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Does sexual selection evolve following introduction to new environments?
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The rate of evolution of mating preferences and mate signalling traits can influence local adaptation and
diversification under environmental change. However, the rate of evolution of female preferences has not
been directly examined in natural populations. An opportunity to do so arose through the introduction of
high-predation Trinidadian guppies, Poecilia reticulata, from the Yarra River into high- and low-predation
environments in the Damier River. Nine years (13e26 guppy generations) after the introduction, we
tested whether female preferences for key aspects of male colour differed between the rivers and
between introduced high- and low-predation populations. Based on two independent laboratory
experiments, we conclude that little divergence in female preferences has apparently occurred between
any of the populations, or between predation regimes. In combination with previous work, these results
suggest that the evolution of guppy colour and female preferences are influenced by factors in addition to
just predation, and that female preferences may generally take longer to evolve than other types of traits,
particularly in populations that experience weak or fluctuating sexual selection gradients.
� 2011 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Many studies have documented adaptive phenotypic changes in
natural populations experiencing environmental change, that is,
‘contemporary evolution’ occurring over approximately 100 gener-
ations or less (reviewed in Hendry & Kinnison 1999; Reznick &
Ghalambor 2001; Stockwell et al. 2003; Svensson & Gosden 2007).
Relatively few existing studies have examined traits relevant to
sexual selection (e.g. male signals and female preferences), but it has
nevertheless been suggested that these traits might evolve relatively
slowly (Candolin & Heuschele 2008). However, it has also been
argued that strong sexual selectionhas thepotential to promote rapid
evolutionary change (Lorch et al. 2003; Svensson & Gosden 2007;
Hollis et al. 2009), although further uncertainty arises when the
traits are also under natural selection (Tanaka 1996; Pfennig 2008).
For example, female preference for male widowbirds, Euplectes
progne, promotes longer tail feathers (Andersson 1982); however,

increased tail length increases mortality risk in flight during heavy
rains (Savalli 1995).

There are many ways in which environmental change might
cause the evolution of male sexual signals and female preferences.
First, male signals might evolve owing to changes in sexual selec-
tion caused either by shifts in female preferences (Andersson 1994)
or by changes in the signalling environments that render different
signals more effective (e.g. water absorption properties, Seehausen
et al. 1997; Boughman 2001; Candolin et al. 2007). Second, changes
in natural selection can alter the costs of a given signal, such as
fluctuations in predation risk (Endler 1980; Svensson & Friberg
2007) or in the resources necessary to express the signals
(Lindström et al. 2009). Third, mating preferences might evolve
because of changes in the value of different signals (Hegyi et al.
2006) or changes in the costs of expressing a given preference
(Godin & Briggs 1996). Fourth, because preferences and secondary
sexual traits should evolve in parallel (e.g. Houde & Endler 1990),
changes in female preferences should cause reciprocal evolution in
secondary male traits and vice versa.

Even with these many reasons to expect that sexual signals and
preferences should evolve in response to environmental change
(see also van der Sluijs et al. 2011), several factors might limit such
responses. For example, female preferences might have low heri-
tability, and although the exact genetic nature of female preferences
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is still generally unclear, if this were the case then it would limit the
extent to which selection could produce an evolutionary response
(Chenoweth & Blows 2006; Qvarnström et al. 2006; Hegyi et al.
2010). In addition, asymmetric mating isolation is common, in
which females from two diverging populations share a preference
for males from one population, despite experiencing different
adaptive pressures (e.g. Zouros &Dentremont 1980; Endler &Houde
1995; Deering & Scriber 2002; Nickel & Civetta 2009). Such
conserved preferences might evolve for reasons independent of
environment, such as good genes benefits (Watt et al. 2001) or pre-
existing sensory biases (Ryan & Rand 1993). Alternatively, prefer-
ences could be in the process of evolving, but, owing to fluctuations
in the strength of selection, have yet to diverge enough to be
detected as different (Cornwallis & Uller 2010).

