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A B S T R A C T

Among the handful of studies on the behavioural effects of endocrine disrupting chemicals (EDCs), only a few
have set out to disentangle the mechanisms underpinning behavioural changes. In fish, previous studies have
shown that both visual and chemical cues play an important role in mate choice. As such, contaminant-induced
changes in either transmission or perception of mate choice cues could have direct implications for individual’s
fitness. One widespread contaminant of environmental concern is 17α-ethinyl estradiol (EE2), a synthetic es-
trogen used in the contraceptive pill. Here, we investigated the impacts of EE2 exposure (28 days; measured
concentration 14 ng/L) on visual and chemical communication in wild guppies (Poecilia reticulata). Using a
standard dichotomous mate choice assay, we first gave individual males (either control or EE2-exposed) the
opportunity to court two size-matched females (one control and one EE2-exposed) using only visual cues. We
then introduced chemical cues of females (control and EE2-exposed) to the trial tank. We found that there was no
significant effect of EE2-treatment on total time males spent associating with the females, when given only visual
cues. There was, however, a significant effect on male courtship behaviour, with both control and EE2-exposed
males spending more time performing ‘sigmoid’ displays towards the visual cues of control females compared to
EE2-exposed females. When males were presented with both visual and chemical female cues simultaneously, we
found that males spent more time courting control females that were paired with EE2-chemical cues. Not only
does our study uncover a previously unknown behavioural impact of EE2-exposure on chemical cues, but de-
monstrates that EE2-exposure can exert complex effects on visual and chemical communication in a mate choice
context. Finally, we contribute to the discussion of intraspecific variability by providing data on the potential
trade-offs underpinning contaminant-induced behavioural changes.

1. Introduction

Aquatic habitats are increasingly being exposed to a wide range of
chemical contaminants (e.g. herbicides, pharmaceuticals, pesticides,
and personal care products) that can impact non-target organisms
(Bergman et al., 2012; Arnold et al., 2014). This is particularly con-
cerning because many of these emerging contaminants can target hor-
mone receptors (e.g. endocrine disrupting chemicals, EDCs: Diamanti-
Kandarakis et al., 2009) and/or directly alter behaviour (e.g. selective
serotonin reuptake inhibitors: Arnold et al., 2014) even at very low
levels. The increasing production and release of chemicals mean that
non-target organisms, in both terrestrial and aquatic environments, are
continuously exposed to chemical contaminants. Our current knowl-
edge regarding the impacts of exposure on non-target organism is still
rather limited and tools to detect early-warning signs of contamination

are crucially needed. Behaviour, which, for many animals, presents the
first response to changes in the environment (Wong and Candolin,
2015), provides a comprehensive and sensitive measure for in-
vestigating how wildlife can be impacted by chemical pollution
(Clotfelter et al., 2004; Zala and Penn, 2004; Melvin and Wilson, 2013;
Saaristo et al., 2018).

Evidence suggests that reproductive behaviours may be especially
susceptible to chemical contaminants. In many species, males and fe-
males can be highly selective about their choice of mates, as animals
often assess the quality of potential suitors based on a range of traits,
including colourful ornaments and conspicuous sexual displays
(Darwin, 1859; Andersson, 1994). Importantly, the expression of these
sexually selected traits are often finely attuned to the local environ-
mental conditions in which they have evolved. So, what happens when
these conditions are modified as a result of chemical pollution?
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Contaminant-induced alteration in either the transmission or percep-
tion of cues are likely to have a direct bearing on reproductive success
and, hence, fitness (Tierney et al., 2010). Indeed, previous studies have
shown that exposure to emerging chemical contaminants can affect
mate choice communication and behaviour in a range of taxa, including
fish (Saaristo et al., 2009a, 2010a; Bertram et al., 2015; Frankel et al.,
2016; Tomkins et al., 2018), amphibians (Park et al., 2001; Hoffmann
and Kloas, 2012), birds (Bean et al., 2014; Pandey et al., 2017) and
mammals (Crews et al., 2007). These studies also highlight the fact that
chemical contaminants can affect mate choice cues across a range of
different sensory modalities (visual, acoustic, olfactory). Yet, despite
this, as far as we are aware, no studies have considered the impact of
emerging contaminants on different channels of sexual communication
simultaneously. This is true even though multiple cues across multiple
modalities are often employed in mate choice (Candolin, 2003).

