
ABSTRACT 

HEINEN-KAY, JUSTA. Predation Risk Influences Evolution of Sexually Selected Traits in 
Bahamian Mosquitofish. (Under the direction of Dr. Brian Langerhans). 
 

Understanding how phenotypic diversity is generated and maintained represents a 

longstanding goal of evolutionary biology. Sexually selected traits in particular often evolve 

greatly elaborated forms as compared to other types of phenotypic traits, prompting the 

question of how such extravagant traits evolve in nature. Ecological conditions — including 

the presence of predators or competitors, availability of resources, abiotic conditions, etc. — 

can affect evolution of sexually selected traits in two ways. First, agents of natural selection 

can directly target sexual traits. For instance, conspicuous signals, such as bright coloration, 

that attract mates may also draw unwanted attention from predators or other natural enemies. 

This can result in an evolutionary tug-of-war between sexual selection favoring trait 

elaboration and natural selection favoring trait reduction. Patterns of sexual signal expression 

reflecting this interplay are well documented, though surprisingly few examples of direct, 

empirical evidence exist. Second, ecological conditions can modify the strength or form of 

sexual selection, thus indirectly influencing selection on sexual traits. This second type of 

dynamic between natural and sexual selection has potential to affect less conspicuous sexual 

traits, such as animal genitalia.  

In my dissertation, I use a combination of lab and field studies to investigate how 

ecological variation has influenced the evolution of sexual traits in livebearing Bahamian 

mosquitofish. First, I set the stage by examining the relative importance of multiple 

environmental factors in driving population-level divergence of demographics, habitat use, 

and behavior in Bahamas mosquitofish (Gambusia hubbsi; family Poeciliidae) inhabiting 

inland blue holes across Andros Island during the early stages of adaptive radiation. This 

work indicates that predatory fish represent a dominant source of divergence for Bahamas 

mosquitofish, and affirms blue holes as a model system to test predictions of how predation 

influences evolution. Second, I provide some of the most comprehensive empirical evidence 

to date that natural selection from predators and sexual selection from female conspecifics 

bears responsibility for diversification of a conspicuous sexual signal (orange dorsal fin 

coloration) in G. hubbsi inhabiting blue holes. Third, I bridge a conceptual gap by revealing 

that variation in predation risk among blue holes is associated with divergence of male 



genital shape (distal tip of the gonopodium) in G. hubbsi. This suggests that ecological 

variation might ultimately drive at least some of the rapid, divergent evolution that 

characterizes animal genitalia, and idea that has previously received little attention. Fourth, I 

explore the generality of results from Chapter 3 by demonstrating that the ecological 

consequences of anthropogenic habitat fragmentation, mostly differences in predatory fish 

density, during the last 50-70 years has driven divergence in male genital morphology 

(gonopodial distal-tip shape) of three closely related mosquitofish species inhabiting marine 

tidal creeks across the Bahamas. This shows, for the first time, that ecological changes 

resulting from human activities can inadvertently promote genital diversification. 

The results of my dissertation research provide evidence that predation risk can both 

directly and indirectly influence evolution of two types of sexually selected traits — a 

colorful signal and genital morphology — shedding light on how environmental conditions 

can affect phenotypic diversification. In a world increasing dominated by human impacts, it 

is critical to understand how species may respond to novel selection pressures from changing 

ecological conditions, especially in sexual traits that can present implications for 

maintenance and generation of species boundaries. Future work should investigate the 

influence of genital diversification on evolution of reproductive isolation, the relative 

importance of pre- and post-copulatory selection across ecological gradients, and the role of 

sexual selection during adaptation to new environments.  
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Abstract A fundamental goal of evolutionary ecology is to understand the environmental
drivers of ecological divergence during the early stages of adaptive diversification. Using
the model system of the post-Pleistocene radiation of Bahamas mosquitofish (Gambusia
hubbsi) inhabiting blue holes, we used a comparative field study to examine variation in
density, age structure, tertiary (adult) sex ratio, habitat use, as well as adult feeding and
social behaviors in relation to environmental features including predation risk, interspecific
competition, productivity (e.g. chlorophyll a, zooplankton density), and abiotic factors
(e.g. salinity, surface diameter). The primary environmental factor associated with eco-
logical differentiation in G. hubbsi was the presence of piscivorous fish. Gambusia hubbsi
populations coexisting with predatory fish were less dense, comprised of a smaller pro-
portion of juveniles, and were more concentrated in shallow, near-shore regions of blue
holes. In addition to predation risk, the presence of a competitor fish species was associated
with G. hubbsi habitat use, and productivity covaried with both age structure and habitat
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use. Feeding and social behaviors differed considerably between sexes, and both sexes
showed behavioral differences between predator regimes by exhibiting more foraging
behaviors in the absence of predators and more sexual behaviors in their presence. Males
additionally exhibited more aggressive behaviors toward females in the absence of pre-
dators, but were more aggressive toward other males in the presence of predators. These
results largely matched a priori predictions, and several findings are similar to trends in
other related systems. Variation in predation risk appears to represent the primary driver of
ecological differentiation in this system, but other previously underappreciated factors
(interspecific competition, resource availability) are notable contributors as well. This
study highlights the utility of simultaneously evaluating multiple environmental factors
and multiple population characteristics within a natural system to pinpoint environmental
drivers of ecological differentiation.

Keywords Adaptive radiation ! Blue holes ! Competition ! Ecological divergence !
Habitat shift ! Predation

Introduction

A fundamental question in evolutionary ecology is how environmental agents drive the
early stages of species radiations (Schluter 2000; MacColl 2011). It is well known that
environmental variation across space and time can promote phenotypic and ecological
divergence (e.g. Reznick and Endler 1982; Schluter 2000; Rundle and Nosil 2005; Grether
and Kolluru 2011), but unraveling the relative importance of particular environmental
factors among the myriad potential agents (e.g. predators, competitors, parasites, resources,
and abiotic factors) is a daunting task. Population characteristics potentially shaped by the
environment are just as numerous, including demographics, habitat use, behaviors, mor-
phologies, and life histories. All of these factors can significantly influence ecological and
evolutionary dynamics, and may contribute to speciation (e.g. Endler 1995; Orr and Smith
1998; Coyne and Orr 2004; Magurran 2005; Hall and Colegrave 2007; Nosil 2012).

Longstanding theory suggests that divergent selection acting on multiple traits, multifarious
divergent selection, may be an important contributor to speciation (Rice and Hostert 1993;
Nosil et al. 2009). Put simply, with more targets of divergent selection, more opportunity exists
for the evolution of reproductive isolation. Because most studies of ecological divergence focus
on a single agent and a single target of selection at a time (reviewed in MacColl 2011), further
study of putative cases of multifarious divergent selection is needed. Understanding the relative
strengths of different selective agents, how they interact, and the breadth of traits they act
upon—either directly through selection or indirectly through changes in demographics—will
improve our grasp of the process of adaptive diversification. Acquiring such an understanding
requires a pluralistic approach, investigating multiple environmental factors and multiple
ecologically and evolutionarily important population-level characteristics (e.g. Schlichting and
Pigliucci 1998; DeWitt and Langerhans 2003; Ghalambor et al. 2003).

Here we examine how four environmental factors (predation, interspecific competition,
resource availability, and abiotic factors) and three population characteristics (demo-
graphics, habitat use, and behavior) may interact to shape ecological divergence in the post-
Pleistocene radiation of Bahamas mosquitofish (Gambusia hubbsi). We consider ecological
divergence to comprise population-level differences in ecologically relevant characteristics
such as density, age structure, sex ratio, and individual-level traits (e.g. habitat use,
behavior) that may reflect either evolutionary divergence, phenotypic plasticity, or both.

972 Evol Ecol (2013) 27:971–991
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Each environmental factor above has empirical support for promoting population-level
divergence in other systems (e.g. Reznick and Endler 1982; Schluter 1994; Langerhans et al.
2004; Nosil and Crespi 2006; Riesch et al. 2010; Grether and Kolluru 2011), and is
hypothesized as important in this system based on natural history (see below) and previous
work (e.g. Langerhans et al. 2007; Langerhans 2009; Langerhans and Gifford 2009).
Similarly, each population characteristic examined here is also known to play an important
role in evolutionary diversification in other systems (Rodd and Sokolowski 1995; Coyne
and Orr 2004; Kokko and Rankin 2006; Losos 2009), and is hypothesized to exhibit strong
population differences in the G. hubbsi system.

Gambusia hubbsi has recently undergone a radiation across inland blue holes (vertical,
water-filled caves) on Andros Island, The Bahamas, exhibiting adaptive phenotypic evo-
lution between blue holes with and without predatory fish. Previous research from field and
common-garden experiments has uncovered numerous traits diverging between predator
regimes including life history (Downhower et al. 2000; Riesch et al. 2013), body shape
(Langerhans et al. 2007), locomotor performance (Langerhans 2009; Langerhans 2010),
and male genital morphology (Langerhans et al. 2005). Further, these populations are
undergoing ecological speciation, as sexual isolation between populations inhabiting
different predator regimes has resulted as a by-product of divergent natural selection
(Langerhans et al. 2007). While this radiation has become a textbook example of adaptive
diversification (e.g. Freeman and Herron 2007; Cain et al. 2008; Reece et al. 2010), no
study has yet investigated population differences in demographics, habitat use, or feeding
and social behaviors in this system. Moreover, the role of other environmental agents in
driving ecological differentiation is currently unknown.

Here we investigate understudied features of this model system by examining a total of 17
blue holes on Andros Island (Fig. S1). Our primary hypothesis centers on predation as the
dominant factor driving ecological differentiation (based on prior work), and we test a
number of a priori predictions regarding differences between populations facing low and high
levels of predation risk (Table 1). We also test secondary hypotheses of the effects of
competitors, resource availability, and abiotic factors, though a priori predictions are gen-
erally more tenuous. Specifically, we predicted increased resource availability will lead to
greater G. hubbsi densities, an age structure more dominated by juveniles (via increased
fecundity and juvenile survivorship), greater use of shallow-water regions (where preferred
prey are found), and reduced feeding behaviors (i.e. reduced search and foraging times due to
higher abundance of food). Additionally, we predicted that increased interspecific compe-
tition will lead to reduced densities, a smaller proportion of juveniles, greater use of deeper
and more offshore waters (in search of less preferred prey), and increased frequencies of
feeding behaviors. We used comparative analyses to test these predictions and identify
environmental drivers of population differences in demographics, habitat use, and behavior.

Materials and methods

Study system

Blue holes are water-filled vertical caves found in some carbonate banks and islands
(Mylroie et al. 1995), and Andros Island, The Bahamas harbors the greatest density of blue
holes on earth. Blue holes were previously air-filled caves, filling with water during the past
*17,000 years (Fairbanks 1989) as rising sea levels lifted the freshwater lenses of the
island (freshwater aquifers floating atop marine groundwater), flooding the voids. This

Evol Ecol (2013) 27:971–991 973
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created a unique replicate set of environments eventually colonized by aquatic organisms.
Based on surveys conducted in 45 inland blue holes on Andros Island, blue holes are
typically deep (35 m mean maximum depth), moderate in surface exposure (75 m mean
surface diameter), and generally harbor a depauperate fish assemblage of 1–3 species
(2.16 ± 0.23 species, mean ± SE). Three particular species comprise the bulk of inhabit-
ants: the small livebearer, Bahamas mosquitofish (G. hubbsi, 89 % occurrence), the small
pupfish, sheepshead minnow (Cyprinodon variegatus, 38 % occurrence; hereafter referred
to as Cyprinodon), and the larger predatory eleotrid, bigmouth sleeper (Gobiomorus
dormitor, 27 % occurrence; hereafter referred to as Gobiomorus) (R.B. Langerhans unpubl.
data). Blue holes appear analogous to aquatic islands in a sea of land, as most blue holes
seem to harbor their equilibrium number of species based on the theory of island bioge-
ography (Langerhans and Gifford 2009; R.B. Langerhans unpubl. data). All existing
molecular genetic evidence indicates strong isolation among fish populations inhabiting
blue holes (Schug et al. 1998; Langerhans et al. 2007; Riesch et al. 2013). Moreover, blue
holes represent stable, constant environments (e.g. fish communities appear to have per-
sisted for long time periods; mosquitofish breed year-round; water temperature ranges from
25–34 !C throughout the year; no flowing water; see temporal repeatability of environ-
mental and demographic variables below).

Environmental measurements

While our primary focus is to understand the effects of predation risk on ecological
divergence in G. hubbsi, we are more generally interested in understanding the relative
importance of the major biotic and abiotic factors that may drive ecological differences
among populations of G. hubbsi. To this end, we selected a priori environmental agents
that could play important roles in influencing G. hubbsi demographics, habitat use, and
behavior (factors with potentially significant evolutionary implications), and selected study

Table 1 Predictions of ecologi-
cal divergence between predator
regimes in poeciliid fishes

References: 1: Fraser and Gilliam
(1992); 2: Gilliam et al. (1993);
3: Johnson (2002); 4: Johnson
and Zuniga-Vega (2009); 5:
Reznick et al. (1996); 6: Reznick
et al. (2001); 7: Reznick and
Endler (1982); 8: Haskins et al.
(1961); 9: Liley and Seghers
(1975); 10: Pettersson et al.
(2004); 11: Seghers (1973); 12:
R.B. Langerhans unpublished
data; 13: Fraser et al. (2004); 14:
Magurran and Seghers (1994);
15: Kolluru and Grether (2005);
16: Farr (1975); 17: Rodd and
Sokolowski (1995)

Character : Predation risk References

Population demographics

Density ; 1–7

Sex ratio (F:M) ; 8–10

Proportion juveniles ; 4, 6

Habitat use

Shallow-water use : 1, 11–12

Offshore use ; 1, 6, 12

Male behavior

Foraging, feeding ; 13–15

Sexual behaviors : 14–17

Male–male aggression : 15

Male–female aggression ; 16–17

Female behavior

Foraging, feeding ; 13–15

Sexual encounters : 14–17

Female–female aggression ? –

Female–male aggression ? –

974 Evol Ecol (2013) 27:971–991

123



 

5 

  

sites so as to maximize variation along these environmental axes: (1) Gobiomorus presence
(G. hubbsi predator), (2) Cyprinodon presence (G. hubbsi competitor), (3) resource
availability (estimated with chlorophyll a, phycocyanin, zooplankton, phytoplankton,
turbidity, and water transparency), and (4) abiotic factors (salinity, dissolved oxygen, pH,
surface diameter).

Establishing the presence of Gobiomorus and Cyprinodon within each blue hole was
easily accomplished with underwater visual observations due to water clarity and these
fishes’ active behavior. Gobiomorus dormitor is highly piscivorous (McKaye et al. 1979;
Winemiller and Ponwith 1998; Bedarf et al. 2001; Bacheler et al. 2004) and readily hunts
and consumes G. hubbsi in blue holes (R.B. Langerhans unpubl. data). Thus, Gobiomorus
presence represents a high level of predation risk for G. hubbsi, while their absence
indicates a relatively predator-free environment (e.g. no other piscivorous fish, no preda-
tory snakes or turtles, wading birds are virtually excluded due to steep-sided shorelines and
great depth, and predatory invertebrates are extremely rare).

Cyprinodon variegatus represents a potential competitor of G. hubbsi for both food and
space. Cyprinodon are similarly sized to G. hubbsi (most adults of both species
are *20–40 mm standard length), and while Cyprinodon consume more detritus and
algae, their omnivorous diet overlaps considerably with the more carnivorous diet of
G. hubbsi, perhaps inducing exploitative competition (R. B. Langerhans unpubl. data).
Because male Cyprinodon aggressively defend territories and nests, they may additionally
induce interference competition by restricting access of G. hubbsi to particular foraging
patches and inflicting direct injuries (Itzkowitz 1977; R.B. Langerhans pers. obs.).

Because G. hubbsi exhibit a broad diet—primarily copepods, dipteran larvae and pupae,
ostracods, cladocerans, amphipods, and adult insects (Gluckman and Hartney 2000; R.A.
Martin and R.B. Langerhans unpubl. data)—it is not clear how to best estimate resource
availability for these fish. Therefore, we measured a range of variables designed to capture
relevant aspects of overall productivity in blue holes (Grether and Kolluru 2011). We mea-
sured four direct components of productivity in May 2011—chlorophyll a, phycocyanin,
zooplankton, and phytoplankton—and measured two indirect correlates of productivity in
blue holes over the course of multiple visits between 2002 and 2011 (see below)—turbidity
and water transparency. To estimate total algal biomass and cyanobacteria biomass, we
measured the photosynthetic pigments chlorophyll a and phycocyanin, respectively, using a
fluorometer (AquaFluor model, Turner Designs, Sunnyvale, CA). Zooplankton and phyto-
plankton densities were estimated using a 60-m tow of a zooplankton net (20-cm diameter,
153-lm mesh) at 0.5-m depth. All plankton were counted within a 2.5-ml subsample of each
plankton collection using a stereo microscope. Water turbidity was measured with an Oakton
T-100 turbidimeter (Vernon Hills, IL), and water transparency was measured with a Secchi
disk. While the direct estimates of productivity reflect only a single estimate, these are
correlated with our indirect estimates, all of which exhibit strong repeatability across time
(see below). This suggests that relevant differences across sites for the purposes of this study
were likely adequately captured with this method.

For abiotic factors, surface diameter was estimated using a Bushnell Yardage Pro
Legend laser rangefinder (Overland Park, KS), and all remaining environmental variables
(as well as turbidity and transparency, mentioned above) were measured at the time of fish
sampling (e.g. censuses and behavioral observations), as well as over the course of multiple
visits between 2002 and 2011 (all blue holes but one were examined during multiple
years), encompassing measurements from various times of the year (i.e. during months of
March, May, July, August, November, and December). Salinity and dissolved oxygen were
measured with a YSI 85 or YSI Pro2030 (Yellow Springs, OH), and pH was measured with
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a Hanna HI 98128 pH meter (Woonsocket, RI). For blue holes with multiple measure-
ments, we examined repeatability of environmental variables. As previous work indicated
(Langerhans et al. 2007), pH and dissolved oxygen levels are very similar among most blue
holes, with greater variance within blue holes across time than between them; thus, we did
not include these variables in analysis. All other variables exhibited highly significant
repeatability (intraclass correlation coefficients ranged from 0.88 to 0.98; following
Lessells and Boag 1987), demonstrating that these factors remain quite consistent across
seasons and years within blue holes relative to differences between sites, and thus site
means were included in analyses.

Underwater census

We measured density, tertiary (adult) sex ratio, age structure, and habitat use of G. hubbsi
using underwater visual census methods (Brock 1954; English et al. 1994; Nagelkerken
et al. 2000; Layman et al. 2004). Due to water clarity, ease of underwater identification of
sex/age classes, and ability to approach fish without causing disturbance, visual census
techniques are especially well suited for fish density estimation in inland blue holes. While
snorkeling, observers recorded the number of juvenile, male, and female G. hubbsi present
in 1-m3 quadrats within each of four habitat types: (1) shallow near-shore (0–1 m deep,
1–2 m from shore), (2) deep near-shore (2–3 m deep, 1–2 m from shore), (3) shallow
offshore (0–1 m deep, 9–10 m from shore), and (4) deep offshore (2–3 m deep, 9–10 m
from shore). Counts were made immediately upon arrival within a 1-m distance of the pre-
designated quadrat location to avoid disturbing the fish. For a single blue hole (Archie’s),
the offshore region had to be modified to a distance of 5–6 m from shore due to its
comparatively small size (15 m surface diameter, while all other blue holes were [50 m
diameter).

A total of 17 blue holes were censused (8 without Gobiomorus, 9 with Gobiomorus),
with eight blue holes being censused multiple times (Table S1). Censuses were conducted
during three sampling periods: (1) six blue holes censused 7–11 November 2009, (2) 17
blue holes censused 1–12 May 2011, and (3) six blue holes censused 15–19 July 2011. For
the first two sampling periods, 10 quadrats distributed equidistant around the perimeter of
each blue hole were surveyed by a single observer within each habitat type on a single day
(between 8:00 and 18:00; 13:26 ± 44 min). For the final sampling period, 20 similar
quadrats were surveyed by two observers (10 quadrats each) in two habitat types in both
the morning (between 10:10 and 11:35) and afternoon (between 13:00 and 16:00) of a
single day. The latter sampling period only examined the two near-shore habitats because
this was where most G. hubbsi were located in previous censuses.

We found no effects of observer or time-of-day on density estimates during the latter
census period. For the eight blue holes censused multiple times, we tested for repeatability
among sampling points and found significant repeatability of G. hubbsi density (intraclass
correlation coefficient across all habitats, r = 0.64, P \ 0.0001). This consistency across
observers, time of day (morning vs. afternoon), and season/year indicates that our
‘‘snapshot’’ density measurements provide reasonable estimates for comparing relative
values among sites. Thus, we pooled data across observers, time-of-day, and sampling
period, and calculated habitat-specific mean density estimates for each blue hole.

Density was calculated as the average number of G. hubbsi observed within a 1-m3

quadrat (including all age/sex classes). Tertiary (adult) sex ratio was calculated as the
density of females divided by the density of males. Age structure was calculated as the
proportion of juveniles in the population (juvenile density divided by total density). Habitat
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use was examined in two ways: (1) fish demographics were directly examined across habitat
types, and (2) overall habitat use was estimated as the proportion of fish using shallow-water
(density of fish in the two shallow-water habitats divided by the total density) and offshore
regions (density of fish in the two offshore habitats divided by the total density).

Behavioral observations

Underwater behavioral observations were conducted in six blue holes (three with Gobiomorus,
three without) during 15–19 July 2011 between 10:35 and 15:40 (13:10 ± 49 min). Using a
focal animal sampling approach (Martin and Bateson 1986), we recorded the frequencies of six
feeding and social behaviors of 240 G. hubbsi: feeding, prey inspection, male–female chase,
copulation attempt, intrasexual aggression, and intersexual aggression. Behavioral observa-
tions were conducted during a single time period at each blue hole, where observers moved
systematically around the blue-hole perimeter such that only one fish was observed within a
given area (to avoid observing the same fish twice). Four separate observers recorded behaviors
of five males and five females while snorkeling within each blue hole (i.e. total of 20 males and
20 females per blue hole) by slowly approaching a focal fish within approximately 1 m and
remaining relatively still while recording the number of behavioral events exhibited during an
approximately 90-s observation period (42–235 s; 92.2 ± 2.1). Although these observation
times are relatively short, longer periods were not feasible without potentially disturbing the fish
by following it when it left the observation area. Moreover, focal behaviors were commonly
observed during observation periods (most behaviors occurred on average more than once per
minute), and other studies have used similar time periods for assessing poeciliid fish behaviors
(Tobler et al. 2009; Köhler et al. 2011).

The six focal behaviors were selected based on their ecological importance, potential
divergence among blue holes, and ease of underwater detection. Feeding describes the act
of ingesting a prey item. Prey inspection describes an obvious examination of a potential
food item, comprising a change in orientation followed by an approach within half a body
length of the potential prey item (often involving ‘‘mouthing’’ of the item) and eventual
rejection (not consumption) of the item. A male–female chase is the act of a male clearly
chasing a female that is actively swimming away from the male. This reflects a premating
behavior in which a male attempts to position himself for copulation either through force or
female receptivity. A copulation attempt occurred when a male circumducted his gonop-
odium and performed a rapid torque-thrust maneuver making apparent physical contact
with the female (Rivera–Rivera et al. 2010). Intrasexual aggression included any agonistic
behavior between members of the same sex, including body/fin nipping, nudging, rapid
flank approaches/ramming, and chases (e.g. Clark et al. 1954; Magurran and Seghers
1991). Intersexual aggression is the between-sex counterpart of the agonistic behaviors just
described, with the exception of male–female chases, which are considered a sexual
behavior (see above). The frequency (#/min) of each behavior was calculated for each fish,
and because there were significant observer effects for some behaviors, we included an
‘‘observer’’ term in statistical models described below.

Statistical analysis

We examined population variation in demographics, habitat use, and behavior using a two-
step approach for each of two sets of data: (1) demographics and habitat use across 17 blue
holes, and (2) behaviors across six blue holes. For each set, we first tested for differences
between predator regimes using mixed-model nested analysis of variance (ANOVA), and
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then used a model selection approach to determine whether other factors might be
important and whether observed differences between predator regimes persisted after
controlling for these other possible factors (see below).

We first derived independent environmental axes for analysis based on our quantitative
environmental measurements (i.e. estimates of resource availability and abiotic factors)
and assessed whether environmental factors strongly covaried with the presence of
Gobiomorus or Cyprinodon (which would reduce our ability to distinguish among alter-
native explanatory variables). We log-transformed plankton densities to increase normal-
ity, while all other variables remained untransformed. We reduced dimensionality by
conducting principal components analysis (PCA) using the correlation matrix of the suite
of environmental variables. We retained all PC axes that explained more variation than was
expected on average in the absence of correlated structure using 1,000 randomizations of
the data (see Avg-Rnd rule in Peres-Neto et al. 2005). This resulted in retention of three PC
axes explaining over 76 % of total variance (Table 2). These axes were subsequently used
in analyses to estimate productivity and capture salient abiotic factors. Using these PC
axes, we took two steps to ensure that we avoided confounding factors. We first conducted
ANOVAs with each environmental PC axis to test for associations with Gobiomorus
presence, Cyprinodon presence, and their interaction (n = 17 blue holes). Only one
marginally significant term was observed: Cyprinodon presence with Environmental PC 2
(F1,13 = 4.45, P = 0.055). This indicated that Cyprinodon tended to be present in blue
holes with higher salinity and greater zooplankton density. All other tests were non-
significant (all P [ 0.29), revealing that Gobiomorus presence is independent of these
environmental variables. Second, we examined variance inflation factors (VIFs) in our
statistical models that included multiple factors (described below), and all were small (all
\1.53). Together, these results of weak to absent associations indicate no problems of
multicollinearity, increasing our confidence in analyses designed to tease apart effects of
these alternative factors.

