve different solutions 
(e.g. by chance order of mutations). Certain forms of sexual selection, such as 
cryptic female choice or sexual conflict, may be especially prone to facilitate 
divergence in this way (see Langerhans and Riesch, 2013)—and male genitalia may 
commonly experience such sexual selection (see Introduction). But whether 
ecological interactions often influence these forms of sexual selection in such a 
manner is currently unknown. For this process to drive rapid genital divergence, it 
requires very low gene flow (e.g. allopatry; see Nosil and Flaxman, 2011) and many-
to-one mapping of genitalia (i.e. multiple morphologies would experience similar 
fitness), and thus may prove less important in cases of divergence with gene flow or 
with strong functional constraints on genital morphology.  
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Box 1 continued 
 

Ecology can also influence genital divergence without any direct selection 
on genitalia per se. First, a reduction of gene flow between populations inhabiting 
ecologically different environments, as predicted under the process of ecological 
speciation (Rundle and Nosil, 2005, Langerhans and Riesch, 2013), can facilitate 
genital divergence through genetic drift or by enhancing the effectiveness of 
selection as described above. Second, ecological differences between populations 
can cause divergent selection on traits genetically correlated with male genital 
morphology, thereby indirectly causing genital divergence. While these mechanisms 
may influence genital evolution to some extent, we find it unlikely that they explain 
widespread patterns of rapid genital divergence because this would require that 
male genital traits be disproportionately affected by genetic drift or indirect 
selection via correlated traits—we know of no a priori reason to expect such a 
scenario. Of the many ways that ecology can indirectly lead to genital divergence, 
mechanisms involving divergent natural or sexual selection seem most likely to 
comprise major explanations of broad patterns of genital diversification. 
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Figure 2.1- Images of male and female Gambusia hubbsi and their genitalia. Panels a and b 
used with permission from Heinen-Kay & Langerhans (2013). (a) Lateral photograph of 
male G. hubbsi with gonopodium indicated; (b) lateral image of a G. hubbsi gonopodium 
using scanning electron microscopy; (c) lateral photograph of the distal tip of the 
gonopodium; (d) lateral photograph of female G. hubbsi with the genital region depicted; (e) 
ventral photograph of female anus and urogenital aperture.
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Figure 2.2- Diagrammatic ventral view of female Gambusia hubbsi representing the three genital features and 2 linear 
measurements needed for our 8 genital measurements. UGA: urogenital aperture area, AP: apertural papilla area, AO: apertural 
opening area, AOW: apertural opening width, AOL: aperture opening length.  
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Table 2.1- Sample sizes of preserved female Gambusia hubbsi from 14 blue holes (n=109). 
Specimens largely were collected before the year 2010 (11 of 14), except for Douglas-
Christopher (2010), Stalactite (2010), and Hubcap (2011). † indicates populations used in the 
model selection analysis and genetic variance. 
 

Gobiomorus status Cyprinodon status Population n 
 
Absent 

 
Absent 

 
Archie's (A)† 

!
9 

Absent Absent East Twin (E)† 8 
Absent Absent Gabbler (Ga) 8 
Absent Absent Little Frenchman (LF) 9 
Absent Present Douglas-Christopher (DC) 9 
Absent Present Gollum's (Go)† 7 
Absent Present Hubcap (Hu)† 7 
Absent Present Rainbow (Ra)† 10 
Present Absent Cousteau (C)† 9 
Present Absent Runway (Ru)† 7 
Present Absent Stalactite (St)† 7 
Present Absent West Twin (W)† 7 
Present Present Goby Lake (GL)† 8 
Present Present Rivean's (Ri)† 8!
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Figure 2.3- Map of study sites on Andros Island, The Bahamas. 14 Populations (see Table 
2.1 for population abbreviations). Populations containing predators are represented in yellow, 
populations without predators are represented in blue. 
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Table 2.2- Results from Canonical loadings and post-hoc tests. Three aspects of female 
genital morphology exhibit the strongest divergence between predation regime. 
 