One chemical contaminant of concern is 17α-ethinyl estradiol
(EE2), a synthetic estrogen used in the oral contraceptive pill. In 2015,
over 80 million married or in-union women around the world were
estimated to use the contraceptive pill (United Nations, 2015). Un-
surprisingly, perhaps, EE2 has now been reported in surface and ef-
fluent waters worldwide at concentrations ranging from 0.1 ng/L
(Hannah et al., 2009; King et al., 2016) to 11 ng/L (Lima et al., 2013;
Tiedeken et al., 2017). While discharge of pharmaceutical-tainted ef-
fluent from wastewater treatment is a primary contributor of EE2 in the
environment, agricultural run-off (e.g. estrogens excreted by livestock)
is another important source of contamination (Adeel et al., 2017). As
EE2 targets an evolutionarily conserved biological pathway (Ankley
et al., 2007), it has been shown to affect a wide range of non-target
organisms. For example, EE2 has been implicated in causing re-
productive malformations and defects (e.g. Holm et al. 2006; Santos
et al., 2014; Vu et al., 2015), altered mating behaviours (Bell, 2001;
Saaristo et al., 2009b, 2010b; Hoffman and Kloas 2012; Derouiche
et al., 2015) and even population decline in exposed wildlife (Kidd
et al., 2007).

Guppies (Poecilia reticulata) are an ideal species for exploring the
impacts of chemical contaminants, such as EE2, on visual and chemical
communication. The guppy is a small, sexually dimorphic freshwater
fish native to north-eastern South America but has been introduced into
tropical regions around the world, including Australia (Corfield et al.,
2008). Guppies are a model species in behavioural ecology, and their
reproductive behaviours are well characterized (Houde, 1997). Guppies
are a live-bearing species, with males using their gonopodium (a
modified anal fin) as an intromittent organ to inseminate females.
Males, in this regard, can employ two alternate mating strategies to
achieve mating success: they can either court females using ‘sigmoid’
displays (Houde, 1997), or engage in sneak or forced (unsolicited) co-
pulations (Luyten and Liley, 1991). Most studies of mate choice in
guppies have tended to focus on female choice, with evidence that fe-
males can be highly selective in their choice of mating partners (Endler,
1980; Magurran and Seghers, 1994; Brooks and Endler, 2001). How-
ever, male guppies can also be choosy (Houde, 1997; Dosen and
Montgomerie, 2004; Herdman et al., 2004) and are known to attend to
both visual and chemical cues in mate assessment (Herdman et al.,
2004; Guevara-Fiore et al., 2009; Crow and Liley, 2011).

Accordingly, the aim of this study was to investigate the impacts of a
short-term (28-day) exposure to 17α-ethinyl estradiol (14 ng/EE2/L) on
visual and chemical communication in the guppy. Based on previous
studies, we predicted that EE2-exposed males should spend less time
associating with, and courting, females (Saaristo et al., 2009b, 2010a,
b). However, it remains unclear how visual cues of EE2-exposed and
unexposed females might interact with chemical cues to influence the
strength and direction of male mating preferences.

2. Materials and methods

2.1. Collection and housing

As with our previous behavioural ecotoxicology research (e.g.
Tomkins et al., 2016; Saaristo et al., 2017; Bertram et al., 2018), wild
adult guppies were collected from Alligator Creek (19°26′17.94′'S,
146°57′1.09′'E) in Queensland, Australia. The guppies were caught
using dip nets from shallow pools adjacent to the Bowling Green Bay
National Park. Water quality testing confirmed that this guppy popu-
lation had not been previously exposed to pharmaceuticals (ALS group,
Environmental Division, unpubl. data). Fish were brought back to
Monash University (Melbourne) and acclimated to laboratory condi-
tions (+ 26 °C ± 1, 12:12 h light:dark regime) for two months in 54 L
tanks (20 fish per tank) prior to exposure. Fish were fed ad libitum once
daily with commercial fish pellets (Otohime Hirame larval diet,
580–910mm).

