
ORIGINAL ARTICLE

Exposure to an environmental estrogen breaks down sexual
isolation between native and invasive species
Jessica L. Ward1,2,*,† and Michael J. Blum1

1 Department of Ecology and Evolutionary Biology, Tulane University New Orleans, LA, USA
2 Department of Fisheries, Wildlife and Conservation Biology and Department of Ecology, Evolution and Behavior, University of Minnesota Saint

Paul, MN, USA

Keywords

bisphenol A, hybridization, mate choice,

environmental change, fish, xenoestrogen,

communication, visual signals

*Correspondence

Jessica Lyn Ward, Department of Ecology and

Evolutionary Biology, University of Minnesota,

1987 Upper Buford Circle, Saint Paul, MN,

55108, USA.

Tel.: +1 504 941 0899;

Fax: +1 612-624-6777;

e-mail: jlward@umn.edu

†Present address: Department of Ecology,

Evolution and Behavior, University of

Minnesota, 100 Ecology Building, 1987 Upper

Buford Circle, Saint Paul, MN, 55108, USA

Received: 30 November 2011

Accepted: 15 May 2012

doi:10.1111/j.1752-4571.2012.00283.x

Abstract

Environmental change can increase the likelihood of interspecific hybridization

by altering properties of mate recognition and discrimination between sympatric

congeners. We examined how exposure to an environmentally widespread endo-

crine-disrupting chemical (EDC), bisphenol A (BPA), affected visual communi-

cation signals and behavioral isolation between an introduced freshwater fish and

a native congener (genus: Cyprinella). Exposure to BPA induced changes in the

expression of male secondary traits as well as male and female mate choice, lead-

ing to an overall reduction in prezygotic isolation between congeners. Changes in

female mate discrimination were not tightly linked to changes in male phenotypic

traits, suggesting that EDC exposure may alter female choice thresholds indepen-

dently of the effects of exposure on males. These findings indicate that environ-

mental exposure to EDCs can lead to population declines via the erosion of

species boundaries and by promoting the establishment and spread of non-native

species via hybridization.

Introduction

Environmental degradation can alter evolutionary pro-

cesses responsible for the origins and maintenance of

biodiversity. Anthropogenic environmental changes that

promote interspecific hybridization between sympatric spe-

cies are of particular concern (Taylor et al. 2006; Seehausen

et al. 2008), especially for fishes and other groups where

prezygotic reproductive barriers are more prevalent than

postzygotic barriers to genetic exchange (Mendelson 2003).

Interspecific differences in phenotypic traits that serve as

mate recognition signals (e.g., shape, color pattern, behav-

ior) can maintain reproductive isolation between closely

related species (Ptacek 2000), but environmental degrada-

tion can alter the expression, transmission, and reception

of these signals (Seehausen et al. 1997; Fisher et al. 2006;

van der Sluijs et al. 2010). For example, eutrophication and

elevated sediment loads can weaken intraspecific sexual

selection upon male traits and/or disrupt interspecific mate

choice in fishes by decreasing the conspicuousness of male

visual signals and compromising the discriminatory ability

of females (Seehausen et al. 1997; Candolin et al. 2007).

Similar outcomes can occur in response to anthropogenic

input of chemical contaminants that alter the expression of

signals used in mate choice or that induce endogenous

changes in receiver response (Fisher et al. 2006; Saaristo

et al. 2010).

Rivers and streams are frequent environmental end-

points for pharmaceuticals and compounds used in the

manufacture of household products (e.g., 17a-ethinyl estra-
diol, bisphenol A, nonylphenol, octylphenol) that disrupt

endocrine signaling pathways (Kolpin et al. 2002). In

fishes, endocrine-disrupting chemicals (EDCs) can alter

reproductive behavior and physiology by mimicking the

action of natural hormones (Arukwe 2001; Mills and

Chichester 2005). In addition to regulating gonadal
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function and the expression of sexually selected courtship

traits in males (Borg 1994; Mayer et al. 2004), hormones

can mediate aspects of sex and species recognition

(Thompson et al. 2004; Gabor and Grober 2010) and mod-

ulate variation in female spawning receptivity and mate

permissiveness (Clement et al. 2005; Ramsey et al. 2011;

see also Lynch et al. 2006). As a consequence, EDC expo-

sure not only can influence individual reproductive success

and population viability (Jobling and Tyler 2003; Kidd

et al. 2007) but may also influence reproductive isolation

between species.

Exposure to EDCs can modify the strength or form of

natural and sexual selection (e.g., stabilizing, directional) in

populations. Intraspecific mate choice experiments have

shown that exposure to endocrine-disrupting chemicals

can disrupt social dominance hierarchies and the competi-

tive ability of individuals (Kristensen et al. 2005; Coe et al.