For demographics and habitat use, we first used habitat-specific demographic data to
conduct mixed-model nested ANOVAs testing for effects of Gobiomorus presence, habitat,
and their interaction on log-transformed density, square-root transformed sex ratio, and
arcsine square-root transformed proportional density of juveniles. Population nested within
Gobiomorus presence was treated as a random effect in the models. For density, the habitat
term included all four habitat types (n = 68), while for the other two variables it only
included the two near-shore regions due to low sample sizes in offshore regions which
would have reduced accuracy of these estimates and led to considerable missing data
(n = 28; 6 cases were excluded as no fish were observed in the deep habitat region).

Table 2 Principal components
analysis of quantitative environ-
mental variables

Factor loadings in bold indicate
variables that load strongly on
each axis (loadings C |0.5|)

Environmental variable PC 1 PC 2 PC 3

Chlorophyll a [RFU] 0.68 -0.45 0.44

Phycocyanin [RFU] 0.89 -0.35 -0.07

Turbidity [NTU] 0.93 -0.05 0.09

Secchi depth [m] -0.65 -0.57 -0.11

Log zooplankton [#/ml] 0.54 0.65 -0.16

Log phytoplankton [#/ml] 0.37 0.05 -0.77

Salinity [ppt] -0.07 0.72 -0.04

Surface diameter [m] -0.05 0.41 0.71

Variance explained 37.26 22.10 16.77
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Second, using population means for each variable (n = 17) we took a model selection
approach to evaluate the effects of predation, interspecific competition, and environmental
factors on five dependent variables: the three demographic variables (pooled across hab-
itats), arcsine square-root transformed shallow-water use, and arcsine square-root trans-
formed offshore use. For each dependent variable, we built general linear models that
included Gobiomorus presence, Cyprinodon presence, and their interaction, and then used
model selection based on Akaike’s Information Criterion corrected for small sample sizes
(AICc; Akaike 1992; Burnham and Anderson 2002) to determine whether certain envi-
ronmental PC axes should be included in the models. Because we wished to discover any
potentially important environmental factor (even those with weak effects, which could
suggest future directions for research), we selected the best model (lowest AICc) that
included at least one environmental PC unless that model’s D AICc was greater than 2.0 or
the term was clearly non-significant (P [ 0.25), in which case no environmental PC was
retained. This allowed us to potentially retain a more complex model that included any
strongly suggestive environmental factors while following the convention of considering
all models with D AICc less than 2.0 (Burnham and Anderson 2002).

For behaviors, we first reduced dimensionality by performing a PCA on the correlation
matrix of the six behaviors (n = 240), retaining PC axes according to the method described
above. Then we conducted mixed-model nested ANOVAs to test for effects of Gobiomorus
presence, sex, and their interaction on the retained behavioral PC axes. In these models,
observer and population nested within Gobiomorus presence were treated as random
effects. We further employed a model selection approach analogous to that described
above. We used site means of behavioral variables for each sex to construct general linear
models for each behavioral PC that potentially included the following terms and all pos-
sible two-way interactions: Gobiomorus presence, sex, square-root transformed sex ratio,
and arcsine square-root transformed proportional density of juveniles (n = 12). As above,
models were selected using AICc, and focused on models with D AICc less than 2.0. The
terms chosen for the initial model sets were based on a balance of hypothesized importance
in explaining behavioral variation and degrees of freedom. While density could signifi-
cantly affect behaviors, we could not examine this due to density’s strong association with
Gobiomorus presence (VIF [ 12 when included in models). Moreover, while we chose not
to include environmental PCs due to sample size constraints, we found no trends with
behaviors during data exploration, and thus these factors are likely of little significance
here. Finally, effects of Cyprinodon presence could not be adequately examined in this
case as no high-predation blue holes included in this analysis contained Cyprinodon.
However, analysis within only low-predation blue holes revealed no suggestive evidence
for effects of Cyprinodon.

Results

Demographics and habitat use

For G. hubbsi density, we found significant effects of all model terms (Table S2).
Gambusia hubbsi densities were much higher in the absence of Gobiomorus (P \ 0.0001),
especially in shallow near-shore habitat (interaction term, P = 0.0104), and most
G. hubbsi were located in near-shore regions (P \ 0.0001) (Fig. 1a). For G. hubbsi sex
ratio, we found suggestive evidence for effects of Gobiomorus and the interaction between
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predator presence and habitat type (Table S2), indicating trends where the sex ratio was
slightly more female biased in the absence of Gobiomorus, particularly in deep near-shore
habitat (both P \ 0.08) (Fig. 1b). Age structure of G. hubbsi populations was only cor-
related with Gobiomorus presence (Table S2), where a greater proportion of juveniles was
observed in the absence of the predator (P = 0.0010) (Fig. 1c).

In our examination of the effects of predation, interspecific competition, resource
availability, and abiotic variables on demographics and habitat use of G. hubbsi using model
selection, we found that predation was the most commonly significant factor, although
Cyprinodon presence and resource availability also had significant effects (Table 3, Table
S3). Gambusia hubbsi densities were higher in the absence of Gobiomorus, and no other
factors influenced density. When including resource and abiotic variation in the analysis,
sex-ratio differences between predator regimes were no longer evident, but a weak trend of
more female-biased sex ratios in sites with reduced salinity and zooplankton was observed
(Fig. 2f). A greater proportion of juveniles was present in the absence of Gobiomorus and in

Fig. 1 Variation across predator
regimes and habitat types in
Gambusia hubbsi a density, b sex
ratio, and c proportional density
of juveniles (back-transformed
least-squares means and standard
errors depicted). SNS shallow
near-shore, DNS deep near-shore,
SOS shallow offshore, DOS deep
offshore
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sites with greater resource availability (Fig. 2a, b). Shallow-water use was greater in the
presence of Gobiomorus, in the absence of Cyprinodon, and in sites with greater resource
availability (Fig. 2c, d). Offshore use tended to increase in the absence of Gobiomorus
(Fig. 2e).

Behavior

We retained three PC axes describing variation in social and foraging behaviors, explaining
approximately 64 % of behavioral variance (Table 4). We interpret the first PC axis as a
trade-off between foraging and sexual behaviors, the second axis as a trade-off between
within-sex and between-sex aggression, and the third axis as a trade-off between aggres-
sive behaviors and sexual/foraging behaviors (Table 4). We first examined effects of
predation, sex, and their interaction on G. hubbsi behaviors, finding many significant
influences on behavioral variation (Table S4). For PC 1, we found that (1) males exhibited
more sexual behaviors and less foraging behaviors than females (P \ 0.0001), (2) the
presence of Gobiomorus was associated with an increase in sexual behaviors and a
decrease in foraging behaviors (P = 0.0157), and (3) the latter effect was more pro-
nounced for females than for males (P = 0.0303) (Fig. 3a). For PC 2, we found that males
exhibited much more intrasexual aggression and less intersexual aggression in the presence
of Gobiomorus, while females exhibited only a slight trend in this direction—this resulted
in strong sexual differences in the presence, but not absence, of Gobiomorus (interaction
term, P = 0.0001) (Fig. 3b). For PC 3, we found that both sexes exhibited similar values in
the absence of Gobiomorus, but strongly diverged in the predator’s presence, where
females exhibited more sexual/foraging behaviors and less aggressive behaviors than males
(interaction term, P = 0.0002) (Fig. 3c).

Using model selection, we found that demographic variables were associated with two
of the three behavioral PC axes (Table 5, Table S5). For PC 1, this analysis revealed that

Table 3 Results of general linear models examining population demographics and habitat use as predicted
by predator presence, competitor presence, and quantitative environmental factors (environmental PCs
included in models based on AICc, see Table S3)

Source Density Sex ratio Prop.
Juveniles

Shallow-water Offshore

F1,13 P F1,12 P F1,12 P F1,12 P F1,13 P

Gobiomorus
predator (P)

48.96 \0.0001 0.94 0.3506 12.15 0.0045 55.08 \0.0001 4.59 0.0516

Cyprinodon
competitor (C)

0.07 0.7899 1.23 0.2896 2.29 0.1565 6.29 0.0275 0.32 0.9022

P 9 C 0.06 0.8059 0.54 0.4758 0.49 0.4986 2.00 0.1831 2.66 0.1725

Environment
PC1
(productivity)

– – – – 4.88 0.0473 11.33 0.0056 – –

Environment
PC2 (salinity,
zooplankton)

– – 3.13 0.1022 – – – – – –

Environment
PC3 (size,
phytoplankton)

– – – – – – – – – –
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a sex-dependent effect of sex-ratio, where females exhibited less sexual behavior and
more foraging behavior in sites with a more female-biased sex ratio (Fig. 3d), apparently
explained the sex-dependent response to predation observed above. For PC 2, results
were consistent with those described above, with no additional effects of demographic

Fig. 2 Variation across Gobiomorus presence, Cyprinodon presence, and environmental PCs for Gambusia
hubbsi a, b proportional density of juveniles, c, d shallow-water use, e offshore use, and f sex ratio. Back-
transformed least-squares means and standard errors depicted in bar graphs; back-transformed residuals
depicted in scatter plots
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variables. For PC 3, additional effects of sex ratio (more sexual/foraging behavior and
less aggression with a more female-biased sex ratio) and age structure (more sexual/
foraging behavior and less aggression with a greater proportion of juveniles) were
observed.

Table 4 Principal components
analysis of foraging and social
behaviors

Factor loadings in bold indicate
variables that load strongly on
each axis (loadings C |0.4|)

Behavior PC 1 PC 2 PC 3

Feeding 20.53 0.23 0.28

Prey inspection 20.54 -0.27 0.49

Copulation attempt 0.71 0.12 0.47

Male–female chase 0.68 -0.09 0.38

Intrasexual aggression 0.25 -0.68 -0.48

Intersexual aggression 0.15 0.74 -0.38

Variance explained 27.25 19.35 17.65

Fig. 3 Variation in foraging and social behaviors of Gambusia hubbsi in relation to sex, Gobiomorus
presence, and demographics. Effects of sex and predation on a behavioral PC 1, b behavioral PC 2, and
c behavioral PC 3; and d effect of sex ratio on behavioral PC 1. Least-squares means and standard errors
depicted in a–c; site means depicted in d
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Discussion

In nature, most organisms inhabit complex environments where they experience multiple
selective agents to which multiple individual traits and population characteristics may
respond. Tackling such complexity is difficult, and most studies to date have focused on
atomized components of the environment and phenotype. We investigated how multiple
environmental factors are correlated with demographics, habitat use, and behavior across
G. hubbsi populations inhabiting inland blue holes on Andros Island, The Bahamas. Based
on prior knowledge of the system, we predicted that presence or absence of the predatory
fish Gobiomorus dormitor would be the most influential ecological factor associated with
population-level differentiation, but that the presence of a competitor species (Cyprinodon
variegatus), resource availability, and abiotic factors may also contribute.

Our results suggest that variation in predation risk indeed represents the environmental
agent most commonly associated with ecological differentiation across G. hubbsi popu-
lations. Gobiomorus presence was associated with differences in population density, age
structure, habitat use, and a variety of behaviors—a weak association with G. hubbsi sex
ratio was also observed. We found support for every a priori prediction regarding predation
described in Table 1, and we found that other environmental agents were correlated with
population characteristics as well. Together, these results provide a more complete and
integrative understanding of the complex interactions that can contribute to ecological
differentiation, and sheds light on which environmental factors may prove most potent
during adaptive diversification. Further, this study is the first to investigate variation in
demographics, habitat use, and behavior in the model system of Bahamas blue holes.

Demographics

Gambusia hubbsi population density was only correlated with predation risk. Consistent
with our prediction, density was greatly reduced in the presence of Gobiomorus, pre-
sumably from higher mortality rates. These results are consistent with trends in other
poeciliid fishes (Poecilia reticulata: Gilliam et al. 1993; Reznick et al. 2001; Palkovacs

Table 5 Results of general linear models examining foraging and social behaviors as predicted by predator
presence, sex, and demographics (models selected based on AICc)

Trait Source F df P

Behavior PC1 Gobiomorus predator 10.24 1,7 0.0151

Sex (S) 28.20 1,7 0.0011

Sex ratio (SR) 2.54 1,7 0.1552

S 9 SR 12.85 1,7 0.0089

Behavior PC2 Gobiomorus predator (P) 27.87 1,8 0.007

Sex (S) 25.50 1,8 0.0010

P 9 S 19.53 1,8 0.0022

Behavior PC3 Gobiomorus predator (P) 31.28 1,6 0.0014

Sex (S) 55.50 1,6 0.0003

P 9 S 48.62 1,6 0.0004

Sex ratio 65.36 1,6 0.0002

Prop. juvenile 36.24 1,6 0.0009
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et al. 2011; Brachyrhapis: Johnson 2002; Gambusia: Araujo et al. submitted), suggesting
fish predators commonly reduce poeciliid fish densities. In contrast with our predictions,
G. hubbsi did not exhibit higher densities in sites with greater resource availability. It is
unlikely that this resulted from imprecision in our estimates as we did find that resource
availability was associated with other factors (see below). It is also unlikely that overall
densities are influenced by cumulative resource availability over longer time frames (e.g.
previous year) due to the general stability of blue holes and the high temporal repeatability
of most environmental variables. Rather, the dramatic impacts of predation appear to
negate virtually any effect of resource availability on G. hubbsi densities in blue holes.
Moreover, the presence of an interspecific competitor was not associated with reduced
densities of G. hubbsi. While this may suggest that Cyprinodon does not strongly compete
with G. hubbsi, we did find that Cyprinodon presence seemed to influence G. hubbsi
habitat use (see below). This habitat shift may alleviate some of the negative impacts of
competition with Cyprinodon.

We predicted that G. hubbsi populations with predators would have a more even sex
ratio, while low-predation populations would be more biased toward females. Our results
suggest a weak relationship of this type, especially in deep-water habitats. Our prediction
was largely based on (1) potentially increased predation rates on larger, more energetically
valuable females by Gobiomorus, and (2) males potentially being worse competitors for
food than females and more susceptible to starvation (Schultz 1977). However, our results
actually seem to reflect a habitat shift where females increase use of more marginal, deep-
water regions to reduce sexual harassment from males in high density, low-predation
populations (Croft et al. 2006; Darden and Croft 2008). This is supported by the significant
interaction term between predator regime and habitat, and by the elimination of sex-ratio
differences when pooled across habitats—both of which suggest sex ratio only tended to
differ between predator regimes within deep habitats. Additionally, the more even sex ratio
in the presence of Gobiomorus could partially reflect greater predation rates on females in
deep-water regions, where Gobiomorus are primarily found. While a previous study did not
find differential predation rates of Gobiomorus among the sexes of G. hubbsi (Langerhans
2009), that experimental study only examined predation in shallow water. Future work is
required to more accurately quantify sex-ratio differences across habitat types and blue
holes, and determine which mechanism(s) might be responsible.

Juveniles comprised a larger proportion of G. hubbsi populations in blue holes without
Gobiomorus, matching our predictions based on elevated survival probabilities in the
absence of predation. Also matching predictions, the proportional density of juveniles was
positively associated with resource availability, possibly due to higher survivorship in sites
with reduced intraspecific resource competition (Clutton-Brock et al. 2001; Daunt et al.
2007), and also potentially from increased fecundity in sites with higher resource levels
(Grether et al. 2001; Johnson 2002; Riesch et al. 2013). We did not find significant
evidence that Cyprinodon presence reduced juvenile recruitment (although a weak trend in
this direction was observed), as we predicted might occur due to potentially increased
competition for space and food.

Between-population differences in density, sex ratio, and age structure can have
important evolutionary consequences, as these parameters can influence social interactions,
intraspecific resource competition, the relative intensity of intra- and intersexual selection,
life-history traits, and rate of evolutionary responses to selection (e.g. Clutton-Brock and
Parker 1992; Charlesworth 1994; Roff 2002; Kokko and Rankin 2006; Smith and Sargent
2006; Knell 2009). Future research should investigate the consequences of the patterns of
demographic variation observed here.
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Habitat use

Gambusia hubbsi generally occupy the shallow, near-shore areas of blue holes where
food (e.g. allochthonous input and small organisms living in the substrate) and shelter,
provided by complex cave walls and aquatic vegetation, are most abundant. This ten-
dency to use shallow, near-shore habitat was especially evident in the presence of
Gobiomorus, matching our predictions based on avoidance of deep and offshore regions
where Gobiomorus are more abundant and no structural refugia exist. This pattern is also
consistent with some other poeciliids, which use shallow, near-shore regions more often
under higher risk of predation (Fraser and Gilliam 1992; Reznick et al. 2001). While
most G. hubbsi within a given blue hole were observed in shallow, near-shore regions,
they commonly used deep water in the absence of Gobiomorus—especially in near-shore
regions, where densities were similar to total densities combined across all habitats in the
presence of Gobiomorus (see Fig. 1a). This deep-water use is rarely observed in other
poeciliid fishes.

Predation was not the only factor associated with habitat use of G. hubbsi. First,
G. hubbsi increased deep-water use in the presence of the interspecific competitor
Cyprinodon, as predicted. Male Cyprinodon are highly territorial, often defending sections
of the cave walls, and can be aggressive toward G. hubbsi (R. B. Langerhans, pers. obs.).
Such interference competition could result in increased use of marginal habitat to avoid
antagonistic encounters with Cyprinodon. Second, shallow-water use increased in sites
with greater resource availability. This could reflect the fact that most productivity in the
blue holes relevant to G. hubbsi is confined to relatively shallow areas, and thus this region
experiences the greatest increase in density as resource levels increase.

Regardless of the source of the habitat shift—be it predation, competition, or resource
availability—this may result in concurrent shifts in diet and changes in selection pressures.
The different habitat types examined in blue holes likely possess different distributions of
prey items, requiring different detection, locomotor, foraging, and feeding strategies.
Previous work has shown both heritable and induced morphological responses to varying
food regimes in Gambusia and other poeciliid fishes (Robinson and Wilson 1995; Ruehl
and DeWitt 2005). Moreover, these different habitats likely differ in ambient background
color and light environment, potentially influencing the evolution of color signals (e.g.
G. hubbsi males possess bright orange dorsal fins) (Endler 1992; Boughman 2001; Leal and
Fleishman 2002). Future work can examine whether observed differences in habitat use
might reflect a plastic response to environmental cues or genetic divergence—but either
source can result in evolutionary change.

Behavior

The presence of predators is a major source of behavioral differences in G. hubbsi, with
substantial associations with foraging, sexual, and aggressive behaviors. First, female
G. hubbsi exhibited less sexual and more foraging behaviors than males, regardless of
predator regime. This pattern is widespread across many taxa as a consequence of
anisogamy, and is consistent with behavior in other poeciliid fishes (Houde 1997;
Magurran 2005). In line with our prediction, both sexes reduced foraging and increased
sexual behaviors in the presence of Gobiomorus. For females, this increase in sexual
behavior involves passive sexual behaviors (e.g. experiencing a copulation attempt, being
chased by a male). We expected this pattern for two primary reasons. First, high-predation
populations are less dense than low-predation populations, but do not differ in resource
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availability. This presumably results in reduced resource competition, allowing these fish
to spend less time searching for food and more time searching for mates. Second, because
life expectancy is likely shorter for G. hubbsi in high-predation sites, and because mating
occurs under the constant risk of mortality, selection may favor individuals that mate early,
often, and rapidly to maximize fitness (Magnhagen 1991; Godin 1995). The magnitude of
behavioral differences between predator regimes was greater in females than males
apparently because of a sex-dependent effect of sex ratio on foraging and sexual behaviors.
That is, females exhibited more foraging behaviors and fewer sexual behaviors as the sex
ratio became more female biased. In environments with a higher relative abundance of
females, sexual encounters may be less frequent simply due to reduced encounter proba-
bilities with males. After controlling for sex-ratio effects in our model-selection analysis,
there was no longer any indication of a difference between the sexes in the strength of
foraging and sexual behavioral differences between predator regimes. This highlights the
importance of simultaneously considering multiple population characteristics when
investigating patterns of ecological differentiation.

Sexes strongly differed in their relative frequencies of inter- and intra-sexual aggressive
behaviors in the presence of Gobiomorus, but not in its absence. While females maintained a
high level of aggression toward males in all sites, males exhibited much more male–male
aggression and much less male–female aggression in the presence of Gobiomorus, matching
our predictions. Elevated male–male aggression in high-predation populations may reflect
more intense competition among males for access to females in a social environment relying
less on female receptivity and more on forced mating (Endler 1995), and having fewer total
females in these less dense populations (Jirotkul 1999). Moreover, if high-predation males are
in better condition as a result of greater access to food—which recent work suggests may be the
case (Riesch et al. 2013)—they may have the energetic resources needed to engage in costly
male–male contests more frequently (Kolluru and Grether 2005). Increased levels of aggression
between the sexes in low-predation populations may largely represent stronger intraspecific
resource competition in these high-density environments, but may additionally reflect a shift
toward more aggressive tactics to assess female receptivity and secure matings (Jirotkul 1999).

Population differences in any of these behaviors can have evolutionary consequences,
affecting reproductive success, resource acquisition, and survival (e.g. Clark et al. 1954;
Farr 1976; Horth 2003; Köhler et al. 2011). Moreover, such behavioral differences can lead
to premating sexual isolation and assortative mating, driving the speciation process (Mayr
1963; Coyne and Orr 2004; Gavrilets 2004; Price 2008). Future work is needed to uncover
the environmental (i.e. phenotypic plasticity) and genetic bases of observed behavior
patterns, as well as their importance in facilitating ecological and evolutionary divergence.

Our results provide a more integrative understanding of how multiple environmental
agents interact to drive ecological differentiation during the early stages of species radi-
ations. Our study confirms predation’s important role in promoting ecological divergence
and demonstrates that interspecific competition and resource availability are also notable
contributors. Future experimental work could build on this comparative study to confirm
the direction of causation for the trends we revealed between ecological factors and
population attributes.
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Behavioral Ecology

difficult to assess both natural and sexual selection on the trait of  
interest while controlling for other potentially confounding fac-
tors. Moreover, to understand how sexual signals diversify, studies 
should perform such tests within natural systems where the sexual 
trait has undergone evolutionary diversification. Thus, a powerful 
way to test for a trade-off between natural and sexual selection is to 
experimentally manipulate only the male sexual signal and assess 
its conspicuity to predators or parasites (natural selection) and its 
attractiveness to females (sexual selection) across multiple popula-
tions within a study system characterized by sexual signal diversi-
fication. Although such an experiment would provide one of  the 
strongest tests of  the selection trade-off hypothesis, no study to date 
has employed this approach.

Variation in ecological conditions can alter both natural and 
sexual selection on sexual signals, leading to signal diversifica-
tion across ecologically different environments. For instance, 
environments with higher predator densities likely confer greater 
viability costs for bearing elaborated traits due to reduced loco-
motor ability or increased detectability (Godin and McDonough 
2003; Langerhans et  al. 2005). Thus, variation in predation risk 
can clearly result in modified natural selection on sexual signals. 
However, high-risk environments can also affect the magnitude or 
direction of  sexual selection by increasing costs associated with 
searching for and assessing potential mates, reducing the availabil-
ity or quality of  territories, or altering the information content 
of  sexual signals (Schluter and Price 1993; Jennions and Petrie 
1997). As a result, females inhabiting different environments may 
exhibit different preferences for male traits due to behavioral plas-
ticity or genetically based differences (Schluter and Price 1993; 
Godin and Briggs 1996; Johnson and Basolo 2003; Eraly et  al. 
2009; Fuller and Noa 2010). In particular, geographic variation in 
predation risk can result in vastly different mating environments, 
often selecting for reduced choosiness and mate assessment in 
populations experiencing high threat of  predation (Magnhagen 
1991; Jennions and Petrie 1997). For example, guppies from 
high-predation stream regions show weakened preference for 
bright coloration in males (Stoner and Breden 1988; Endler and 
Houde 1995; Schwartz and Hendry 2007). Variation in female 
preferences between different environments can have important 
implications for population divergence and speciation (Maan and 
Seehausen 2011).