2.2. Exposure design

After acclimation, fish were exposed to EE2 for 28 days via a flow-
through system using previously published methods (Saaristo et al.
2013; Martin et al., 2017; Tomkins et al., 2017). Briefly, this system
included 16 exposure tanks (60× 30×24 cm; 28 fish per tank), which
was made up of 8 EE2-exposed tanks (containing 17α-ethinyl estradiol),
and 8 control tanks (containing a solvent control= 0.00004% ethanol).
Guppies in the EE2-exposed tanks were exposed to EE2 at a nominal
concentration of 20 ng/L (measured mean concentration=14 ng/L,
SE= 1.70 ng/L, n= 32). During the exposure period, water samples
were taken weekly from the exposure tanks and measurement of EE2
concentration was conducted using a commercial kit (Ecologiena, EE2
ELISA Kit, Tokiwa Chemical Industries, Japan) in accordance with the
manufacturer’s instructions, with minor modifications (Saaristo et al.
2013). A total of 448 fish (224 males, 224 females) were randomly
taken from the holding tanks and placed into the exposure tanks, with
the sexes kept separately. Exposure aquaria contained 2 cm of natural
gravel substrate, a large stone for refuge, an airstone, and an aquarium
heater. Exposure tanks were kept on a 12:12 h light:dark cycle and were
monitored daily for flow-through rates (24 h cycling, ∼ 1.67 L/h per
tank) and temperature (∼ 25–27 °C). Fish subsisted on the same diet
regime as that used during the acclimation period.

2.3. Behavioural assays

After 28 days, fish were randomly selected for behavioural assays.
To examine the impact of EE2 on male mate choice, we ran dichot-
omous choice assays testing the association preferences and courtship
behaviour of individual males (i.e. control and EE2-exposed; N=33 for
each treatment) when presented with visual and chemical cues from
EE2 exposed and unexposed females. Males were tested in aged,
carbon-filtered tap water in experimental tanks (60 cm x 30 cm x 24 cm)
containing a 2 cm layer of gravel. Each trial consisted of two distinct
stages based on the methods of Guevara-Fiore et al. (2009) (see below).
During stage 1, male behaviours were assessed when presented with
female visual cues while, in stage 2, males were tested in the presence
of female visual and chemical cues simultaneously. To disentangle the
relative importance of these cues in male mate choice during stage 2,
we either matched or mismatched the visual and chemical cues of ex-
posed and unexposed females being presented to the males.

2.3.1. Stage 1: female visual cues
A sized matched control and EE2-exposed female (Mann-Whitney U

test of standard lengths, W=2574.5, p= 0.946), each housed in in-
dividual tanks (10 cm x 30 cm x 24 cm), were placed at opposite ends of
the main experimental aquarium (Fig. 1), and given 5min to acclimate.
Following this, we introduced a single male (i.e. either control or EE2
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exposed) into the middle of the main experimental tank, where he was
allowed to acclimate for 5min inside a container. After the acclimation
period, the male was gently released. The behaviour of the male was
then filmed for 5min using a Canon PowerShot S120 camera. In par-
ticular, from these recordings, we quantified the time males spent as-
sociating with each female. The male was deemed to be associating
with a female if he was within 5 cm of her aquarium (i.e. female ‘pre-
ference’ zone). Association time, in this regard, is a reliable indicator of
male mate choice in Poeciliid fish (Wong et al., 2007; Walling et al.,
2010; Jeswiet and Godin, 2011), and is commonly used as a measure of
male mating preference in guppies (e.g., Houde, 1997; Herdman et al.,
2004; Dosen and Montgomerie, 2004; Gasparini et al., 2013). In addi-
tion to association time, we also quantified the number and duration of
male courtship 'sigmoid' displays directed towards each of the females
over the 5min sampling period.

2.3.2. Stage 2: female visual and chemical cues
The experimental procedure (i.e. experimental tank set up and be-

haviours quantified) during stage 2 was identical to that described in
stage 1, with the exception that, in addition to the visual cues of ex-
posed and unexposed females, we also added female chemical cues to
the main experimental tank housing the male and filmed the male for
10min. The chemical cues were channelled from the collecting tanks at
a rate of 2mL/min using peristaltic pumps (Watson Marlow) into the
main experimental tank directly above each of the female preference
zone, with chemical cues of exposed and unexposed females either
matched or mismatched to the exposure status of the female in the
adjacent tanks.