2008; Saaristo et al. 2009a), relax sexual selection operating

on male traits (Saaristo et al. 2009b), and induce changes

in the expression of male visual signals that females use for

mate recognition and discrimination (Bayley et al. 1999;

Bjerselius et al. 2001; Saaristo et al. 2010). However, how

these changes influence interspecific reproductive interac-

tions is unknown. Exposure-induced behavioral or pheno-

typic changes could reduce or eliminate behavioral

isolation between sympatric species in affected environ-

ments if females discriminate against altered cues in con-

specific males (Arellano-Aguilar and Garcia 2008; Saaristo

et al. 2009a; Partridge et al. 2010) or if the ability to distin-

guish between males is compromised (Fisher et al. 2006;

Saaristo et al. 2009b; Shenoy et al. 2010). Modified thresh-

olds of male and female mate discrimination (e.g.,

increased permissiveness) resulting from EDC exposure

could also increase the likelihood of hybridization indepen-

dently of changes in visual signals.

In this study, we examine how short-term exposure to

bisphenol A (BPA), an environmentally widespread

xenoestrogenic compound that is used in the manufacture

of plastics and resins (Crain et al. 2007), affects visual com-

munication and prezygotic reproductive isolation within

the broader context of biological invasions involving

hybridization in stream fishes. We test for evidence of male

and female assortative mate choice between introduced red

shiner (Cyprinella lutrensis) and native blacktail shiner

(C. venusta) under control conditions and following short-

term (14 days) exposure to BPA. We compare the overall

degree of prezygotic reproductive isolation between treat-

ment groups and examine sex- and species-specific contri-

butions to behavioral isolation within and between

treatment groups. In addition, we quantify the effects of

EDC exposure on male secondary sexual characteristics that

serve as visual signals during reproduction and examine the

relationships between male traits and female mate choice in

control and exposed fish. This approach enabled us to

determine whether changes in female interspecific mate

assessment based on individual visual signals correspond to

changes in male signals resulting from EDC exposure.

Materials and methods

Study system

Cyprinella venusta and C. lutrensis are crevice-spawning

species that aggregate in single-species and mixed-species

groups during the breeding season. Males generally aggre-

gate over spawning substrate and engage in aggressive male

–male interactions. Females tend to remain separate until

inclined to spawn, when females will approach males to ini-

tiate breeding (Minckley 1972). Upon initiation, a male will

court a female by circling and leading them to a spawning

site (rocks, twigs, etc.) where the female will deposit her

eggs. The male quickly fertilizes the eggs after which the

spawning partners separate (Minckley 1972; Gale 1986).

Hybridization between C. lutrensis and its congeners has

been well studied (Walters et al. 2008; Blum et al. 2010;

Broughton et al. 2011; Ward et al. 2012), including epi-

sodes linked to species introductions and environmental

change (Hubbs and Strawn 1956; Page and Smith 1970;

Walters et al. 2008; Ward et al. 2012). One of the

best-studied species interactions is between introduced

C. lutrensis and native C. venusta in the Upper Coosa River

Basin (Alabama, Georgia, and Tennessee, USA). Morpho-

logical and genetic assays of hybridization have shown that

C. lutrensis 9 C. venusta hybrids can dominate in some

mainstem reaches (Ward et al. 2012) and that the presence

of hybrids in tributaries corresponds to the presence of

native C. venusta as well as industrial and agricultural land

use (Walters et al. 2008). Controlled experiments have

additionally shown that prezygotic isolation between

C. lutrensis and C. venusta is stronger than postzygotic iso-

lation (Blum et al. 2010).

Collection, maintenance, and care

We collected adult C. lutrensis and C. venusta via seining

in April and May 2010 from Proctor Creek, GA, USA

(33.795, �84.475), and Sugar Creek, GA, USA (34.920,

�84.842), respectively. Site selection followed the analysis

of genetically based morphological traits, mitochondrial

markers, and nuclear loci, indicating that the populations

exhibited no signs of hybridization (Walters et al. 2008).

We transported wild-caught fish to the laboratory in aer-

ated containment units, where they were permitted to

acclimate to laboratory conditions for 4 weeks in mixed-

sex, single-species, 378-L opaque polyethylene tubs

equipped with spawning towers and a continuous flow-

through of filtered and UV-sterilized water. One week
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prior to experimentation, we transferred male and female

C. venusta and C. lutrensis from the holding tubs to 75-L

glass tanks where they were maintained in low-density (6–8
C. venusta, 10–14 C. lutrensis), mixed-sex (equal numbers

of males and females), single-species communities to pro-

mote reproductive behavior and ease subsequent introduc-

tion to glass-walled exposure tanks. Community tanks were

visually isolated from one another by the use of opaque

dividers. Ambient summer conditions (16 h:8 h light/dark

regime, 23–25°C) were maintained throughout the dura-

tion of the experiment. Individuals received premium trop-

ical flake food three times daily.