The evolution of female preferences would ideally be measured
by tracking independent replicate populations exposed to different
environmental pressures. This has been done in laboratory studies,
which have found that female preferences sometimes evolve and
other times do not (Rice & Hostert 1993; Higgie et al. 2000; Rundle
et al. 2005; Kwan & Rundle 2010). While laboratory studies tell us
what might be possible in principle, they do not reflect the
complexities of natural environments. We therefore performed an
analogous study using introduced guppy, Poecilia reticulata, pop-
ulations in Trinidad. Given that the same populations had previously
shown only slight change in male coloration following introduction
(Karim et al. 2007), wewere also afforded an opportunity to examine
the relationship between changing female preferences and their
corresponding male traits.

Study System

Male coloration in guppies is frequently used as an example of
the interaction between natural and sexual selection. That is, col-
ourful males are thought to be at a reproductive advantage owing
to female preference, but at a survival disadvantage owing to
predation (Endler 1980; Kodric-Brown 1985; Houde 1987; Endler &
Houde 1995; Brooks & Endler 2001a). The expectation is that
populations subject to high predation should be less colourful than
those subject to low predation. This hypothesis was supported
through studies taking advantage of the fact that Trinidadian rivers
can be crudely divided into (1) downstream high-predation envi-
ronments, where guppies coexist with strong predatory fishes that
prey on all size classes of guppies, and, separated by waterfalls,
(2) upstream low-predation environments, where guppies coexist
with only weak piscivores that are gape limited and can therefore
prey only on small, immature size classes (Endler 1978; Reznick
et al. 1996). Matching the above expectation, males in low-
predation environments are often more colourful than males in
high-predation environments (Endler 1980; Magurran &
Ramnarine 2005; Millar et al. 2006). This inference was then
strengthened through an experimental introduction when Endler
(1980) introduced 200 high-predation fish from the Aripo River
into a low-predation environment in the same river that had
previously contained no guppies. Sampling 2 years later, he found
that the high-predation males introduced into a low-predation
environment had evolved more conspicuous coloration.

More recent findings on similar guppy translocations have not
always matched those given above. One such example, and the
basis of our experimental study, was in the Damier River. This
river, located on the north slope of the Northern Range Mountains
of Trinidad, was guppy free in the early 1990s. In 1996, D.N.
Reznick introduced approximately 200 fish from a high-predation
site on the Yarra River into a low-predation site above a barrier
waterfall in the Damier (Fig. 1). Qualitative surveys a year
later revealed that guppies had become established at the

low-predation site in the Damier and had also spread downstream
over the barrier waterfall to colonize the high-predation site. In
samples from 2004, however, little genetic change in male colour
had taken place (Karim et al. 2007). This contrast between the
strong colour change in Endler’s (1980) experiment and the
results in the Damier introduction was striking considering
the methods were similar: the descendants of 200 introduced fish
and their source populations assayed with approximate colour
analysis methods (see Methods). Moreover, the elapsed time in
Endler’s (1980) experiment was shorter (2 years in the Aripo
versus 9 years in the Damier), and so time constraints in the
Damier were not a likely cause of the difference. Subsequent
studies of other experimental introductions have also found
limited evolution of these same colour pattern elements (Kemp
et al. 2009; Weese et al. 2010), although more subtle changes
(spectral properties of some spots) were detected (Kemp et al.
2008). These variable results in studies of male colour evolution
motivated our investigation of the contemporary evolution of
secondary sexual traits and female preferences.