Female chemical cues used in stage 2 were prepared and collected
prior to the start of the trials. To do this, 24 h before the commencement
of trials, five sexually mature females were randomly selected, and
placed into 5 L glass ‘collection’ tanks that contained aged, carbon fil-
tered tap water. Each 5 L tank was located adjacent to another aqua-
rium containing 2–3 males to provide females with visual stimulation.
After the 24 h period, females were removed from collection tanks, and
stimulus water was then used during the stage 2 of experiments within
12 h (Wong et al., 2005; Guevara-Fiore et al., 2009). On any given day,
we obtained chemical cues separately from control and EE2 exposed
females (using two separate batches of females for each treatment).

The behaviours of males (see above) were quantified blind to
treatment from the video recordings obtained during stages 1 and 2
using the event-recording software JWatcher V1.0.

2.4. Statistical analysis

All analyses were conducted using linear mixed effects models
where the male fish was a random effect in the model ('lme' in 'nlme').
Male fish was included as a random effect because the data collation
resulted in two lines of data per male fish, and if male fish were not
included as a random effect then the results would be pseudoreplicated.
Exposure tank and trial tank were investigated early on as possible
random effects, but neither explained substantive variance in the re-
sponse variables (always< 1%), so these were excluded from sub-
sequent models. Because we were using a classical hypothesis testing
approach, REML was used to fit models. To obtain degrees of freedom,
F, and p-values, the 'anova' function (in 'stats') was applied to the 'lme'
model. Used in this way, 'anova' returns an ANOVA-like results table for
any suitable fitted model. This was used in preference to 'summary'
because the key predictors of interest were categorical, and an ANOVA
table was deemed to be more appropriate than the multiple regression-
like table generated using 'summary'. The response was always beha-
viour of interest (e.g. total time in female preference zone), and the
fixed effects (predictors) were male treatment (EE2 or control), female
treatment (EE2 or control) and chemical cue (EE2 or control). Female
and male standard lengths were also included as covariates to control
for fish size. Female fish mass was not included in the models because it
strongly and significantly correlated with standard length (Pearson's
correlation test, r= 0.919, p < 0.001). As per standard Type I sums of
squares models, we placed covariates early in the model and predictors
of interest later in the model. The structure of the main effects was
always the same, specifically: 'behavioural response' as a function of
'male standard length' + 'female standard length' + 'male treatment' +
female treatment' + 'chemical cue'. Assumptions were tested by ex-
amining diagnostic plots, and response data always required transfor-
mation to meet assumptions. A rank normalisation transformation was
used ('rntransform' in GenABEL') for the transformation in all cases.
This transformation ranks all data in an observed set and then positions
the ranked data on a normal curve to generate final transformed values.
The principle is similar to the ranking in a Spearman's rank correlation,
or a Kendall's tau non-parametric correlation (Quinn and Keyough,
2002). In effect, this approach converted the LME models to non-
parametric tests. Non-parametric tests run a slightly inflated Type II
error, and although not ideal we consider this acceptable. This method
was preferred to exploring generalised linear mixed effects models
(GLMM). GLMM are substantially more mathematically complicated
than LME, and our preference is to use the least mathematically com-
plicated of the valid options available.

When examining results, we first checked all possible interaction

Fig. 1. Experimental set-up used in the beha-
vioural trial. The experimental tank was di-
vided into two preference zones (red) and one
middle neutral zone (black). A sized matched
control and EE2-exposed female, each housed
in individual tanks were placed at opposite
ends of the main experimental aquarium. The
olfactory cues were placed above the trial tank
in individual glass tanks (chemical cue), each
with a silicon tube connected to a peristaltic
pump (Watson Marlow) to maintain the flow
rate at the wanted level (2mL/min).
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terms for the predictors of interest in models (i.e interactions of the
factorial predictors, 'male treatment', 'female treatment' and 'chemical
cue'). Although we checked for three and four-way interactions, the
only interactions that were p < 0.1 involved just two predictors
(where investigating interaction terms, a more conservative way to
investigate interactions is to examine any p < 0.1) (Quinn and
Keyough, 2002). Interaction terms that were p > 0.1 were discarded
from the final models. Investigation of interactions that were p < 0.1
requires disentangling the main effects (Engqvist, 2005), and was un-
dertaken here by straightforward splitting and subgroup analysis (i.e.
splitting by one of the factors of interest to disentangle the interactive
effects on the other variable of interest) (Quinn and Keyough, 2002).
Note that because the time of the visual cue experiment (stage 1) was
5min and the time of the visual and chemical cue experiment was
10min (stage 2) a between-stages analysis was not viable. As such the
models were constructed only to examine within-stage differences as-
sociated with the fish treatments (EE2 or control) or covariates (e.g.
male standard length, female standard length). Finally, although the
chemical cue had not been introduced in stage 1, we checked for che-
mical cue effects regardless (i.e. in case there was an unidentified
confounding factor that was associating with the chemical cues).
However, as expected, chemical cues had no significant effect on any
behaviour in stage 1 (p always> 0.770).

