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Introduction

Abstract

The presence of a predator can result in the alteration, loss or reversal of a
mating preference. Under predation risk, females often change their initial
preference for conspicuous males, favouring less flashy males to reduce
the risk of being detected by predators. Previous studies on predator-
induced plasticity in mate preferences have given females a choice
between more and less conspicuous conspecific males. However, in spe-
cies that naturally hybridize, it is also possible that females might choose
an inconspicuous heterospecific male over a conspicuous conspecific male
under predation risk. Our study addresses this question using the green
swordtail (Xiphophorus helleri) and the southern platyfish (Xiphophorus
maculatus), which are sympatric in the wild. We hypothesized that X. hel-
leri females would prefer the sworded conspecific males in the absence of
a predator but favour the less conspicuous, swordless, heterospecific males
in the presence of a predator. Contrary to our expectation, females associ-
ated more with the heterospecific male than the conspecific male in the
control (no predator) treatment, and they were non-choosy in the preda-
tor treatment. This might reflect that females were attracted to the novel
male phenotype when there was no risk of predation but became more
neophobic after predator exposure. Regardless of the underlying mecha-
nism, our results suggest that predation pressure may affect female prefer-
ences for conspecific versus heterospecific males. We also found striking
within-population, between-individual variation in behavioural plasticity:
females differed in the strength and direction of their preferences, as well
as in the extent to which they altered their preferences in response to
changes in perceived predation risk. Such variation in female preferences
for heterospecific males could potentially lead to temporal and spatial
variation in hybridization rates in the wild.

amphibians (e.g. Malacarne & Cortassa 1983) and
insects (e.g. Wilkinson & Reillo 1994). This behaviour

Sexual selection through mate choice is an important
evolutionary force contributing to morphological and
behavioural diversity within and among species
(Andersson 1994). Female preference for conspicuous
ornaments and intense courtship displays has been
well documented in birds (e.g. Andersson 1982), fishes
(e.g. Basolo 1990a), reptiles (e.g. Sigmund 1983),
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may be adaptive for females, due to a sexy sons or
good genes benefit if these traits are honest signals of
heritable male quality (Weatherhead & Robertson
1979). Nevertheless, there is increasing evidence for
variation in mate preferences among populations,
within populations, as well as within individuals (End-
ler & Houde 1995; Jennions & Petrie 1997; Brooks &
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Endler 2001; Kodric-Brown & Nicoletto 2001; Cole-
man et al. 2004; Lynch et al. 2005; Bailey & Zuk 2008;
Chaine & Lyon 2008; Pilakouta & Alonzo 2014). Thus,
a particular male may not be preferred by all females,
and an individual female may not always prefer the
same type of male. Such variation should not be sur-
prising, given that mate choice is influenced by several
factors, including individual experience and condition,
inherent perceptual biases and the environmental con-
ditions under which a mating decision is made (Mays
& Hill 2004; Hunt et al. 2005; Walling et al. 2008;
Amcoff et al. 2013; Ryan & Cummings 2013).

Predator presence, in particular, can play an impor-
tant role in mate choice, resulting in the alteration,
loss or reversal of a mating preference. For example,
we might expect females to become less choosy in the
presence of predators, because of higher mate search-
ing costs (Crowley et al. 1991). In cases where associ-
ation with a certain male phenotype itself incurs a
potential cost to the female, females may instead
change the direction of their preference (Pilakouta &
Alonzo 2014). Given that conspicuous males are more
likely to be attacked and thus experience a higher
mortality risk (Hernandez-Jimenez & Rios-Cardenas
2012; Godin & McDonough 2003), females associating
with these males may also incur an increased risk of
predation (Pocklington & Dill 1995). Additionally, if
the male sexual trait is heritable, male offspring from
such matings will also be conspicuous and will poten-
tially suffer higher mortality.

Predator-induced plasticity in mate preferences has
received little attention, with a focus to date on fishes
and insects. For example, female sand gobies
(Pomatoschistus minutus; Forsgren 1992) and male
pipefishes (Syngnathus typhle; Berglund 1993) become
less choosy in the presence of a predator. Female
crickets (Gryllus integer) usually prefer conspicuous
male calls but are more likely to mate with males with
less conspicuous calls when the risk of predation
increases (Hedrick & Dill 1993). In guppies (Poecilia
reticulata), female bias for males with large body size
and bright colouration decreases after predator expo-
sure (Godin & Briggs 1996; Gong & Gibson 1996).
These studies demonstrate a plastic female preference
for inconspicuous males under predation risk, but
they all gave females a choice between different phe-
notypes of conspecific males. It is still unclear whether
females might choose an inconspicuous heterospecific
male over a conspicuous conspecific male after expo-
sure to a direct cue of predation risk. Such predator-
induced mate preferences for heterospecifics might
occur in sympatric species that naturally hybridize. If
predator presence indeed influences mate preferences
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for heterospecifics, it will affect when and how often
hybridization occurs and thus have an effect on
species maintenance.

