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h i g h l i g h t s
� 17b-trenbolone (TB) is a widespread agricultural contaminant used in cattle farming.
� Male guppies were exposed to TB at an environmentally relevant level for 21 days.
� TB increased male aggression towards a rival and decreased courting of a female.
� Males exposed to TB performed more ‘sneak’ mating attempts towards females.
� First study to show disruption of male-male competition by exposure to TB.
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Despite a growing literature highlighting the potential impact of human-induced environmental change
on mechanisms of sexual selection, relatively little is known about the effects of chemical pollutants on
male-male competition. One class of environmental pollutant likely to impact male competitive in-
teractions is the endocrine-disrupting chemicals (EDCs), a large and heterogeneous group of chemical
contaminants with the potential to influence morphology, physiology and behaviour at minute con-
centrations. One EDC of increasing concern is the synthetic, androgenic steroid 17b-trenbolone, which is
used globally to promote growth in beef cattle. Although 17b-trenbolone has been found to cause severe
morphological and behavioural abnormalities in fish, its potential impact on male-male competition has
yet to be investigated. To address this, we exposed wild male guppies (Poecilia reticulata) to an envi-
ronmentally realistic concentration of 17b-trenbolone (average measured concentration: 8 ng/L) for 21
days using a flow-through system. We found that, in the presence of a competitor, 17b-trenbolone-
exposed males carried out more frequent aggressive behaviours towards rival males than did unexposed
males, as well as performing less courting behaviour and more sneak (i.e., coercive) mating attempts
towards females. Considering that, by influencing mating outcomes, male-male competition has
important consequences for population dynamics and broader evolutionary processes, this study high-
lights the need for greater understanding of the potential impact of EDCs on the mechanisms of sexual
selection.

Crown Copyright © 2017 Published by Elsevier Ltd. All rights reserved.
1. Introduction

In many species, competition between males for access to
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potential mates is a key mechanism of sexual selection (Darwin,
1871). Male-male competition plays a pivotal role in the mainte-
nance and exaggeration of male traits and behaviours (Andersson,
1994; Berglund et al., 1996), and has important consequences for
both male mating success (Møller and Jennions, 2001) and female
fitness (Fisher et al., 2006). It is now well established that anthro-
pogenic changes to the environment can interfere with male-male
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competition by compromising the transmission and/or reception of
male sexual signals (reviewed in Wong and Candolin, 2015).
Increased urban noise, for example, is causing male great tits (Parus
major) to sing at a higher minimum frequency (Slabbekoorn and
Peet, 2003), while anthropogenically induced water turbidity is
allowing male three-spined sticklebacks (Gasterosteus aculeatus) to
signal dishonestly, thereby increasing the likelihood of females
mating with poor-quality suitors (Wong et al., 2007). However,
despite a growing literature documenting the effects of human-
induced environmental change on mechanisms of sexual selec-
tion, relatively little is known about the potential impacts of an
altered chemical environment on male-male competition. This is
surprising given the increasing prevalence of chemical pollutants in
the environment and the severe impact that chemical pollution can
have on morphology, physiology and behaviour (reviewed in Vos
et al., 2000; Clotfelter et al., 2004; Frye et al., 2012).

Endocrine-disrupting chemicals (EDCs) are one class of chemi-
cal pollutant with the potential to interfere with male-male
competition. Endocrine disruptors are a large and highly hetero-
geneous group of chemicals capable of altering hormonal signalling
by blocking, mimicking or modulating the production, release,
transport, metabolism, binding, action and/or elimination of nat-
ural hormones (Kavlock et al., 1996; Lintelmann et al., 2003;
Buchanan and Partecke, 2012). This group includes both natural
(e.g., phytoestrogens, Cederroth et al., 2012) and synthetic com-
pounds (e.g., plastics, pesticides and pharmaceuticals, Diamanti-
Kandarakis et al., 2009), which enter the environment from a
range of sources, including industrial and domestic wastewater, as
well as agricultural run-off (Johnson and Sumpter, 2001; Thorpe
et al., 2009). Endocrine disruptors pose an insidious threat to
wildlife, resulting from their ubiquity in the environment and
tendency to bioaccumulate (WHO/UNEP, 2013), potential to act
transgenerationally (Anway and Skinner, 2006; Crews et al., 2007;
Walker and Gore, 2011) and ability to affect organisms at extremely
low concentrations (Diamanti-Kandarakis et al., 2009). Although
studies investigating the environmental impacts of EDCs have
conventionally focused on their morphological and physiological
effects, a growing body of research has begun to highlight the po-
tential behavioural impacts of EDC exposure (reviewed in Clotfelter
et al., 2004; Zala and Penn, 2004; Frye et al., 2012). As a result, it is
becoming increasingly apparent that behavioural abnormalities
induced by exposure to EDCs can often manifest at concentrations
that are much lower than those required to induce morphological
and physiological change, meaning that behaviour can serve as a
particularly sensitive biomarker for EDC contamination (reviewed
in Melvin and Wilson, 2013). For example, we now know that
exposure to various EDCs at environmentally realistic levels can
have severe detrimental impacts on male reproductive behaviour
in fish (e.g., Salierno and Kane, 2009; Saaristo et al., 2010; Bertram
et al., 2015). However, very few studies have investigated how these
behavioural anomalies may manifest in a competitive setting.