We also investigated whether exposure tank (i.e. tanks used to
house fish over the 28 day period) or trial tank (i.e. tanks used for the
specific behavioural experimental trials) showed any association with
male behaviours, but found low non-significant associations (R2 was
always< 0.026). As such, to avoid over-complicating the models, we
opted not to include the exposure or trial tank as a possible effect.
Finally, note also that the results for the covariates (male and female
standard lengths) are not reported, as they were simply included to
control for known effects (Houde, 1997) and did not pertain to the
hypotheses.

3. Results

3.1. Stage 1: female visual cues

When males were presented only with visual cues of females, there
were no significant interaction terms (p < 0.1) in the total time males
spent associating with females. Further, we found no significant main
effects of male (lme: F1,54= 0.02, p= 0.890) or female EE2-treatment
(F1,39= 0.69, p=0.413) on total time males spent associating with the
females (Fig. 2a). Similarly, male exposure status did not affect sigmoid
display duration or frequency (F1,53, P > 0.128). However, there was a
significant effect on total time performing (F1,53 = 4.51, p=0.038)
and frequency (F1,53= 5.10, p=0.028) of sigmoid displays, with both
control and EE2-exposed males spending more time performing sigmoid
displays, and more frequently, towards control females compared to
EE2-exposed females (Figs. 3a and 4 a).

3.2. Stage 2: Female visual and chemical cues

When males were presented with both visual and chemical female
cues contemporaneously, the total time spent in the association zone
was not dependent on male (F1,59= 0.81, p=0.373) or female treat-
ment (F1,58= 0.06, p=0.811), or chemical cue (F1,58= 2.31,
p=0.134) (Fig. 2b). In stark contrast to these findings, there was a
significant interaction of female treatment and chemical cue treatment
on male sigmoid display durations (F1,53= 4.51, p= 0.038), and fre-
quencies (F1,53= 5.10, p=0.028). As the slopes of this interaction
term are reversed (Figs. 3b, 4 b), the implication is that males preferred
females when paired with mismatched cues (i.e. the most preferred
were control females paired with an EE2-exposed female cue, and EE2-
exposed females paired with a control female cue). When we examined
sub-group analyses of meaningful biological comparisons, the pairwise

results broadly support this interpretation. Specifically, control females
paired with EE2-chemical cue were preferred to control females paired
with control chemical cue (sigmoid duration: F1,52= 4.28, p=0.044;
sigmoid events: F1,52= 4.53, p= 0.038), and were also preferred to
EE2-exposed females paired with an EE2-chemical cue (sigmoid dura-
tion: F1,52= 4.80, p=0.033; sigmoid events: F1,52= 4.23, p=0.045).
There was also a consistent but marginal trend towards preferring EE2-
exposed females with a control chemical cue over control females
paired with a control chemical cue (sigmoid duration: F1,52= 3.37,
p=0.072; sigmoid events F1,52= 2.84, p=0.098), and over EE2-ex-
posed females paired with an EE2-chemical cue (sigmoid duration:
F1,52= 3.31, p=0.075; sigmoid events: F1,52= 3.54, p=0.066). The
overall implication is that the most preferred female and chemical cue
pairing were control females paired with EE2-chemical cues.