Aworking hypothesis is that female preferences in low-predation
environments do not consistently favour greater male colour.
Although female guppies from low-predation environments
frequently show stronger preferences for colourful males (Stoner &
Breden 1988; Houde & Endler 1990; Endler & Houde 1995; Godin
& Briggs 1996), geographical variation in female preferences is
prevalent evenwithin a given predation regime (e.g. Endler & Houde
1995; Brooks & Endler 2001a; Schwartz & Hendry 2007; see
Appendix Table A1 for a summary). Perhaps the introduced Aripo
females in Endler’s (1980) experiment initially preferred more col-
ourful males, whereas the introduced Damier females did not.
Supporting this idea, previous work has found that Yarra females
from the ancestral population do not prefer more colourful males
(Schwartz &Hendry 2007; but see Houde &Hankes 1997), and so the
evolution of colour in the Damier may first require the evolution of
female preferences. Such evolution of female preferences and male
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Figure 1. Map of the study sites in Trinidad. In 1996, 200 fish from the Yarra high-
predation site were transplanted to the Damier low-predation site, from which the
Damier high-predation site was then naturally colonized.
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colour could occur owing to good genes benefits (Houde & Torio
1992), sensory biases (Rodd et al. 2002; Grether et al. 2005) or
runaway coevolution (Houde & Endler 1990). Here we tested
whether female preferences have evolved in the Damier, by exam-
ining population-level female preference functions in the ancestral
Yarra high-predation population, the derived Damier high- and
low-predation populations and a reference Yarra low-predation
population (Fig. 1).

METHODS

Experimental Populations and Laboratory Rearing

We caught 15e20 pregnant females by hand nets from each of
the four study populations (Fig.1) in Trinidad and transported them
to our laboratory where they were kept in population-specific
tanks. Tanks were visually inspected daily for signs of pregnancy.
When a female appeared ready to give birth, she was placed into
a plastic pregnancy box, which floated in a 9.1-litre tank for
a maximum of 24 h or until the fish demonstrated signs of stress.
Because females will cannibalize their young in captivity, these
boxes are essential to separate the offspring from their mothers
upon birth. Once offspring were born, females were immediately
returned to the population tank, and offspring were removed from
the box and reared in their birth tank in family groups. Adult fish
were fed Tetramin Pro flake food (Tetra) daily and offspring were
fed live brine shrimp twice a day.

Offspring families were once again reared in their own aquaria
until the sex of individuals could be determined. Two males from
the middle of the size distribution in each brood were then isolated
and placed into individual aquaria, with one male being fed a ‘low-
food’ diet and the other a ‘high-food’ diet (following Reznick 1983).
The low end of the diet was maintained within the natural range of
energy requirements and diet levels by regularly weighing fish and
adjusting food quantities appropriately. This diet manipulationwas
performed to control for the potential plastic influence of resource
levels on the expression of male colour (e.g. Grether et al. 2001).

Offspring were regularly monitored for signs of sexual maturity
and males were removed from the tank once the first indications of
a gonopodium or a colour patch appeared. Each male was checked
daily under a microscope to see if it was fully sexually mature, as
indicated by a fully formed gonopodium (a curved hook at the distal
tip of the third and fourth anal fin rays;Winemiller et al. 1990). Once
the offspring matured, they were mated within each population in
a randomized design that excluded brotheresister pairings, by
placing an individual male and individual female in a 9.1-litre
aquarium containing an airstone and java moss (which provides
refuge for any offspring born prior to isolating the female in a preg-
nancy box). The resulting offspring of these crosses constituted the
experimental fish.

Each of the resulting F2 broods was then isolated and reared in its
own 22.7-litre aquarium, where offspring were monitored daily for
developing males, which, based on the presence of gonopodia and
the first indications of colour, were immediately removed, thus
ensuring the females remained virgins. We used virgins for the
experiments because they are more likely to be receptive to males
during mating trials (Baerends et al. 1955; Liley 1966), which facili-
tates quantification of preferences (Houde 1997). The males were
held in population-specific tanks with nonexperimental females
from their own population, which ensured that the experimental
males gained mating experience and exhibited normal courtship
behaviour (Farr 1980; Price & Rodd 2006). Males were then indi-
vidually isolated in the experimental aquarium for at least 1 h prior
to the trials described below, to allow for acclimation and to avoid
erroneous results in males that may have recently courted, as they

generally cease normal sexual activity for 30min or more following
copulation (personal observation; Endler & Houde 1995).