Hormonal growth promotants (HGPs) are natural and synthetic
chemicals used to stimulate growth in beef cattle by specifically
targeting the endocrine system (Johnson, 2015). Hormonal growth
promotants are used in many beef-producing countries worldwide,
including the United States, Canada, Mexico, South Africa, Chile,
Japan, New Zealand and Australia (Hunter, 2010; Kolodziej et al.,
2013; Johnson, 2015), and commonly include formulations of an-
drogens, estrogens and/or progestins (Lange et al., 2001; Hunter,
2010). The androgenic steroid most commonly administered in
HGP implants is trenbolone acetate (Hunter, 2010), a highly effi-
cient synthetic steroid with 15e50 times the androgenic and
anabolic potency of testosterone (Neumann, 1976; Kolodziej et al.,
2013). Trenbolone acetate is hydrolysed in the cattle to form
various metabolites, including the potent androgen receptor
agonist 17b-trenbolone (Khan et al., 2008; Parker et al., 2012),
which is detectable in solid dung and liquid manure from
implanted cattle, where it is highly persistent (half-life: ~260 days
measured in animal waste, Schiffer et al., 2001). After often being
allowed to enter the environment, 17b-trenbolone can accumulate
in aquatic habitats and has been detected at concentrations ranging
from �1e20 ng/L in diffuse run-off and discharge (Durhan et al.,
2006), to as high as 162 ng/L in ditch networks associated with
agricultural fields receiving animal waste (Gall et al., 2011).

It is now well established that exposure to 17b-trenbolone can
cause severemorphological and physiological abnormalities in fish,
including modified gonadal morphology (€Orn et al., 2006), altered
body condition (Bertram et al., 2015), reduced fecundity (Ankley
et al., 2003) and even female-to-male sex reversal (Larsen and
Baatrup, 2010; Morthorst et al., 2010). Exposure to 17b-trenbo-
lone can also impact behaviour, with several studies revealing that
environmentally realistic exposure levels can alter reproductive
behaviour in female mosquitofish (Gambusia holbrooki, Saaristo
et al., 2013) and disrupt female mate choice in guppies (Poecilia
reticulata, Tomkins et al., 2016). Further, recent research has shown
that exposure to 17b-trenbolone can alter coercive mating behav-
iour in male guppies individually exposed to females (Bertram
et al., 2015). However, the response of males in the presence of a
competitor remains to be investigated, despite the fact that the
more common (and realistic) scenario inwild animal populations is
for males to compete for mating opportunities.

Guppies are a small, viviparous, freshwater fish native to north-
eastern South America that have a global distribution as a result of
numerous deliberate and accidental introductions (Lindholm et al.,
2005). Male guppies possess a modified anal fin known as a gon-
opodium, which acts as an intromittent organ. Males achieve
copulations via two alternate mating strategies: elaborate court-
ship displays employed to solicit consensual copulations from fe-
males, and sneak attempts, which involve the male sneaking up
from behind the female and thrusting his gonopodium towards the
female’s genital pore in an attempt to mate coercively (Luyten and
Liley, 1985). Further, male guppies will actively chase and nip at
rivals to monopolise potential mates (Gorlick, 1976; Magurran and
Seghers,1991). Female guppies are choosy and can favour a number
of male traits, including greater orange colouration (i.e., area and
chroma, Endler, 1980; Brooks and Caithness, 1995), as well as
increased male body size (Reynolds and Gross, 1992) and courtship
display rate (Kodric-Brown and Nicoletto, 2001). In the wild, mul-
tiple male guppies often compete for the attention of a single fe-
male (Houde, 1997), meaning that investigations into the impact of
17b-trenbolone on male reproductive behaviour in a competitive
setting are ecologically meaningful. Guppies are also known to
inhabit polluted waterways (e.g., L�opez-Rojas and Bonilla-Rivero,
2000; Widianarko et al., 2000), making them an ideal candidate
for investigating the impact of endocrine disruptors on mecha-
nisms of sexual selection.