Exposure regime

We examined communication and mate choice within

three treatments: BPA, solvent control (Controlsolvent), and

water control (ControlH2O
). Reproductively motivated

male and female C. lutrensis and C. venusta were selected

from the community tanks on the basis of sexually dimor-

phic phenotypic traits, including male breeding coloration

and body shape (Page and Burr 1991). At the start of the

experiment, C. lutrensis and C. venusta allocated to Con-

trolsolvent, ControlH2O, and BPA treatment groups were

phenotypically comparable within species and sex classes

(see Supporting Information). Individuals in the BPA and

Controlsolvent treatments were allocated to 38-L glass tanks

containing carbon-filtered water treated with either

1280 lg L�1 BPA (BPA treatment group, Sohoni et al.

2001; Mandich et al. 2007) dissolved in triethylene glycol

solvent or an equivalent volumetric percentage of solvent

(Controlsolvent group, 0.00002% by volume). Triethylene

glycol is a straight-chain dihydric aliphatic alcohol that has

been used as a solvent in similar exposure studies (Cripe

et al. 2009). Four conspecific fish (two male and two

female) were housed in each exposure tank, and all aquaria

were visually and chemically isolated from each other

throughout the exposure period. Aeration was provided by

the addition of airstones suspended from silicon surgical

tubing. We maintained these fish for 14 days under a static

daily renewal protocol (Partridge et al. 2010). Tanks were

drained and replaced with freshly treated water every 24 h

(well within the 4.5-day environmental half-life of BPA,

Cousins et al. 2002) and were scrubbed every 48 h to

remove debris. Water quality was tested at regular intervals

throughout the exposure period (NO2 = 0–0.2 ppm, NH3/

NH4 = undetectable, pH = 7.8–8.4).
We maintained individuals allocated to the ControlH2O

treatment in 378-L laboratory stock tubs equipped with the

continuous flow of filtered and UV-sterilized water for the

duration of the experiment, which is more representative

of natural breeding conditions (Minckley 1972). We

compared the behavior of individuals in the two control

treatments (Controlsolvent and ControlH2O) to determine

whether male and female baseline responses were affected

either by the static exposure experimental setup regime or

by exposure to the solvent (see Supporting Information).

Behavioral assays

We conducted behavioral trials on the 15th day of the

experiment (Mandich et al. 2007). Behavioral responses of

female and male C. lutrensis and C. venusta were examined

using dual-choice mate choice assays. In total, we con-

ducted six sets of mate choice trials (n = 20 for each set,

120 individual trials), representing all possible combina-

tions of male and female C. lutrensis and C. venusta within

each of the bisphenol A, Controlsolvent, and ControlH2O

treatments (see Table S1). Presumably, all individuals are

similarly exposed to EDCs in affected environments. Thus,

focal trios used in each trial were selected according

to treatment to most accurately represent natural scenarios

(i.e., within the same treatment group). We conducted

experimental trials in 208-L aquaria divided into three

chemically isolated compartments by clear Plexiglas barri-

ers and covered on the back and sides with brown paper.

Trials were undertaken in tanks filled with filtered water

free from both solvent and BPA. Aquaria were drained and

replaced with fresh water prior to each trial. A spawning

tower was placed against the back wall of each distal cham-

ber, and illumination was provided by two 15-W full-spec-

trum bulbs suspended 10 cm above each tank.

Experimental males were introduced into the distal com-

partments of the test tanks and permitted to acclimate for

one hour. During acclimation, the opposing males were

chemically and visually isolated from the central compart-

ment and from each other via removable, black, opaque

dividers fitted over the clear Plexiglas barriers. All individu-

als remained chemically isolated from one another once the

opaque barriers were removed and throughout the dura-

tion of the trial.

We conducted trials following Ward and McLennan

(2009). A female was introduced into the central compart-

ment of a test aquarium and allowed to acclimate to her

surroundings for 10 min. Following acclimation, the

female was presented with the stimulus males via the

removal of the opaque dividers. We filmed interactions

between the female and both males for 10 min from behind

a blind. For scoring purposes, the female compartment of

the experimental tank was divided into three 18.5-cm

zones. The two zones that were closest to the flanking stim-

ulus males were designated as ‘preference zones,’ and the

central zone was designated as a ‘neutral zone.’ Interactions

between males and females were recorded only within the

preference zones. To control for the effects of familiarity,

females were not presented with males with whom they
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had previously shared a tank. Following trials, male and

female participants were measured for standard length

from the tip of the snout to the rounded edge of the caudal

peduncle using digital calipers calibrated to 0.01 mm preci-

sion. Males were also scored for color intensity.