Fig. 2. The mean (±1 SE) total time (ms) males spent associating with females
when presented with (A) female visual cues only (stage 1), and (B) visual and
chemical cues simultaneously (stage 2). Figure shows pooled data for control
and exposed males as there was no effect of male exposure status on the time
spent associating with females. On the x-axis, ‘control’ refers to the visual cues
of control females and ‘EE2’ refers to the visual cues of EE2-exposed females.
The open points and solid lines in the figure refer to the trials in which males
were subsequently (i.e. during stage 2) presented with the chemical cues of
control females (C), and the closed points and dashed lines refer to trials in
which males were subsequently presented with the chemical cues of EE2-ex-
posed females (E).
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4. Discussion

Here, we report that exposure to field-detected levels of EE2 impacts
the mate choice responses of males to female visual and chemical cues.
Importantly, we found that these responses are dependent on the in-
teraction between female exposure status and whether the chemical cue
was matched to the visual cue of the female. Specifically, when males
were given only female visual cues, both control and EE2-exposed
males directed more sigmoid displays to control females. Further, when
males were given both visual and chemical female cues, males, irre-
spective of their own exposure status, spent more time performing
sigmoid displays, and performed displays more frequently, when con-
trol females were paired with EE2-chemical cue than with control-
chemical cue. Not only does our study uncover a previously unknown
behavioural impact of EE2-exposure on chemical cues, but also raises
the possibility that EE2-exposure may have complex effects on different
sensory modalities and mate choice cues.

4.1. Visual communication

When presented only with female visual cues (stage 1), we found
that both control and EE2-exposed males spent significantly more time
performing sigmoid displays, and more frequently, towards control fe-
males compared to EE2-exposed females. This indicates that EE2-ex-
posure had no effect on male reproductive behaviour. Compared with
previous research, our findings are consistent with some studies (zeb-
rafish, Danio rerio: Larsen et al., 2008; Colman et al., 2009; Coe et al.,
2010; Henriksen et al., 2016; medaka, Oryzias memastigma: Lee et al.,
2014), but not others (fathead minnow, Pimephales promelas: Majewski
et al., 2002; Salierno and Kane, 2009; sand goby, Pomatoschistus min-
utus: Saaristo et al., 2009a, 2010a,b). Why? First, contrasting results
among species could be due to differences in mating systems and re-
productive investment (Ros et al., 2004; Magee et al., 2006). For ex-
ample, fathead minnows and sand gobies both exhibit parental care. It
has been suggested that exogenous estrogen down-regulates en-
dogenous androgen production in males (Borg, 1994; Bell, 2001),
leading to reduction in behaviours that are related to circulating

Fig. 3. The mean (± 1 SE) total time (ms) male performed sigmoid displays
towards females when presented with (A) female visual cues only (stage 1), and
(B) visual and chemical cues simultaneously (stage 2). Figure shows pooled data
for control and exposed males. On the x-axis, ‘control’ refers to the visual cues
of control females and ‘EE2’ refers to the visual cues of EE2-exposed females.
The open points and solid lines in the figure refer to the trials in which males
were subsequently (i.e. during stage 2) presented with the chemical cues of
control females (C), and the closed points and dashed lines refer to trials in
which males were subsequently presented with the chemical cues of EE2-ex-
posed females (E).

Fig. 4. The mean frequency of male performing sigmoid displays towards fe-
males when presented with (A) female visual cues only (stage 1), and (B) visual
and chemical cues simultaneously (stage 2). Figure shows pooled data for
control and exposed males. On the x-axis, ‘control’ refers to the visual cues of
control females and ‘EE2’ refers to the visual cues of EE2-exposed females. The
open points and solid lines in the figure refer to the trials in which males were
subsequently (i.e. during stage 2) presented with the chemical cues of control
females (C), and the closed points and dashed lines refer to trials in which males
were subsequently presented with the chemical cues of EE2-exposed females
(E).
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androgen levels. In this regard, previous studies have shown that, in
such species, androgen levels are high during courtship (Knapp et al.,
1999; Pankhurst et al., 1999; Rodgers et al., 2006) but are down-
regulated when looking after offspring (Wingfield et al., 1990; Oliveira
et al., 2002; Hirschenhauser and Oliveira, 2006). Second, even though a
reduction in courtship behaviour was not observed in the current study,
this does not negate the possibility that such behaviours may be im-
pacted at higher exposure concentrations. For instance, in medaka
(Oryzias melastigma), EE2-exposure had no influence on reproductive
behaviours at 10 ng/L, but significant decreased courtship displays and
mating attempts at 50 ng/L or above (up to 100 ng/L) (Lee et al., 2014).
Third, another reason for discrepancies among studies could be the
wide range of behavioural assays used to test impacts of chemical
contaminants on mate choice. In this regard, use of standardised assays
across species could help to redress this potential issue. As the focus of
this study is on male behaviour, it is not possible to state whether EE2-
exposure had any effects on female visual signalling (i.e. whether EE2-
exposure altered visual signals performed by females), and this would
form an interesting avenue for future research.