Our study addresses this question using the green
swordtail (Xiphophorus helleri) and the southern platy-
fish (Xiphophorus maculatus). Heterospecific mating
preferences in the Xiphophorus genus (Family Poecili-
idae) have been studied extensively (e.g. Ryan &
Wagner 1987; Hankison & Morris 2002, 2003; Wong
& Rosenthal 2006; McLennan & Ryan 2008; Willis
et al. 2011, 2012), making this group particularly suit-
able for our study. This genus comprises two swordtail
clades and two platyfish clades (Basolo 1995). In most
swordtail species, males have ‘swords’, which are ven-
tral caudal fin extensions, whereas none of the platy-
fish species have this secondary sexual trait. Ryan &
Wagner (1987) showed that X. pygmaeus females pre-
fer larger, sworded heterospecific males (X. nigrensis)
to smaller conspecific males without swords. Female
X. pygmaeus also prefer the larger X. cortezi males to
conspecific males (Hankison & Morris 2002). Lastly,
female X. maculatus and X. variatus prefer heterospeci-
fic sworded males to conspecific swordless males
(Basolo 1990b; Haines & Gould 1994). These
heterospecific mating preferences are consistent with
recent studies suggesting that hybridization in the
genus Xiphophorus is not only possible but probable:
hybridization has been very widespread in the evolu-
tionary history of this group, with many of these spe-
cies being interfertile (Cui et al. 2013; Hyoun Kang
et al. 2013). It is worth noting that this earlier work
on heterospecific mating preferences focused on
females choosing between ornamented heterospeci-
fics and inconspicuous conspecifics, whereas we are
investigating female preferences for ornamented con-
specifics versus inconspicuous heterospecifics.

For our study, we chose to use X. helleri females
because (1) female preference for conspicuous males
with long swords has been well established in this spe-
cies (e.g. Basolo 1990a, 1998; Trainor & Basolo 2000);
and (2) females reverse the direction of their prefer-
ence, favouring less conspicuous males with short
swords after predator exposure (Johnson & Basolo
2003; Pilakouta & Alonzo 2014). We chose X. macula-
tus as the less conspicuous, swordless heterospecific
species, because X. helleri and X. maculatus occur sym-
patrically throughout most of their range and can pro-
duce viable offspring under laboratory conditions (e.g.
Meyer et al. 2006; Schartl et al. 2013). A recent study
also reported that there is strong evidence of historical
hybridization between X. helleri and X. maculatus and
that it is possible that gene flow between these species
is ongoing (Schumer et al. 2013).
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We conducted dichotomous choice tests to evaluate
the mate preferences of X. helleri females for conspic-
uous X. helleri males and the less conspicuous X. mac-
ulatus males in the presence and absence of a
predation threat. Our hypothesis was that females
would prefer conspecific males in the control (no
predator) treatment but favour heterospecific males
in the predator treatment because of the risk of associ-
ating with the conspicuous conspecific under preda-
tion threat. It is important to better understand how
direct cues of predation risk may influence the likeli-
hood of interspecific mating and thus play a role in
hybridization rates in natural populations. If a preda-
tor encounter causes females to choose an inconspicu-
ous heterospecific male over a conspicuous
conspecific male, then predator abundance could
influence hybridization rates and gene flow between
species.

Methods

Study Animals

All male and female X. helleri used in this study were
first-generation descendants of wild-caught swordtails
collected from Princess Margaret Creek in Belize by a
private breeder. Xiphophorus maculatus and several
species of piscivorous fishes have been observed in
this creek, including the Neotropical cichlid Petenia
splendida. The individuals used in this study came
from the same population as those in Pilakouta &
Alonzo (2014), where we showed that females prefer
long-sworded conspecific males in the absence of a
predator but prefer short-sworded conspecific males
in the presence of a predator.

Females were between 12 and 18 mo old. All
females had previously interacted with conspecific
males and were non-virgins, but they were not gravid
at the time of the experiment. We chose to use non-
virgin females, because they tend to be more respon-
sive when they encounter a male (Basolo 1990a).
These females had no previous experience with
predators or X. maculatus males before this experi-
ment. Male X. maculatus were acquired at 12 mo old
from Texas State University’s Xiphophorus Genetic
Stock Center. They were reared from the Belize Play
II strain, with their ancestors originating from Kate’s
Lagoon in Belize.

The fish were reared at 22-24°C and a pH of 7.5-8
on a 12:12-h light:dark photoperiod. They were fed
once a day between 10 am and 11 am. Their diet con-
sisted of commercial micropellets and frozen blood-
worms on alternate days. Females were kept in
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groups of three to five individuals in 45-1 and 90-1
tanks. Males were kept individually in 10-1 tanks. All
tanks included a sponge filter and artificial plants for
cover. We changed 30-40% of the water once a
week.

Video Playback Design

For the mate choice trials, we used videos of non-
courting males actively swimming in a tank (as in
Trainor & Basolo 2000; Pilakouta & Alonzo 2014).
We recorded three X. helleri and three X. maculatus
males individually, using a digital camera (Panasonic
Lumix DMC-TS10) on a Sunpak tripod. All of the
males we used were between 12 and 18 mo old. For
each mate choice trial, we randomly selected one of
the X. helleri and one of the X. maculatus videos, such
that there were nine possible combinations of con-
specific and heterospecific videos. For the control
treatment, we recorded a video of a tank containing
artificial plants and a bubbler but no fish. For the
predator treatment, we used a video of P. splendida
swimming around in a tank with some plants (as in
Pilakouta & Alonzo 2014). Petenia splendida is a com-
mon predator for swordtails and occurs sympatrically
with both species (Basolo & Wagner 2004). All videos
were adjusted such that the videos being displayed
reflected the fish’s true size. While there was no sig-
nificant variation in male body size within species,
there was inevitably a difference between species, as
X. maculatus males are naturally smaller than X. hel-
leri.