We used twenty sets of paired C. lutrensis and C. venusta

males for each experimental series. One trial was eventually

discarded in the BPA exposure series because of technical

failure [Controlsolvent (n = 20); ControlH2O (n = 20); BPA

(n = 19)]. To control for heterogeneity across male pairs,

we tested one female of each species with each set of males

(C. lutrensis females: n = 20 in each treatment except for

BPA, where n = 19; C. venusta females: n = 20 in each

treatment except for BPA, where n = 19; see Table S1).

Males were permitted a 1-h rest period between female pre-

sentations, and trial sequences were balanced with respect

to the order of female species presentation, as well as the

relative flanking positions of C. lutrensis and C. venusta

males (i.e., to the left or right of the female compartment).

Female behavior

We determined female mate preference on the basis of side

association (time spent in each preference zone) and the

number of times that females entered the preference zones

of both males. Female behavior in all trial series satisfied

parametric assumptions of normality and homogeneity of

variance. We tested for assortative female mate choice

within each trial series via Bonferroni-corrected t-tests con-

ducted upon female responses to paired conspecific and

heterospecific males.

Male behavior and phenotypic variation

Courtship

We quantified male courtship toward females of both

species by the amount of time that males spent interact-

ing with females, defined as physical contact between a

male’s snout and the glass divider, and by the frequency

with which males initiated bouts of courtship interaction.

Behavioral variables were generally normally distributed

and satisfied parametric assumptions of homogeneity of

variance. We tested for male assortative mate choice

within individual trial series via Bonferroni-corrected

t-tests conducted upon male responses toward sequen-

tially presented conspecific and heterospecific females.

We tested for interspecific and between-treatment varia-

tion in the total amount of male courtship activity per-

formed via multivariate analysis of variance (MANOVA).

Color

To examine broad-scale differences in the intensity of

coloration of live males, we adopted a scaled intensity

scoring method that is often used in mate choice studies

involving stream fishes, including shiners (e.g., Casalini

et al. 2009; Walters et al. 2008; Ward and McLennan

2009; Kozak et al. 2011 and references therein; Ward

et al. 2012).

Cyprinella lutrensis. Breeding male C. lutrensis express

intense, sexually dimorphic red fin and head coloration

and iridescent blue dorsolateral body color (Page and

Burr 1991). Prior to exposure (Controlsolvent, BPA)

and following each trial (all treatments), one researcher

(JLW) assigned live males’ individual color intensity

values by eye ranging from zero (least intense) to five

(most intense) over five morphological regions of the

body by comparing fin (caudal, anal, pelvic), head,

and body hue with red and blue commercial color

standards consisting of six linearly arranged, equally

varying color saturations of the appropriate hue (Sher-

win-Williams, Cleveland, OH, USA). The intensities of

fin color scores were subsequently summed to produce

an overall fin score ranging between 0 and 15. Total

male color intensity scores were calculated as the sum

of scores over all five body regions (head+fins+body:
range = 0–25).

We tested for between-treatment (ControlH2O, Con-

trolsolvent, BPA) differences in the intensities of male

color following behavioral trials using MANOVA. Prelimin-

ary screening indicated that total male color intensity

scores satisfied parametric assumptions of normality

[1-sample Kolmogorov–Smirnov test (ControlH2O
: Z =

0.71, P = 0.71; Controlsolvent: Z = 0.65, P = 0.80; BPA:

Z = 0.74, P = 0.65)] and homogeneity of error variance

(Levene’s test: F2,56 = 0.36, P = 0.70). In addition, we

examined the extent of phenotypic change over the expo-

sure period within Controlsolvent and BPA treatments using

paired t-tests to compare color scores recorded prior to

introduction to the exposure tanks and following the 14-

day exposure period. Because males were not individually

marked upon introduction to the exposure holding tanks

(i.e., two males per tank), pre-exposure and post-exposure

male color scores were independently averaged across both

males within each exposure tank (Controlsolvent: n = 12

exposure tanks; BPA: n = 16 exposure tanks).

Cyprinella venusta. Male and female C. venusta are charac-

terized by the presence of a non-sexually dimorphic black

caudal spot. Although the caudal spot is unlikely to be

affected by fluctuating changes in hormone levels, we

scored the intensity of the melanic caudal spot of male

C. venusta on a scale from zero to three. A score of zero

represented no color (not observed) and three represented

an intensely black spot (Walters et al. 2008; Ward et al.

2012). Where appropriate, we compared the extent of
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phenotypic variation between treatments, and across the

exposure period, using the same statistical methods

described for C. lutrensis.