Here, we directly test whether a trade-off between natural and 
sexual selection underlies diversification of  a conspicuous sexual 
signal—orange dorsal-fin coloration—in Bahamas mosquito-
fish inhabiting blue holes. Inland blue holes (water-filled vertical 
caves) on Andros Island, The Bahamas, harbor simple fish com-
munities of  typically just 1–3 species that colonized these iso-
lated environments during the last ~15 000 years (Heinen et al. 
2013). Two common inhabitants include a small livebearer, the 
Bahamas mosquitofish (Gambusia hubbsi), and a larger piscivore, 
the bigmouth sleeper (Gobiomorus dormitor). Across Andros Island, 
all possible community compositions of  these 2 fishes occur in 
different blue holes: mosquitofish without sleepers (low-predation 
risk for mosquitofish), both mosquitofish and sleepers (high-pre-
dation risk for mosquitofish), and sleepers without mosquitofish 
(naive sleepers). Neither environmental factors (e.g., water color, 
turbidity, pH, depth, and resources) nor genetic relatedness of  
both mosquitofish and sleeper populations systematically cova-
ries with fish community (Heinen et  al. 2013; Heinen-Kay and 
Langerhans 2013; Martin et  al. 2015). However, low-predation 
mosquitofish populations exhibit far greater population densities 

than high-predation populations, presumably resulting in more 
intense intraspecific competition (Heinen et  al. 2013). Sleeper 
population density and size structure do not differ with mosquito-
fish presence, and no other fish species are present in sleeper-only 
blue holes (Martin et al. 2015). Sleepers represent the top preda-
tor in all blue holes where they are present. This unique “natural 
experiment” allows us to test multiple questions about how natu-
ral selection, sexual selection, and their interaction shapes sexual 
signal evolution in the wild.

Although Bahamas mosquitofish males have evolved differences 
in multiple sexual signals between predation regimes (Martin 
et  al. 2014), we focus here on one of  the most obvious second-
ary sexual traits, the bright orange dorsal fin. Males display their 
dorsal fin to females during courtship and to other males when 
competing for potential mates (all authors, personal observation). 
Mosquitofish inhabiting low-predation blue holes have repeatedly 
evolved dorsal fins exhibiting greater orange coloration relative to 
counterparts in high-predation populations (Martin et  al. 2014). 
The carotenoid-based orange dorsal-fin coloration has a genetic 
basis and covaries with body condition and testis size, suggesting 
that this trait might serve as an honest indicator of  male quality 
(Martin et  al. 2014; Giery ST, unpublished data). Previous work 
has also demonstrated that Bahamas mosquitofish populations in 
different predation regimes exhibit strong sexual isolation, placing 
this investigation of  sexual signal divergence within the context 
of  ongoing speciation (Langerhans et  al. 2007; Langerhans and 
Makowicz 2013).

We employ a promising method for directly testing predictions 
about the processes underlying sexual signal diversification: pre-
senting physical models of  the study organism that differ only in 
the secondary sexual trait of  interest to both natural predators 
and female conspecifics. First, to assess the influence of  natural 
selection via predation on dorsal-fin coloration, we used fish rep-
licas differing only in dorsal-fin color to determine whether the 
orange-shifted dorsal fins characteristic of  low-predation mosqui-
tofish populations are more conspicuous to predatory bigmouth 
sleepers and whether sleeper response depends on evolutionary 
history (presence or absence of  mosquitofish). Testing fin conspi-
cuity with both coevolved and naive sleepers allows us to evaluate 
both current natural selection and selection at the time of  colo-
nization. Second, to assess the influence of  sexual selection on 
dorsal-fin coloration, we used the models to test whether female 
mosquitofish prefer greater orange coloration in male dorsal 
fins and whether any observed female preference is genetically 
based. Given that wild low-predation males consistently pos-
sess more orange-shifted fins than high-predation males (Martin 
et al. 2014), we predict that overall, orange-shifted dorsal fins are 
simultaneously more conspicuous to predatory bigmouth sleep-
ers and more attractive to female mosquitofish. We additionally 
examine whether the strength or direction of  female preference 
depends on evolutionary history with sleepers. Due to potential 
viability costs in males bearing more orange fins, combined with 
possibly elevated costs of  mate preferences, female mosquitofish 
from high-predation environments might express a reduced pref-
erence for orange fin coloration or even a preference for the less 
orange fin typical in high-predation populations. Considering 
that prior work has demonstrated that females from different pre-
dation regimes exhibit divergent preferences for other traits in 
this system (male body shape: Langerhans and Makowicz 2013), 
it is possible that female preference for fin color might have also 
diverged.
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MATERIALS AND METHODS
Model construction

The ability to manipulate a single trait while holding all others 
constant offers clear advantages for studying the effects of  the focal 
trait on performance and fitness. Compared with phenotypically 
modified live animals or video playback methods, physical models 
are easily implemented in both lab and field situations and have 
been previously used in a number of  studies to test predictions 
about prey conspicuity or susceptibility to predation (e.g., Brodie 
1993; Caley and Schluter 2003; Husak et al. 2006) and female mat-
ing preferences (e.g., MacLaren et  al. 2004; Speares et  al. 2007; 
Kozak et al. 2008; Williams and Mendelson 2013; Williams et al. 
2013). To our knowledge, no previous research has used the same 
models to test both natural and sexual selection in the same system.

We created plastic Bahamas mosquitofish models using 3D scan-
ning and 3D printing technologies. First, we molded a mosquitofish 
prototype using modeling clay to reflect a male with an intermedi-
ate body shape and a large body size within the range of  natural 
variation. Using a NextEngine 3D laser scanner (NextEngine, Santa 
Monica, CA), we obtained digital shape data that were printed 
with a Stratasys uPrint 3D printer (Stratasys, Eden Prairie, MN). 
Because we wished to reduce potential sources of  variation between 
models while maximizing biological realism, we hand-painted 
models using artist-grade acrylic paint to exhibit some, but not all, 
physical features including the eyes, pupils, subocular bar, caudal-
fin spots, and the pale abdominal region (Figure  1a,b). The color 
of  paint applied on the dorsal fins was mixed by hand to match the 
average low- and high-predation dorsal-fin color values exhibited 
in the wild as measured by CIE L*A*B and RGB colorspaces in 
Adobe Photoshop (Martin et al. 2014) and reflectance spectrometry 
using an Ocean Optics Jaz spectrometer (Ocean Optics, Dunedin, 
FL) (Figure 1c). Using average fin color values from each predation 
regime provides a more realistic test of  selection on fin color than 
using extreme color values that may be rare in the wild. Because 
the caudal fin and gonopodium are translucent, we painted them 
to mimic the background color of  the experimental aquaria used in 
mate-choice trials (Figure 1b; see below) in an attempt to resemble 
their appearance in the wild. For the in situ predator trials, these 2 
fins were instead painted the same color as the body. We painted 
all models during a single session using the same batch of  paint to 
minimize variation between models. We used a total of  4 model 
sets (each set comprised a low- and high-predation color model) 
in 3 experiments—multiple model sets were employed to avoid 
biases resulting from any subtle, unintended differences between 
models. Methods employed in the 3 experiments described below 
adhered to the Animal Behavior Society’s guidelines for ethical ani-
mal treatment and were approved by the Institutional Animal Care 
and Use Committee at North Carolina State University (protocol 
#13-101-O).

Experiment 1: Conspicuity to predators

Experimental design and procedure
To test whether dorsal fins exhibiting greater orange coloration 
are more conspicuous to bigmouth sleepers, we conducted trials 
examining sleeper responses to the models in 5 blue holes (3 high-
predation, 2 predator-only; see Supplementary Table S1) from 12 
July 2013 to 17 July 2013. Sleepers are continually observed swim-
ming and actively foraging in blue holes throughout daylight hours 
(Langerhans et al. 2007; Martin et al. 2015), and we conducted all 

trials between 10:00 and 16:00. We deployed model pairs in situ 
using a floating T-shaped control bar constructed of  PVC pipe. 
The control bar consisted of  a long bar (3 m) connected to a cross-
bar (0.7 m) from which a low-predation and high-predation models 
were suspended from opposite ends with fishing line (Figure  1d). 
Models were suspended at a depth of  1 m, with small fishing 
weights suspended 30 cm below each model to ensure model stabil-
ity and prevent underwater drift. At each blue hole, we conducted 
20 five-min trials at equally spaced locales around the perimeter of  
the blue hole within 1 m of  the shoreline. For each trial, 2 snorkelers 
monitored each model from ~3 m away, whereas a fifth snorkeler 
held the control bar in place. During each 5-min trial, we mea-
sured the number of  inspections, inspection duration, and number 
of  attacks by sleepers on each model. We defined an inspection 
as the entry of  a sleeper within a 30 cm radius of  a model, where 
the sleeper clearly oriented toward the model. Inspection duration 
included the time in which at least 1 sleeper was present within 
30 cm of  a model. Attacks described cases where a sleeper bit or 
mouthed a model. We alternated the left–right position of  the 
models between each trial (this also alternated the observers for 
each model type) and conducted 10 trials with each of  2 model sets 
in each blue hole. We excluded 3 trials due to logistical problems 
(models resting on ledge or impaired visibility caused by disturbed 
substrate from blue-hole wall), leaving a total sample size of  97 tri-
als (Supplementary Table S1).

Statistical analyses
To test whether the average low-predation dorsal-fin color was 
more conspicuous to bigmouth sleepers, and whether evolutionary 
history with mosquitofish affected sleeper responses, we conducted 
separate general linear mixed models (LMMs) using the 3 response 
variables (number of  inspections, inspection duration, and number 
of  attacks) as dependent variables. Independent variables included 
model fin color, mosquitofish presence, and their interaction. We 
also included blue hole as a random term and trial number nested 
within blue hole as a random blocking term, thereby treating trials 
as the unit of  replication for tests of  model fin color and blue holes 
as the unit of  replication for the test of  mosquitofish presence. Time 
of  day, model set, and left–right model position were excluded from 
final analyses due to nonsignificance. We followed up significant 
interaction terms with Tukey’s honestly significant difference (HSD) 
tests. We conducted all analyses in JMP (SAS Institute, Cary, NC); 
data met assumptions of  general linear models.

Because we conducted multiple significance tests based on the 
same set of  trials, we can experience inflated Type I  error rates. 
To correct for this without suffering the substantial increase in 
Type II error rates (reduction of  statistical power) associated with 
Bonferroni correction procedures (e.g., Garcia 2004; Nakagawa 
2004; Verhoeven et  al. 2005), we controlled the false discovery 
rate (FDR; Benjamini and Hochberg 1995; Storey 2003; Storey 
and Tibshirani 2003). FDR describes the proportion of  significant 
tests that are actually null. We used the program QValue (Storey 
2002) to control the FDR at 5% using the bootstrap procedure to 
estimate π0 (probability of  a true null hypothesis). We interpreted 
P values ≤0.05 as significant if  the q value (FDR equivalent of  P 
value) determined by QValue for that particular test was also ≤0.05.

Experiment 2: Wild-caught female preferences

Experimental fish
To test whether sexual selection currently favors greater orange col-
oration in male dorsal fins, we conducted dichotomous choice tests 
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with wild-caught females (n = 70; Supplementary Table S1) using 
the models as stimuli. We captured adult female Bahamas mosqui-
tofish between 11 July 2013 and 18 July 2013 from 6 blue holes 
(3 low-predation, 3 high-predation) using handheld dip nets and 
transported the fish to Forfar Field Station on Andros Island for 
experimental trials. Female mosquitofish were isolated from males 
for at least 2  days prior to mate-choice trials and tested within 2 
weeks of  capture. Fish were fed a diet of  Tetra-min Pro fish flakes 
while in captivity.

Dichotomous choice trials
Dichotomous choice tests were conducted in a plexiglass aquar-
ium (interior dimensions: 51 cm long × 20 cm wide × 14 cm deep) 
filled to a depth of  8 cm with a combination of  water from the 
female’s original holding tank and tap water aged at least 24 h 
and treated with Amquel Plus and Fish Protector. Water temper-
ature ranged from 27.0 to 29.7  °C (average water temperature 
in blue holes at the time of  capture was 30  °C). Models were 
attached by fishing line to belts positioned at opposite ends of  the 
experimental tank, outside and above the aquarium (low-preda-
tion model at one end, high-predation model at the other). The 
belts attached to a motor and pulley system (all out of  view of  
the female) so that each model “swam” through the air in 22-cm-
long ellipses parallel to the tank sidewalls (Figure 1e; Kozak et al. 
2008). The entire aquarium and model presentation area were 
lined with paper printed with the average color of  water in blue 

holes (Martin et  al. 2014) with the exception of  the top, which 
had clear plexiglass for video recording of  trials from above 
(Figure  1e). This served to mimic an average blue-hole envi-
ronment background and prevent the fish from witnessing any 
motion outside the tank other than the models. The fishing line 
that attached each model to the belt was painted a similar blue 
color to minimize its visibility to the female. Black lines on the 
paper lining the aquarium bottom visually divided the tank into 
5 segments (the experimental female could move freely about the 
tank): interaction zones (5 cm long) were at opposite ends of  the 
tank adjacent to the model presentation area; association zones 
(15 cm long) included each interaction zone and an additional 
10 cm length of  the tank; a neutral zone (21 cm long) comprised 
the center of  the tank (Figure  1e). We used 2 different model 
sets in dichotomous choice trials to ensure fish responses did not 
result from subtle variation between models.

Each trial commenced with a 5-min acclimation period where 
we turned the motors on and placed a single female into the exper-
imental tank. Pieces of  blue-hole water color paper (“curtains”) 
blocked the model viewing area, which prevented the female from 
seeing the models during the acclimation period. After 5 min, 
we pulled away the paper curtains to expose the models to the 
female and began video recording the tank from above using a 
Sony DCR-SR68 camcorder (Sony, New York, NY) for the first 
5-min observation period. Following this observation period, we 
allowed the motors to continue running for a 2-min intermission 
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Figure 1
Illustration of  study organism and methodological details. (a) Underwater photograph of  a male Bahamas mosquitofish in a blue hole. (b) Photograph of  
mosquitofish models exhibiting average low-predation (LP, top) and high-predation (HP, bottom) dorsal-fin coloration. (c) Reflectance spectra of  dorsal fins 
for the painted models and representative live Bahamas mosquitofish males. Top view of  experimental apparatus for (d) predator trials in blue holes and (e) 
mate-choice trials for both wild-caught and lab-born mosquitofish. Panel (e) depicts the interaction zones (Intx), association zones (Assoc), and neutral zone 
within the experimental tank (light blue), as well as the motors, belts, and pulleys outside the tank, which were attached to the plexiglass lid that rested on top 
of  the experimental tank. Mosquitofish models were suspended from the belt with fishing line.
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period where we again blocked the female’s view of  the models 
with paper curtains and reversed the left–right positioning of  the 
models, allowing us to account for any potential side biases exhib-
ited by experimental females. After the intermission, we removed 
the paper curtains and video recorded the tank from above for an 
additional 5-min observation period. Thus, an entire trial lasted 
17 min, 10 of  which contained behavioral observations. Initial 
right–left presentation of  models was alternated between each 
trial. We conducted trials during normal activity hours of  these 
fish (all trials between 7:00 and 19:30) and tested individuals from 
each population on at least 2 different days to avoid confound-
ing trial day with population. We sacrificed females immediately 
following each trial with an overdose of  MS222 and individually 
preserved females in 95% ethanol. Because female body size may 
covary with choosiness in livebearing fishes (Kahn et al. 2010), we 
used tpsDig2 software (Rohlf  2010) to measure standard length 
(tip of  rostrum to apex of  the hypural plate) from lateral photo-
graphs captured with a Canon Rebel XS digital camera (Canon, 
Melville, NY).

Using the video recordings of  mate-choice trials, we measured 
the total amount of  time a female spent in the tank zones cor-
responding to each model, summed across the entire 10-min 
observation period. We defined occurrence within each zone as 
the presence of  the entire head of  the female (anterior to pecto-
ral fins). Because it is unclear how to best quantify female prefer-
ence, we used 3 different “mating response” metrics: 1) interaction 
zone time (5 cm proximity to model presentation area), 2)  asso-
ciation zone time (15 cm proximity to model presentation area), 
and 3) proportional interaction zone time (interaction zone time/
association zone time). Interaction zone time likely reflects a con-
servative estimate of  female preference because a fish within a 
given interaction zone is quite close to the model presentation area 
relative to the size of  the experimental tank (~10% of  the tank 
area) and their own body size (average body length of  wild-caught 
experimental females: 37.8 mm ± 0.58 standard error [SE]). Prior 
work in livebearing fishes has demonstrated that female association 
time during mate-choice experiments predicts whether a female 
will subsequently mate with a given male (Walling et  al. 2010). 
Proportional interaction time reflects the time a female spent in 
very close proximity to a model (interaction zone) relative to the 
time she had the opportunity to interact with the model (asso-
ciation zone). Previous work has found that proportional interac-
tion time provides a useful indicator of  how attractive a female 
finds a male stimulus given her overall interest in associating with 
the stimulus (Johnson and Basolo 2003; Langerhans et  al. 2007; 
Langerhans and Makowicz 2013).

Statistical analyses
We tested whether wild-caught female mosquitofish preferred to 
associate with the low-predation model and whether this prefer-
ence differed between predation regimes by conducting separate 
LMMs using the 3 estimates of  mating response (interaction zone 
time, association zone time, proportional interaction zone time) as 
dependent variables. Model fin color, predation regime, and their 
interaction served as predictors. We also included blue hole and 
female ID as random effects; individuals served as the unit of  rep-
lication for tests of  model fin color, whereas blue holes served as 
the unit of  replication for the test of  predation regime. Standard 
length and model set were excluded from final analyses due to 
nonsignificance. We followed up significant interaction terms with 
Tukey’s HSD tests. Because we conducted multiple tests for the 

same trials, we again controlled the FDR at 5% using methods 
described above.

Experiment 3: Lab-born female preferences

Experimental fish
To test for a genetic basis and heritability of  female preferences 
for male dorsal-fin color, we conducted dichotomous choice trials 
with lab-born F1 generation virgin female Bahamas mosquitofish 
(n = 34). Experimental fish represent the offspring of  8 different 
females captured as adults from Cousteau’s blue hole (high-pre-
dation). Thus, we did not assess the genetic basis for any possible 
differences in female preference among populations—we were 
specifically interested in testing whether preferences observed in 
wild-caught fish had a genetic basis (i.e., did not require mating 
experience or native environmental cues) and whether genetic 
variation for female mating preference exists within a popula-
tion (i.e., heritability), indicating that preferences could evolve. 
Fish were raised in sibling groups under common lab conditions 
in 7-L tanks, fed a diet of  live brine shrimp, Tetra-min Pro fish 
flakes, and freeze-dried Daphnia and bloodworms, and had never 
experienced nor witnessed any copulations. Male siblings were 
removed from each tank prior to reaching sexual maturity. Six of  
the wild-caught mothers produced multiple daughters in the lab, 
permitting a test of  heritability of  mate preference (n = 32). We 
conducted dichotomous choice tests using methods identical to 
those described above for wild-caught fish, except that experimen-
tal females were not sacrificed at the end of  the trial. Instead, we 
photographed fish alive for standard length measurement. Water 
temperature in the experimental tank ranged from 23 to 27  °C 
(24.4 ± 0.19 SE), similar to the rearing temperature of  the fish 
(24–26 °C).

From the video recordings of  mate-choice trials, we measured the 
same 3 estimates of  mating response as described above but addition-
ally calculated estimates of  mating preference associated with each of  
the 3 response types to evaluate individual variation in model prefer-
ence for heritability analyses (following methods in Langerhans and 
Makowicz 2013). For interaction and association zone times, we sepa-
rately calculated mating preference as the time associating near the 
low-predation model minus the time near the high-predation model 
divided by the sum of  time spent associating with both models. For 
proportional interaction time, we calculated mating preference sim-
ply as the low-predation model value minus the high-predation model 
value. These estimates of  mating preference can range from −1 (abso-
lute preference for the low-predation model) to 1 (absolute preference 
for the high-predation model), with 0 representing no preference.

Statistical analyses
Because mating response data exhibited nonnormality, we tested 
whether lab-born virgin females possessed a preference for the low-
predation model using nonparametric Wilcoxon signed-rank tests. 
We separately tested for differences between model types in interac-
tion zone time, association zone time, and proportional interaction 
zone time. Using the mate preference scores, we conducted sepa-
rate analyses of  variance (Anovas; data met assumptions for Anova) 
to test for heritability of  mate preference based on full-sib family 
differences. Due to our modest sample size, we do not report herita-
bility estimates but rather focus exclusively on the significance tests 
for genetic variation in female preference. To avoid inflated Type 
I error rates due to conducting multiple tests for the same trials, we 
again controlled the FDR at 5% using methods described above.
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RESULTS
Experiment 1

For the number of  inspections and inspection duration, the sig-
nificant interaction term indicated that the effect of  model color 
depended on the presence of  mosquitofish within the blue hole 
(Table  1). Post hoc tests revealed that sleepers inhabiting mosqui-
tofish-free blue holes more frequently inspected and spent more 
time inspecting the orange-shifted low-predation model than the 
high-predation model (Figure  2). Naive sleepers also exhibited 
higher overall responsiveness to the models, inspecting both mod-
els significantly more than coevolved sleepers. Number of  attacks 
did not differ between the models or in association with mosquito-
fish presence (Table 1). On average, the number of  attacks per trial 
on either model type was low within all blue holes (least-squares 
means: 1.0–1.4).

Experiment 2
As predicted, wild-caught female mosquitofish preferred the low-
predation model with the more orange dorsal fin. Females spent 
significantly more time in the association zone of  the low-preda-
tion model compared with the high-predation model (Table 2 and 
Figure  3a). Although not significant using α  =  0.05 with 2-tailed 
tests, we observed a trend in the same direction for both propor-
tional interaction zone time and interaction zone time (the latter 
being significant with a 1-tailed test, matching our a priori predic-
tion). Females originating from different predation environments 
did not differ in fin color preferences (Table 2).

Experiment 3
Wilcoxon signed-rank tests revealed that lab-born virgin females 
from Cousteau’s blue hole spent significantly more time associat-
ing with the orange-shifted low-predation model as indicated by 
the interaction zone and proportional interaction zone times dur-
ing dichotomous choice tests; association zone time did not meet 
statistical significance although the pattern was in the predicted 
direction (Table 3 and Figure 3b). Furthermore, our Anova testing 
for differences among families indicated significant heritability for 
female preference for more orange dorsal fins based on interac-
tion zone time and proportional interaction zone time; associa-
tion zone time exhibited a suggestive trend in the same direction 
(Table 4).

DISCUSSION
To our knowledge, this is the first study to empirically examine 
both natural and sexual selection using the same experimentally 
manipulated stimuli across multiple populations within the con-
text of  ongoing sexual signal divergence. Using physical models 

of  male Bahamas mosquitofish that mimicked the average dorsal-
fin color observed in either low- or high-predation populations, 
our findings suggest that the orange-shifted low-predation dorsal 
fins are simultaneously more conspicuous to naive predators and 
more attractive to both experienced and virgin female conspecifics. 
These results bolster the selection trade-off hypothesis as a com-
pelling mechanism that can explain evolutionary diversification 
of  secondary sexual traits while also uncovering system-specific 
nuances. For instance, female preference for orange coloration 
in males did not weaken in the presence of  predatory bigmouth 
sleepers despite the apparent viability cost of  colorful fins in that 
environment.

We had the remarkable opportunity in this study to examine 
naive predators in an attempt to uncover how selection likely oper-
ated at the time of  blue-hole colonization. This provides a strong 
test of  whether natural selection via sleeper predation might have 
driven the reduced orange fin coloration in high-predation mos-
quitofish, as it avoids confounding factors such as the subsequent 
evolution of  refined search images for prey. Evidence from naive 
sleepers confirmed that greater orange coloration of  mosquito-
fish dorsal fins indeed draws more attention from these predators. 

Table 1
Results of  general LMMs examining variation in inspection behaviors of  predatory bigmouth sleepers in response to model 
Bahamas mosquitofish stimuli in blue holes

Source

Number of  inspections Inspection duration Number of  attacks

F df P F df P F df P

Model fin color 10.45 1, 95 0.0017 6.31 1, 95 0.0137 0.06 1, 95 0.8019
Mosquitofish presence (MP) 6.36 1, 3.02 0.0855 17.67 1, 3.04 0.0240 0 1, 2.87 0.9808
Model fin color × MP 7.26 1, 95 0.0083 4.15 1, 95 0.0445 0.65 1, 95 0.4213

P values ≤ 0.05 that remained significant after controlling for a FDR of  5% are bolded. df, degrees of  freedom.
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Figure 2
(a) Number of  inspections and (b) inspection duration for the low-predation 
(LP) and high-predation (HP) mosquitofish models exhibited by bigmouth 
sleepers living in the presence and absence of  mosquitofish. Least-squares 
means ± SE depicted. Letters indicate significant differences.
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Although these results support the notion that male Bahamas mos-
quitofish have evolved reduced sexual ornamentation in high-risk 
environments because bright orange fins attract the notice of  pred-
atory sleepers and decrease survivorship, we found that the effect 

of  dorsal-fin color on predatory inspections largely depended on 
whether sleepers co-occurred with mosquitofish.

Larger diet breadth and less refined prey search images may 
explain why naive sleepers exhibited both a stronger response 
toward the low-predation model and more responsiveness overall to 
the experimental mosquitofish models than sleepers that coevolved 
with mosquitofish. Naive sleepers consume a greater diversity of  
prey items (including at least 8 orders of  insects, as well as crusta-
ceans, gastropods, and arachnids) than coevolved sleepers that pri-
marily consume mosquitofish and large insects (Martin et al. 2015). 
With a broad array of  potential prey items, naive sleepers may be 
more likely to approach a novel item to assess its suitability as prey 
compared with coevolved sleepers. Moreover, naive sleepers may 
lack a search image for Bahamas mosquitofish, allowing the model 
dorsal-fin color to greatly affect its perceived conspicuousness and 
attractiveness as prey. Meanwhile, a history of  intimate predator–
prey coevolution in high-predation blue holes may have resulted in 
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Figure 3
Three estimates of  mating responses of  (a) wild-caught and (b) virgin lab-born female Bahamas mosquitofish during dichotomous choice tests between low-
predation (LP) and high-predation (HP) male mosquitofish models. Least-squares means ± SE depicted.