Using video playback allowed us to repeatedly pre-
sent multiple females with the same males. This
method eliminates confounding factors, such as tem-
poral variation in male motivational state, display rate
and appearance (Kodric-Brown & Nicoletto 1997),
making any observed differences among individuals
and between treatments more robust. Video playback
has been used successfully in previous studies on mat-
ing behaviour in this species (e.g. Trainor & Basolo
2000; Basolo & Trainor 2002; Johnson & Basolo 2003;
Pilakouta & Alonzo 2014).

The experimental set-up consisted of a 40-1 tank
(61 x 23 x 33 cm) with three adjacent flat-screen
monitors (Fig. 1). The two side monitors (Dell
2007WEFPb) projected the X. helleri and X. maculatus
male videos, and the rear monitor (Lenovo 9227-
ACI1) projected the control or predator video. We
marked two vertical lines on the front of the tank to
divide it into three equal-sized compartments. The
apparatus was illuminated by fluorescent lighting sit-
uated approximately 1 m above the experimental set-
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Fig. 1: Experimental setup for dichotomous choice test, consisting of
three monitors and a 40- tank. The rear monitor displayed the control
or predator video, which was followed by the conspecific and
heterospecific male videos on the two side monitors.

up. We recorded all mate choice trials using a digital
camera on a tripod placed approximately 1 m in front
of the experimental set-up.

Experimental Protocol

Mate choice trials were conducted between 1 pm and
5 pm. Water temperature and other parameters,
including pH, KH (carbonate hardness) and GH (gen-
eral hardness), in the experimental tank were
matched to those in the holding tanks. For each trial,
we placed a single female in the tank and let her accli-
mate for 20 min. Nothing was displayed on the moni-
tors during this period. We then presented the female
with a looped 5-min sequence of either the predator
video or control video on the rear monitor. After
turning off the rear monitor, videos of a conspecific
male and a heterospecific male were displayed on the
two side monitors. We randomized which of the two
male videos (conspecific/heterospecific) was displayed
on the left versus the right monitor at the start of each
mate choice trial. To ensure that the female had a fair
choice between the two males, she was given time to
investigate the two sides of the tank before we started
recording behavioural data. The 20-min mate choice
trial started if the female had inspected both sides and
returned to the neutral zone within 2 min (as in
Johnson & Basolo 2003). Any females that showed a
bias in this initial period (n = 1) were excluded from
the mate choice trials. To avoid any potential side
biases, male videos were also switched between the
two side monitors haltway through the trial. We used
the same conspecific and heterospecific male videos
for the whole duration of a given mate choice trial.
During each trial, we recorded the following vari-
ables: association time with each male (defined
below), time spent directly interacting with each male
(e.g. gliding: swimming in a tight circle using only the
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pectoral fins with the genital pore exposed; Liley
1966) and the number of times the female crossed
into the neutral zone from one of the two sides. Asso-
ciation time was the amount of time spent on each of
the two sides, which is a good indicator of female
mate choice in this species (Trainor & Basolo 2000;
Walling et al. 2010). Direct interaction time was a
subset of association time.

We used a paired design for this experiment, mean-
ing that we observed each of 20 females in both the
control and predator treatments, with 7-14d
between the two trials. Females were presented with
the same conspecific and heterospecific male videos in
both treatments, and the order of the two treatments
was determined randomly for each female. This
design allowed us to assess the effect of predation risk
on mate choice behaviour on an individual level.

Data Analysis

To examine differences in female mate preferences
within and between treatments, we used general lin-
ear mixed models (LMM). We ran two separate mod-
els with association time and direct interaction time as
the response variables. Both models included the fol-
lowing fixed effects: treatment (control or predator),
the species of the male (conspecific or heterospecific)
and the interaction between these two factors. A sta-
tistically significant interaction would indicate a
change in the strength and/or direction of female
preference between treatments. We also assigned
female identity, conspecific male identity and
heterospecific male identity as random effects. These
analyses were run in R version 3.2.0, using the ‘lmer’
function in the ‘lme4’ package (Bates et al. 2013). All
models were fitted using maximum likelihood
methods.

To compare individual-level female preferences
within and between treatments, we calculated a mea-
sure of association bias, by subtracting the total time
each female spent on the side of the tank closer to the
heterospecific male from the total time spent on the
side of the tank closer to the conspecific male. These
differences were calculated separately for each treat-
ment. Large positive values suggested a strong prefer-
ence for the conspecific male, large negative values
suggested a strong preference for the heterospecific
male, and values close to zero suggested the female
was not choosy.

To determine whether females changed their level
of activity in response to predator exposure, we used
a two-tailed paired f¢-test to compare the number of
times each female crossed into the centre of the tank
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between the two treatments. A two-tailed paired #-test
was also used to compare the amount of time spent in
the neutral zone in the two treatments. This was done
to look for between-treatment differences in the total
amount of time females spent associating with the
two males, which can serve as a proxy for sexual
responsiveness.