4.2. Chemical communication

We found that EE2-exposure affected female chemical cues.
Increasing evidence shows that anthropogenic chemicals, such as EDCs,
can interfere with the function and structure of olfactory sensory neu-
rons and, thus, alter chemical communication (Lurling and Scheffer,
2007; Tierney et al., 2010). For example, in insects, exposure to in-
secticides have been found to increase female pheromone production
and, in so doing, heighten the attractiveness of exposed females to
males (Delpuech et al., 1998, 1999; Lurling and Scheffer, 2007). Si-
milarly, if EE2 exposure enhances pheromone production in guppies, as
our study suggests, this could potentially explain why males performed
more sigmoid displays and more frequently, when the control female
was matched with chemical cues from EE2 females. Indeed, there is
now increasing evidence showing that chemical contaminants can be
hugely disruptive to pheromone signalling. Moreover, these pernicious
chemicals not only affect female pheromone production, but can also
impact the ability of males to detect and respond to female pher-
omones, as has been shown in salmon (Salmo salar) exposed to a syn-
thetic pyrethroid pesticide (Moore and Waring, 1996, 1998, 2001).
Importantly, changes to male responses towards female chemical cues
can have a direct bearing on male fitness, as was shown in male newts
(Notophthalmus viridescens), where exposure to the insecticide en-
dosulfan delayed the response of males towards female odours and,
consequently, led to a reduction in male mating success (Park et al.,
2001; Park and Propper, 2002).

4.3. Dissolution of sexual signals

Our study showed that visual and chemical cues had an interactive
effect on male behavioural responses. Specifically, males, irrespective
of their own exposure status, preferred control females paired with EE2-
chemical cues. In fish, previous studies have shown that females base
their mate choice on multiple cues (Candolin, 2003; Wong and
Candolin, 2005; Lehtonen et al., 2007) and that both visual (e.g.
courtship) and chemical (e.g. pheromone) channels of communication
can play an important role in mate choice (Guevara-Fiore et al., 2009;
Lehtonen and Kvarnemo, 2015). There is now mounting evidence that
anthropogenic changes could affect different sensory modalities, with
implications for the efficacy of different cues and signals important in
mate choice (Tierney et al., 2010; Wong and Candolin, 2015). In
threespined sticklebacks (Gasterosteus aculeatus), for example, eu-
trophication compromises the utility of visual signals by reducing vis-
ibility in the water column (Wong et al., 2007) but bolsters chemical
communication through elevated pH (Heuschele and Candolin, 2007).
By contrast, exposure of swordtail fish (Xiphophorus birchmanni) to

humic acid compromised the efficacy of chemical cues, while leaving
visual mating preferences unaffected (Fisher et al., 2006). Such studies
underscore the complex ways in which human altered conditions to the
signalling environment, including the effects of chemical pollution, can
impact both visual and chemical communication of fish.

5. Conclusions

Our study shows that exposure to EE2 alters male mate choice.
Specifically, we found that males directed more sigmoid displays to
control females compared to EE2-exposed females, when given only
visual cues. Interestingly, when males were presented with both visual
and chemical female cues simultaneously, males actually spent more
time courting control females paired with EE2 chemical cues. Not only
does our study uncover a previously unknown behavioural impact of
EE2-exposure on female chemical cues, but also raises the possibility
that EE2-exposure may have complex effects on mate attractiveness.
Importantly, it highlights that changes to male responses towards fe-
male chemical cues can have a direct bearing on male fitness. Our re-
sults, among the first to disentangle multiple mate choice cues in the
context of chemical pollution, underscores the importance of studying
multiple sensory modalities simultaneously. Finally, we contribute to
the discussion of intraspecific variability by providing data on the po-
tential trade-offs underpinning contaminant-induced behavioural
changes.
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