Sexual isolation

To examine the effects of exposure on the overall strength

of prezygotic reproductive isolation between the species,

we calculated the strength of conspecific discrimination

(qx) for each female (time spent near = qtime, frequency of

approach = qapproach) and male (time spent engaged in

courtship behavior = qcourt time, number of courtship

bouts = qcourt bouts) behavioral measure according to the

equation:

qX ¼ ðxC � xHÞ=ðxC þ xHÞ ð1Þ

where x is the measured response and subscripts C and H

are conspecific and heterospecific mates, respectively (Stel-

kens and Seehausen 2009; Ward and McLennan 2009). In

this case, �1 represents complete discrimination in favor of

the heterospecific mate, and 1 represents complete discrim-

ination in favor of the conspecific mate. This approach

allowed us to combine and compare behavioral responses

that differed with respect to sex and measurement unit.

Preliminary analysis indicated that, across treatments, indi-

vidual measures of conspecific discrimination were highly

correlated within males and females, respectively [males

(qcourt time, qcourt bouts: Pearson r = 0.88, P < 0.001); females

(qtime, qapproach: Pearson r = 0.86, P < 0.001)]. Individual

measures (qx) were therefore averaged to generate a single

measure of behavioral isolation (I) for each male and

female in each trial. We conducted a nested ANOVA with

treatment (Controlsolvent, ControlH2O
, BPA) and species

origin (C. lutrensis, C. venusta) specified as fixed effects

and included the treatment 9 species interaction term. We

also included sex (nested within the treatment 9 species

interaction term) in the model to examine whether males

and females within species differed in strength of conspe-

cific discrimination.

Female responses to male traits

To determine what male traits females responded to and

whether females altered assessment strategies based on

individual male traits between treatments, we examined

the relationships between the strengths of female

response to individual males and hormonally influenced

male phenotypic traits (male color, courtship behavior)

using general linear models. We modified eqn (1) to cal-

culate the strengths of female responses toward each male

in each trial based on association time and frequency of

approach and averaged the resulting values across both

measures for each female. Analyses examining female

responses to C. lutrensis and C. venusta males, respec-

tively, were conducted separately with treatment

(ControlH2O
, Controlsolvent, BPA) and female species

(C. lutrensis, C. venusta) specified as fixed factors and

male traits specified as covariates. For both models, we

used principal components to derive an overall courtship

score for each male in each trial based on the intensity

of sexual displays (time spent courting the female and

number of courtship bouts). Male C. lutrensis body color

intensity (head+fins+body) was included in the appropri-

ate model. Male C. venusta coloration did not vary

within or across treatments (see Results) and was

excluded from analysis. All main effects and trait 9 main

effect interactions were included. Using this approach,

significant interaction terms could be interpreted as evi-

dence of variation across treatments in the strength of

female responses to individual male traits.

Results

Reproductive isolation

Female mate choice

Multivariate analysis of variance conducted upon the

total amount of time that females spent associating with

available males and the total frequency of male visits

indicated that levels of reproductive motivation did not

differ between treatments for females of either species

(C. lutrensis females: F4,112 = 1.80, P = 0.13; C. venusta

females: F4,112 = 0.47; P = 0.76). However, female assor-

tative mate choice differed with respect to exposure

regime. Females in both Controlsolvent and ControlH2O

treatments discriminated in favor of conspecific mates.

Control C. lutrensis and C. venusta females spent signifi-

cantly more time associating with conspecific males than

heterospecific males (Table 1, Fig. 1A,B) and approached

conspecific males more frequently (Table 1, Fig. 1C,D).

In contrast, BPA-treated females failed to discriminate

between conspecific and heterospecific males on the basis

of either measure.

Male mate choice

Male responses toward conspecific and heterospecific mates

mirrored the results obtained for females in the three treat-

ments. Controlsolvent and ControlH2O
males favored conspe-

cific females; C. lutrensis and C. venusta males within

control treatments spent more time engaged in courtship

with conspecific females (Table 1, Fig. 2A,B) and also initi-

ated more bouts of courtship when presented with conspe-

cific mates (Table 1, Fig. 2C,D). In contrast, males within

the BPA treatment failed to discriminate between
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conspecific and heterospecific females on the basis of either

measure.

Behavioral species isolation

The nested ANOVA examining the effects of treatment

(Controlsolvent, ControlH2O
, BPA), species (C. lutrensis,

C. venusta), and sex on variation in sexual isolation (I)

revealed a significant overall effect of treatment on the

strength of prezygotic species isolation (F2,224 = 9.95,

P < 0.001, Fig. 3); subsequent pairwise post hoc tests

indicated that the strength of behavioral isolation

between species exposed to BPA was significantly

weaker than the strength of behavioral isolation exhib-

ited under control conditions (Controlsolvent: P < 0.001,

ControlH2O: P < 0.001). No species asymmetries in the

degree of sexual isolation were found (species effect:

F1,224 = 0.11, P = 0.74), and the two species did not

respond differentially to BPA (species 9 treatment

interaction: F2,224 = 0.16, P = 0.85). In addition, we did

not detect statistically significant sex-specific asymme-

tries in the strength of conspecific discrimination for

either species within any treatment group (F6,224 = 0.47,

P = 0.83).