Ethical Note

The protocols used in this experiment were conducted
in accordance with the Association for the Study of
Animal Behaviour guidelines. All procedures were
approved by the Animal Care and Use Committee of
Yale University (IACUC protocol #2011-10908).

Results

Treatment (control or predator) and the species of the
male (conspecific or heterospecific) did not have an
overall effect on female association time (LMM Treat-
ment: LR y*>=0.36, p=0.55 Male species: LR
y> = 2.73, p = 0.10). However, there was a statisti-
cally significant effect of the interaction between
treatment and the species of the male on female asso-
ciation time (LMM: LR y? =7.37, p = 0.007). This
interaction reflects that females spent more time asso-
ciating with the heterospecific male in the control
treatment, but they did not show a preference for
either male after being exposed to the predator video
(Fig. 2). The amount of time a female spent directly
interacting with a male did not depend on the species
of the male (LMM: LR y%*=0.30, p = 0.58), the

N
o
L

b

Association time (min)

Conspecific heterospecific Conspecific heterospecific
CONTROL PREDATOR

Fig. 2: Amount of time (mean + SE) females spent associating with the
conspecific (grey) and heterospecific (white) male in the control and
predator treatment during a 30-min mate choice trial. Females spent
more time associating with heterospecific males in the control treat-
ment, but after predator exposure, they associated with conspecific and
heterospecific males equally.
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treatment (LMM: LR %* = 0.81, p = 0.37), or the
interaction between these two factors (LMM: LR
¥>=0.23, p=0.63). None of the random effects
included in our models were statistically significant.

Female activity was overall unaffected by exposure
to the predator video. The total amount of time
females spent in the centre of the tank did not differ
between treatments (paired t-test: t = 1.2, p = 0.24).
Moreover, the number of times females moved from
the sides into the centre of the tank was the same in
the control and predator treatments (paired f-test:
t=1.3,p = 0.20).

On average, females seemed to spend more time
associating with the heterospecific male in the control
treatment but showed no strong preference between
the heterospecific and conspecific male in the preda-
tor treatment (Fig. 2). Nevertheless, when looking at
preferences on an individual level, there was substan-
tial variation among females in terms of which male
they preferred within each treatment, as well as the
magnitude and direction in which their preference
changed between treatments (Fig. 3).

Discussion
Xiphophorus  helleri females preferred the less
conspicuous X. maculatus males over the sworded
X. helleri males in the control treatment. This
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Fig. 3: Behavioural reactions norms for individual females, where the
environmental gradient is presence or absence of a predation threat,
and the response variable (behavioural trait) is association bias. Positive
values suggest a preference for the conspecific male, and negative val-
ues suggest a preference for the heterospecific male. The majority of
females spent less time on the side closest to the heterospecific in the
predator treatment than in the control treatment (black). However,
some females associated more with the heterospecific in the predator
treatment than in the control treatment (grey).
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preference did not persist after predator exposure: on
average, females were non-choosy in the predator
treatment (Fig. 2). We also documented striking
between-individual variation in the degree of beha-
vioural plasticity in response to predator exposure,
using females from a single population. Within each
of the two treatments, different females preferred dif-
ferent males and also varied in the strength of their
preference, with some females being non-choosy.
Between treatments, there was variation in both the
degree and direction of plasticity in female prefer-
ences, as indicated by the slopes of the behavioural
reaction norms (Fig. 3). Overall, we find that preda-
tion risk causes a switch from preferring heterospecific
males in the absence of predators to exhibiting no
preference between sworded conspecifics and sword-
less heterospecifics in the presence of predators. Yet,
we also find substantial variation in the strength of
heterospecific mate preference among females in the
absence of a predator and in the extent of the preda-
tor-induced change in preference.

‘Foreign-mate preferences’, such as the one reported
here, are not uncommon and have been observed in
various taxa, including the jumping spider Habronattus
pugillis (Hebets & Maddison 2005) and the Blue Wax-
bill, Uraeginthus angolensis (Collins & Luddem 2002). In
fact, preferences for heterospecifics may partly explain
the finding that a large proportion of the genomes of
most Xiphophorus species is derived from hybridization
(Cui et al. 2013). However, our results are surprising
because females typically prefer conspicuous males
and avoid them when there is a high risk of predation
(e.g. Johnson & Basolo 2003; Pilakouta & Alonzo
2014). We thus expected that X. helleri females would
prefer the swordless heterospecific male over the
sworded conspecific male in the predator treatment,
not in the control treatment.

Instead, we found that female preference for the
heterospecific male was reduced after exposure to the
predator video. Even though this pattern was unex-
pected, it is important to note that we used the same
methodology and individuals from the same popula-
tion as in Pilakouta & Alonzo (2014). In that study,
females expressed preferences that were consistent
with earlier work (Gong & Gibson 1996; Johnson &
Basolo 2003): females preferred conspicuous con-
specifics in the absence of a predator and less conspic-
uous conspecifics in the presence of a predator
(Pilakouta & Alonzo 2014). Therefore, our findings
are unlikely to be due to the experimental setup or
the conditions of the study in general.