Here, we test the hypothesis that short-term exposure to an
environmentally realistic concentration of 17b-trenbolone will
alter male guppy competitive mating interactions by influencing
male reproductive behaviour and aggression. Given that, as afore-
mentioned, exposure to 17b-trenbolone has been shown to affect
coercive mating behaviour in male guppies when a single male is
presented with a single female (i.e., in a one-on-one scenario,
Bertram et al., 2015), we expected that 17b-trenbolone exposure
would also disrupt male reproductive behaviour in the more
environmentally realistic scenario of two males competing for a
single female. Further, although the impacts of water-borne expo-
sure to 17b-trenbolone on aggressive behaviour were previously
unknown, circulating levels of endogenous androgens are potent
mediators of male aggressive behaviour and dominance (Taves
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et al., 2009; Nelson, 2011). Therefore, we hypothesised that expo-
sure to 17b-trenbolone would result in an increase in male
aggressive behaviours in a competitive setting.

2. Methods

2.1. Animal housing

Guppies were collected with dip nets from Alligator Creek (19�

260 1800 S, 146� 570 0100 E), a pristine rainforest-fed stream located
within Bowling Green Bay National Park, Queensland, Australia.
Water samples drawn from this site over consecutive years
revealed no contamination with 17b-trenbolone (ALS Group, un-
published data). Fish were acclimated to laboratory conditions
(25e27 �C, 12:12 h light:dark cycle) for 2 months prior to exposure
and were fed ad libitum once daily with commercial fish pellets
(Otohime Hirame larval diet, 580e910 mm).

2.2. Chemical exposure

After acclimation to laboratory conditions, male fish were
exposed to 17b-trenbolone for 21 days, as previous experiments
have shown that EDC exposure periods ranging from 14e28 days
are sufficient to induce behavioural changes in a variety of fish
species (e.g., Bayley et al., 1999; Bell, 2001; Bjerselius et al., 2001;
Majewski et al., 2002; Martinovi�c et al., 2007; Maunder et al.,
2007; Oshima et al., 2003; Saaristo et al., 2009a,b), including in
guppies (Bertram et al., 2015; Tomkins et al., 2016). Further, EDCs
often enter the environment in pulses and may only remain in
waterways for short periods of time (Diamanti-Kandarakis et al.,
2009), meaning that short-term exposure periods are ecologically
meaningful.

Male guppies were exposed to 17b-trenbolone via a flow-
through system, based on the design of Saaristo et al. (2013),
Bertram et al. (2015) and Martin et al. (2017), with some modifi-
cations. This system included four identical aquaria (54 L,
60 � 30 � 30 cm), consisting of two control (unexposed) tanks and
two 17b-trenbolone-exposed tanks. A total of 100 sexually mature
male guppies were distributed randomly between these four
aquaria (25 males per tank). To achieve the desired 17b-trenbolone
concentration in the exposure tanks, flow rates were kept constant
(2.25 L/h) using flow meters (BES, MPB Series 1200), with 100% of
the water in each exposure tank turned over each day. The exposed
tanks contained 17b-trenbolone at an average measured concen-
tration of 8 ng/L (see ‘Monitoring of 17b-trenbolone’ below for
details of chemical analyses), while the control tanks contained
only fresh water. Exposure tanks were maintained in an identical
manner as described for the housing period.

2.3. Monitoring of 17b-trenbolone

A stock solutionwas created by firstly dissolving 17b-trenbolone
(17b-hydroxyestra-4,9,11-trien-3-one; CAS: 10161-33-8; Nova-
chem, Germany) in ethanol (HPLC grade, �99.99%) at 300 mg/L,
which was then diluted to 300 mg/L using deionised water. This
stock solution was further diluted in the flow-through system’s
mixing tank (162 L, 90 � 45 � 40 cm) to achieve the desired 17b-
trenbolone concentration (mean ¼ 7.70 ng/L, SD ¼ 4.40, n ¼ 6).
Stock solutions were created weekly to prevent any potential
degradation of 17b-trenbolone over the exposure period.