Mate Choice Trials

We employed a ‘no-choice’ design that paired single males with
single females to examine maleefemale interactions (e.g. Dugatkin
1992; Houde 1997; Nosil et al. 2002, 2003; Rutstein et al. 2007;
Schwartz & Hendry 2007). Although a ‘no-choice’ design might
not represent typical conditions in the wild, it does reveal intrinsic
female preferences while eliminating potentially confounding
intrasexual interactions (Dugatkin & Godin 1992; Houde 1997), and
therefore seemed to be the most appropriate design.

The trials took place in 9.1-litre aquaria covered on three sides
with black paper (to eliminate visual disturbances) and illuminated
by an overhead full-spectrum fluorescent bulb (Vita-Lite 40 W,
which approximates the colour spectrum of full sunlight; Duro-Test
Canada, Toronto, ON, Canada). After a female was introduced into
an aquarium with the male, a given trial lasted a minimum of
20 min. Trials continued for longer (up to 30 min) if the male
continued to court the female. All trials were recorded with a video
camera (Canon XL1-S) and then transferred to DVD for analysis.

We used two experimental designs that allowed complemen-
tary inferences. In the first (‘home population’) design, males and
females were paired within their own populations (i.e. no cross-
population mating trials were conducted), and each fish was used
only once. Ten trials were performed for each population, gener-
ating a total of 40 trials that used a total of 40males and 40 females.
Females from each population thus interacted only with males
from their own population, and so differences in preference func-
tions between populations were potentially influenced by
between-population variation in both female preferences and male
traits/behaviours. We consider this design useful for understanding
the nature of sexual selection operating within each population.

In the second experimental design (‘standard-male population’),
female responses from all four populations were compared when
testedwith the ancestral male population (Yarra high). Here, a single
Yarra high-predation male was tested in random order with each of
four females: one Yarra low-predation female, one Yarra high-
predation female, one Damier low-predation female and one Dam-
ier high-predation female. This procedure was then repeated nine
more times, each timewith a newmale and a new random sequence
of new females from the four populations. The result was a total of 40
trials that used a total of 10 males and 40 females. This design
allowed us to control for any individual variation in male traits or
behaviour and, by comparing responses for each individual male, it
further allowed an assessment of any potential evolution of prefer-
ences and relative male mating success, independent of the specific
colour elements examined.

Quantifying Male Colour and Female Preference

After the trial(s) for a given male was completed, he was anaes-
thetized with MS-222 and photographed (Nikon Coolpix F995) on
his left side on a standard, grid-ruled background. The pictures were
then analysed digitally (Scion Image Software: www.scioncorp.com)
to determine the size of the male (surface area) and the number and
size (surface area) of spots of different colours on the body
(excluding fins). Colour categories were black, orange, violet-blue
and green. The total area of a given colour on a male depends on
his size, and so we also calculated the relative area of each colour as
the total area of a given colour divided by the total area of the male.

A female’s response to a givenmalewas estimated as the intensity
of her responses to his displays. Guppy courtship usually involves
a sigmoidal display, in which a male places himself in front of
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a female, arches his body, extends his fins and performs several
jerking vibrations (Baerends et al. 1955; Liley 1966; Houde 1997).
Females may respond to a given male display in several ways: no
response (score ¼ 0), turning and orienting her body towards the
male (1), gliding towards him (2), circling him (3), receiving an
attempted copulation (4) or allowing full copulation (5) (Houde
1997). Following full copulation, a male’s body will jerk over an
interval of several minutes, and he will closely guard the female
(Baerends et al. 1955; Pilastro et al. 2007). Using this scheme, we
scored each response of each female to each male display over the
course of each trial.