One potential explanation for the heterospecific
preference in the control treatment is that females
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were showing a bias for the novel male phenotype.
Neophilia, the attraction to novel stimuli, is one of the
hypotheses proposed to explain the maintenance of
male colour polymorphism and female preference for
novel male colour patterns in guppies, Poecilia reticu-
lata (Hughes et al. 1999, 2013), which are in the same
family (Poeciliidae) as Xiphophorus. In addition, Verzij-
den et al. (2012) showed that although female famil-
iarity with a certain male phenotype can lead to a
positive preference bias for that phenotype, it can also
induce aversion as in the case of the swordtail X. mal-
inche. In zebra finches (Taeniopygia guttata), variation
in neophilia among females in the context of
approach to novel objects reflects variation in repro-
ductive strategies (Schielzeth et al. 2011). Lastly, in
some cases, novel phenotypes arising from hybridiza-
tion may be more attractive to females of the parental
species (Rosenthal 2013).

After exposure to the predator video, there was a
reduction in the females” preference for the
heterospecific male. We suggest that females might
have become more neophobic because of the risk of
predation. There is evidence that neophobia (i.e. the
generalized avoidance response to novel stimuli) is
phenotypically plastic and that predation risk plays a
role in this plasticity: one way to avoid predation is to
be frightened of anything that is new (Brown et al.
2013). In our experiment, some females may have
changed their preference due to risk-induced neopho-
bia, thus favouring the conspecific because of
familiarity.

Regardless of its underlying cause, the observed
predator-induced decline in female preferences for
heterospecific males could have important implica-
tions for ecological and evolutionary dynamics. Accu-
mulating evidence suggests that environmental
disturbances can break down hybridization barriers,
potentially leading to introgression into parental lin-
eages, the merging of gene pools or hybrid speciation
(Rosenthal 2013). Thus, if the trend we have docu-
mented accurately represents a pattern occurring in
natural populations, predation pressure may affect
the likelihood of interspecific mating and conse-
quently play a role in hybridization rates and the
maintenance of species.

Lastly, when looking at mate preferences on an
individual level, there was substantial among-
female variation in association bias in the two treat-
ments (Fig. 2). Within-population variation in
behavioural plasticity among individuals has been a
topic of increasing interest in recent years (Jennions
& Petrie 1997; Wagner 1998; Wolf et al. 2008; Cop-
pens et al. 2010; Dingemanse et al. 2010; Mathot
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et al. 2011, 2012; Westneat et al. 2011; Dingemanse
& Wolf 2013; Han & Brooks 2013), but variation in
mate preference plasticity has been largely ignored.
We are not aware of any other studies reporting
individual behavioural reaction norms in the con-
text of mating preferences across environments
(e.g., low vs. high risk of predation). Here, we
show that individuals from the same population dif-
fer in their preference for heterospecifics versus
conspecifics in the absence of a predator, as well as
in the extent to which they alter their preferences
in response to changes in perceived predation risk.
Variation in behavioural plasticity can result from
additive and interactive effects of past experiences,
current individual condition and genetics (Dinge-
manse & Wolf 2013). In our study, all individuals
were exposed to similar environmental conditions
in the laboratory, so it is more likely that the varia-
tion we observed was due to intrinsic differences
among females. If variation in propensity to hybri-
dize is heritable, interspecific matings will involve a
non-random set of individuals in the population
(Schielzeth et al. 2009), which can have important
consequences for the evolutionary trajectory of
hybrid lineages (Rosenthal 2013).

Our findings raise interesting questions for future
studies to address, as it is still unclear what the proxi-
mate and ultimate causes of the among-individual
variation in mate preference plasticity are, whether this
variation is adaptive, and how selection acts to main-
tain it. The presence or absence of this variation, as
well as whether or not it is heritable, can have signifi-
cant implications for ecological and evolutionary
dynamics (Dingemanse & Wolf 2013). Another sugges-
tion for future research is to investigate whether preda-
tion risk reduces the preference for conspicuous
heterospecific males in species in which females have
been shown to prefer sworded heterospecifics, such as
X. pygmaeus (Ryan & Wagner 1987), X. maculatus
(Basolo 1990b) and X. variatus (Haines & Gould 1994).
If that is indeed the case, the frequency of encounters
between females and predators may contribute to vari-
ation in the frequency of interspecific mating between
populations with different predator abundances.

In summary, it has been well established that
predators can have important non-consumptive
effects on prey populations by causing changes in prey
behaviour (Lima & Dill 1990; Peckarsky et al. 2008;
Schmitz et al. 2008), such as mate choice for con-
specific males (e.g. Hedrick & Dill 1993; Godin &
Briggs 1996; Johnson & Basolo 2003; Pilakouta &
Alonzo 2014). Here, we provide novel insights into
how predation risk may also influence female
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preference for heterospecific males. Our findings sug-
gest that predation pressure may affect the likelihood
of interspecific mating, which could have important
implications for ecological and evolutionary dynam-
ics. Moreover, the observed variation among females
in their mating preference for conspecifics versus het-
erospecifics and in how they change their preferences
in response to predation risk could lead to temporal
and spatial differences in hybridization rates in
natural populations.

Acknowledgements

We thank three anonymous reviewers for their help-
ful comments on the manuscript. This work was sup-
ported by a grant to NP from the Yale Department of
Ecology and Evolutionary Biology Pierce Fund and
Yale University.