Male phenotypic variation and female responses to male

traits

Effects of exposure on male color

Cyprinella lutrensis. Post-trial (day 15) color scores of

individual C. lutrensis males differed significantly

between treatments [fins (F2,56 = 39.55, P < 0.001), head

(F2,56 = 14.66, P < 0.001), and body (F2,56 = 28.01, P <
0.001)]. According to post hoc tests, mean color scores of

BPA-treated males were significantly lower than those

recorded for either control treatment across all morphologi-

cal regions (BPA vs Controlsolvent: fins: P < 0.001, head:

P < 0.001, and body: P < 0.001; BPA vs ControlH2O
:

fins: P < 0.001, head: P < 0.001, and body: P < 0.001;

Fig. 4).Male color scoresdidnotdiffer betweenControlsolvent
and ControlH2O males (ControlH2O vs Controlsolvent: fins:

P = 0.84,head:P = 0.95,andbody:P = 0.93;Fig. 4).

Comparison of summed (fins+body+head) pre-exposure
(day 1) and post-exposure (day 15) color scores of C. lutr-

ensis males exposed to BPA indicated that mean overall

color intensity decreased by approximately 56% over the

14-day exposure period. Significant reductions were

observed in all individual color components [fin coloration

(paired t15 = 12.65, P < 0.001), head coloration

(t15 = 14.47, P < 0.001), and body coloration (t15 = 9.05,

P < 0.001)]. Color intensity also decreased within the

C. lutrensis Controlsolvent treatment [fins (t11 = 2.32,
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P = 0.04), head (t11 = 2.73, P = 0.02), and body

(t11 = 4.52, P = 0.001)]. However, a MANCOVA performed

upon the mean final intensity scores of all color compo-

nents (fins, head, body), with treatment specified as the

independent factor and initial score values (prior to expo-

sure) specified as covariates, confirmed that the extent of

male color loss was significantly greater for BPA-treated

males across all morphological regions [head

(F1,23 = 19.66, P < 0.001), fins (F1,23 = 37.40, P < 0.001),

and body (F1,23 = 24.48, P < 0.001)].

Cyprinella venusta. Consistent with expectations, compari-

son of post-trial (day 15) color scores for individual males

across all trial series did not detect an effect of exposure

treatment on caudal spot intensity (ANOVA: F2,56 = 1.06;

P = 0.34). Comparison of mean pre-exposure (day 1) and

post-exposure (day 15) scores for males within the Con-

trolsolvent treatments indicated that all Controlsolvent and

BPA males retained maximal color during the exposure per-

iod (score = 3 for all males; statistical tests not conducted).

Only one male demonstrated a reduction in the intensity of

(A) (B)

(C) (D)

Figure 1 Behavioral responses of female Cyprinella lutrensis and female C. venusta toward simultaneously presented conspecific and heterospecific

males in ControlH2O, Controlsolvent, and BPA treatments.

(A) (B)

(C) (D)

Figure 2 Behavioral responses of male Cyprinella lutrensis and male C. venusta toward sequentially presented conspecific and heterospecific females

in ControlH2O, Controlsolvent, and BPA treatments.
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the caudal spot following exposure to BPA; accordingly,

mean changes in the intensity of coloration over the expo-

sure period were not significant (t15 = 1.00, P = 0.33).

Effects of exposure on male courtship

Exposure to BPA was not associated with significant over-

all reductions in the intensity of male courtship behavior.

Mean total amounts of courtship performed by individual

males toward both presented females [total time spent

courting female C. lutrensis + total time spent courting

female C. venusta)/2; number of courtship bouts directed

toward female C. lutrensis + number of courtship bouts

directed toward female C. venusta)/2] were similar among

treatments (C. lutrensis males: F4,110 = 0.05; P = 0.99;

C. venusta males: F4,110 = 0.92; P = 0.35). However, con-

trol male C. lutrensis generally courted females more

aggressively than male C. venusta; in all treatments,

C. lutrensis males spent more time engaged in court-

ship with females of both species than C. venusta [Con-

trolsolvent: mean ± SEM = 126.03 ± 23.80 vs 48.45 ± 13.49

(F1,38 = 8.04, P = 0.007); ControlH2O
: mean ± SEM =

119.99 ± 23.79 vs 80.34 ± 19.97 (F1,38 = 1.63, P = 0.21);

BPA: mean ± SEM = 132.79 ± 25.39 vs 51.51 ± 10.75

(F1,36 = 1.51, P = 0.23)]. C. lutrensis males in the BPA

treatment also approached females more frequently

than C. venusta males [ControlH2O: mean ± SEM = 23.63

± 3.75 vs 17.88 ± 3.71 (F1,38 = 1.19, P = 0.28); Controlsolvent:

mean ± SEM = 24.48 ± 5.18 vs 15.65 ± 4.31 (F1,38 =
1.72, P = 0.20); BPA: mean ± SEM = 23.45 ± 4.30 vs

12.45 ± 2.45 (F1,36 = 4.95, P = 0.03)].