Female Genital Trait Canonical 
loading   P   Cohen's d  

(std. error) 
 
Urogenital aperture area 

 
0.72    

0.0094    
1.69 (0.69) 

Apertural opening area 0.83  0.0003  2.67 (0.83) 
Apertural papilla area 0.65  0.0226  1.42 (0.66) 
Proportion open 0.48  

0.0245  
1.40 (0.66) 

Apertural opening width 0.89  0.0044  1.89 (0.72) 
Apertural opening length 0.03  0.6435  0.26 (0.59) 
Apertural opening width / length 0.67  

0.033  
1.30 (0.65) 

Apertural opening aspect ratio 
 

0.63 
   0.0656 

   1.09 (0.63) 
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Figure 2.4- Variation in female urogenital aperture area among populations. Open: predator 
absent, Filled: predator present. 
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Figure 2.5- Variation in female genital apertural opening area among populations. Open: 
predator absent, Filled: predator present 
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Figure 2.6- Variation in female genital apertural opening width among populations. Open: 
predator absent, Filled: predator present. 
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Table 2.3- Models with ΔAICC < 2 and an Akaike weight ≥0.10 are presented. Model term abbreviations: Pred = Gobiomorus 
predator presence, Pup = Cyprinodon pupfish presence, SR = sex ratio, Zoo = zooplankton density, Phy = phytoplankton density, 
Chl = chlorophyll a density, MG = male genital morphology (RW2 from Heinen-Kay and Langerhans [2013], describing shape 
variation in the distal-tip of the gonopodium). Information was utilized from 11 of 14 populations that had previous data collected 
from them. Predation regime is by far the factor with the strongest effect on female genital morphology (12 of 18 models), though 
apertural opening width/length shows strong evidence of coevolution, demonstrating male genital morphology influence of female 
genitalia. 

  Model 1 Model 2 Model 3 Model 4 

Trait Term(s) Ak Wt Term(s) ∆AICc Ak Wt Term(s) ∆AICc Ak Wt Term(s) ∆AICc Ak Wt 

 
Urogenital 
apertural area 

Pred* 0.33 Pred** + Phy 0.64 0.24             
Apertural opening 
area Pred** 0.38 Pred** + Phy 0.87 0.24 

      Apertural papilla 
area Pred* 0.32 Pred* + Phy 1.16 0.18 Pred** + 

Chl 1.8 0.13 
   Proportional 

opening area Pup** + Chl* 0.23 Pred* + SR* 1.13 0.13 SR* 1.48 0.11 Pup* 1.53 0.11 

Apertural opening 
width Pred* 0.44 

         Apertural opening 
length MG 0.31 

         
Apertural opening 
width / length MG* 0.26 Pred 0.35 0.21 

      
Apertural opening 
aspect ratio 
 

Pred 
 

0.15 
 

SR 
 

0.08 
 

0.15 
 

Phy 
 

0.88 
 

0.1 
 !! !! !!
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Figure 2.7- Relationship between male and female genital morphology across populations. 
Open circles: predator absent, filled circles: predator present. 
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Figure 2.8- Negative relationship between male gonopodial distal-tip shape differences 
between population pairs (RW2) and genetic relatedness among populations.  
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Figure 2.9- Negative relationship between female genital shape differences between 
population pairs and genetic relatedness among populations.  
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Figure 2.10- Photographs of male and female genitalia of G. hubbsi from disparate predation 
regimes. Representative gonopodial-tip photographs of Gambusia hubbsi from (a) high-
predation and (b) low-predation as compared to representative urogenital aperture 
photographs of female Gambusia hubbsi from (c) high-predation and (d) low-predation 
regimes. *Gonopodial-tip photographs adopted from Heinen-Kay and Langerhans (2013) 
with permission 
 