Table 3
Results of  Wilcoxon signed-rank tests investigating preference 
for the orange-shifted dorsal-fin coloration in the low-predation 
model compared with the high-predation model in lab-born 
female Bahamas mosquitofish

Mating response z P

Interaction zone −113.50 0.0235
Association zone  −93.50 0.1110
Proportional interaction zone −101.0 0.0459

P values ≤ 0.05 that remained significant after controlling for a FDR of  5% 
are bolded.

Table 2
Results of  general LMMs examining variation in mating response of  wild-caught female Bahamas mosquitofish for low- and high-
predation models during dichotomous choice trials

Source

Interaction zone Association zone Proportional interaction zone

F df P F df P F df P

Model fin color 3.1665 1, 68 0.0796 4.0515 1, 68 0.0481 1.4051 1, 68 0.2400
Sleeper presence (SP) 0.8522 1, 4.081 0.4072 1.5110 1, 3.94 0.2873 0.3348 1, 4.124 0.3348
Model fin color × SP 0.0071 1, 68 0.9333 0.5380 1, 68 0.4658 0.4727 1, 68 0.4727

P value ≤ 0.05 that remained significant after controlling for a FDR of  5% is bolded. df, degrees of  freedom.
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sleepers that possess a highly refined search image for mosquitofish 
prey. Owing to this strong search image and their primarily piscivo-
rous diet, coevolved sleepers may rapidly approach motionless mos-
quitofish (models) from a distance but quickly realize without close 
inspection that the models are not actually live fish (i.e., not profit-
able prey items). This efficient rejection of  plastic models as poten-
tial fish prey could mask the occurrence of  greater conspicuity or 
attractiveness of  the low-predation model.

Alternatively, selection against orange dorsal-fin coloration in 
high-predation environments might primarily involve correlated 
traits and not color per se—for example, males with orange-shifted 
dorsal fins might exhibit larger body size, more risky courtship 
behaviors, and less vigilance (Cordes et  al. 2014; Martin et  al. 
2014). If  true, then our results suggest that during early stages of  
predator–prey coevolution, selection might act directly against 
orange coloration but later act indirectly against orange coloration 
via selection on correlated traits. Sensory bias seems unlikely to 
explain differences in sleeper responses to mosquitofish models: 
although sleeper morphology and diet differ between blue holes 
with and without Bahamas mosquitofish (Martin et  al. 2015), no 
evidence supports differences in sensory bias for orange perception 
or response between these environments—sleepers lack orange 
coloration in all sites, and no other orange-colored diet items 
are known.

Matching our prediction, female mosquitofish preferred to asso-
ciate with the low-predation model during dichotomous choice 
trials. Therefore, sexual selection by female mate choice indeed 
favors greater orange dorsal-fin coloration in males in this system, 
consistent with ample evidence from other systems where females 
prefer mates with greater sexual ornamentation (Andersson 1994; 
Andersson and Simmons 2006). Combined with viability costs of  
orange dorsal fins in the presence of  sleepers, the mating advan-
tage of  more colorful males in Bahamas mosquitofish presumably 
explains the evolution of  greater orange coloration in the absence 
of  bigmouth sleepers (Martin et al. 2014).

The most prominent models of  sexual selection require geneti-
cally based female preferences (Andersson and Simmons 2006), but 
few studies have investigated heritability of  preferences compared 
with those examining heritability of  sexual trait expression (Bakker 
and Pomiankowski 1995; Mead and Arnold 2004; Sharma et  al. 
2010). We confirmed here that female preferences for dorsal-fin 
coloration have a genetic basis, with significant heritability within 
at least one high-predation blue hole. Thus, this preference for 
greater ornamentation does not solely reflect environmental effects 
or learning in female Bahamas mosquitofish. But why might female 
Bahamas mosquitofish prefer greater orange coloration in male 
dorsal fins?

We suggest that this carotenoid-based trait may serve as an indi-
cator trait, relaying information about a potential mate’s ability to 

provide indirect (genetic) benefits, with female preference evolving 
through a “good genes” mechanism (Kirkpatrick 1987; Maynard 
Smith 1991; Andersson 1994). Low-predation blue holes possess 
high mosquitofish densities, likely resulting in intense resource 
competition (Heinen et  al. 2013). Given that carotenoids must 
be obtained from the environment, more orange fins might sig-
nal superior foraging efficiency. Though high-predation environ-
ments harbor less dense mosquitofish populations (Heinen et  al. 
2013), high-predation females may still value foraging ability 
or condition/health—carotenoid-based traits sometimes reflect 
immune response or parasite resistance (Lozano 1994; Hill and 
Farmer 2005). Although foraging ability should not prove criti-
cally important in high-predation environments, parasite infec-
tion is common across all blue holes (Langerhans RB, Johnson 
PTJ, unpublished data), thus parasite resistance could potentially 
explain indirect benefits associated with carotenoid signals in 
both environments. It is also possible that fin color signals dif-
ferent information in different environments: for example, fin 
color might indicate predator evasion ability, rather than forag-
ing efficiency, in high-predation populations. A signal advertising 
this ability could provide useful information to both females—
who should indirectly benefit from mating with locally successful 
males by having offspring that inherit this trait (Lorch et al. 2003; 
Badyaev 2004)—and predators about viability and ability to deter 
predatory attacks by indicating high escape potential (Godin and 
Dugatkin 1996; Leal 1999). In this case, females prefer males 
with greater orange coloration in their dorsal fins because they 
suffer greater conspicuity to predators but have nonetheless sur-
vived. Future work should attempt to elucidate the mechanism(s) 
underlying female preference for, and the information content of, 
orange dorsal fins.

Although trade-offs between natural and sexual selection are 
commonly invoked to explain patterns of  sexual signal diversifica-
tion, other mechanisms can produce patterns consistent with this 
interpretation. Thus, we must empirically test specific hypotheses 
of  how both aspects of  selection act on sexual signals if  we wish 
to uncover the importance of  the selection trade-off hypothesis 
in the wild. For instance, differences in resource availability can 
lead to sexual trait differences across environments, especially for 
carotenoid-based sexual signals (Grether et al. 1999). Sensory envi-
ronments (e.g., background color) can also drive population diver-
gence in sexual traits to maximize signal detectability in different 
transmission environments (Boughman 2002; Leal and Fleishman 
2004). These factors can also covary with predation risk in nature, 
obscuring the causes of  signal diversification. In this study system, 
previous work has demonstrated the importance of  resource avail-
ability and background light environment in among-population 
variation in dorsal-fin color, in addition to independent divergence 
of  fin color between predation regimes (Martin et al. 2014). With 
multiple possible selective agents responsible for the evolution of  
sexual signal diversity, experimental approaches provide an espe-
cially powerful means of  revealing the importance of  the selection 
trade-off hypothesis compared with other mechanisms. Our results 
indicate that a trade-off between natural and sexual selection can 
indeed drive major patterns of  signal diversity during an adaptive 
radiation.

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

Table 4
Summary of  results from Model II Anovas examining heritable 
variation in female preferences for male Bahamas mosquitofish 
dorsal-fin coloration

Mating response F df P

Interaction zone 2.73 5, 26 0.0411
Association zone 2.24 5, 26 0.0804
Proportional interaction zone 4.83 5, 26 0.0029

P values ≤ 0.05 that remained significant after controlling for a FDR of  5% 
are bolded. df, degrees of  freedom.
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CHAPTER 3

Predation-associated divergence of male genital morphology in a
livebearing fish
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Abstract

Male genital morphology is remarkably diverse across internally fertilizing
animals, a phenomenon largely attributed to sexual selection. Ecological
differences across environments can alter the context of sexual selection, yet
little research has addressed how this may influence the rapid, divergent
evolution of male genitalia. Using the model system of Bahamas mosquito-
fish (Gambusia hubbsi) undergoing ecological speciation across blue holes,
we used geometric morphometric methods to test (i) whether male genital
shape (the small, approximately 1 mm long, distal tip of the sperm-transfer
organ, the gonopodium) has diverged between populations with and with-
out predatory fish and (ii) whether any observed divergence has a genetic
basis. We additionally examined the effects of genetic relatedness and
employed model selection to investigate other environmental factors (i.e.
interspecific competition, adult sex ratio and resource availability) that could
potentially influence genital shape via changes in sexual selection. Predation
regime comprised the most important factor associated with male genital
divergence in this system, although sex ratio and some aspects of resource
availability had suggestive effects. We found consistent, heritable differences
in male genital morphology between predation regimes: Bahamas mosquito-
fish coexisting with predatory fish possessed more elongate genital tips with
reduced soft tissue compared with counterparts inhabiting blue holes with-
out predatory fish. We suggest this may reflect selection for greater effi-
ciency of sperm transfer and fertilization during rapid and often forced
copulations in high-predation populations or differences in sexual conflict
between predation regimes. Our study highlights the potential importance
of ecological variation, particularly predation risk, in indirectly generating
genital diversity.

Introduction

The diversity of male genital morphology across inter-
nally fertilizing animals is striking, with marked varia-
tion among even closely related species (Eberhard,
1985, 1996; Hosken & Stockley, 2004). Post-copulatory
sexual selection has been widely implicated as a
primary driver of the remarkably rapid evolution of
male genitalia (Arnqvist, 1998; Arnqvist & Rowe, 2005;

Eberhard, 2010). One way that genital morphology can
diverge quickly is via between-population differences in
the nature or strength of sexual selection. Ecological
differences across space and time – such as variation in
predation risk, competition, resource availability, para-
site community, structural habitat and climate – can
commonly alter the context of sexual selection in
diverse taxa (e.g. Emlen & Oring, 1977; Rowe et al.,
1994; Zuk & Kolluru, 1998; Grether et al., 1999; Cando-
lin et al., 2007; Schwartz & Hendry, 2007; Botero &
Rubenstein, 2012; Scordato et al., 2012). Yet, little
research to date has investigated the importance of eco-
logical agents in ultimately, though indirectly, driving
rapid evolution of male genital morphology by modify-
ing the context of sexual selection. For instance, this
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notion was not discussed in several recent reviews of
the causes of genital evolution (Hosken & Stockley,
2004; Eberhard, 2010, 2011; Reinhardt, 2010). Here,
we investigate the relationship between male genital
shape and one particular ecological factor known to
alter sexual selection in many systems – predation risk.
We additionally examine several other environmental
factors that could potentially contribute to genital
divergence (i.e. interspecific competition, sex ratio and
resource availability), as well as genetic relatedness.
Variation in predation risk can promote divergence in

many important reproductive traits including copula-
tion duration, conspicuity of sexual signals, mating tac-
tics, and nature and magnitude of courtship displays
(e.g. Stoner & Breden, 1988; Lima & Dill, 1990; Sak-
aluk, 1990; Endler, 1991; Magnhagen, 1991; Magurran
& Seghers, 1994; Sih, 1994; Godin, 1995; Candolin,
1997; Lima, 2009). This phenomenon is common and
widespread – for instance, risk-dependent reproductive
behaviours have been documented in diverse taxa such
as arachnids, insects, crustaceans, fish, amphibians, rep-
tiles, birds and mammals (reviewed in Magnhagen,
1991). However, investigation of the role of predation
risk in driving divergence in sexually selected traits has
centred almost exclusively on conspicuous sexual sig-
nals subject to trade-offs between natural selection and
premating sexual selection. Post-copulatory sexual
selection might also differ across environments varying
in predation risk, driving divergence in aspects of male
genitalia with negligible (if any) effects on viability (e.g.
locomotor ability, conspicuity to predators) or mate
choice – hence, characters primarily subject to post-
copulatory sexual selection, not natural selection or
premating sexual selection.
Selection in high-predation environments often

favours males that mate quickly and efficiently to
reduce mortality risk while maximizing number of mat-
ings or enhancing the probability of fertilization for a
given copulation attempt. This selection may act on
genital morphology because of associations with copu-
lation duration, sperm-transfer quantity, and fertiliza-
tion and paternity success (Arnqvist & Danielsson,
1999; House & Simmons, 2003; Bertin & Fairbairn,
2005; Pilastro et al., 2007; Simmons et al., 2009; Holwell
et al., 2010; Evans et al., 2011; Wojcieszek & Simmons,
2011). In low-predation environments, selection for
efficient sperm transfer may be considerably weaker as
courtship and copulatory behaviours can occur over
longer timescales and potentially involve greater inter-
sexual cooperation. Thus, populations experiencing dif-
ferent levels of predation risk may experience divergent
selection on genital morphology.
Other factors that could affect evolution of genital

morphology by altering the context of sexual selection
include inter- and intraspecific competition for limited
resources and the sex ratio of breeding adults (Emlen &
Oring, 1977). Resource limitation can foster sexual

selection because individuals vary in their ability to
acquire limited resources and allocate energy towards
condition-dependent trait expression or energetically
taxing mating behaviours, thus producing the variation
on which selection can act. Adult sex ratio comprises a
commonly employed estimate of the opportunity for
sexual selection, where populations with relatively
male-biased sex ratios tend to experience stronger sex-
ual selection (e.g. Clutton-Brock & Parker, 1992; Fairb-
airn & Wilby, 2001).
Livebearing fishes of the Family Poeciliidae represent

a model system for investigating the role of predation
risk during genital evolution because they use internal
fertilization, mate promiscuously, inhabit varied preda-
tion regimes and exhibit diverse genital morphologies
across species (Rosen & Gordon, 1953; Rosen & Bailey,
1963; Langerhans, 2011). Male poeciliids use their
gonopodium (nonretractable, highly modified anal fin;
Fig. 1) to transfer sperm to females. Variation exists
between species in the shape of this organ’s distal tip
and its overall size. The relative size of the gonopodium
appears to experience both natural and sexual selec-
tion: females of some species prefer males with rela-
tively larger gonopodia (Brooks & Caithness, 1995;
Langerhans et al., 2005; Kahn et al., 2010), but males
possessing larger gonopodia suffer reduced burst-swim-
ming ability to escape predators and experience lower
survivorship in the presence of predatory fish (Langerhans
et al., 2005; Langerhans, 2011). Indeed, gonopodium size
differs between predation regimes in several poeciliid
species (Kelly et al., 2000; Jennions & Kelly, 2002;
Langerhans et al., 2005; though see Evans et al.,
2011). In contrast, little is known about variation in
gonopodial distal-tip morphology between predation
regimes in poeciliid fishes (but see Evans et al., 2011).
The distal tip of the poeciliid gonopodium is very

small (usually < 1 mm) and highly complex, compris-
ing bony structures (e.g. hooks, spines, serrae) encapsu-
lated in soft tissue (Fig. 1; Rosen & Gordon, 1953;
Langerhans, 2011), and directly contacts the female
urogenital aperture during copulation. Unlike gonopo-
dium size and most other sexually selected traits,
gonopodial distal-tip shape is unlikely to represent a
direct target of natural selection (via locomotor ability
or conspicuity to predators) or premating sexual selec-
tion (via mate choice) because these structures are
extremely small and difficult to discern without the aid
of microscopy. Instead, gonopodial distal-tip shape
more likely experiences sexual selection arising from
insemination or fertilization success. Existing hypothe-
ses and preliminary experimental work suggest that
hooks on the gonopodial distal tip may serve as holdfast
devices during copulation (Rosen & Gordon, 1953; Lan-
gerhans, 2011), and recent work suggests that gonopo-
dial distal-tip shape may be associated with quantity of
sperm transferred during forced copulations in guppies
(Poecilia reticulata; Evans et al., 2011).

ª 2 01 3 THE AUTHORS . J . E VOL . B I OL . do i : 1 0 . 1 11 1 / j e b . 1 2 22 9
JOURNAL OF EVOLUT IONARY B IOLOGY ª 2013 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

2 J. L . HEINEN-KAY AND R. B. LANGERHANS



 

34 

  

Here, our primary goal is to investigate whether male
gonopodial distal-tip morphology of Bahamas mosquito-
fish (Gambusia hubbsi) has diverged between blue holes
with and without predatory fish on Andros Island, The
Bahamas. We expect that in blue holes with piscivorous
fish – where mortality risk is higher, and conspicuity and
duration of courtship and copulation may be reduced –
selection will favour genital shapes that enhance
insemination efficiency or increase fertilization probability
during rapid copulation attempts compared with blue
holes without fish predators where this may depend
more on female cooperation. Thus, we hypothesize
divergence in gonopodial distal-tip morphology
between predation regimes, with high-predation males
perhaps possessing more rigid, elongate distal tips, with
larger hooks than low-predation males because this

morphology should mechanically enhance insemination
efficiency and fertilization success during rapid copula-
tions by increasing the accuracy of tip placement, depth
of insertion and anchoring capacity in the absence of
female cooperation. We test for divergence in male
genital morphology between predation regimes using
geometric morphometric methods to quantify gonopo-
dial-tip shape of G. hubbsi that were (i) wild-caught,
providing a comparison among blue holes, and
(ii) laboratory-born, testing for a genetic basis. Because
shared ancestry and environmental factors other than
predation risk could also affect genital shape, we
additionally tested for an association between genital
shape and genetic relatedness and for potential roles of
the presence of an interspecific competitor, adult sex
ratio and several aspects of resource availability.

4a

1 mm

5a

4p

3

(a)

(b)

(c)

gonopodium

0.1 mm

1 mm

Fig. 1 (a) Lateral photograph of a male Gambusia hubbsi; (b) lateral image of a G. hubbsi gonopodium using scanning electron microscopy;

(c) lateral photograph of the distal tip of the gonopodium illustrating the 51 homologous landmarks digitized on each specimen (see Table

S3 for details). Numbers on the left indicate gonopodial fin-ray numbers. Gonopodial-tip structures include spines: landmarks 1–12; elbow:

22, 23 and 25; 4p compound hook: 26–30; serrae: 34–40; and 5a hook: 41–45.
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Materials and methods

Study system

Blue holes are vertical, water-filled caves that contain
sparse fish communities (Langerhans et al., 2007; Hei-
nen et al., 2013). Gambusia hubbsi inhabit distinct low-
predation and high-predation populations distinguished
by the absence or presence of a predatory fish, Gobiomorus
dormitor (bigmouth sleeper; Langerhans et al., 2007;
Heinen et al., 2013); both fish species colonized blue
holes in the last approximately 15 000 years (Fair-
banks, 1989). Bahamas mosquitofish populations are
genetically isolated, and different populations inhabit-
ing the same predation regime are not more closely
related to each other than they are to populations from
the alternate predation regime (Schug et al., 1998; Lan-
gerhans et al., 2007; Riesch et al., 2013; see Supporting
Information). Thus, consistent phenotypic differences
observed between predation regimes likely result from
divergent selection and not genetic relatedness. Blue
holes comprise a ‘natural experiment’ to test how vari-
ation in predation risk may drive adaptive diversifica-
tion. Although some environmental variation exists
between populations, no known environmental factor
co-varies systematically with predation regime (e.g.
productivity, turbidity, water transparency, pH, dis-
solved oxygen, salinity, temperature, depth; Langerhans
et al., 2007; Heinen et al., 2013). Gobiomorus dormitor
serves as the primary predator in these blue holes (an
additional fish predator, Strongylura notata, is present in
two high-predation blue holes examined here), as there
are no predatory turtles or snakes in blue holes, preda-
tory invertebrates are rare, aerial diving birds have
never been observed, and the vertical cave walls pre-
vent predation by wading birds (R. B. Langerhans,
personal observation).
Although primary productivity and resource avail-

ability do not differ between predation regimes, popula-
tion density of G. hubbsi is significantly reduced in the
presence of predatory fish, likely resulting in stronger
intraspecific resource competition in low-predation
populations (Heinen et al., 2013). Average adult sex
ratio also does not differ between predation regimes
(Heinen et al., 2013). A competitor fish species, the
pupfish Cyprinodon variegatus (sheepshead minnow),
inhabits some blue holes but does not seem to repre-
sent a major selective force in this system as its pres-
ence has a demonstrated association with divergence in
only a single population-level characteristic in G. hubbsi
– habitat use (Heinen et al., 2013).
Bahamas mosquitofish have repeatedly evolved similar

phenotypes in similar predation regimes (e.g. body
morphology, life history; Langerhans et al., 2007; Riesch
et al., 2013), and low-predation males generally exhibit
greater trait elaboration (e.g. larger gonopodium size,
stronger male coloration; Langerhans et al., 2005; R.B.

Langerhans & E. Rosa-Molinar, in review; R.A. Martin,
R. Riesch, J.L. Heinen-Kay & R.B. Langerhans,
accepted), suggesting a trade-off between strong
premating sexual selection in the absence of predators
and counter-acting natural selection in the presence of
predators. Mating in G. hubbsi appears to involve both
coercive and cooperative tactics much like other
poeciliid fishes (e.g. Rios-Cardenas & Morris, 2011):
Bahamas mosquitofish males employ mating behav-
iours that can include both male-directed and female-
directed displays, followed by copulation attempts
characterized by very rapid, complex locomotor manoeu-
vres (J.L. Heinen-Kay & R.B. Langerhans, personal obser-
vation). High-predation males exhibit more frequent
sexual behaviours (e.g. copulation attempts, female chases;
Heinen et al., 2013), suggesting a more coercive mating
environment in the presence of predators, similar to gup-
pies (Endler, 1987; Godin, 1995).
High- and low-predation populations of G. hubbsi

exhibit strong behavioural reproductive isolation and
are currently undergoing ecological speciation (Langer-
hans et al., 2007). Distinguishing between closely
related poeciliid species often relies on differences in
male genitalia, and most genital evolution studies
investigate genital divergence long after speciation has
completed. Thus, although rare, studies of genital
diversification within the context of ongoing speciation
can offer important insight into the timing of genital
divergence during speciation.

Morphometrics

We collected G. hubbsi from 22 blue holes (12 low pre-
dation, 10 high predation; Table S2, Fig. S1) and cap-
tured digital photographs of the gonopodial distal tip
using a Leica S8 APO stereoscope (Leica Microsystems
Inc., Buffalo Grove, IL, USA) equipped with a DFC 425
digital camera and a TL RCI base. Three to five lateral
photographs were taken of the left side of the
gonopodial tip at 1289 magnification and stacked into
a single composite image for each specimen using the
software Helicon Focus (http://www.heliconsoft.com/).
On gonopodial-tip photographs, we used TPSDIG2, ver-
sion 2.16 (Rohlf, 2010a), to digitize 51 homologous
landmarks (Fig. 1c, Table S3) chosen to represent all
potentially important areas of the gonopodial tip. We
employed geometric morphometric methods for analy-
sis, using TPSRELW, version 1.49 (Rohlf, 2010b), to
obtain relative warps (RWs), which are principal com-
ponents of shape variation. To reduce dimensionality
for statistical analysis, we retained only the RWs that
cumulatively explained 90% of total shape variance,
resulting in the retention of 12 RWs (of 98 total RWs),
accounting for 89.5% of total variance. Because gonop-
odial distal-tip shape could exhibit allometry with dis-
tal-tip size, body size or overall size of the gonopodium,
we measured each of these variables. Centroid size of
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the gonopodial tip (square root of the summed, squared
distances of all landmarks from their centroid) provided
our estimate of distal-tip size, and we took whole-body
lateral photographs using a Canon Rebel XS digital
camera (Canon, Melville, NY, USA) to measure stan-
dard length (tip of snout to posterior tip of hypural
plate) and lateral surface area of the gonopodium (area
inside the gonopodium’s outer boundaries, comprising
anal-fin rays 1–5).