Effects of male trait variation on female response

Changes in female discrimination following BPA exposure

were not strongly dependent on exposure-induced changes

in male phenotypic trait expression. Analysis of covariance

indicated that changes in the strengths of female responses

to male C. lutrensis across treatments were not associated

with variation in male C. lutrensis body coloration (treat-

ment 9 color interaction: response to C. lutrensis males:

F2,100 = 2.18, P = 0.12; Table S2; Fig. S1). We also did not

find evidence that the relationships between male courtship

intensity and the strengths of female response varied with

respect to treatment (treatment 9 courtship interaction:

response to C. lutrensis males: F2,100 = 2.63, P = 0.08,

response to C. venusta males: F2,106 = 1.84, P = 0.17;

Tables S2, S3; Figs. S2, S3).

Discussion

Our data show that exposure to endocrine-disrupting

chemicals (EDCs) can facilitate the breakdown of prezygot-

ic reproductive isolation between closely related species.

Levels of male courtship and female receptivity were similar

across treatment groups, consistent with evidence that

bisphenol A (BPA, generally considered to be a ‘weak’

xenoestrogen) does not inhibit overall willingness to spawn

(Shioda and Wakabayashi 2000). However, the strength of

prezygotic reproductive isolation between Cyprinella spe-

cies exposed to BPA was significantly weaker than the

strength of prezygotic isolation between Cyprinella species

under control conditions. Qualitatively similar patterns of

male and female responses within and between treatment

groups suggest that exposure to BPA is associated with an

increased propensity for males and females to

approach and interact with heterospecific individuals in

mixed-species breeding aggregations.

A reduction in the intensity of body color of male fish

exposed to natural and synthetic estrogens has been well

described in many species (e.g., Kristensen et al. 2005;

Arellano-Aguilar and Garcia 2008), including C. lutrensis

(McGree et al. 2010). We similarly observed uniform

decreases in the intensities of C. lutrensis body and fin col-

oration in response to BPA, consistent with evidence that

exposure to estrogenic EDCs, including BPA, is associated

with decreased levels of androgens (Coe et al. 2008; Sali-

erno and Kane 2009) responsible for regulating the expres-

sion of sexually dimorphic phenotypic traits in fish (Liley

and Stacey 1983; Mayer et al. 2004). For example, in male

carp, Cyprinus carpio, exposure to graded concentrations of

BPA negatively correlated with plasma levels of testosterone

and 11-ketotestosterone (Mandich et al. 2007). Bisphenol

A also modulates the expression of ERa mRNA, aromatase,

and gonodotropin subunit genes (gonadotropin-a, FSH-b,
LH-b) associated with reproductive maturation and sexual

dimorphism in killifish species (Rhee et al. 2010 and refer-

ences therein). By contrast, BPA exposure did not affect the

expression of the sexually monomorphic melanic caudal

Figure 3 Differences in the strength of sexual isolation (I ) between

Cyprinella lutrensis and C. venusta between Controlsolvent, ControlH2O

(n = 20, respectively), and BPA treatments (n = 19). Values represent

the mean strength of behavioral isolation (+ SEM) averaged over all indi-

viduals within trial series. Letters (a,b) represent significantly weaker

sexual isolation (I) between species exposed to BPA compared to control

treatments. Differences are significant at a = 0.001.
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spot expressed by C. venusta. These results highlight

possible functional differences between the information

content in the two color signals – while both of these

species-specific color patterns play a possible role in mate

recognition, it is likely that only the carotenoid-based color

in C. lutrensis is additionally used to facilitate intraspecific

male discrimination.

We did not observe significant reductions in the court-

ship intensity of males treated with BPA, which contrasts

with the results of other exposure studies involving natural

and synthetic estrogens (17b-estradiol and 17a-ethinyl
estradiol: Bayley et al. 1999; Bjerselius et al. 2001; Kristen-

sen et al. 2005; Saaristo et al. 2010; McGree et al. 2010).

For example, McGree et al. (2010) showed that both nup-

tial coloration and the frequencies of courtship displays

were suppressed in C. lutrensis exposed to 17b-estradiol for
84 days. This difference could possibly be due to differ-

ences in exposure duration, but could also reflect the con-

siderably weaker estrogenic potential of BPA compared to

that of other natural and synthetic estrogens used in prior

studies (Tabata et al. 2001).

Changes in female discrimination did not appear to be

tightly linked to the expression of male phenotypic traits.