The scores for female responses were combined in a given trial
to yield an overall estimate of a given female’s preference for
a given male (Houde 1997; Schwartz & Hendry 2007). This was
done by first calculating the total (cumulative) response (TR) for
a given trial as the sum of the female’s responses to all of the male’s
displays. TR was then standardized as a fraction of the maximum
total response (MR) that a female could have shown given the
number of male displays in that trial. MR was calculated assuming
an attempted copulation (score ¼ 4) after each male display fol-
lowed by full copulation on the last display (score ¼ 5): i.e.
MR ¼ ((Number of displays�1) � 4) þ 5. This standardization yiel-
ded a ‘fractional intensity of response’ (FIR ¼ TR/MR) for a given
female to a given male over the course of a trial. Note that FIR
controls for variation between trials in the frequency of male
displays. This FIR is very similar to Houde’s (1987, 1997) Fractional
Response (FR) metric, in which all scores of ‘2’ and higher are
summed and divided by the number of displays. The added benefit
of using FIR is an increase in specific information about a female’s
willingness to mate rather than responding to a cue. Female pref-
erence functions were calculated for each population as a linear
regression of FIR or FR on eachmale trait (e.g. Houde & Endler 1990;
Endler & Houde 1995; Brooks & Endler 2001a; Gamble et al. 2003;
Syriatowicz & Brooks 2004; Schwartz & Hendry 2007).We obtained
similar results for FR and FIR (results not shown), and so we here
only report the latter.

Statistical Analysis

Variation in male colour was evaluated by multivariate analysis
of covariance (MANCOVA) including all four colour categories
(orange, violet-blue, green and black) as response variables and
‘River’ (Yarra and Damier) and ‘Predation’ (high and low) as fixed
factors. Body area was included as a covariate to control for
possible allometric effects of body size on the relative area of
colour.

Variation in female preference functions in the ‘home population’
trials was analysed in a similar manner as above where the response
variable was FIR, male colours were included as covariates, and River
and Predation were included as fixed factors. We also ran the same
models for each colour trait individually and obtained similar results.
A significant interaction termbetween colour and either Predation or
River would indicate divergence in preference functions between
female populations. The contemporary evolution of female prefer-
encewould be indicated if preference functions differed between the
Yarra high-predation (ancestral) population and the Damier
(derived) populations. Natural selectionwould be inferred as a cause
of this preference divergence if differences between predation
regimes in the Damier were in the same direction as differences
between predation regimes in the Yarra. Variation in FIR in the
‘standard-male population’ trials was determined with a linear
mixed model with male identity as a random factor and female
population as a fixed factor. All analyses were performed in R version
2.13 (The R Foundation for Statistical Computing, Vienna, Austria,
http://www.r-project.org).

Ethical Note

All experiments, fish rearing and breeding conditions complied
with institutional and government guidelines and were performed
with the approval of the Canadian Council for Animal Care (CCAC)
and McGill University’s Animal Care Committee (Protocol no. 4570).
Import and export permits of guppies were provided by the
Department of Fisheries and Agriculture, Trinidad, W.I. Fish were
transported both within and from Trinidad to McGill University
(Montreal, Canada) in oxygenated 2-litre water bottles at low
densities (maximum 10 fish per bottle). To keep ammonia and
disease levels in thewater low during transport, fishwere not fed for
24 h prior to travel and two tablets of TankBuddies (Jungle Labora-
tories, http://www.junglelabs.com) were added to each bottle. There
wasminimalmortality during transport and no visible signs of stress
upon arrival.

Adultfishwere kept in 22.7-litre population-specific aquariawith
15e20 fish per tank. Each tank contained artificial plants, a gravel
substrate bottom and a sponge filter. Water temperature was
maintained between 22 and 24 �C under a 12:12 h light:dark cycle
with timed full-spectrum fluorescent bulbs above aquaria (Duro-Test
Canada). All fish were monitored twice a day for health. Upon signs
of disease or stress (e.g. lack of feeding, clamped fins, vertical
swimming) fish were immediately quarantined and medicated
appropriately until recovery.

Behavioural observations and video recordings were conducted
in a small observation room that was sheltered from disturbance.
Individual fish were placed in tanks in the observation room 24 h in
advance of recording to acclimate to any subtle temperature
differences. For all mating trials, the experimenter was situated
behind a black cloth with a small hole cut out for the camera lens.
There were no signs of stress during mating trials. Following the
trial, both males and females were returned to mixed-sex stock
population tanks where they remained until their natural deaths.
These tanks were maintained at either equal or female-biased sex
ratios to minimize harassment of males to females and potential
aggression and interference amongmales. Males were immediately
anaesthetized following mating trials for photography. This process
was generally completed within 1e2 min, and resulted in no
mortality. Males were observed in a well-aerated recovery tank
until they resumed normal swimming behaviour.