Wild-caught comparison

We used mixed-model multivariate analysis of covari-
ance (MANCOVA) to test for divergence in gonopodial-tip
shape between predation regimes in wild-caught fish.
The 12 RWs served as dependent variables, predation
regime served as the main effect, population nested
within predation regime served as a random effect and
covariates included log-transformed standard length,
centroid size of the gonopodial tip and relative gonopo-
dium surface area (residuals from log–log regression of
gonopodium surface area on standard length). All cova-
riates were included to test for allometry, as allometric
variation might arise independently from any of these
three sources (all variance inflation factors ≤ 3.3, indi-
cating no concerns for high multicollinearity). Statistical
significance was determined using an F test based on
Wilks’s Λ for all terms except predation regime, which
used an F test employing restricted maximum likeli-
hood and the Kenward–Roger degrees of freedom
adjustment (Kenward & Roger, 1997, 2009; SAS,
2011), which allowed us to use population as the unit
of replication, effectively treating population as a ran-
dom effect (see Wesner et al., 2011; Hassell et al., 2012;
Riesch et al., 2013). The latter significance test was con-
ducted using the MIXED procedure in SAS (Cary, NC,
USA), whereas all other tests were conducted in JMP

(SAS Institute). We evaluated the relative importance
of model terms using the effect size measurement of
Wilks’s partial g2 (see Langerhans & DeWitt, 2004).
There were no significant heterogeneity of slopes, and
data met assumptions of MANCOVA.
To evaluate the importance of particular RWs in

explaining differences between predation regimes, we
inspected eigenvector coefficients of the divergence vec-
tor (d) derived from the MANCOVA predation regime term
following Langerhans (2009). Briefly, this procedure
performs an eigenanalysis on the sums of squares cross-
products matrix of the predation regime term from the
MANCOVA, resulting in a multivariate axis describing the
greatest difference between predation regimes, control-
ling for other terms in the model. We visualized shape
variation along RWs using TPSRELW.
To examine whether environmental factors other

than predation regime might influence genital diver-
gence between populations, we employed a model
selection approach. Population means for RWs were

calculated using least-squares means from the MANCOVA

so that site means reflected only distal-tip shape, statis-
tically controlling for multivariate allometry with
standard length, gonopodial-tip centroid size and gono-
podium size. We were specifically interested in whether
observed differences in distal-tip shape between preda-
tion regimes might be additionally (or alternatively)
associated with other environmental factor(s). Thus, for
each RW identified as important in explaining variation
between predation regimes according to d, we con-
ducted model selection using general linear models and
Akaike information criterion corrected for small sample
sizes (AICc; Akaike, 1992; Burnham & Anderson, 2002)
to determine which environmental factor(s) best
explained among-population variation in gonopodial
distal-tip shape observed in the wild. Model terms were
selected based on their potential importance during
sexual selection and included predator (G. dormitor) pres-
ence, competitor (C. variegatus) presence, the interaction
between predator and competitor presence, adult G. hub-
bsi sex ratio and three separate estimates of resource
availability: log-transformed zooplankton density, log-
transformed phytoplankton density and relative chloro-
phyll a density. Data for these additional factors were
taken from a previous study (Heinen et al., 2013; meth-
ods for these measurements found therein). Site means
likely adequately captured salient differences among
populations because blue holes comprise relatively stable
environments with significant repeatability across sea-
sons and years in population demographics and environ-
mental measurements (Heinen et al., 2013).
Because Heinen et al. (2013) only examined 17 of

the 22 populations examined in this study, the model
selection analyses only included these 17 populations
(see Table S2). For each RW examined, we selected the
model with the lowest ∆ AICc value that included at
least one term with P < 0.05 and other terms with
P < 0.2. This allowed us to include any suggestive fac-
tors that could serve as hypotheses for future testing.
For selected models, we calculated g2 as an effect size
estimate of each model term (percent of variance
explained by each term).

Genetic basis

To test for a genetic basis of observed gonopodial-tip
shape differences among populations, we raised off-
spring of wild-caught fish from four blue holes (F1 and
F2 generations) under common laboratory conditions:
fish were raised in 38-L aquaria and fed brine shrimp
nauplii, daphnia and bloodworms. Laboratory-born
adult males (n = 10) were examined as described above
for gonopodial-tip shape, standard length, gonopodial-
tip centroid size and gonopodium size. We projected
each laboratory-raised specimen onto the RWs derived
for wild-caught fish and conducted separate general lin-
ear models for each RW identified as important in pre-
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dation-regime differences in the wild. Both wild-caught
and laboratory-born fish for each of these four popula-
tions were included in analyses. The statistical models
included all covariates as in the MANCOVA, as well as
population (testing for genetically-based differences
between populations), rearing environment (wild-
caught or laboratory-born) and the interaction between
population and rearing environment. A significant pop-
ulation effect would indicate that wild-caught and labo-
ratory-born fish from the same population tended to
more closely resemble one another than fish derived
from different populations (i.e. a genetic basis to
observed population differences). As described above,
we estimated effect sizes of model terms using g2. We
could not test for differences between predation
regimes or populations strictly among laboratory-born
fish due to the low sample size. Because of low statisti-
cal power in these analyses, this experiment serves as a
first step in assessing the genetic basis of gonopodial
distal-tip shape divergence – although we have confi-
dence in significant effects, nonsignificant effects should
be treated more cautiously and await further research.

Population genetics

Because differences in genital shape among popula-
tions could arise from shared ancestry or gene flow
rather than replicated evolution driven by variation in
predation regime, we additionally tested this hypothe-
sis using molecular genetic data. We used previously
published sequence data for an 886-bp fragment of
the NADH subunit 2 (ND2) mitochondrial gene (see
Langerhans et al., 2007; Riesch et al., 2013). Data were
available for 17 of the 22 populations examined here
and comprised a total of 25 haplotypes, with five
samples from each population (n = 85). We tested for
an association between male genital shape and genetic
relatedness using a Mantel test (Mantel, 1967); we
used a one-tailed significance test using 9999 random-
izations to specifically test whether genital morpholog-
ies were more similar among more closely related
populations. Pairwise population differences in genital
shape were estimated using Euclidean distances based
on the first 12 RWs (results are qualitatively similar
when using the geometric estimate of overall shape
differences, Procrustes distance). Mean genetic dis-
tance between populations was estimated as the
percent nucleotide divergence using the GTR + Γ + I
model of nucleotide substitution selected using the
Akaike information criterion with JMODELTEST 0.1.1
(Posada, 2008).

Results

MANCOVA revealed highly significant effects of all model
terms on gonopodial-tip shape except relative gonopodi-
um surface area, which was marginally nonsignificant

(Table 1). Predation regime represents the strongest pre-
dictor of gonopodial-tip shape, and estimated effect sizes
also indicated important effects for standard length and
centroid size of the gonopodial tip (revealing multivari-
ate allometry). Based on eigenvector coefficients of the
divergence vector (d), most of the predation effect was
due to variation captured by three of the 12 RWs exam-
ined (RWs 1, 2 and 4; Table S4).
Model selection results examining other environmen-

tal factors that may influence genital morphology for
RWs 1, 2 and 4 revealed that predation regime was
clearly the most important model term for all three
RWs (Tables 2 and S5). Phytoplankton density exhib-
ited a marginally nonsignificant effect for RW4,
whereas only weakly suggestive evidence occurred for
effects of sex ratio on RW1 and phytoplankton density
on RW2 (Table 2). For the two RWs with the clearest
effects of predation (RW2 and RW4), higher RW scores
were associated with populations with G. dormitor pres-
ent and those with greater phytoplankton density (Fig.
S2).
Linear models testing for a genetic basis of the three

RWs identified above as important in describing differ-
ences between predation regimes indicated that RW2
had a clear genetic basis (Table 3). Because we were
interested in evolutionary divergence of male genital
shape, we focused on RW2 to interpret the effect of
predation regime on gonopodial-tip shape. Independent

Table 1 MANCOVA results examining gonopodial-tip shape of wild-

caught Gambusia hubbsi among 22 blue holes.

Source F d.f. P

Partial

variance (%)

Standard length 6.15 12,87 < 0.0001 45.88

Gonopodial-tip

centroid size

5.46 12,87 < 0.0001 42.95

Relative gonopodium

surface area

1.82 12,87 0.0568 20.08

Predation regime 3.97 11,563 < 0.0001 56.68

Population (predation

regime)

1.86 240,930.22 < 0.0001 28.67

Table 2 Results of general linear models examining variation in

gonopodial distal-tip shape among 17 blue holes (models selected

using AICc; see Table S5 for details).

Trait Source F d.f. P g2 (%)

RW1 Predation regime 4.59 1,14 0.0501 21.83

Sex ratio 2.45 1,14 0.1401 11.63

RW2 Predation regime 6.36 1,14 0.0244 28.53

Phytoplankton density 1.93 1,14 0.1859 8.68

RW4 Predation regime 5.20 1,14 0.0388 21.91

Phytoplankton density 4.52 1,14 0.0517 19.07

RW, relative warps.
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of size, male G. hubbsi from high-predation blue holes
exhibited higher RW2 scores than low-predation males
(Figs 2 and S2). High-predation gonopodial distal tips
(high RW2 scores) were more elongate and shallow
with more densely positioned bony segments, whereas
low-predation males (low RW2 scores) possessed more
rounded and deep gonopodial tips (Figs 3 and S3). To
aid in the interpretation of gonopodial-tip shape differ-
ences between predation regimes, we additionally mea-
sured several traditional linear measurements to
provide intuitive univariate metrics regarding the mag-
nitude of divergence (see Supporting Information). We
found that on average, high-predation populations
exhibited a gonopodial distal tip with a 6.7% higher
aspect ratio and a 13.3% longer elbow on ray 4a.
Low-predation populations exhibited a 9.0% deeper
and 9.9% longer soft tissue gap between rays 4a and 4p
and a 16.2% longer distal hook element on ray 5a. For
the description of gonopodial fin-ray numbers and
structures, see Fig. 1c.

Population differences in gonopodial distal-tip shape
were not positively correlated with genetic distance
(P = 0.8922), indicating that more closely related popu-
lations do not tend to exhibit more similar gonopodial-
tip shapes.

Discussion

Research investigating rapid genital evolution has long
focused on understanding the proximate mechanisms
underlying genital divergence (e.g. sperm competition,
cryptic female choice, sexual conflict), largely neglect-
ing the broader ultimate causes of genital diversity.
With this study, we wish to highlight a connection
between two widely supported premises: (i) environ-
mental variation often alters the context of sexual
selection and (ii) sexual selection is a primary driver of
rapid male genital evolution. Our results support the
logical prediction of these two premises: variation in
ecological conditions, specifically the presence of preda-

Table 3 Results of linear mixed models testing for a genetic basis of relative warps (RWs) important in describing gonopodial-tip shape

differences between predation regimes. Wild-caught and laboratory-born fish from four populations were included in analyses.

Source of variation

RW1 RW2 RW4

F d.f. P g2 (%) F d.f. P g2 (%) F d.f. P g2 (%)

Standard length 3.13 1,21 0.0913 5.18 0.72 1,21 0.4069 1.57 0.19 1,21 0.6712 0.51

Gonopodial-tip centroid size 2.60 1,21 0.1217 4.30 3.67 1,21 0.0691 8.02 < 0.01 1,21 0.9827 0.00

Relative gonopodium surface area 0.31 1,21 0.5839 0.51 2.59 1,21 0.1227 5.65 0.17 1,21 0.6860 0.47

Population 2.17 3,21 0.1220 10.15 3.82 3,21 0.0249 25.07 0.38 3,21 0.7711 3.13

Rearing environment 21.82 1,21 0.0001 36.08 1.68 1,21 0.2089 3.67 4.30 1,21 0.0507 11.91

Population 9 rearing environment 1.70 3,21 0.1968 8.45 1.55 3,21 0.2316 10.15 3.10 3,21 0.0488 25.76

For significant effects (P-values ≤ 0.05), P-values and effect sizes are bolded.

Population
Hu DC V E LF K Ga Go A P LH Ra Ru HM St GL M Sh W Ri C Gi

R
W

 2

–0.04

–0.02

0.00

0.02

0.04
Low Predation
High Predation

Fig. 2 Variation among Gambusia hubbsi

populations in gonopodial-tip shape

(least-squares means ! 1 SE).

Population abbreviations follow Table

S2 and are arranged by increasing mean

RW2 score within predation regime.

RW, relative warps.
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tors, might ultimately play an important but underap-
preciated role in the widespread phenomenon of rapid
evolution of male genitalia.
We found that the shape of the gonopodial distal tip

has repeatedly diverged between Bahamas mosquitofish
populations with and without predatory fish. These
differences at least partially reflect genetically based
differentiation because gonopodial distal-tip shape
(characterized by RW2) of laboratory-born fish (F1 and
F2 generations) was more similar to wild-caught ances-
tors of their population of origin than to other labora-
tory-born fish from alternative populations raised in a
common environment. Mating in the presence of pre-
dators is risky and potentially fatal, and thus, stronger
selection may be expected in these environments for
genital shapes that facilitate fast and efficient sperm
transfer or that increase the probability of successful
fertilization during a given copulation attempt. A num-
ber of lines of evidence suggest that the observed asso-
ciation between predation regime and male genital
morphology likely reflects differential sexual selection
in high- and low-predation environments.
First, genetic drift is inconsistent with the significant

pattern of distal-tip shape differences between preda-
tion regimes. We further ruled out genetic relatedness
and several environmental factors that could potentially
influence gonopodial distal-tip shape in this system (i.e.
competitor presence, zooplankton density and chloro-
phyll a). However, we did reveal possible roles for phy-
toplankton density and sex ratio in influencing genital
shape, independent of predation regime, which require
further investigation. Second, direct natural selection
and premating sexual selection unlikely target gonopo-
dial distal-tip shape due to its very small size and
doubtful functional consequences for any activity other

than copulation. Third, evidence from other systems, as
well as recent work within the G. hubbsi system, sug-
gests predation regimes may differ in the opportunity
for post-copulatory sexual selection. Fourth, sexual
selection is widely regarded as the primary driver of
genital morphology in animals with internal fertiliza-
tion (Hosken & Stockley, 2004; Eberhard, 2010, 2011).
Finally, the distal tip of the gonopodium is inserted into
the female urogenital sinus during copulation, where
sexual selection can act on its morphology via sperm
competition, cryptic female choice and sexual conflict;
recent work suggests that gonopodial distal-tip shape
may influence sperm-transfer rate. We suggest that
genital shape divergence between predation regimes
arises from divergent sexual selection during (i) sperm
transfer or (ii) post-copulatory processes.
Regarding sperm transfer, we hypothesized that more

rigid, elongate distal tips with larger hooks might
evolve in high-predation environments, as these tips
might be sturdier and better able to achieve and main-
tain appropriate contact with the female for effective
sperm transfer during rapid unsolicited copulation
attempts. We did indeed observe a more elongate
gonopodial distal tip with more densely positioned bony
segments in high-predation populations, partially
matching predictions. However, high-predation Baha-
mas mosquitofish did not exhibit larger distal hooks –
perhaps selection in the presence of predators does not
favour larger hooks because although the hooks could
enhance sperm-transfer rate through improved attach-
ment to the female gonopore, they could also prolong
copulation duration, which might increase vulnerability
to predation. Although no study has yet examined the
effects of distal-tip shape on sperm transfer in G. hubbsi,
recent work has revealed an association between

0.10 mm
(a) (c)

(d)(b)
0.10 mm

Fig. 3 Thin-plate spline transformation

grids depicting (a) positive scores along

RW2 (high-predation populations) and

(b) negative scores (low-predation

populations), with illustration to

facilitate visualization of gonopodial-tip

shape (light regions = bony structures,

shaded regions = soft tissue).

Representative gonopodial-tip

photographs of Gambusia hubbsi from

(c) high-predation and (d) low-

predation populations. RW, relative

warps.
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genital shape and sperm-transfer quantity in guppies,
with the effect seeming most apparent during forced
copulation (Evans et al., 2011). Gambusia hubbsi exhibit
highly rapid copulation behaviours and frequently
employ forced copulation, particularly in high-preda-
tion blue holes where males exhibit sexual behaviours
more frequently (Heinen et al., 2013). In low-predation
environments, a more elongate and bony gonopodial
tip may offer little advantage if copulation can occur
over longer timeframes and involve greater female
cooperation. Longer copulation duration and courtship
prior to copulation are associated with greater quanti-
ties of sperm transferred in guppies (Pilastro & Bisazza,
1999; Pilastro et al., 2007), and under this scenario,
males may rely more on cooperation and less on genital
shape to enhance sperm transfer.
Previous research has demonstrated post-copulatory

sexual selection in poeciliid fishes, although much
remains to be elucidated about these processes (Evans
et al., 2008; Evans & Pilastro, 2011). The greater fre-
quency of copulation attempts in G. hubbsi males in
high-predation environments may translate to greater
opportunity for post-copulatory sexual selection in
these populations (Heinen et al., 2013). The more shal-
low and elongate gonopodial-tip shape observed in
high-predation populations could be advantageous dur-
ing sperm competition by allowing males to achieve
deeper penetration and deposit sperm further inside the
female reproductive tract, and also potentially by dis-
placing sperm deposited during recent matings with
other males. Males are more aggressive towards each
other in high-predation blue holes (Heinen et al.,
2013), and these elevated levels of competition may
continue inside the female reproductive tract. Cryptic
female choice could additionally prove important, but
predictions regarding this process are more tenuous.
Sexual conflict over control of fertilization can often be
fostered by post-copulatory sexual selection (Birkhead
& Pizzari, 2002), and recent work suggests this may be
the case in guppies (Evans et al., 2011; Gasparini et al.,
2011). The risky mating context of high-predation blue
holes in Bahamas mosquitofish may enhance conflict
over control of fertilization between the sexes, selecting
for males that invest more in offensive methods to
achieve fertilization instead of cooperating with females
and for females to evolve counter adaptations (Chap-
man et al., 2003; Arnqvist & Rowe, 2005). Many ani-
mals exhibit reduced premating courtship behaviours,
and some show increased coercive mating behaviours
in environments with increased predation risk during
mating (e.g. Magurran & Seghers, 1994; Godin, 1995;
Candolin, 1997; Hruskova-Martisova et al., 2010).
Indeed, G. hubbsi females possess a large genital papilla,
ostensibly serving as an obstruction to gonopodial entry
into the urogenital aperture. The more bony, elongate
distal tips in high-predation males could enhance a
male’s ability to circumvent female papillae. Future

work could examine among-population variation in
female genital morphology to further investigate the
sexual conflict hypothesis. Moreover, future experi-
mental work can determine the functional conse-
quences of variation in gonopodial-tip morphology and
uncover which processes play important roles in
explaining the observed divergence.
Although our results indicate that variation in preda-

tion risk represents the most important environmental
factor influencing genital divergence in G. hubbsi, our
study additionally revealed a suggestive role for phyto-
plankton density and adult sex ratio. Rearing environ-
ment (whether fish were wild-caught or born in the
laboratory) also provided an important predictor of
some components of genital shape (RWs 1 and 4). Fur-
ther research examining these environmental factors
may prove fruitful, as much among-population vari-
ance remained unexplained in this study.
Extensive evidence in diverse taxa indicates that male

genital morphology varies markedly among even clo-
sely related species (Eberhard, 1985; Hosken & Stock-
ley, 2004), but the extent to which rapid genital
evolution directly contributes to reproductive isolation
via mechanical/sensory incompatibilities remains
unclear (e.g. Sota & Tanabe, 2010; Masly, 2011; Bath
et al., 2013). Our results demonstrate that male genital
morphology has diverged between reproductively iso-
lated populations (Langerhans et al., 2007), but
whether a direct relationship exists between gonopodial
distal-tip shape and reproductive isolation remains
untested.
Our study represents one of the first to explore a

potential link between variation in ecological conditions
and rapid evolution of male genital morphology. Most
prior studies of genital evolution have focused on
uncovering the proximate mechanisms, namely modes
of sexual selection, without considering why differences
in sexual selection may exist among populations and
species. In our case study of Bahamas mosquitofish, we
discovered that male genital shape consistently diverged
among populations with different levels of predation
risk. We suggest differential sexual selection as the
likely culprit, but this hypothesis requires further inves-
tigation. We advocate testing the role of ecological vari-
ation, particularly predation risk, in other systems as
internally fertilizing animals inhabit a wide variety of
environments. We further suggest that future work in
poeciliid fishes focus on enhancing our understanding
of the functional significance of gonopodial distal-tip
morphology, how gonopodial-tip shape affects fitness
and whether genital evolution might contribute to
reproductive isolation in this system.
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Abstract

The aim of this study rests on three premises: (i) humans are altering ecosystems
worldwide, (ii) environmental variation often influences the strength and nature
of sexual selection, and (iii) sexual selection is largely responsible for rapid and
divergent evolution of male genitalia. While each of these assertions has strong
empirical support, no study has yet investigated their logical conclusion that
human impacts on the environment might commonly drive rapid diversification
of male genital morphology. We tested whether anthropogenic habitat fragmen-
tation has resulted in rapid changes in the size, allometry, shape, and meristics of
male genitalia in three native species of livebearing fishes (genus: Gambusia)
inhabiting tidal creeks across six Bahamian islands. We found that genital shape
and allometry consistently and repeatedly diverged in fragmented systems across
all species and islands. Using a model selection framework, we identified three
ecological consequences of fragmentation that apparently underlie observed mor-
phological patterns: decreased predatory fish density, increased conspecific den-
sity, and reduced salinity. Our results demonstrate that human modifications to
the environment can drive rapid and predictable divergence in male genitalia.
Given the ubiquity of anthropogenic impacts on the environment, future
research should evaluate the generality of our findings and potential conse-
quences for reproductive isolation.

Introduction

Humans are altering ecosystems worldwide, but the evolu-
tionary consequences of such impacts are poorly under-
stood (Palumbi 2001a; Smith and Bernatchez 2008; Sih
et al. 2011). A wide range of human activities can lead to
altered selection regimes experienced by native organisms,
including introduction or removal of predators, habitat
loss or alteration, and changes in nutrient availability and
abiotic conditions. These novel selection regimes can elicit
rapid changes in the phenotypes of organisms living in
human-altered environments (Palumbi 2001b; Stockwell
et al. 2003; Hendry et al. 2008). One particularly
widespread human-induced environmental impact,
anthropogenic habitat fragmentation, has garnered much
attention for contributing to species extinctions and loss of
biodiversity (Saunders et al. 1991; Fahrig 2003; Foley et al.
2005; Fischer and Lindenmayer 2007), but its effects on

phenotypic diversification and speciation are understudied
(Hendry et al. 2011). Most evolutionary work on habitat
fragmentation has focused on effects of reduced population
sizes, reduced genetic diversity, and reduced gene flow
among populations (Fahrig 2003; Ewers and Didham 2006;
Blanchet et al. 2010). Yet fragmented environments often
exhibit dramatically different ecological conditions than
unfragmented environments, suggesting that changes in
selection might often drive phenotypic shifts. To better
understand how ecological consequences of habitat frag-
mentation might impact natural populations, we need to
investigate how predictably fragmentation might lead to
phenotypic change (Franssen et al. 2013).
Changes in environmental conditions (e.g., predators,

parasites, abiotic factors) commonly alter the strength or
mode of sexual selection in diverse taxa (Seehausen et al.
1997; Zuk and Kolluru 1998; Scordato et al. 2012;
Arbuthnott et al. 2014). Sexually selected traits can evolve
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very rapidly (Zuk et al. 2006) often at faster rates than non-
sexually selected characters (Arnegard et al. 2010; Gonz-
alez-Voyer and Kolm 2011). Thus, sexual traits might
commonly diversify in response to human-induced envi-
ronmental changes (Seehausen et al. 1997; Candolin et al.
2007). One sexually selected trait that may prove especially
susceptible to human impacts is male genital morphology.
Biologists have long recognized the remarkable diversity of
male genital morphology, which is often regarded as the
most rapidly evolving trait in internally fertilizing animals
(Dufour 1844; Eberhard 1985). Researchers agree that post-
copulatory sexual selection (cryptic female choice, sperm
competition, sexual conflict) bears much responsibility for
this phenomenon (Arnqvist 1998; Hosken and Stockley
2004; Rowe and Arnqvist 2011), but other mechanisms
may prove important as well (Langerhans 2011; Simmons
2014).
We suggest that rapid human-induced environmental

change might promote genital diversification, but to our
knowledge, this has never before been explored. Our
hypothesis reflects the logical conclusion of three well-sup-
ported premises: (i) human impacts alter the environment,
(ii) ecological variation frequently influences the nature or
strength of sexual selection, and (iii) sexual selection drives
rapid and divergent evolution of male genital morphology.
Understanding whether human impacts may ultimately
drive genital diversification is critical because it carries
important consequences for fitness, gene flow among pop-
ulations, and the formation of new species. For instance,
variation in male genital shape and size affects insemina-
tion and fertilization success in various taxa (Arnqvist and
Danielsson 1999; Evans et al. 2011; Simmons 2014). More-
over, genital incompatibilities between populations can
provide mechanical or sensory obstacles to successful
reproduction in internally fertilizing animals, with differ-
ences in genital shape being implicated in speciation
(Kamimura and Mitsumoto 2012; Kubota et al. 2013;
Wojcieszek and Simmons 2013).
Multiple aspects of male genital morphology—for exam-

ple, size, allometry, shape—exhibit intriguing evolutionary
patterns, but virtually nothing is known about how
human-induced environmental changes may affect genita-
lia. Male genital size and shape can evolve rapidly in
response to variation in ecological conditions via altered
natural or sexual selection (Langerhans et al. 2005; Evans
et al. 2011; Langerhans 2011; Heinen-Kay and Langerhans
2013). For instance, natural selection may act directly on
nonretractable genitalia via effects on locomotor ability
(Langerhans et al. 2005). Predation risk is well known for
its influence on sexual selection—greater predation risk
tends to favor shorter copulation duration with reduced
courtship and increased sexual conflict (Magnhagen 1991;
Magurran and Seghers 1994; Rowe et al. 1994; Heinen

et al. 2013). This may in turn select for particular genital
morphologies that enhance sperm transfer rate or fertiliza-
tion success under these conditions. In addition to genital
size and shape, allometry of male genitalia has been well
studied. In contrast with many sexually selected traits
(Kodric-Brown et al. 2006), male genitalia typically exhibit
a negative static allometric (hypoallometric) relationship
with body size (Eberhard et al. 1998, 2009; Eberhard 2009)
where small males often have disproportionally large geni-
talia while large males often have disproportionally small
genitalia. Whether environmental variation might lead to
changes in genital scaling is unknown, but shifts in direc-
tional or stabilizing selection on genital size across environ-
ments can alter genital scaling (Eberhard et al. 2009).
Here, we investigate whether the ecological consequences

of recent habitat fragmentation have led to divergence in
multiple aspects of male genital morphology within three
livebearing fish species endemic to the Bahamas. Fragmen-
tation of tidal creeks is pervasive across the Bahama Archi-
pelago and can alter the selective regimes of resilient
species that persist in the altered conditions (e.g., Valen-
tine-Rose et al. 2007a,b, 2011; Valentine-Rose and Layman
2011; Araujo et al. 2014). By examining three species across
six different islands, we test whether human-induced tidal-
creek fragmentation has resulted in (i) no phenotypic
change, (ii) parallel changes in male genital morphology
across species and islands, (iii) nonparallel changes, or (iv)
some combination of these patterns. We additionally
attempt to pinpoint particular environmental agents most
strongly associated with observed morphological diver-
gence between fragmentation regimes.