Few other studies have explicitly examined how exposure

to environmental hormones and hormone mimics influ-

ences female assessment strategies or mate choice. Arellan-

o-Aguilar and Garcia (2008) found that female amarillo

fish (Girardinichthys multiradiatus) exposed to an estro-

genic insecticide discriminated against exposed, feminized

conspecific males. Coe et al. (2008) showed that dominant

zebrafish females (Danio rerio) are more likely to mate with

subordinate conspecific males following exposure to 17a-
ethinylestradiol. Additional experiments are needed to dis-

tinguish between the potential mechanisms underlying

changes in female responses to male visual signals (e.g.,

unrecorded male variables that females may respond to)

and to examine more specifically the role that changes in

the expression of male signals may have in intraspecific

mate choice and phenotypic evolution, as well as interspe-

cific reproductive dynamics.

Our results contribute to a growing body of evidence

demonstrating that the effects of human-mediated environ-

mental alteration can extend well beyond individual-level

reproductive success, with significant evolutionary conse-

quences for populations and species (Hendry et al. 2008;

Smith and Bernatchez 2008; Candolin and Wong 2012).

The exposure of natural populations to estrogenic chemi-

cals can lead to changes in communication that concomi-

tantly change the strength and direction of sexual selection

on phenotypic traits (Shenoy et al. 2010; van der Sluijs

et al. 2010; Rosenthal et al. 2012), potentially resulting in

the loss of populations. Kidd et al. (2007), for example,

showed that a population of fathead minnows (Pimephales

promelas) collapsed owing to feminization of males and

altered oogenesis in females resulting from chronic expo-

sure to low concentrations (4.8–6.1 ng L�1) of the potent

synthetic estrogen 17a-ethynylestradiol. Here, we show that

exposure-induced changes in communication and assess-

ment can increase the likelihood of hybridization between

sympatric species. Our results indicate that the presence of

EDCs in the environment can weaken sexual isolation

between congeners and potentially lead to species decline

either through the loss of reproductive effort or through

the erosion of species boundaries. Hybridization is a con-

tributing factor to widespread reductions in aquatic biodi-

versity (Miller et al. 1989), especially in areas that support

highly diverse fish assemblages (Seehausen et al. 1997;

Walters et al. 2008; Ward et al. 2012).

Figure 4 Intensity of male Cyprinella lutrensis body color in control and

BPA treatments. (Top) Mean intensity scores (+ SEM) of male C. lutren-

sis body coloration within BPA (n = 19), Controlsolvent, and ControlH2O
treatment groups (n = 20, respectively). Color was recorded for individ-

ual males over five morphological body regions immediately following

mate choice trials; fin color scores were summed prior to statistical anal-

ysis. Letters (a,b) indicate significantly lower scores recorded for BPA

treatment males than for males in either control group (fins, head,

body: all P < 0.001). (Bottom) Photographs of representative male

C. lutrensis demonstrating variation in the intensity of fin, head, and

dorsolateral body coloration between BPA and control treatments; all

photographs were taken immediately following mate choice trials.
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Our findings also suggest that EDCs in the environment

could promote the establishment and spread of non-native

species. Biological invasions are among the most significant

threats to aquatic biodiversity worldwide (Dudgeon et al.

2006), and the likelihood and pace of biological invasions

involving hybridization are inversely related to the strength

of reproductive barriers between native and non-native

species (Hall et al. 2006). Thus, by weakening barriers to

hybridization, EDCs in the environment could further

escalate loss of native aquatic biodiversity by accelerating

the spread of invasive species.
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Supporting Information

Additional Supporting Information may be found in the online version

of this article:

Figure S1. Scatterplots depicting the relationships between the mean

strengths of female C. lutrensis and female C. venusta preferences for

male C. lutrensis and corresponding male C. lutrensis body coloration

(total intensity score: fins+head+body) in (A,B) Controlsolvent trials; (C,

D) ControlH2O
trials and (E,F) BPA trials.

Figure S2. Scatterplots depicting the relationships between the mean

strengths of female C. lutrensis and female C. venusta preferences for

male C. lutrensis and corresponding male C. lutrensis PCA courtship

score in (A,B) Controlsolvent trials; (C,D) ControlH2O
trials and (E,F)

BPA trials.

Figure S3. Scatterplots depicting the relationships between the mean

strengths of female C. lutrensis and female C. venusta preferences for

male C. venusta and corresponding male C. venusta PCA courtship score

in (A,B) Controlsolvent trials; (C,D) ControlH2O
trials and (E,F) BPA tri-

als.

Table S1. Set-up of interspecific mate choice tests.

Table S2. Male visual traits and the strength of Cyprinella lutrensis

and C. venusta female responses to male C. lutrensis in control (solvent,

H2O) and BPA treatments (F17,100 = 18.18, P < 0.001).

Table S3. Male visual traits and the strength of C. lutrensis and

C. venusta female responses to male C. venusta in control (solvent,

H2O) and BPA treatments (F11,106 = 12.59, P < 0.001).
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