Literature Cited

Amcoff, M., Lindqgvist, C. & Kolm, N. 2013: Sensory
exploitation and plasticity in female mate choice in the
swordtail characin. Anim. Behav. 85, 891—898.

Andersson, M. 1982: Female choice selects for extreme tail
length in a widowbird. Nature 299, 818—820.

Andersson, M. 1994: Sexual Selection. Princeton Univ.
Press, Princeton, NJ.

Bailey, N. W. & Zuk, M. 2008: Acoustic experience shapes
female mate choice in field crickets. Proc. R. Soc. Lond.
B 275, 2645—2650.

Basolo, A. L. 1990a: Female preference for male sword
length in the green swordtail, Xiphophorus helleri (Pisces:
Poeciliidae). Anim. Behav. 40, 332—338.

Basolo, A. L. 1990b: Female preference pre-dates the evo-
lution of the sword in swordtail fish. Science 250, 808—
810.

Basolo, A. L. 1995: Phylogenetic evidence for the role of a
pre-existing bias in sexual selection. Proc. R. Soc. Lond.
B 259, 307—311.

Basolo, A. L. 1998: Evolutionary change in a receiver bias:
a comparison of female preference functions. Proc. R.
Soc. Lond. B 265, 2223—2228.

Basolo, A. L. & Trainor, B. C. 2002: The conformation of a
female preference for a composite male trait in green
swordtails. Anim. Behav. 63, 469—474.

Basolo, A. L. & Warner, W. E. 2004: Covariation between
predation risk, body size and fin elaboration in the
green swordtail, Xiphophorus helleri. Biol. J. Linn. Soc.
83, 87—100.

Bates, D., Maechler, M., Bolker, B. & Walker, S. 2013:
Lme4: Linear mixed-effects models using Eigen and S4.
R package version 1.0-5. http://CRAN.R-project.org/
package=lme4

101


http://CRAN.R-project.org/package=lme4
http://CRAN.R-project.org/package=lme4

Predators Influence Female Heterospecific Preferences

Berglund, A. 1993: Risky sex: male pipefishes mate at ran-
dom in the presence of a predator. Anim. Behav. 46,
169—175.

Brooks, R. & Endler, J. A. 2001: Female guppies agree to
differ: phenotypic and genetic variation in mate-choice
behavior and the consequences for sexual selection.
Evolution 55, 1644—1655.

Brown, G. E., Ferrari, M. C. O., Elvidge, C. K., Ramnarine,
I. & Chivers, D. P. 2013: Phenotypically plastic neopho-
bia: a response to variable predation risk. Proc. R. Soc.
Lond. B 280, 20122712.

Chaine, A. S. & Lyon, B. E. 2008: Adaptive plasticity in
female mate choice dampens sexual selection on male
ornaments in the lark bunting. Science 319, 459—462.

Coleman, S. W., Patricelli, G. L. & Borgia, G. 2004: Vari-
able female preferences drive complex male displays.
Nature 428, 742—745.

Collins, S. A. & Luddem, S. T. 2002: Degree of male orna-
mentation affects female preference for conspecific ver-
sus heterospecific males. Proc. R. Soc. Lond. B 269, 111
—117.

Coppens, C. M., De Boer, S. F. & Koolhaas, J. M. 2010:
Coping styles and behavioural flexibility: towards
underlying mechanisms. Philos. Trans. R. Soc. B Biol.
Sci 365, 4021—4028.

Crowley, P. H., Travers, S. E., Linton, M. C., Cohn, L., Sih,
A. & Sargent, R. C. 1991: Mate density, predation risk,
and the seasonal sequence of mate choices: a dynamic
game. Am. Nat. 137, 567—596.

Cui, R., Schumer, M., Kruesi, K., Walter, R., Andolfatto, P.

& Rosenthal, G. G. 2013: Phylogenomics reveals exten-
sive reticulate evolution in Xiphophorus fishes. Evolu-
tion 67, 2166—2179.

Dingemanse, N. J. & Wolf, M. 2013: Between-individual
differences in behavioural plasticity within populations:

causes and consequences. Anim. Behav. 85, 1031—1039.

Dingemanse, N. J., Kazem, A. J. N., Réale, D. & Wright, J.
2010: Behavioural reaction norms: where animal per-
sonality meets individual plasticity. Trends Ecol. Evol.
25, 81—89.

Endler, J. A. & Houde, A. E. 1995: Geographic variation in
female preferences for male traits in Poecilia reticulata.
Evolution 49, 456—468.

Forsgren, E. 1992: Predation risk affects mate choice in a
gobiid fish. Am. Nat. 140, 1041—1049.

Godin, J. G. J. & Briggs, S. E. 1996: Female mate choice
under predation risk in the guppy. Anim. Behav. 51,
117—130.

Godin, J. G. J. & McDonough, H. E. 2003: Predator prefer-
ence for brightly colored males in the guppy: a viability
cost for a sexually selected trait. Behav. Ecol. 14, 194—
200.

Gong, A. & Gibson, R. M. 1996: Reversal of a female pref-
erence after visual exposure to a predator in the guppy,
Poecilia reticulata. Anim. Behav. 52, 1007—1015.

102

N. Pilakouta et al.

Haines, S. E. & Gould, J. L. 1994: Female platys prefer long
tails. Nature 370, 512.