Study system and predictions

Male livebearing fishes in the genus Gambusia
(mosquitofishes, family Poeciliidae) transfer sperm inter-
nally to females both cooperatively and coercively using
a nonretractable, modified anal fin called the gonopodi-
um. Gonopodium size varies greatly across poeciliid spe-
cies, ranging from 20% to 70% of the body length
(Rosen and Gordon 1953; Langerhans 2011), and is sub-
ject to trade-offs between natural and sexual selection.
Females of multiple Gambusia species prefer males pos-
sessing larger gonopodia (Langerhans et al. 2005; Kahn
et al. 2010). However, larger gonopodia create more
frictional drag, which hinders swimming performance
while escaping predatory attacks; indeed, males tend to
exhibit smaller gonopodia in high-risk populations, and
males with smaller gonopodia experience higher survi-
vorship in the presence of predators (Langerhans et al.
2005; Langerhans 2011). Little work has examined go-
nopodial allometry in Gambusia fishes, although female
preferences for large gonopodia in some species, and
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prior work in other poeciliid fishes (Kelly et al. 2000;
Jennions and Kelly 2002), suggest that positive allome-
try, where gonopodium size increases disproportionately
with body size, is possible.
The distal tip of the gonopodium is highly differentiated

(comprising hooks, spines, serrae, etc.) and directly con-
tacts the female during copulation (Rosen and Gordon
1953). Unlike gonopodium size, the distal tip of the gonop-
odium appears unimportant for both premating sexual
selection and locomotor performance-based natural selec-
tion owing to its very small size (<1 mm). However, go-
nopodial distal-tip shape has been demonstrated to affect
sperm transfer during forced copulations in another live-
bearing fish species (Evans et al. 2011; Kwan et al. 2013)
and might prove important during postcopulatory sexual
selection such as sperm competition and cryptic female
choice (Evans and Pilastro 2011; Gasparini et al. 2011; Lan-
gerhans 2011). Notably, prior work found divergence of
gonopodial distal-tip shape between predatory environ-
ments in Gambusia (Heinen-Kay and Langerhans 2013),
confirming that ecological variation is capable of driving
evolution of distal-tip shape.
Three species of Gambusia are endemic to the Bahama

Archipelago and commonly inhabit ‘tidal creeks’: (i)
Gambusia hubbsi Breder 1934 is known to inhabit the
northwestern islands of the Great Bahama Bank (Bimini,
Berry Islands, Andros, New Providence), (ii) Gambusia
manni Hubbs 1927 appears to inhabit all other islands
within the Great Bahama Bank, as well as overlap with
G. hubbsi on New Providence (but not sympatric within
tidal creeks), and (iii) a yet unnamed species, Gambusia
sp., inhabits the islands of the Little Bahama Bank (see
Supporting Information: Focal species). Bahamian tidal
creeks are shallow, tidally influenced systems typically
characterized by a relatively narrow creek mouth that
broadens landward to wetlands dominated by Rhyzopho-
ra mangle (red mangrove). Most of the water flux in
these systems arises from tidal exchange (freshwater
input only provided via rainfall and aquifer percolation),
so salinities in unfragmented systems are typically
around 35 ppt and the biotic communities comprise
marine taxa (Layman et al. 2004; Valentine-Rose et al.
2007a,b). Tidal-creek fragmentation represents one of
the most widespread human-caused environmental
impacts in nearshore waters of the Bahamas (e.g., over
80% of tidal creeks are fragmented on Andros Island;
Layman et al. 2004) and is generally caused by roads
constructed across tidal creeks without proper flow con-
veyance structures such as culverts or bridges (Fig. 1).
This greatly reduces hydrological connectivity, that is,
the water-mediated transfer of matter, energy, or organ-
isms within or between elements of the hydrological
cycle (Pringle 2001, 2003a,b). Most of the roads that

fragment tidal creeks throughout the Bahamas were con-
structed between the late 1950s and early 1970s. Once
isolated from the ocean, fragmented tidal creeks have
considerably reduced tidal amplitude (typically 0–5 cm
tidal amplitude) compared with unfragmented (natural)
tidal creeks (typically 50–80 cm tidal amplitude), leading
to greater extremes in abiotic factors, reduced animal
biomass, and changes in community composition
(Valentine-Rose et al. 2007a,b, 2011; Valentine-Rose and
Layman 2011). Mosquitofish inhabit both fragmented
and unfragmented tidal creeks, but occur in far greater
densities in fragmented sites (Layman et al. 2004; Valen-
tine-Rose et al. 2007b; Araujo et al. 2014). Unfragment-
ed tidal creeks contain much higher densities of
piscivorous fishes, including predators of Gambusia such
as Sphyraena barracuda Edwards 1771 (great barracuda),
Strongylura spp. (needlefish), and Lutjanus spp.
(snappers; Layman et al. 2004; Araujo et al. 2014).
Because fragmented tidal creeks exhibit a drastic reduc-

tion in predatory fish densities and a considerable increase
in Gambusia densities, we predict that patterns of
gonopodial divergence should mirror patterns of genital
evolution in G. hubbsi (a focal species in the current
study) inhabiting Bahamian blue holes where similar
ecological differences over thousands of years have
resulted in divergent evolution of male genital morphol-
ogy. Specifically, we predict smaller gonopodia with more
elongate and bony distal tips in unfragmented tidal creeks
and larger gonopodia with more rounded distal tips pos-
sessing greater areas of soft tissue in fragmented tidal
creeks (Langerhans et al. 2005; Heinen-Kay and Langer-
hans 2013). Differences in gonopodium size are believed
to derive from a trade-off between attracting females and
avoiding predation. Gonopodial distal-tip shape may
diverge because of stronger sexual conflict or postmating
sexual selection in high-predation sites, where elongate
and rigid tips enhance insemination efficiency or increase
fertilization probability during the rapid and frequent
copulation attempts in this risky environment (Godin
1995; Heinen et al. 2013). Gonopodial meristics (number
of serrae and spines) may also influence a male’s ability
to ‘anchor’ to or stimulate the female during copulation
and thus might also differ between fragmentation regimes
in response to differential sexual selection. Premating sex-
ual selection appears stronger in low-predation environ-
ments where forceful sexual behaviors are less frequent
(Heinen et al. 2013). In this low-risk environment,
females may exert greater premating choice, potentially
reducing the strength of postmating selection on genital
morphology. Whether gonopodia exhibit negative allo-
metric scaling typical of genitalia in other previously stud-
ied organisms (mostly insects and spiders; Eberhard 2009)
is an empirical question. We predict that the allometric
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scaling of male genitalia will not differ between fragmen-
tation regimes because allometric relationships tend to
remain fairly constant over short evolutionary time frames
(Voje et al. 2014), and we do not hypothesize differences
in selection between fragmentation regimes that should
alter genital allometry (Eberhard et al. 2009). Although
our primary predictions for genital divergence between
fragmented and unfragmented tidal creeks rest on differ-
ences in predatory fish density, a suite of other environ-
mental factors, including salinity, turbidity, pH, and
dissolved oxygen, may also differ between fragmentation
regimes and could contribute to genital divergence. Each
of these abiotic factors has previously been demonstrated
to impact sexual selection in other fish systems (salinity:
McCairns et al. 2011; turbidity: Heuschele et al. 2009;
Sundin et al. 2010; dissolved oxygen: Jones and Reynolds
1999; pH: Sundin et al. 2013). Overall, we expect that
each species will exhibit species-specific genital features,
but that parallel responses to fragmentation across all
three species should occur if generalized consequences of

habitat fragmentation across the Bahamas repeatedly gen-
erate similar selection pressures.

Materials and methods

Field sampling
We collected Gambusia from 43 tidal creeks (21 frag-
mented; 22 unfragmented) across six Bahamian islands
(Abaco, Andros, Eleuthera, Grand Bahama, Long Island,
and New Providence) in March–April 2010 using dip nets
and minnow traps. For each species, we collected multiple
populations from both fragmented and unfragmented tidal
creeks on two separate islands (Fig. 2; Table S2) and imme-
diately preserved fish on site in 95% ethanol.
Simultaneous with fish collections, we measured a

suite of six environmental factors selected based on their
potential influence on genital diversification: density of
piscivorous fish, mosquitofish density, salinity, pH, tur-
bidity, and dissolved oxygen. We conducted all measure-
ments at each locality with the exception that Gambusia

(A) (B)

(C) (D)

Figure 1 Representative aerial photographs of (A) fragmented, (B) unfragmented, and ground-level photographs of (C) fragmented and (D) unfrag-

mented Bahamian tidal creeks. The road crossing in (A) severely restricts hydrological connectivity, while the bridge in (B) provides minimal to no

restriction of water flow.
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density was not measured at one site (South Beach
Creek, New Providence) due to concern that reduced
visibility might bias the survey. We measured density of
piscivorous fish using underwater visual census (UVC)
methods (Nagelkerken et al. 2000; Layman et al. 2004),
which provide reliable estimates of relative predator den-
sities in Bahamian tidal creeks (Layman et al. 2004;
Valentine-Rose et al. 2007a, 2011). In sites with water
too shallow to employ UVC, we conducted predator
surveys from above the water by slowly walking the sur-
vey areas (all piscivores are readily visible from above in
these clear waters). We conducted surveys covering
approximately 3000 m2 within each creek, encompassing
the region where we collected Gambusia. We included
the following piscivorous fish species in our counts: bar-
racuda, needlefish, snappers, tarpon (Megalops atlanticus
Valenciennes 1847), Nassau grouper (Epinephelus striatus
Bloch 1792), jacks (Caranx spp.), and lionfish (Pterois
spp.). Nearly all of the predators encountered in our
surveys comprised known predators of Gambusia—
barracuda, needlefish, and snappers (>99%)—with other
potential predators rarely observed. We used our survey
counts to calculate piscivore density (#/km2) for each

site. We measured mosquitofish density using quadrat
surveys, in which we counted all Gambusia individuals
within 20 0.25 m2 quadrats within each tidal creek. We
randomly chose quadrat locations across the microhabi-
tats where Gambusia were observed, with all quadrats
>2 m apart. For these surveys, the observer approached
each predesignated area, stood still 1 m from the quad-
rat location, and waited 1 min prior to counting fish.
We used the average of these 20 quadrat counts to cal-
culate our estimate of Gambusia density (#/m2) for each
site. This method proved highly effective due to water
clarity and these fishes’ general tendency to be undis-
turbed by our presence. We measured salinity and dis-
solved oxygen using a YSI 85 handheld multiparameter
meter (Yellow Springs, OH, USA), water turbidity using
an Oakton T-100 turbidimeter (Vernon Hills, IL, USA),
and pH using a Hanna HI 98128 handheld meter (Car-
rollton, TX, USA). All six ecological parameters were
measured multiple times over multiple years within a
subset of tidal creeks to estimate repeatability—all
parameters exhibited significant repeatability, confirming
that our snapshot estimates provided meaningful
estimates for comparison among sites (Table S3).

(A) (B)

Figure 2 Map of (A) the study region in the northwestern Bahamas and (B) specific tidal creek collection localities for each Gambusia species on each

island. Open circles: fragmented tidal creeks, filled circles: unfragmented tidal creeks, half-filled circles: both fragmented and unfragmented sites in

close proximity.
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Gonopodium size and allometry

We captured whole-body lateral photographs of each fish
(n = 410; Table S2) using a Canon Rebel XS digital camera
(Canon Inc., Melville, NY, USA). Using tpsDig2 software
(Rohlf 2010a), we measured standard length (tip of ros-
trum to posterior tip of hypural plate) and gonopodium
lateral surface area (area inside the gonopodium’s outer
boundaries, including anal fin rays 1–5) from these photo-
graphs (Fig. S2). Although some previous work on gonopo-
dial variation in poeciliids focused on gonopodium length
(Kelly et al. 2000; Jennions and Kelly 2002; Kahn et al.
2010), we measured surface area because our hypothesis of
divergent selection between fragmentation regimes centers
on effects of gonopodium surface area, rather than length,
on fitness components (i.e., mating preferences for lateral
surface area, frictional drag incurred by gonopodia during
locomotion; Langerhans et al. 2005). Both measurements
were log10-transformed to meet assumptions of normality
of residuals in statistical analyses.
Because we wished to examine the consistency of pheno-

typic differences between fragmentation regimes across spe-
cies and islands, we employed a statistical approach that
can explicitly test for and quantify both shared and unique
effects of fragmentation on male genital morphology across
these groups (see Langerhans and DeWitt 2004). We
employed this approach with each aspect of male genital
morphology (see below). All analyses were performed in
JMP (SAS Institute, Cary, NC, USA) unless otherwise
noted. Prior to tests of male genital morphology, we first
conducted a test to confirm that body size and fragmenta-
tion status were not confounded. We performed a general
linear mixed model (GLMM) where log10-transformed
standard length served as the response variable, fixed effects
included fragmentation status, species, island nested within
species, and all two-way interactions with fragmentation
status, while population served as a random effect.
To test for shared and unique responses of gonopodium

size to tidal-creek fragmentation across the species and
islands, we conducted a GLMM as described above, but
with log10-transformed gonopodium area as the response
variable, and additional model terms for log10-transformed
standard length (covariate to control for allometry) and the
interaction between log10-transformed standard length and
fragmentation status (test for allometric differences
between fragmentation regimes). Because we observed sig-
nificant heterogeneity of slopes across fragmentation
regimes (i.e., significant interaction between standard
length and fragmentation), we could not simply interpret
differences in relative gonopodium size—rather, the key
source of variation involved allometry. Thus, we conducted
analyses specifically designed to test for among-population
variation in allometric slopes.

To directly investigate potential differences in scaling
relationships among populations, we calculated allometric
slopes for each population with a sample size >5 (due to
reduced confidence in slopes calculated with <5 data
points). This excluded three populations. Because it
remains unclear whether slopes calculated using ordinary
least squares (OLS) or reduced major axis (RMA) regres-
sion is most appropriate for allometric studies (Voje et al.
2014), we employed both methods. We then weighted our
estimates of allometric slopes by population sample size in
an effort to give more weight to more precise estimates. We
conducted two general linear models (GLM) to test for
shared and unique effects of habitat fragmentation on go-
nopodial allometry, with population slopes (OLS and RMA
slopes, separately) serving as the response variable, and our
five major terms of interest serving as independent vari-
ables: fragmentation status, species, island nested within
species, fragmentation status 9 species, and fragmentation
status 9 island nested within species.

Gonopodial distal-tip shape

To examine variation in gonopodial distal-tip shape, we
photographed the lateral, left side of each gonopodial dis-
tal tip using a Leica S8 APO stereoscope equipped with a
DFC 425 digital camera and a TL RCI base (Leica Micro-
systems Inc., Buffalo Grove, IL, USA). We captured three
to five images of each gonopodial distal tip at 1289 mag-
nification and stacked the photographs to comprise
one composite image using Helicon Focus software
(http://www.heliconsoft.com/). Gonopodial distal-tip shape
was quantified for 235 fish (Table S2) using geometric
morphometric methods (Zelditch et al. 2004; Heinen-Kay
and Langerhans 2013). Sample sizes for gonopodial surface
area and distal-tip shape differ because preservation effects
and natural variation precluded photographs adequate to
examine both features on all specimens. Using tpsDig2
software, we digitized 44 homologous landmarks (Fig. S3)
chosen to provide adequate representation across the
gonopodial distal tip. Textual descriptions of landmark
locations can be found in Heinen-Kay and Langerhans
(2013); landmarks 38–40 and 50–51 from Heinen-Kay and
Langerhans (2013) were not included in the present study
because they exhibited unusually high variance owing to
differences among species (i.e., ~2.5 9 greater standard
deviation than other landmarks). Using tpsRelw software
(Rohlf 2010b), we extracted relative warps (principal com-
ponents of shape variation) to reduce dimensionality of
the data. We retained the first 15 relative warps for use in
analyses, which explained 89.6% of shape variance. Cen-
troid size (square root of the summed, squared distances
of all landmarks from their centroid) provided an estimate
of gonopodial distal-tip size for analyses.
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We conducted a mixed-model multivariate analysis of
covariance (MANCOVA) to test for shared and unique effects
of habitat fragmentation on gonopodial distal-tip shape
across species and islands. The 15 relative warps served as
response variables. Log-transformed gonopodial distal-tip
centroid size, residual gonopodium size (from log-log
regression of surface area on standard length), and log-
transformed standard length were included as covariates to
control for multivariate allometry, as all three factors could
exhibit allometric effects on gonopodial distal-tip shape.
These three potential sources of allometry exhibited low
multicollinearity (all variance inflation factors <3.9); VIFs
<10 are not considered problematic (Myers 1990). Other
predictors included the five terms of interest described
above for the allometric slope models, and popula-
tion served as a random effect. Data met assumptions of
MANCOVA. An F test based on Wilks’s Λ was used to deter-
mine statistical significance for the covariates, whereas we
conducted an F test employing restricted maximum likeli-
hood and the Kenward–Roger degrees of freedom adjust-
ment (Kenward and Roger 1997) using the MIXED
procedure in SAS to test significance of all other terms.
This latter procedure enabled us to employ population as
the unit of replication, effectively treating it as a random
effect (Hassell et al. 2012; Heinen-Kay and Langerhans
2013; Riesch et al. 2013; Martin et al. 2014). To determine
the relative importance of each predictor in our model, we
calculated Wilks’s partial g2 as an estimate of multivariate
effect size (Langerhans and DeWitt 2004).
To obtain a single value that described gonopodial dis-

tal-tip shape for each individual, we calculated scores along
d, the divergence vector, by conducting a principle compo-
nent analysis on the sums of squares cross product matrix
for the fragmentation status term in the MANCOVA (Langer-
hans 2009). d is a multivariate axis summarizing the great-
est variation in gonopodial distal-tip shape between
fragmentation regimes while controlling for other model
terms (Langerhans 2009). Thus, instead of examining vari-
ation in each relative warp individually, d provides a single
axis that summarizes the major differences in gonopodial
distal-tip shape between fragmentation regimes (i.e., linear
combination of relative warps that exhibit greatest correla-
tion with fragmentation regime). We used this multivariate
axis to visualize gonopodial distal-tip shape differences
between fragmentation regimes in tpsRelw. Individual
scores along d were employed in remaining analyses involv-
ing gonopodial distal-tip shape.

Gonopodial distal-tip meristics

In addition to investigating potential divergence in multi-
variate gonopodial distal-tip shape, we wished to discover
whether any traditional meristic characters on the distal tip

have shifted as a result of habitat fragmentation. We
counted the number of serrae on gonopodial fin ray 4a and
the number of spines on gonopodial fin ray 3 (Fig. S3)
from distal-tip photographs (n = 235). We employed
GLMs for analysis of meristics because the counts (and
model residuals) met assumptions of normality. We inves-
tigated shared and unique effects of habitat fragmentation
on gonopodial distal-tip meristics across species and
islands using separate GLMMs. Model terms included in
each model mirrored that described above for gonopodial
distal-tip shape (i.e., three covariates to control for multi-
variate allometry, five major terms of interest, and popula-
tion as a random effect).

Model selection of ecological factors

We employed model selection to pinpoint particular envi-
ronmental agents most strongly associated with observed
divergence in gonopodial features between fragmentation
regimes. Prior to model selection, we first conducted GLMs
with each of the following environmental factors serving as
response variables to determine the consistency of ecologi-
cal differences between fragmentation regimes: piscivore
density, Gambusia density, salinity, turbidity, pH, and dis-
solved oxygen. For each environmental factor, our model
included our five terms of interest. Consistent differences
between fragmentation regimes were evident for piscivore
density, Gambusia density, and salinity and were suggestive
for turbidity (Table S4). Thus, these four environmental
factors served as possible predictors in our model selection
analyses. For each gonopodial trait exhibiting significant
differences between fragmentation regimes, we conducted
model selection using GLMs with population mean values
for the gonopodial feature of interest as response variables,
the four noted environmental variables as potential inde-
pendent variables, and forced inclusion of terms for species
and island nested within species. The latter terms were
included to control for variation among species and
islands, thus allowing us to focus specifically on variation
within islands. Multicollinearity was low in all models (all
VIFs <2.7), allowing us to differentiate between competing
hypotheses. For each trait, we considered models with ∆
AICc scores <2 as selected models (Burnham and Anderson
2002).

Results

Gonopodium size and allometry
Body size only exhibited significant differences between
islands (F3,32.29 = 3.24, P = 0.0348), confirming that
fragmentation status was not confounded with body size
(F1,32.5 = 0.85, P = 0.3626; all other terms, P > 0.24). Male
Gambusia from fragmented tidal creeks exhibited a
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marginally nonsignificant trend toward possessing smaller
gonopodia than counterparts in unfragmented sites
(Table 1). However, significant heterogeneity of slopes
indicated differences in allometry between fragmentation
regimes. Thus, effects of fragmentation on gonopodium
size appeared to largely influence allometry (slope), not
simply relative gonopodium size (intercept).
Explicit examination of mean population allometric

slopes revealed significant differences in allometry
between fragmented and unfragmented tidal creeks using
both ordinary least squares and reduced major axis
regression approaches (Table 2). Populations in frag-
mented tidal creeks tended to exhibit shallower allomet-
ric slopes than those in unfragmented sites (Fig. 3).
Gonopodial allometry also varied among islands
(Table 2; Fig. 3). Model selection pointed to Gambusia
density and salinity as important explanatory factors
describing variation in gonopodial allometric slopes
(Table 3). The top model included only Gambusia den-
sity (OLS: F1,33 = 5.06, P = 0.0313, g2 = 9.58%; RMA:
F1,33 = 4.02, P = 0.0532, g2 = 8.20%), while the second
best model included only salinity (OLS: F1,33 = 4.39,
P = 0.0439, g2 = 8.97%; RMA: F1,33 = 2.98, P = 0.0935,
g2 = 6.29%). These environmental factors tended to
explain 50% (salinity) to 60% (Gambusia density) as
much variance as a term for ‘fragmentation status,’ sug-

gesting that much of the observed allometric differences
between fragmentation regimes ultimately derived from
some aspects of Gambusia density and salinity.

Gonopodial distal-tip shape

Multivariate analysis of covariance revealed that gonopo-
dial distal-tip shape was significantly associated with
fragmentation status, multiple sources of allometry, spe-
cies, and island of origin (Table 4). Based on our esti-
mates of multivariate effect size, allometry provided the
most important explanatory source, with fragmentation
status representing the second most important source of
variation; differences between species and islands were
slightly smaller in magnitude. Combined with the lack
of unique effects of fragmentation among species or
islands, these results suggest a remarkably consistent pat-
tern of differentiation in gonopodial distal-tip shape
between fragmentation regimes across species and
islands. Based on d, mosquitofish exhibited more
rounded gonopodial distal tips with larger areas of soft
tissue in fragmented tidal creeks, while males in unfrag-
mented sites exhibited more elongate gonopodial distal
tips with more densely positioned bony segments
(Fig. 4).
Model selection revealed that differences in gonopodial

distal-tip shape between fragmentation regimes (scores
along d) were largely attributed to differences in piscivore
density and salinity (Table 3). The top model found signifi-
cant effects of piscivore density (F1,34 = 6.58, P = 0.0149,
g2 = 13.70%) and salinity (F1,34 = 4.41, P = 0.0431,
g2 = 9.19%). The second-best model found significant
effects of piscivore density alone (F1,35 = 11.12,
P = 0.0020, g2 = 23.57%). These environmental factors
explained 65% (top model) to 67% (second model) as
much variance as a term for ‘fragmentation status.’ Thus,
some aspects of piscivore density and salinity appear
responsible for the majority of observed differences
between fragmentation regimes in gonopodial distal-tip
shape.

Gonopodial distal-tip meristics

Serrae number exhibited significant differences between
species, where G. sp. possessed fewer serrae than either
G. hubbsi or G. manni (Table 5; Table S5). Serrae number
scaled positively with body size and distal-tip size and
scaled negatively with relative gonopodium size (Table 5).
A weak, nonsignificant trend was uncovered where Gambu-
sia males tended to exhibit fewer serrae in fragmented tidal
creeks (Table 5; Table S5). Number of spines on the go-
nopodial distal tip scaled positively with distal-tip size and
exhibited a nonsignificant trend toward scaling negatively

Table 1. Results of general linear mixed model examining variation in

log-transformed gonopodium surface area in three closely related Gam-

busia species inhabiting six Bahamian islands.

Source F df P

Standard length (SL) 1559.33 1, 391.7 <0.0001
Fragmentation status (Frag) 3.74 1, 33.09 0.0618

Species 0.96 2, 33.09 0.3946

Frag 9 Species 0.71 2, 33.09 0.4992

Island [Species] 2.99 3, 33.34 0.0449

Frag 9 Island [Species] 0.18 3, 33.34 0.9123

Frag 9 SL 6.29 1, 391.7 0.0125

Table 2. Results of separate general linear models examining variation

in gonopodial allometric slopes weighted by sample size and calculated

using both ordinary least squares (OLS) and reduced major axis (RMA)

regression.