RESULTS

Male Colour

Predation environment affected only the relative area of orange,
but not universally as indicated by the significant interaction with
River (Table 1). Specifically, low-predation males in the Yarra were
substantially more orange than high-predation males in the Yarra,
whereas high- and low-predation males did not differ in the
Damier (Fig. 2). Males from the Damier river generally had larger
violet-blue spots than males in the Yarra (Fig. 2), although this
trend did not approach significance (Table 1).

Female Preference Functions

There were no significant effects of Predation, River or their
interaction in the home population trials (Table 2), indicating that
female responsiveness (FIR) did not differ in general between the
populations. Overall, there was no further evidence of divergence
between populations in preferences for particular colour elements,
but instead females from all populations discriminated against
males with more violet-blue (indicated by the significant main
effect of this trait, Table 2). Preferences for orange did appear to
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differ in direction between the rivers, however (Fig. 3). Owing to
the importance of orange in previous studies of guppy mate choice
and colour divergence, we examined this trend further by isolating
orange as the only colour covariate in the model. Indeed, the
Orange*River interaction was the only significant effect
(F1,32 ¼ 5.09, P ¼ 0.03), in which Yarra females discriminated
against males that were more orange (R2 ¼ 0.22, F1,19 ¼ 5.17,
P ¼ 0.04) and Damier females tended to prefer males that were
more orange, although the slope was not significant (R2 ¼ 0.15,
F1,19 ¼ 3.3, P ¼ 0.09).

There were no population differences evident in the mean
response of females when all four populations were tested with
ancestral (Yarra high-predation) males (ANCOVA: F3,36 ¼ 1.17,
P ¼ 0.33), although Yarra high-predation females clearly showed
the highest overall response to these males (Fig. 4).

DISCUSSION

We have examined to what extent contemporary evolution
occurred following the experimental introduction of high-
predation guppies into the Damier River. In a previous paper,
(Karim et al. 2007) we showed that the introduced guppies have
not experienced noteworthy evolution in the sizes and numbers of
colour spots on males. This negative result appears in contradic-
tion to the large changes in these same aspects of male colour that
occurred in Endler’s (1980) introduction in the Aripo River. The
differences between these results led us to consider the potential
role of female preferences in constraining the evolution of male
colour, specifically that the evolution of increased male colour in
the Damier would first require the evolution of increased female
preferences for more colour. This last possibility was the motiva-
tion behind the present study.

We found hints that female preferences for some male colours
might have begun to evolve in the Damier River. In particular,
females from both populations appeared to show an increased
preference for orange (Fig. 3); however, this trendwas not significant
when all male colours were considered together. In addition, no
preference divergence was seen between predator regimes. These
results suggest that the evolution of female preference for these
particular aspects of colour, if indeed it is occurring in the Damier, is
slow and is the result of selective factors other than predation.

Why has Preference Evolution been so Modest?

It is possible that noteworthy preference evolution has occurred
in the Damier, but our experimental design and implementation
were not sufficient to confirm it. Potential limitations included
(1) the restricted range of phenotypes (particularly if they all sur-
passed a threshold for acceptance by females), (2) the relatively low
sample size, and (3) the sequential mate choice design (particularly
if female preferences are relative). Furthermore, preference evolu-
tionmay have occurred inways that we did not attempt to quantify.
In particular, our questions were related to the direction of colour

evolution, and sowe used linear functions (Brooks & Endler 2001a).
Alternatively, evolution could have occurred in the nonlinear
components of preference functions, as seen in other studies using
quadratic regression or projection pursuit regression (see
Blows et al. 2003). It is beyond our present study to examine
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Figure 2. Aspects of male colour and body size by population: Damier high-predation
(DH), Damier low-predation (DL), Yarra high-predation (YH) and Yarra low-predation
(YL). High-predation populations are indicated by solid bars; low-predation ones by
open bars. (a) Body area, (b) relative area of orange, (c) relative area of black, (d) relative
area of green and (e) relative area of violet-blue. Themean relative area of each colour (%)
is shown for each population, along with standard errors of population means.