Han, C. S. & Brooks, R. C. 2013: Evolution of individual
variation in behaviour and behavioural plasticity under
scramble competition. Anim. Behav. 86, 435—442.

Hankison, S. H. & Morris, M. R. 2002: Sexual selection and
species recognition in the pygmy swordtail, Xiphophorus
pygmaeus: conflicting preferences. Behav. Ecol. Socio-
biol. 51, 140—145.

Hankison, S. H. & Morris, M. R. 2003: Avoiding a compro-
mise between sexual selection and species recognition:
female swordtail fish assess multiple species-specific
cues. Behav. Ecol. 14, 282—287.

Hebets, E. A. & Maddison, W. P. 2005: Xenophilic mating
preferences among populations of the jumping spider
Habronattus pugillis Griswold. Behav. Ecol. 16, 981—
988.

Hedrick, A. V. & Dill, L. M. 1993: Mate choice by female
crickets under predation risk. Anim. Behav. 46, 193—
196.

Hernandez-Jimenez, A. & Rios-Cardenas, O. 2012: Natural
versus sexual selection: predation risk in relation to
body size and sexual selection ornaments in the green
swordtail. Anim. Behav. 84, 1051—1059.

Hughes, K. A., Du, L., Rodd, F. H. & Reznick, D. N. 1999:
Familiarity leads to female mate preferences for novel
males in the guppy, Poecilia reticulata. Anim. Behav. 58,
907—916.

Hughes, K. A., Houde, A. E., Price, A. C. & Rodd, H. F.
2013: Mating advantage for rare males in wild guppy
populations. Nature 503, 108—110.

Hunt, J., Brooks, R. & Jennions, M. D. 2005: Female mate
choice as a condition-dependent life-history trait. Am.
Nat. 166, 79—92.

Hyoun Kang, J., Schartl, M., Walter, R. B. & Meyer, R.
2013: Comprehensive phylogenetic analysis of all spe-
cies of swordtails and platies (Pisces: Genus Xiphopho-
rus) uncovers a hybrid origin of swordtail fish,
Xiphophorus monticolus, and demonstrates that the sex-
ually selected sword originated in the ancestral lin-
eage of the genus, but was lost again secondarily.
BMC Evol. Biol. 13, 25.

Jennions, M. D. & Petrie, M. 1997: Variation in mate
choice and mating preferences: a review of causes and
consequences. Biol. Rev. Camb. Philos. Soc. 72, 283—
327.

Johnson, J. B. & Basolo, A. L. 2003: Predator exposure
alters female mate choice in the green swordtail. Behav.
Ecol. 14, 619—625.

Kodric-Brown, A. & Nicoletto, P. F. 1997: Repeatability of
female choice in the guppy: response to live and video-
taped males. Anim. Behav. 54, 369—376.

Kodric-Brown, A. & Nicoletto, P. F. 2001: Age and experi-
ence affect female choice in the guppy (Poecilia reticu-
lata). Am. Nat. 157, 316—323.

Ethology 123 (2017) 95-104 © 2016 Blackwell Verlag GmbH



N. Pilakouta et al.

Liley, N. R. 1966: Ethological isolating mechanisms in four
sympatric species of poeciliid fishes. Behaviour 13, 1—
197.

Lima, S. L. & Dill, L. M. 1990: Behavioral decisions made
under the risk of predation: a review and prospectus.
Can. J. Zool. 68, 619—640.

Lynch, K. S., Rand, A. S., Ryan, M. J. & Wilczynski, W.
2005: Plasticity in female choice associated with chang-
ing reproductive states. Anim. Behav. 69, 689—699.

Malacarne, G. & Cortassa, R. 1983: Sexual selection in the
crested newt. Anim. Behav. 31, 1256—1257.

Mathot, K., van den Hout, P., Piersma, T., Kempenaers, B.,
Réale, D. & Dingemanse, N. J. 2011: Disentangling the
roles of frequency- versus state- dependence in generat-
ing individual differences in behavioural plasticity. Ecol.
Lett. 14, 1254—1262.

Mathot, K. J., Wright, J., Kempenaers, B. & Dingemanse,
N. J. 2012: Adaptive strategies for managing uncertainty
may explain personality-related differences in beha-
vioural plasticity. Oikos 121, 1009—1020.

Mays, H. L. & Hill, G. E. 2004: Choosing mates: good genes
versus genes that are a good fit. Trends Ecol. Evol. 19,
554—559.

McLennan, D. A. & Ryan, M. J. 2008: Female swordtails,
Xiphophorus continens, prefer the scent of heterospecific
males. Anim. Behav. 75, 1731—1737.

Meyer, A., Salzburger, W. & Schartl, M. 2006: Hybrid ori-
gin of a swordtail species (Teleostei: Xiphophorus
clemenciae) driven by sexual selection. Mol. Ecol. 15,
721—730.

Peckarsky, B. L., Abrams, P. A., Bolnick, D. L., Dill, L. M.,
Grabowski, J. H., Luttbeg, B., Orrock, J. L., Peacor, S.
D., Preisser, E. L., Schmitz, O. J. & Trussell, G. C. 2008:
Revisiting the classics: considering nonconsumptive
effects in textbook examples of predator—prey interac-
tions. Ecology 89, 2416—2425.