Source df

OLS RMA

F P F P

Fragmentation status (Frag) 1, 28 7.12 0.0125 6.03 0.0205

Species 2, 28 1.53 0.2349 1.50 0.2398

Frag 9 Species 2, 28 0.65 0.5297 0.32 0.7318

Island [Species] 3, 28 4.37 0.0121 3.78 0.0214

Frag 9 Island [Species] 3, 28 0.38 0.7648 0.90 0.4519
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with relative gonopodium size (Table 5). No other effects
were evident for the number of spines on the gonopodial
distal tip (Table S5). Because neither the number of serrae

nor spines differed between fragmented and unfragmented
sites, we did not employ model selection to further investi-
gate these characters.
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Figure 3 Variation in gonopodial allometry between fragmented and unfragmented tidal creeks on each island. Open symbols and dashed lines:

fragmented tidal creeks (F); filled symbols and solid lines: unfragmented tidal creeks (U). Ordinary least squares regression (OLS) on the left and

reduced major axis regression (RMA) slopes on the right.
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Discussion

Human activities are altering ecosystems across the globe,
but how strongly, consistently, and predictably the result-
ing ecological shifts might cause phenotypic shifts in
affected organisms remains poorly understood. Our study
revealed that just 35–50 years after humans fragmented the
habitats of three endemic livebearing fishes (~70–100 gen-
erations), multiple aspects of male genital morphology
exhibited consistent differences across six Bahamian
islands, with some changes matching our a priori predic-
tions. For instance, gonopodial distal-tip shape diverged as
predicted, with more rounded tips observed in fragmented
sites and more elongate and bony tips in unfragmented
localities. Unexpectedly, gonopodial allometry differed
consistently between fragmentation regimes, with Gambu-
sia males exhibiting shallower allometric slopes in

fragmented tidal creeks, while gonopodium size did not
differ between fragmentation regimes as anticipated. Our
findings represent the first study to report phenotypic dif-
ferentiation of male genital morphology resulting from the
ecological consequences of anthropogenic environmental
changes.
We predicted that mosquitofish would exhibit larger rel-

ative gonopodium size in fragmented tidal creeks based on
previous work in two Gambusia species that found males
from environments experiencing reduced predation risk
evolved larger gonopodia, resulting from trade-offs
between natural and sexual selection under different eco-
logical conditions (Langerhans et al. 2005). However,
rather than uncovering a change in relative gonopodium
size, we instead discovered a shift in allometry where the
slope of gonopodial surface area versus body size repeatedly
experienced a reduction subsequent to fragmentation.
Based on prior work (Voje et al. 2014), we did not predict
any shift in gonopodial allometry in response to the differ-
ent environments caused by habitat fragmentation. So why
might male Gambusia exhibit a shallower allometric slope
in fragmented tidal creeks and more generally in sites with
higher population densities and reduced salinity? Gonopo-
dia represent a special case of genitalia because only the rel-
atively small distal tip inserts into the female during
copulation, while the entire organ is quite large relative to
body size and nonretractable. Thus, popular hypotheses
explaining patterns of genital allometry such as ‘one size
fits all’ do not apply as neatly here compared with other
systems where mechanical fit of the entire organ is required
for successful fertilization (Eberhard et al. 1998; Eberhard
2009). However, gonopodium size is a target of premating
sexual selection in a number of livebearing fishes (Langer-
hans 2011), and thus, this trait might exhibit an allometric
pattern more similar to secondary sexual characters that
tend to increase rapidly relative to body size (Kodric-
Brown et al. 2006). This widespread trend of positive
allometry for sexual ornaments and weapons traits likely
exists because individuals with larger body size are typically
in greater condition and can afford to invest more heavily
in sexual traits than smaller individuals in poor condition
(Kodric-Brown et al. 2006). Reduced Gambusia densities
in unfragmented sites likely translate to less intense
resource competition than in high-density fragmented tidal
creeks. Thus, fish in unfragmented sites may experience less
restrictive resource allocation trade-offs, allowing males in
better condition to invest more in gonopodium size. We
generally observed negative allometry of gonopodium size,
with slopes closer to isometry in unfragmented sites (slope
of 2 = isometry in our study). Differences in salinity might
also indirectly contribute to this pattern if correlated with
other unmeasured factors associated with resource avail-
ability, such as copepod or zooplankton density. Variation

Table 3. Summary of model selection results from separate general lin-

ear models examining environmental factors in relation to different

components of genital morphology. Model selection criterion for model

retention was ∆ AICc score <2. Model terms included piscivore density,

Gambusia density, salinity, and turbidity (terms for species and island

nested within species were included in all models).

Gonopodial feature Model R2 AICc ∆ AICc

Allometric slope

(OLS)

Gambusia density 0.38 228.67 0.00

Salinity 0.36 229.38 0.71

Allometric slope

(RMA)

Gambusia density 0.34 237.16 0.00

Salinity 0.32 238.30 1.14

Distal-tip shape Piscivore density +
Salinity

0.33 !214.17 0.00

Piscivore density 0.25 !212.30 1.87

OLS, ordinary least squares; RMA, reduced major axis.

Table 4. MANCOVA results examining variation in gonopodial distal-tip

shape across three closely related Gambusia species inhabiting tidal

creeks across six Bahamian islands. Partial variance reflects Wilks’s par-

tial g2.

Source F df P

Partial variance

explained (%)

Standard length 14.60 15, 175 <0.0001 55.58

Residual gonopodial

surface area

2.25 15, 175 0.0064 16.18

Gonopodial distal-tip

centroid size

8.34 15, 175 <0.0001 41.69

Fragmentation

status (Frag)

2.56 14, 1320 0.0012 25.39

Species 2.92 28, 1849 <0.0001 17.26

Frag 9 Species 1.34 28, 1849 0.1123 8.92

Island [Species] 1.77 42, 2162 0.0018 13.22

Frag 9 Island [Species] 1.32 42, 2162 0.0836 10.53
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in population density or salinity could affect the relative
strengths of selection on gonopodium and body size,
potentially mediated by female preference or locomotor
requirements for foraging and social/sexual behaviors,
which could also contribute to allometric differences
between populations (Bonduriansky and Day 2003). An
additional possibility is that the observed pattern might
reflect variation in the relative importance of gonopodium
size during mate choice or perhaps a shift in the
importance of various sexual selection mechanisms
between habitats with varying conspecific densities or salin-
ities. Understanding why ecological differences between

populations may influence allometry through either pheno-
typic plasticity or evolutionary change merits further
research attention.
Release from predation risk and reduced salinities in

fragmented tidal creeks largely accounted for the observed
shift in gonopodial distal-tip shape. This confirmed our
predictions and mirrors recently documented evolutionary
divergence in gonopodial distal-tip shape in G. hubbsi
inhabiting environments that differ in predation risk. In
both cases, populations experiencing low predation risk
have more rounded distal tips with increased soft tissue
compared with the more elongate and bony distal tips

(A) (C)

(B)

Figure 4 (A) Thin-plate transformation grids with illustrations overlaid onto the grids to facilitate interpretation of gonopodial distal-tip shape varia-

tion between fragmented and unfragmented tidal creeks (positive and negative scores along d, respectively), (B) representative photographs of go-

nopodial distal tips of males from each species originating from fragmented (left) and unfragmented (right) tidal creeks, and (C) least-squares means

(!SE) of d scores from fragmented (open bars) and unfragmented (filled bars) tidal creeks across Bahamian islands.
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observed in the presence of predatory fish (Heinen-Kay
and Langerhans 2013). Reduced predation risk often drasti-
cally alters the mating environment by selecting for longer
copulation, more courtship, less sexual coercion and con-
flict, and possibly reduced postmating sexual selection
(Magnhagen 1991; Magurran and Seghers 1994; Rowe et al.
1994; Heinen et al. 2013). We suggest that the more elon-
gate and bony gonopodial tips possessed by fish in unfrag-
mented sites facilitate more effective sperm transfer or
fertilization with uncooperative females during rapid and
forced copulation attempts, likely reflecting ecologically
induced differences in sexual selection between fragmented
and unfragmented environments. Previous work in another
livebearing fish (Poecilia reticulata) confirms that genital
shape can indeed affect sperm transfer, at least during
forced copulations (Evans et al. 2011; Kwan et al. 2013). A
more elongate and bony gonopodial tip may mechanically
allow males to more effectively circumvent female mate
choice by achieving and maintaining appropriate contact
for rapid sperm transfer. Additionally, more elongate go-
nopodial tips could offer an advantage during sperm com-
petition by allowing males to deposit sperm deeper inside
the female’s reproductive tract (van Lieshout and Elgar
2011). Under high predation risk, postcopulatory sexual
selection (e.g., sperm competition, cryptic female choice)
may increase in intensity to compensate for reduced pre-
mating sexual selection, increasing strength of selection on
genital shape. Relaxation of sexual conflict, or possibly dif-
ferences in cryptic female choice or another sexual selection
mechanism, may favor the more rounded gonopodial distal
tips with greater soft tissue areas observed in populations
with few predators, although explanatory hypotheses are
not as obvious. Why differences in salinity might affect go-
nopodial distal-tip shape are less clear and require further
study. Salt represents an important component of many
cellular processes and could affect developmental pathways;
for instance, exposure to different salinity levels during
development has previously been shown to underlie plastic
morphological differences in stickleback body morphology

(McCairns and Bernatchez 2012) and aspects of the croco-
dile cloaca (Kuchel and Franklin 2000). Salinity could also
influence postmating physiological processes that affect fer-
tilization, or sperm motility and life span (Elofsson et al.
2003). An additional possibility is that salinity covaries
with an unmeasured (causal) environmental factor, such as
density of particular resources. While it is currently unclear
how resource availability might affect gonopodial distal-tip
shape, previous work did find suggestive evidence for an
effect of phytoplankton density on gonopodial distal-tip
shape (Heinen-Kay and Langerhans 2013).
Our study revealed no differences in gonopodial meris-

tics between fragmentation regimes other than a weak
trend for fewer serrae in fragmented tidal creeks. The lack
of meristic differences between Gambusia populations
experiencing different fragmentation regimes might indi-
cate that meristics, as opposed to multivariate shape, may
not represent a target of divergent selection in this system
or perhaps take longer to respond to selection. For
instance, gaining or losing entire bony structures such as a
spine or serra might require more substantial differentia-
tion of developmental pathways (either via phenotypic
plasticity or genetic divergence) than those for altering
overall distal-tip shape. However, multiple sources of
allometry were associated with both number of serrae and
spines on the gonopodial distal tip, and serrae number dif-
fered among species. Although we have little functional
understanding of serrae and spine number, these meristics
have often proved useful in taxonomic work in Gambusia
fishes (Greenfield 1983; Rauchenberger 1989; Langerhans
et al. 2012).
Although we initially anticipated that effects of fragmen-

tation on male genital morphology might vary among spe-
cies or islands owing to a range of factors (e.g., differences
in genetic variances and covariances of traits, genetic drift,
variable timing of road constructions, idiosyncratic ecolog-
ical effects of fragmentation across islands), our study
revealed that habitat fragmentation ultimately resulted in
consistent differences in multiple aspects of genital

Table 5. Results from separate general linear models examining variation in gonopodial distal tip meristic characters (number of serrae on ray 4p and

number of spines on ray 3).

Source

Number of Serrae Number of Spines

F df P F df P

Standard length 7.44 1, 209.7 0.0069 1.91 1, 216.6 0.1689

Residual gonopodial surface area 5.88 1, 210.4 0.0162 2.97 1, 218.3 0.0861

Gonopodial distal-tip centroid size 4.78 1, 219.9 0.0298 8.32 1, 219.6 0.0043

Fragmentation status (Frag) 2.81 1, 37.98 0.1017 0.11 1, 39.62 0.7368

Species 14.75 2, 37.99 <0.0001 0.28 2, 39.64 0.7560

Frag 9 Species 1.06 2, 37.32 0.3568 0.38 2, 38.88 0.6850

Island [Species] 0.63 3, 37.67 0.5976 1.33 3, 39.42 0.2776

Frag 9 Island [Species] 1.72 3, 35.99 0.1803 0.85 3, 37.93 0.4761
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morphology. While we uncovered differences among spe-
cies in some traits (distal-tip shape, serrae number) and
among islands for some traits (allometry, distal-tip shape),
the magnitude of differences between fragmentation
regimes was typically as large or larger than these differ-
ences, and the nature of differences between fragmentation
regimes did not significantly differ among species or
islands. This suggests that human-induced ecological
changes caused similar and strong selection on male genital
morphology in fragmented tidal creeks and that population
responses to similar selection were rapid, general, and
repeatable.
Although we did not test for a genetic basis for differenti-

ation in gonopodial morphology in tidal-creek mosquito-
fish, previous work has demonstrated a genetic basis to
population differences in gonopodial distal-tip shape and
gonopodium size in congeners (Langerhans et al. 2005;
Heinen-Kay and Langerhans 2013). Moreover, evolution-
ary divergence in gonopodial morphology in Gambusia aff-
inis occurred over a roughly similar timescale as examined
here (Langerhans et al. 2005; Langerhans 2009). Other live-
bearing fish systems have witnessed rapid evolution in
response to different ecological conditions with far fewer
generations under different selective conditions (Reznick
et al. 1990). Thus, at least some of the differences observed
here may reflect rapid evolutionary changes, but future
work is required to elucidate the relative importance of
phenotypic plasticity and genetic divergence, either of
which could reflect responses to divergent selection (West-
Eberhard 2003; DeWitt and Scheiner 2004; Pfennig et al.
2010). Regardless of the source, our results indicate rapid
and consistent phenotypic shifts subsequent to human-
induced fragmentation—future work should examine how
these phenotypic changes might alter social behaviors,
demographics, or community-level ecological factors (Pal-
kovacs et al. 2011).
Rapid differentiation of male genital morphology might

result in reproductive isolation between ecologically dis-
similar populations by inhibiting gene flow. Genitalia are
vital for successful reproduction in internally fertilizing
organisms, and mechanical and sensory incompatibilities
might affect sperm transfer and fertilization success. Geni-
tal differences represent the first proposed mechanism of
speciation (Dufour 1844), and to this day, taxonomists reg-
ularly use genital morphology to confirm the existence of
distinct lineages (Churchill et al. 2013). Although the
notion of genital differences driving reproductive isolation
is controversial, it has indeed been documented in a few
species such as millipedes (Wojcieszek and Simmons
2013), fruit flies (Kamimura and Mitsumoto 2012), and
carabid beetles (Kubota et al. 2013). Little work has investi-
gated the extent to which human-induced environmental
change might ultimately result in speciation, and no

previous work has addressed this within the context of
human-induced changes in genital morphology. Whether
genital differences between Gambusia inhabiting frag-
mented and unfragmented tidal creeks have led to
increased levels of reproductive isolation has not yet been
investigated, but would provide valuable insight into the
capacity of human impacts on the environment to promote
the formation of new species on ecological timescales.
How general is the phenomenon of rapid genital differ-

entiation associated with human-induced environmental
changes? Although not yet a major focus of research, the
idea that variation in ecological factors can affect the
mechanisms of sexual selection influencing genital evolu-
tion is gaining traction (e.g., Rowe et al. 1994; Cayetano
et al. 2011; Perry and Rowe 2012; Heinen-Kay and Lan-
gerhans 2013). However, the role of human activities in
ultimately driving genital differentiation has received vir-
tually no attention prior to the present study and requires
more research to understand its general significance. A
handful of studies have reported male genital divergence
associated with various sources of environmental varia-
tion, including host plant in Drosophila buzzatti (Soto
et al. 2007) and a treehopper (Rodriguez and Al-Wathiqui
2011), life history selection regime in seed beetles (Cayet-
ano et al. 2011), habitat and climate in crickets (Oneal
and Knowles 2013), temperature in Drosophila mediopunc-
tata (Andrade et al. 2005), and predation in livebearing
fishes (Kelly et al. 2000; Jennions and Kelly 2002; Langer-
hans et al. 2005; Evans et al. 2011; Heinen-Kay and Lan-
gerhans 2013). Given the relationships between ecological
variation, sexual selection, and genital evolution, genital
diversification might represent a common outcome of
human-caused environmental changes, posing significant
implications for population fitness, gene flow, and possi-
bly speciation. In the present study, we discovered that
variation in predation risk, population demographics, and
abiotic conditions was associated with replicated shifts in
multiple aspects of male genital morphology. Altogether,
our results highlight how human-induced environmental
change can elicit complex and rapid phenotypic responses
in affected organisms.
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The Bahamas 
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Electronic Supplementary Material for: 

“Environmental drivers of demographics, habitat use, and behavior during a 
post-Pleistocene radiation of Bahamas mosquitofish (Gambusia hubbsi)” 

 
JL Heinen, MW Coco, MS Marcuard, DN White,  

MN Peterson, RA Martin, RB Langerhans 
 

Figure S1  Map of 17 blue holes where Gambusia hubbsi were collected (blue holes without 
piscivorous fish: blue circles, blue holes with piscivorous fish: red circles). Site numbers follow 
Table S1. 
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Table S1  Summary of study sites (those censused in Summer 2011 were additionally examined 
for adult feeding and social behaviors). 

Blue Hole Census Sampling Period(s) 
Gobiomorus 

Presence 
Cyprinodon 

Presence 
Fig. S1 
Label 

Archie's Spring 2011 Absent Absent 1 
East Twin Fall 2009, Spring 2011, Summer 2011 Absent Absent 2 
Pigskin Spring 2011 Absent Absent 3 
Gollum Spring 2011 Absent Present 4 
Hubcap Spring 2011, Summer 2011 Absent Present 5 
Ken's Spring 2011 Absent Present 6 
Rainbow Fall 2009, Spring 2011, Summer 2011 Absent Present 7 
Voy's Spring 2011 Absent Present 8 
Cousteau’s Fall 2009, Spring 2011, Summer 2011 Present Absent 9 
Hard Mile Spring 2011 Present Absent 10 
Runway Spring 2011 Present Absent 11 
Stalactite Fall 2009, Spring 2011, Summer 2011 Present Absent 12 
West Twin Spring 2011, Summer 2011 Present Absent 13 
Gibson Spring 2011 Present Present 14 
Goby Lake Fall 2009, Spring 2011 Present Present 15 
Rivean’s Spring 2011 Present Present 16 
Shawn's Fall 2009, Spring 2011 Present Present 17 

 
 
 
 
Table S2  Mixed-model nested ANOVA results examining variation in population demographics 
across predator regimes and habitat types. 

  Density  Sex Ratio  Prop. Juveniles 
Source F df P  F df P  F df P 
Gobiomorus Predator (P) 101.99 1,15 < 0.0001  3.55 1,17.4 0.0765  15.68 1,16.9 0.0010 
Habitat (H) 42.89 3,45 < 0.0001  0.03 1,14.8 0.8750  0.39 1,13.8 0.5401 
P x H 4.21 3,45 0.0104   3.57 1,14.8 0.0787   2.52 1,13.8 0.1349 
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Table S3  Model selection results examining variation in population demographics and habitat use. Model term abbreviations: P = 
Gobiomorus predator presence, C = Cyprinodon competitor presence, E-PC# = environmental principal components. Selected models 
in bold type. For sex ratio, we selected a more complex model within 2 AICc units of the best model, as we were particularly 
interested in identifying any influential environmental factors. 

 Density  Sex Ratio  Prop. Juveniles  Shallow-water  Offshore 
Model AICc ∆AICc   AICc ∆AICc   AICc ∆AICc   AICc ∆AICc   AICc ∆AICc 
P + C + P x C 12.46 0.00  40.37 0.00  5.42 0.86  -1.79 6.36  6.05 0.00 
P + C + P x C + E-PC1 16.30 3.84  44.50 4.13  4.57 0.00  -8.15 0.00  10.80 4.75 
P + C + P x C + E-PC2 17.21 4.75  41.38 1.00  10.20 5.63  0.70 8.85  8.56 2.51 
P + C + P x C + E-PC3 16.83 4.38  45.16 4.79  8.81 4.24  1.05 9.19  10.42 4.37 
P + C + P x C + E-PC1 + E-PC2 21.93 9.47  46.98 6.61  9.71 5.14  -4.39 3.76  14.04 7.99 
P + C + P x C + E-PC1 + E-PC3 21.57 9.11  50.44 10.07  7.51 2.95  -4.97 3.18  16.20 10.16 
P + C + P x C + E-PC2 + E-PC3 22.70 10.24  47.29 6.92  14.71 10.14  4.49 12.64  14.05 8.00 
P + C + P x C + E-PC1 + E-PC2 + E-PC3 28.72 16.26   54.43 14.06   14.08 9.51   0.01 8.15   20.91 14.86 

 
 
 
 
Table S4  Mixed-model nested ANOVA results examining variation in foraging and social behaviors across predator regimes and 
sexes. 
 

  Behavior PC1  Behavior PC2  Behavior PC3 
Source F df P  F df P  F df P 
Gobiomorus Predator (P) 16.26 1,4 0.0157  22.71 1,4 0.0089  0.04 1,4 0.8470 
Sex (S) 26.32 1,229 < 0.0001  19.69 1,229 < 0.0001  16.62 1,229 < 0.0001 
P x S 4.75 1,229 0.0303   15.08 1,229 0.0001   14.56 1,229 0.0002 
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Table S5  Model selection results examining variation in foraging and social behaviors. Models 
with ∆ AICc < 8.0 presented. Model term abbreviations: P = Gobiomorus predator presence, S = 
sex, SR = sex ratio, J = proportional density of juveniles. Selected models in bold type. For 
behavioral PC1, we selected the more complex model with ∆ AICc of 1.14, as we were 
particularly interested in identifying any influential demographic factors (i.e. including any 
demographic term with a suggestive P value < 0.25). 

Dependent Variable Model AICc ∆AICc 

Behavior PC1 P + S 20.82 0.00 
 P + S + SR + S x SR 21.95 1.14 
 S 23.63 2.81 
 S + SR+ S x SR 23.97 3.15 
 P + S + P x S 24.01 3.19 
 S + J 24.25 3.43 
 S + SR 24.37 3.55 
 P + S + SR 25.66 4.84 
 P 25.89 5.07 
 S + SR + J + S x SR 25.98 5.16 
 P + J + S 26.48 5.66 
 S + SR + J 27.24 6.42 
 J 27.53 6.71 
 SR 27.59 6.77 
 S + J + S x J 27.81 6.99 
    
Behavior PC2 P + S + P x S 9.31 0.00 
 P + S + SR + P x S 12.08 2.76 
    
Behavior PC3 P + S + SR + J + P x SR 13.93 0.00 
 S + SR 19.17 5.24 
 S 19.83 5.90 
 SR 19.84 5.91 
  J 21.88 7.95 
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APPENDIX B 
 

 

 
 
 
 
 
 
  
  

SUPPLEMENTARY DATA: 

A tradeoff between natural and sexual selection underlies diversification of a sexual 
signal  
 
Justa L. Heinen-Kay, Kirstin E. Morris, Nicole Ryan, Samantha L. Byerley, Rebecca E. 
Venezia, M. Nils Peterson, and R. Brian Langerhans 
 
 
TABLES 
 
Table S1. Sample sizes per population for predator conspicuity and female mate-choice 
trials using wild-caught and lab-raised Bahamas mosquitofish. 
 

Fish community type Blue hole Predator trials Wild-caught females Lab-raised females 

Predator only Captain Bill’s 20 NA NA 
 Paul’s 20 NA NA 
     

High predation Cousteau’s 20 7 34 
 Stalactite 19 11 - 
 West Twin 18 17 - 
     

Low predation East Twin NA 13 - 
 Hubcap NA 11 - 
 Rainbow NA 11 - 
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Supporting Information  

Predation-associated divergence of male genital morphology in a livebearing fish 

J.L. Heinen-Kay and R.B. Langerhans 

Supporting Methods 
Population genetics analysis 

Previous studies using subsets of the populations examined here have demonstrated 

strong population genetic structuring among G. hubbsi populations in blue holes, with no 

significant association between the presence of predatory fish and genetic relatedness (12 

populations: Langerhans et al., 2007; 14 populations: Riesch et al., 2013). To directly 

confirm these findings for as many populations as possible, we gathered and analyzed all 

available and relevant published gene sequences, which resulted in samples for 17 of the 

22 populations investigated in this study (see GenBank accession numbers in Langerhans 

et al., 2007 and Riesch et al., 2013). The data comprised a total of 25 haplotypes for an 

886bp fragment of the NADH subunit 2 (ND2) mitochondrial gene, with five samples 

from each population (n = 85). We first conducted analysis of molecular variance 

(AMOVA; Excoffier et al., 1992) to confirm that population genetic structure is indeed 

strong and largely independent of the presence of G. dormitor. Consistent with prior 

work, all mtDNA haplotypes were closely related (mean percent nucleotide divergence = 

0.26%), we found strong population genetic structure among blue holes (FST = 0.57), and 

populations within a predation regime were not more closely related to one another than 

they were to populations in the alternative predation regime (Table S1). 

 

Traditional measurements of gonopodial distal tip 

We calculated the average percent difference between low-predation and high-predation 

populations for each of five traditional, univariate measurements. We selected 

measurements based on findings of our geometric morphometric analysis (see Table S3 

and Fig. 1c for landmark locations on the gonopodial tip): aspect ratio of the distal tip (tip 

length [landmark 20-40] / tip depth [landmark 48-13]), depth of the gap between anal-fin 

rays 4a and 4p (landmark 22-31), length of the gap between anal-fin rays 4a and 4p distal 

to the elbow (landmark 21-22), length of the elbow on ray 4a (landmark 22-25), and 

length of the distal element of ray 5a proximal to the curve of the hook (landmark 43-44). 