Table 1
Variation in the relative area of male colour (N ¼ 20 per population) between rivers
(Yarra and Damier) and predation environments (high or low)

df River Predation River*Predation

Orange 1, 36 1.01 (0.32) 2.45 (0.12) 9.29 (0.004)
Black 1, 36 1.10 (0.30) 2.9�10�5 (0.97) 0.76 (0.39)
Green 1, 36 1.08 (0.31) 1.77 (0.19) 0.09 (0.77)
Violet-blue 1, 36 3.86 (0.06) 0.16 (0.69) 0.97 (0.33)
All colours 4, 32 0.91 (0.59) 0.85 (0.27) 0.75 (0.05)

Values are partial F statistics from the MANCOVA, or the Wilks’s l for the full model
(last row). P values are in parentheses; significant effect is in bold.
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these components here, and so we focus on the overall direction of
evolution, using a linear model.

On the other hand, weak linear preference functions may in fact
reflect true variation and/or plasticity of mate choice in guppies. A
more formal comparison of our study to previous work shows that
significant preferences, and preference differences, have been
documented based on methods and sample sizes similar to ours.
Figure 5 shows the relationship between sample size and effect size
(calculated as Hedges’ d statistic with appropriate transformations;
Cooper & Hedges 1994) in a number of studies that quantified
female preferences in the laboratory (see Appendix Table A1 for
details). In general, variance across studies is lower when sample
sizes are larger, and effect sizes tend to decrease with increasing
sample size (b ¼ �0.02, F1,40 ¼ 7.49, P ¼ 0.009); however, sample
size explains only approximately 14% of the overall variation in
effect sizes. Therefore, while a larger sample size would certainly
have been better, studies of similar sample size have found much
larger effects, and our results were consistent across two inde-
pendent experiments. This leads us to suggest that our study design
and implementation should not have prevented us from detecting
reasonable preference changes had they occurred.

Another possibility is that preference evolution is proceeding, but
is doing so too slowly to have been detected in the short time since
the introduction. It is hard to evaluate this possibility because few
studies have examined the time course of the evolution of female
preferences in populations experiencing environmental change
(Candolin & Heuschele 2008). However, we do know that life history
traits have diverged between our study populations over the same
timeframe and considerable trait divergence is present over similar
timeframes in other guppy introductions (Endler 1980; Magurran
et al. 1992; O’Steen et al. 2002; Arendt & Reznick 2005). Thus, the
slow (or absent) evolution documented here is most likely to be
related to the nature of female preferences, which might in turn be
one of the factors contributing to the lack of observed colour
evolution.

Finally, female preferences might not diverge at all, whichmight
be the case if they are not subject to strong divergent selection or if
they lack appropriate genetic variation. We have no information on
the strength of divergent selection acting on female preferences,
although the four populations we studied certainly do differ in
a number of environmental factors thought to cause divergent
selection on a variety of guppy traits (Gordon et al. 2009). As for
limited genetic variation, we are sceptical because (1) 200 intro-
duced individuals would be likely to harbour considerable genetic
variation, particularly given multiple mating and sperm storage
(Kobayashi & Iwamatsu 2002; Pitcher et al. 2003; Becher &
Magurran 2004); (2) the population was robust a year after the
introduction (D.N. Reznick, personal observation); and (3) Damier
guppies are very variable for male colour and female preference
(Karim et al. 2007; present study). More generally, sexually selected
traits, including male colour (e.g. Brooks & Endler 2001b), tend to
harbour considerable genetic variation (Svensson & Gosden 2007;
Ahuja & Singh 2008). However, the amount of genetic variation
for female preferences is less certain (Godin & Dugatkin 1995;
Brooks & Endler 2001b; Brooks 2002; Lindholm & Breden 2002).
In some cases, it appears to be conspicuously absent (Hall et al.
2004), whereas in other cases it should be sufficient to support
further evolution (Godin & Dugatkin 1995). In analysing our results,
we assumed that there was sufficient genetic variation to allow
for evolution to occur; however, further studies investigating
the genetic components of preferences would improve future
interpretations.
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Figure 3. Population-level female preference functions in the home population trials as determined by linear regression of female preference score on each male colour category
(percentage of colour on body). Preference functions for the two types of population in each river are shown together, where the high-predation populations are indicated by solid
symbols and lines and the low-predation populations by open symbols and dashed lines.