Pilakouta, N. & Alonzo, S. H. 2014: Predator exposure
leads to a short-term reversal in female mate prefer-
ences in the green swordtail, Xiphophorus helleri. Behav.
Ecol. 25, 306—312.

Pocklington, R. & Dill, L. M. 1995: Predation on females or
males—who pays for bright male traits? Anim. Behav.
49, 1122—1124.

Rosenthal, G. G. 2013: Individual mating decisions and
hybridization. J. Evol. Biol. 26, 252—255.

Ryan, M. J. & Cummings, M. E. 2013: Perceptual biases
and mate choice. Annu. Rev. Ecol. Evol. Syst. 44, 437—
459.

Ryan, M. J. & Wagner, W. E. Jr 1987: Asymmetries in mat-
ing preferences between species: female swortails prefer
heterospecific males. Science 236, 595—597.

Schartl, M., Walter, R. B., Shen, Y., Garcia, T., Catchen, J.,
Amores, A., Braasch, 1., Chalopin, D., Volff, J.-N., Lesch,
K.-P., Bisazza, A., Minx, P., Hillier, L., Wilson, R. K.,
Fuerstenberg, S., Boore, J., Searle, S., Postlethwait, J. H.

Ethology 123 (2017) 95-104 © 2016 Blackwell Verlag GmbH

Predators Influence Female Heterospecific Preferences

& Warren, W. C. 2013: The genome of the platyfish,
Xiphophorus maculatus, provides insights into evolu-
tionary adaptation and several complex traits. Nat.
Genet. 45, 567—572.

Schielzeth, H., Bolund, E. & Forstmeier, W. 2009: Heri-
tability of and early environment effects on variation in
mating preferences. Evolution 64, 998—1006.

Schielzeth, H., Bolund, E., Kempenaers, B. & Forstmeier,
W. 2011: Quantitative genetics and fitness conse-
quences of novelty-seeking in zebra finches. Behav.
Ecol. 22, 126—134.

Schmitz, O. J., Grabowski, J. H., Peckarsky, B. L., Preisser,
E. L., Trussell, G. C. & Vonesh, J. R. 2008: From individ-
uals to ecosystem function: toward an integration of
evolutionary and ecosystem ecology. Ecology 89, 2436
—2445.

Schumer, M., Cui, R., Boussau, B., Walter, R., Rosenthal,
G. & Andolfatto, P. 2013: An evaluation of the hybrid
speciation hypothesis for Xiphophorus clemenciae based
on whole genome sequences. Evolution 67, 1155—
1168.

Sigmund, W. R. 1983: Female preference for Anolis caroli-
nensis males as a function of dewlap color and back-
ground coloration. J. Herpetol. 17, 137—143.

Trainor, B. C. & Basolo, A. L. 2000: An evaluation of video
playback using Xiphophorus helleri. Anim. Behav. 59, 83
—89.

Verzijden, M. N., Culumber, Z. W. & Rosenthal, G. G.
2012: Opposite effects of learning cause asymmetric
mate preferences in hybridizing species. Behav. Ecol.
23, 1133—1139.

Wagner, W. E. 1998: Measuring female mate preferences.
Anim. Behav. 55, 1029—1042.

Walling, C. A., Royle, N. J., Lindstrom, J. & Metcalfe, N. B.
2008: Experience-induced preference for short-sworded
males in the green swordtail, Xiphophorus helleri. Anim.
Behav. 76, 271—276.

Walling, C. A., Royle, N. J., Lindstrom, J. & Metcalfe, N. B.
2010: Do female association preferences predict the like-
lihood of reproduction? Behav. Ecol. Sociobiol. 64, 541
—548.

Weatherhead, P. J. & Robertson, R. J. 1979: Offspring
quality and the polygyny threshold: “the sexy sons
hypothesis”. Am. Nat. 113, 201—208.

Westneat, D. F., Hatch, M. 1., Wetzel, D. P. & Ensminger,
A.L.2011: Individual variation in parental care reaction
norms: integration of personality and plasticity. Am.
Nat. 178, 652—667.

Wilkinson, G. S. & Reillo, P. R. 1994: Female choice
response to artificial selection on an exaggerated male
trait in a stalk-eyed fly. Proc. R. Soc. Lond. B 255, 1—6.

Willis, P. M., Ryan, M. J. & Rosenthal, G. G. 2011:
Encounter rates with conspecific males influence female
mate choice in a naturally hybridizing fish. Behav. Ecol.
22, 1234—1240.

103



Predators Influence Female Heterospecific Preferences

Willis, P. M., Rosenthal, G. G. & Ryan, M. J. 2012: An indi-
rect cue of predation risk counteracts female preference
for conspecifics in a naturally hybridizing fish, Xiphopho-
rus birchmanni. PLoS ONE 7, €34802.

Wolf, M., van Doorn, G. S. & Weissing, F. J. 2008: Evolu-
tionary emergence of responsive and unresponsive

104

N. Pilakouta et al.

personalities. Proc. Natl Acad. Sci. USA 105,
15825—15830.

Wong, B. B. M. & Rosenthal, G. G. 2006: Female dis-
dain for swords in a swordtail fish. Am. Nat. 167,
136—140.

Ethology 123 (2017) 95-104 © 2016 Blackwell Verlag GmbH