We performed linear mixed models as described in the text for each log-transformed 

variable (aspect ratio was not log-transformed), i.e., models included all three size 

covariates, predation regime, and population nested within predation regime (random 

effect). We then extracted the least-squares means for each trait in low-predation and 

high-predation populations (controlling for allometric variation), back-transformed the 

means from log units to original units, and calculated the percent difference in length 

between predation regimes by dividing the larger value by the smaller value. This 

allowed us to present percent differences between predation regimes for some intuitive 

linear measurements. Overall differences between predation regimes in traditional 

measurements were strongly evident (mixed-model MANCOVA: P < 0.0001), and 

posthoc examination revealed all traits showed significant differences (P < 0.05) except 

length of the ray 5a hook element (P = 0.0892).  
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Table S1  AMOVA results examining mtDNA sequence variation among 17 Gambusia 

hubbsi populations in blue holes. FCT is the correlation for random pairs of haplotypes 

within a predation regime, relative to random pairs of haplotypes drawn from the whole 

system. FSC is the correlation for random pairs of haplotypes within populations, relative 

to random pairs of haplotypes drawn from the same predation regime. FST is the 

correlation for random pairs of haplotypes within populations, relative to random pairs of 

haplotypes drawn from the whole system. 

 

Source of variation df % of variation F-statistic P 

Among predation regimes 1 2.91 FCT = 0.03 0.1017 

Among populations within predation regimes 15 53.62 FSC = 0.55 < 0.0001 

Within populations 68 43.47 FST = 0.57 < 0.0001 

Total 84    
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Table S2  Sample sizes of wild-caught male Gambusia hubbsi from 22 blue holes (n = 

123). All fish were collected between 2004-2006 except for Douglas-Christopher (2010) 

and Voy’s (2011). * indicates populations used for laboratory rearing. † indicates 

populations used in model selection analyses. 

 

Gobiomorus 

status 

Cyprinodon  

status Population n 

Absent Absent Archie's (A)† 5 

Absent Absent East Twin (E)† 8 

Absent Absent Gabbler (Ga) 5 

Absent Absent Little Frenchman (LF) 4 

Absent Absent Pigskin (P)† 11 

Absent Present Douglas-Christopher (DC) 4 

Absent Present Gollum's (Go)*† 8 

Absent Present Hubcap (Hu)† 5 

Absent Present Ken's (K)† 5 

Absent Present Lonely Hole (LH) 5 

Absent Present Rainbow (Ra)*† 5 

Absent Present Voy's (V)† 5 

Present Absent Cousteau (C)*† 5 

Present Absent Hard Mile (HM)† 5 

Present Absent Murky Brown (M) 8 

Present Absent Runway (Ru)† 5 

Present Absent Stalactite (St)*† 4 

Present Absent West Twin (W)† 5 

Present Present Gibson (Gi)† 6 

Present Present Goby Lake (GL)† 2 

Present Present Rivean's (Ri)† 7 

Present Present Shawn's (Sh)† 6 



 

69 
 4 

Table S3  Description of all 51 homologous landmark locations depicted in Fig. 1c; 

landmarks were selected to capture shape variation in all potentially important 

gonopodial-tip regions. 

 
Landmark # Landmark description 

1 most distal tip of the most distal ray 3 spine (spine 1) 

2 most proximal tip of the most distal ray 3 spine  

3 most distal tip of third most distal ray 3 spine (spine 3) 

4 most proximal-anterior point of the third most distal ray 3 spine 

5 most proximal-posterior point of the third most distal ray 3 spine  

6 most distal tip of fifth most distal ray 3 spine (spine 5) 

7 most proximal-anterior point of the fifth most distal ray 3 spine 

8 most proximal-posterior point of the fifth most distal ray 3 spine  

9 most distal tip of seventh most distal ray 3 spine (spine 7) 

10 most proximal-anterior point of the seventh most distal ray 3 spine 

11 most proximal-posterior point of the seventh most distal ray 3 spine  

12 most distal tip of eighth most distal ray 3 spine (spine 8) 

13 most posterior point of indentation along the anterior margin of ray 3 

14 most distal-anterior point of the most distal segment of ray 3 possessing lateral 

projections (first segment proximal to ray 3 spines) 

15 most distal-posterior point of the most distal segment of ray 3 possessing lateral 

projections (first segment proximal to ray 3 spines) 

16 most distal-anterior point of the second most distal segment of ray 3 possessing lateral 

projections (second segment proximal to ray 3 spines) 

17 most distal-posterior point of the second most distal segment of ray 3 possessing 

lateral projections (second segment proximal to ray 3 spines) 

18 most distal-anterior point of the third most distal segment of ray 3 possessing lateral 

projections (third segment proximal to ray 3 spines) 

19 most distal-posterior point of the third most distal segment of ray 3 possessing lateral 

projections (third segment proximal to ray 3 spines) 

20 most distal tip of the most distal segment of ray 4a 

21 distal closure of the soft tissue gap between rays 4a and 4p 

22 most distal-posterior point of the most distal fused elbow element on ray 4a 

23 most anterior tip of the elbow on ray 4a 

24 most distal-anterior tip of the anterodistal projection on the ray 4a segment 
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immediately proximal to the elbow 

25 most proximal-posterior point of the most proximal fused elbow element 

26 most distal tip of the ray 4p hook  

27 most proximal-anterior point on the base of the ray 4p hook  

28 most proximal-posterior point of the base of the ray 4p hook  

29 inflection point of the concave curvature of the left ray 4p hook (the 4p hook is 

bifurcated) 

30 most posterior tip of ray 4p hook  

31 most distal-anterior point of the most distal rounded segment on ray 4p distal to the 

serrae 

32 most posterior tip of the most distal rounded segment on ray 4p distal to the serrae 

33 most proximal-anterior point of the most distal rounded segment on ray 4p distal to 

the serrae 

34 most distal-anterior point of the most distal serra on ray 4p 

35 posterior tip of the most distal serra on ray 4p 

36 most distal-anterior point of the second most distal serra on ray 4p 

37 posterior tip of the second most distal serra on ray 4p 

38 most distal-anterior point of the most proximal serra 

39 posterior tip of the most proximal serra 

40 most proximal-posterior point of the most proximal serra 

41 most distal-anterior point of the hook on ray 5a 

42 most proximal-anterior point of the base of the ray 5a hook 

43 most proximal-posterior point of the base of the ray 5a hook 

44 inflection point of the concave curvature of the ray 5a hook 

45 posterior tip of the ray 5a hook 

46 most proximal-posterior point of the first segment proximal to the ray 5a hook 

47 most proximal-posterior point of the second segment proximal to the ray 5a hook 

48 most proximal-posterior point of the third segment proximal to the ray 5a hook 

49 most proximal-anterior point of the third segment proximal to the ray 5a hook 

50 most proximal-posterior point of the fourth segment proximal to the ray 5a hook 

51 most proximal-anterior point of the fourth segment proximal to the ray 5a hook 
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Table S4  Eigenvector coefficients of the divergence vector (d) used to determine which 

relative warps (RWs) are most important in describing gonopodial-tip shape differences 

between predation regimes for wild-caught fish. Coefficients in bold indicate the most 

important variables (coefficients ≥ |0.40|). 

 

Variable d 

RW 1 0.63 

RW 2 0.44 

RW 3 0.30 

RW 4 -0.42 

RW 5 0.15 

RW 6 0.27 

RW 7 0.15 

RW 8 0.05 

RW 9 0.11 

RW 10 -0.09 

RW 11 0.04 

RW 12 0.03 
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Table S5  Model selection results examining variation in gonopodial distal-tip shape (3 

RWs) among 17 blue holes. Models with ∆ AICc < 4.0 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. Selected models in bold type. Models selected based on the lowest 

∆ AICc that also included at least one term with P ≤ 0.05 and other terms with P < 0.2. 

Trait Model AICc ∆AICc 

RW1 Pred -62.20 0.00 

 

Pred + SR -61.45 0.75 

 

SR -60.11 2.09 

 

Phy -60.04 2.16 

 

Pup -59.97 2.23 

 

Pred + Phy -59.76 2.44 

 

Zoo -59.64 2.55 

 

Chl -59.43 2.76 

 

Pred + Chl -58.95 3.24 

 

Pred + Pup -58.95 3.25 

 

Pred + Zoo -58.84 3.35 

 

Pred + SR + Zoo -58.27 3.93 

    RW2 Pred -82.95 0.00 

 

Pred + Phy -81.67 1.29 

 

Pred + Chl -79.85 3.10 

 

Pred + Pup -79.57 3.38 

 

Pred + Zoo -79.49 3.47 

 

Pred + SR -79.48 3.47 

    RW4 Pred + Phy -83.40 0.00 

 

Chl -82.14 1.26 

 

Pred -82.12 1.27 

 

Pred + Chl + Phy -81.83 1.57 

 

Chl + Phy -81.62 1.78 

 

Phy -81.52 1.88 

 

Pred + Chl -81.35 2.05 

 

Pred + SR + Chl -81.32 2.08 

 

SR + Chl -80.27 3.13 

 

Pred + SR + Chl + 

Phy -80.22 3.18 

 

Pred + Pup + Phy -80.04 3.36 

 

Pred + SR + Phy -80.02 3.38 

 

Pred + SR -79.72 3.67 

 

Pred + Zoo + Phy -79.71 3.68 

  Pred + Pup -79.57 3.83 
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Fig. S1  Map of study sites on Andros Island, The Bahamas. Population abbreviations 

follow Table S2 (red circles: predator present, blue circles: predator absent).  
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Fig. S2  Variation in gonopodial distal-tip shape of male Gambusia hubbsi in relation to 

predation regime (filled circles: predator present, open circles: predator absent) and 

phytoplankton density for (a) RW2 and (b) RW4. Thin-plate spine transformation grids depict 

negative and positive ends of each RW axis (lines drawn to aid interpretation of gonopodial 

distal-tip shape). 
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Fig. S3  Representative gonopodial-tip photographs from (A) four different high-predation 

populations and (B) four different low-predation populations. Population abbreviations given in 

the lower-right corner of images follow Table S2. Scale bar in top-left image applies to all 

photographs.    

 

 

 

!"#$%&'()*'!"#$"%"&'(')*"+,-&-#-.)(/0')#+#1-'-,$(#1%+2$-3+4(5+2-6$+.)22"$"&'+78+

#-#6/(')-&%+(&.+495+2-6$+.)22"$"&'+:8+#-#6/(')-&%;+8-#6/(')-&+(99$"*)(')-&%+,)*"&+)&+'1"+

/-<"$0$),1'+=-$&"$+-2+)3(,"%+42-//-<)&,+>(9/"+?@5;+?=(/"+9($+)&+'-#0/"2'+)3(,"+(##/)"%+'-+

(//+#1-'-,$(#1%;++++

+

+

4!5"

4#5"

A 

B 



 

76 

APPENDIX D 

 

 1 

Supporting Information for:  
Human-caused habitat fragmentation can drive rapid divergence of male genitalia  

Justa L. Heinen-Kay, Holly G. Noel, Craig A. Layman, and R. Brian Langerhans 
 

Focal species 
Ongoing phylogenetic and taxonomic work across the genus Gambusia has clearly revealed three 
endemic species of Gambusia in The Bahama Archipelago (R. B. Langerhans, O. Dominguez, C. 
Pedraza-Lara, M. E. Gifford, I. Doadrio, unpublished data). While two Gambusia species have 
been described from The Bahamas, a third species not yet described also occurs there. Fink 
(1971) and Rauchenberger (1989) suggested that the range of Gambusia manni is limited to two 
brackish lakes on New Providence Island (Lake Cunningham and Lake Killarney), while G. 
hubbsi inhabits many Bahamian islands. Extensive collections by R.B. Langerhans across The 
Bahamas over the past 12 years, and inspection of material from museums, has instead found 
evidence suggesting that (1) G. manni represents a widespread species, apparently inhabiting all 
islands other than Bimini, Berry Islands, and Andros within the Great Bahama Bank, as well as 
isolated carbonate platforms in the southeastern Bahamas (although it indeed only occurs within 
New Providence in those two brackish lakes), (2) G. hubbsi occurs on Bimini, Berry Islands, 
Andros, and New Providence within the Great Bahama Bank, and (3) a yet unnamed species, G. 
sp., occurs on the islands of the Little Bahama Bank (Grand Bahama, Abacos). An upcoming 
phylogenetic analysis of Bahamian Gambusia, within the context of the entire genus, will be 
published elsewhere (R. B. Langerhans, O. Dominguez, C. Pedraza-Lara, M. E. Gifford, I. 
Doadrio, unpublished data); and a formal description of G. sp. from the Little Bahama Bank 
awaits future study. Here we present molecular genetic evidence for the existence of three 
divergent, reciprocally monophyletic Gambusia species in the Bahamas. 

To assess genetic divergence and phylogenetic relationships among the three Bahamian 
Gambusia species, we obtained mtDNA and nDNA gene sequences for Bahamian Gambusia and 
four outgroup taxa (Table S1). We examined samples of Bahamian Gambusia from a total of 17 
coastal localities across eight islands. For mtDNA, we sequenced fragments of the NADH 
subunit 2 gene (ND2) and the cytochrome b gene (cyt b). For nDNA, we sequenced fragments of 
the first intron of the S7 ribosomal protein gene (S7) and the recombination activation gene 2 
(RAG2). PCR primers and conditions for ND2, cyt b, and S7 followed Langerhans et al. (2012). 
For RAG2, we used the primers RAG2-F (5ʹ - GAC CCC GAG YGY TAC CTC ATC C - 3ʹ) 
and RAG2-R (5ʹ - TCG GTG GAG TAG TAA GGC TCC CA - 3ʹ). PCR conditions included an 
initial denaturation at 95°C for 180 s followed by 30 cycles of denaturation at 95°C for 30 s, 
annealing at 57°C for 30 s, and extension at 72°C for 90 s; concluding with a final extension at 
72°C for 240 s. Aligned fragment lengths were: ND2: 1031 bp, cyt b: 402 bp, S7: 745 bp (with 4 
indels), and RAG2: 972 bp. Sequences were aligned by eye. We generated 58 new sequences for 
this analysis, and used six previously published sequences from GenBank (U18209, U18211, 
U18214, U18228, KF704052, KF704055). All new sequence data have been deposited in 
GenBank (KM658333-KM658396). 

We inferred phylogenetic relationships from concatenated DNA sequences (3150 bp) 
using maximum-likelihood (ML) and Bayesian inference (BI) approaches. A total of eight data 
partitions were employed: one for each codon position of the ND2 and cyt b genes, one for S7, 
and one for RAG2. Maximum-likelihood phylogenetic relationships were estimated using PAUP 
4.0b10 (Swofford 2003), with the optimal maximum-likelihood model of DNA sequence 
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evolution determined using the Akaike information criterion (AIC) with jModelTest2 (Guindon 
and Gascuel 2003; Darriba et al. 2012). Rates were optimized separately for each data partition. 
The ML heuristic search employed 10 replicate random-sequence stepwise additions for starting 
trees and tree bisection and reconnection branch swapping. To estimate support for nodes in the 
ML trees, 100 bootstraps of sequence data were generated, preserving partitioning structure 
using RAxML 7.03 (Stamatakis 2006). We estimated BI relationships using MrBayes 3.2.1 
(Ronquist et al. 2012), with the optimal maximum-likelihood model of sequence evolution 
determined as above for each of the eight data partitions. We performed partitioned mixed-model 
Bayesian analyses, where each data partition was assigned its own evolutionary model, with 
model parameter values being unlinked among partitions assigned the same molecular 
evolutionary model. MrBayes 3.2.1 was run for 5,000,000 generations, sampling trees every 100 
generations, with the lower 25% of trees discarded as burn-in (after checking that stationarity 
was reached) for computation of a 50% majority-rule consensus tree. We calculated support 
values for inferred clades using Bayesian posterior probabilities. 

Phylogenetic analysis revealed strong support for three, reciprocally monophyletic 
species of Gambusia in the Bahamas (Fig. S1). While all three clades are well supported, 
interrelationships among the three species are not totally clear; although, current results suggest a 
sister relationship between G. hubbsi and G. manni. To provide rough estimates of divergence 
times between Bahamian Gambusia species, the 95% CI of divergence time estimates of Hrbek 
et al. (2007) for a node within the genus Gambusia were used to construct a molecular clock for 
the regions of ND2 and cyt b examined here (the only overlapping gene regions between the two 
studies) (see Langerhans et al. 2012). Based on these molecular clock estimates, G. sp. diverged 
from the clade of G. hubbsi and G. manni approximately 1.68-4.83 million years ago, while G. 
hubbsi and G. manni diverged from one another approximately 1.30-2.36 million years ago. All 
six islands examined in this study (see main text) were represented in this phylogenetic analysis. 
We use the species designations indicated here throughout the study. 
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Table S1 Population sources for molecular data in the examination of genetic distinctiveness of Bahamian Gambusia species. 
 

Species Location Collector(s) Genes Sequenced 

G. hubbsi Davis Creek, Andros Island,  
     Great Bahama Bank R.B. Langerhans ND2 

G. hubbsi Mastic Point Creek, Andros Island,  
     Great Bahama Bank R.B. Langerhans ND2 

G. hubbsi Independence Park Creek, Andros Island, 
     Great Bahama Bank R.B. Langerhans ND2 

G. hubbsi Thompson/Scott Creek, Andros Island,  
     Great Bahama Bank R.B. Langerhans ND2, cyt b, S7, RAG2 

G. hubbsi Mangrove Lake, Andros Island,  
     Great Bahama Bank R.B. Langerhans, L. Beckman ND2, cyt b, S7 

G. hubbsi Millar Creek, New Providence Island,  
     Great Bahama Bank R.B. Langerhans, C.A. Layman ND2 

G. hubbsi Lake Killarney, New Providence Island,  
     Great Bahama Bank R.B. Langerhans, C.A. Layman ND2 

G. hubbsi Adelaide Creek, New Providence Island,  
     Great Bahama Bank R.B. Langerhans, C.A. Layman ND2, cyt b 

G. hubbsi Defense Creek, New Providence Island,  
     Great Bahama Bank R.B. Langerhans, E.M.A. Hassell, K. Quigley ND2, cyt b, S7, RAG2 

    

G. manni Lake Cunningham, New Providence Island,  
     Great Bahama Bank R.B. Langerhans, C.A. Layman ND2, cyt b, S7, RAG2 

G. manni Lake Cunningham, New Providence Island,  
     Great Bahama Bank R.B. Langerhans, C.A. Layman ND2, S7, RAG2 

G. manni Burrows Pond, Eleuthera Island,  
     Great Bahama Bank C. McKinney Lambert ND2, cyt b, S7, RAG2 

G. manni Gordon's Creek, Long Island,  
     Great Bahama Bank R.B. Langerhans, E.M.A. Hassell, K. Quigley ND2, cyt b, S7, RAG2 

G. manni Norman's Cay, Exuma Cays,  
     Great Bahama Bank R.B. Langerhans, C.A. Layman ND2, cyt b 

G. manni Hot Creek, Great Exuma Island,  
     Great Bahama Bank R.B. Langerhans, C.A. Layman ND2, cyt b, S7, RAG2 

G. manni Gold Dust Pond, San Salvador Island,  
     Isolated Bank M. Barton cyt b 

    

G. sp. Twisted Bridge Creek, Abaco Island,  
     Little Bahama Bank C.A. Layman ND2, cyt b, S7, RAG2 

G. sp. Expansive Creek, Grand Bahama Island,  R.B. Langerhans, C.A. Layman ND2, cyt b, S7, RAG2 

 5 

     Little Bahama Bank 

    
G. hispaniolae Duverge stream, Dominican Republic R.B. Langerhans ND2, cyt b, S7, RAG2 
G. nicaraguensis Laguna de Karata, Nicaragua W.A. Matamoros ND2, cyt b, S7, RAG2 
G. rhizophorae Matheson Hammock, Florida R.B. Langerhans, C. Ruehl ND2, cyt b, S7, RAG2 
G. wrayi Bluefields stream, Jamaica R.B. Langerhans ND2, cyt b, S7, RAG2 
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Table S2 Sample sizes for each component of the study. For fragmentation status, 
F=fragmented, U=unfragmented.  

Species Island 
Frag 
status Population 

Gonopodium 
size (n) 

Gonopodial 
distal tip (n) 

 
 
 

G. hubbsi 

Andros 

F 
 

Fresh Creek Back Up 10 3 
Independence Park 10 4 
Red Bays Pond 5 3 
Thompson / Scott 10 6 

U 
 

Cargill Creek 10 3 
Davy Creek 10 6 
Fresh Creek Twin Lakes 10  3 
Stafford Creek North 10 5 

New 
Providence 

F 
 

Adelaide Up 10 6 
Fox Hill Creek Up 7 4 

U 
 

Defense Creek 9 5 
Fox Hill Creek Down 7 3 
South Beach Creek 3 2 

 
 
 

G. manni 
 
 
 
 
 

Eleuthera 

F John Miller 10 5 
Princess Cay 10 5 
Tarpum Bay 9 5 

U 
 

Airport  10 10 
Cape Eleuthera 10 4 
Cruise Ship 10 6 

Long Island 

F 
 
 

Airport Creek 9 2 
Gordon’s Beach 10 5 
Stella Maris 8 4 
Two Sisters 10 4 

U 
 

Clarence Creek 10 5 
Cliff Creek 16 16 
Glinton’s Creek 10 5 
Gordon’s Creek 10 7 

 
 
 
 

G. sp. 

Abaco  

F 
 

Camp Abaco 15 15 
Crossing Rocks 9 4 
Double Blocked Up 10 3 
Indian River East 9 4 
Stinky Pond 10 5 

U 
 

Blue Holes Creek 11 7 
Cherokee Creek 16 15 
Sand Bar 4 3 
Treasure Cay 10 8 
Twisted Bridge 10 5 

Grand 
Bahama 

F 
 

Crumbling Road 10 5 
Jellyshell West 10 6 
Rainy Blocked Creek 8 3 

U 
 

Blue Holes Creek 7 5 
Empty House Creek 9 6 
Expansive Creek 9 5 
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Table S3 Summary of repeatability analyses for environmental factors measured in unfragmented and fragmented tidal creeks; r reflects 
the intraclass correlation coefficient, following Lessells and Boag (1987). 

Environmental factor 
# times measured 

per site Timescale # unfrag sites # frag sites 
Total # 

measurements r P 
Piscivore density 3-7 2 years 5 8 72 0.83 <0.0001 
Gambusia density 2 9 months 5 7 24 0.72 0.0023 
Salinity 2-19 12 years 11 13 225 0.92 <0.0001 
pH 2-5 10 years 8 11 55 0.56 <0.0001 
Turbidity 2-3 4 years 7 11 38 0.46 0.0146 
Dissolved oxygen 2-6 10 years 8 12 56 0.32 0.0156 
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Table S4 Summary of results for separate general linear models testing for differences in 
environmental factors between fragmentation regimes of Bahamian tidal creeks. Models 
included five terms (fragmentation status, species, island nested within species, fragmentation 
status × species, and fragmentation status × island nested within species). We present here only 
results for the effect of fragmentation regime, as we were specifically interested in whether these 
ecological variables exhibited consistent differences between fragmented and unfragmented tidal 
creeks. 
 
Source F df P 
Piscivore density 46.10 1,31 <0.0001 
Gambusia density 25.00 1,30 <0.0001 
Salinity 7.50 1,31 0.0101 
Turbidity 3.59 1,31 0.0674 
pH 1.56 1, 31 0.2209 
Dissolved oxygen 0.19 1, 31 0.6688 
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Table S5. Average number of serrae and spines on the gonopodial distal tip for the three 
Bahamian Gambusia examined in this study (adjusted for allometry; i.e., least-squares means). 
For fragmentation status, F=fragmented, U=unfragmented. 

 

Species Island 
Frag 

Status 
Ray 4p 

serrae number 
Ray 3 

spine number 

G. hubbsi 
Andros F 5.18 9.77 

U 5.03 9.75 

New Providence F 5.05 9.93 
U 5.35 9.63 

G. manni 
Eleuthera F 4.81 9.86 

U 5.41 9.54 

Long Island F 5.24 9.99 
U 5.44 10.17 

G. sp. 
Abaco F 4.43 9.58 

U 4.79 9.87 

Grand Bahama F 4.70 9.96 
U 4.49 9.88 
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Fig. S1 Bayesian inference phylogeny using concatenated gene sequences. Numbers above and 
below branches indicate Bayesian inference posterior probabilities and maximum likelihood 
bootstrap percentages for each node, respectively. The geographical locality of each sample is 
given in parentheses. The well-supported nodes for the three Bahamian Gambusia species are 
denoted with red circles.  
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Fig. S2 Lateral photograph of a male Gambusia hubbsi with measurements of standard length 
and gonopodium surface area illustrated. 
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Fig. S3 Lateral photograph of a G. manni gonopodial distal tip illustrating the 44 homologous 
landmarks used for geometric morphometric analysis. Textual descriptions of landmarks 
provided in Table S3 of Heinen-Kay and Langerhans (2013; note that landmarks 38-44 in this 
study correspond to landmarks 41-47 in the previous study). 
 

 
 
 
 

 
 
 