Table 2
Variation in within-population female preference functions (N ¼ 10 trials per pop-
ulation, df¼ 20) for four male colour traits (relative area) between rivers (Yarra and
Damier) and predation environments (high or low)

Term F P

River 1.12 0.3
Predation 1.21 0.28
Predation*River 0.84 0.37
Orange 0.72 0.4
Black 0.06 0.8
Green 0.05 0.82
Violet-blue 4.8 0.03
River*Orange 1.38 0.25
River*Black 0.42 0.52
River*Green 0.22 0.64
River*Violet-blue 0.27 0.61
Predation*Orange 0.19 0.66
Predation*Black 1.43 0.25
Predation*Green 0.69 0.41
Predation*Violet-blue 0.35 0.56

Significant effect is in bold.
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Considering all of the above arguments,we suggest that the lackof
noteworthy preference evolution in the present study might be
caused by some combination of the relative insensitivity of the
preference assays, high variation in preferences between females
within a given population, and only small changes in female prefer-
ences. It is possible that the lack of change could be the result of
limited genetic variation in female preferences, weak divergent
selection or differences in the influence of selection on males and
females (e.g. Delcourt et al. 2009). Further studies that directly
examine themodeof inheritance of female preference and its genetic
covariance with male colour elements (Houde 1992; Lindholm &
Breden 2002) would allow for a better understanding of the degree
towhich these traits can evolve in response to environmental stimuli.

Summary and Implications

No study of populations experiencing environmental change has
examined the time course of evolution in both sexually selected traits
and female preferences, although several have examined elements of

this problem (Candolin et al. 2007; Gosden & Svensson 2008; Hegyi
et al. 2010). Our earlier work on Damier guppies showed that key
aspects of male colour do not always increase when high-predation
guppies are introduced into low-predation environments (Karim
et al. 2007; Fig. 2), and this result has been reinforced by other
recent studies (e.g. Kemp et al. 2008, 2009). Therefore, divergence in
male colour between predation environments might be less consis-
tent than divergence in other types of traits, such as life history and
behaviour (Endler 1995; Reznick et al. 1997; Magurran & Ramnarine
2005;Gordon et al. 2009). A likely reason is that the evolution ofmale
colour requires that the introduced females initially prefer greater
colour or that they quickly evolve in that direction, and both of these
conditions might sometimes be lacking.

Although some studies have examined the contemporary
evolution of female preference in the laboratory, none appears to
have tested for such evolution in nature. We did so here, and found
that female preferences did not necessarily evolve quickly, or at
least not to an extent that was statistically detectable using
a common laboratory methodology. This result suggests potential
constraints on the rapidity of preference evolution, such as limited
genetic variation between females (e.g. Hall et al. 2004). Further-
more, the lack of colour and preference evolution is in contrast to
survival and life history trait divergence in the same populations
over the same timeframe (Gordon et al. 2009). This suggests
something particular to preference evolution, which would support
recent assertions that traits related to sexual selection may evolve
fundamentally differently to traits directly linked to viability
selection (Svensson & Gosden 2007; Candolin & Heuschele 2008).

Together, these results highlight the complexities in both
measuring and understanding how elements of sexual selection
evolve when environments change. Although the extent to which
mate preferences respond to habitat alterations can theoretically
influence the potential for adaptation and persistence, this topic
has only recently begun to be explored (Candolin & Heuschele
2008; van der Sluijs et al. 2011). Owing to the strong context
dependence in the evolution of mating traits, insight in this field
will benefit from integrating behavioural, ecological and genetic
components of traitepreference coevolution.
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