In order to monitor 17b-trenbolone concentrations in the
exposure tanks and ensure the absence of contamination of control
tanks, a 100 mL water sample was drawn from all tanks weekly and
analysed using a commercial enzyme-linked immunosorbent assay
(ELISA). Water samples were acidified by adding a mixture of 1%
acetic acid inmethanol, then loaded onto a conditioned solid-phase
cartridge (Strata-X 33 mm, 500 mg/6 mL; Phenomenex, Torrance,
CA, USA). The cartridge was then eluted with methanol (2 � 4 mL),
with the eluate dried under a nitrogen stream. Samples were
reconstituted with 100 mL methanol and 900 mL of deionised water.

Measurement of 17b-trenbolone concentrations was under-
taken using commercial ELISA kits, in accordance with the manu-
facturer’s instructions, with a minor modification (Trenbolone
ELISA kit; EuroProxima, Arnhem, the Netherlands). In short, a total
of thirty samples and trenbolone calibration standards (freshly
made in 10% methanol) were dispensed (50 mL) in duplicate into an
antibody-coated 96-well plate by an auto dispenser (epMotion
5070; Eppendorf, Hamburg, Germany). Thereafter, 25 mL of HRPO
conjugate and 25 mL of antibody were dispensed into the wells.
After incubating in darkness for 1 h at room temperature, the plate
was washed three times with wash buffer by a microplate washer
(Atlantis; ASYS HITECH, Eugendorf, Austria) and 100 mL of substrate
was added to all wells. The plate was then incubated for a further
30 min at room temperature in the dark. Finally, 100 mL of stop
solution was dispensed into all wells, and the absorbance of the
solutions in the wells measured at 450 nm by a microplate reader
(UVM340; ASYSHITECH, Eugendorf, Austria). Calculation of sample
concentrations was undertaken by 4 parameter logistics method
after creating a calibration curve using a series of standard cali-
bration solutions (0, 0.125, 0.25, 0.5, 1.0, 5.0 mg/L) made up in 10%
methanol. In order to verify calibration accuracy, check standards
(i.e., standards from the kit run as samples) were run in duplicate
on each ELISA plate during each ELISA test. The detection limit of
the Trenbolone ELISA kit was 1.8 ng/L. A spike recovery experiment
was conducted in triplicate using a 5 ng/L 17b-trenbolone solution.
The average recovery was 97%, providing confidence that 17b-
trenbolone in the water samples was efficiently extracted, and that
measured values were neither under nor over estimates of sample
concentrations. The ELISA plate intra- and inter-variability were
0.040 and 0.231, respectively.

2.4. Behavioural trials

After 21 days of exposure, male guppies were taken at random
and equally from each exposure tank and allocated to behavioural
trials, which were carried out in two stages. In the first, a 27 L tank
(30 � 30 � 30 cm) was divided into two compartments using a
transparent plastic divider with small holes throughout to allow
visual and chemical contact between compartments. Trials in the
first stage involved a single stimulus female being placed into the
first compartment (10 � 30 � 30 cm), while one exposed and one
unexposed male were placed into the second compartment
(20 � 30 � 30 cm). All stimulus females were unexposed and
sexually mature, and were maintained under the same housing
conditions as males, with one stimulus female being used per
behavioural trial. After a 5 min acclimation perioddduring which
all fish were isolated in separate containers within their respective
zonesdfish were released and males were allowed to interact with
the stimulus female for 15 min through the divider. At the
conclusion of the first stage, the divider was removed remotely and
the fish were allowed to interact freely for a further 15 min. This
second stage of the experiment allowed us to observe potential
differences in male sneaking behaviour, which could not be
assessed when the divider was in position. All trials (n ¼ 37) were
filmed using a digital video camera (Canon PowerShot S120), with
each trial video being watched twice to quantify the behaviour of
either male. We were able to distinguish between unexposed and
exposed males by noting which holding containers they emerged
from after the 5-min acclimation period. Fish were euthanised at
the conclusion of the second stage of behavioural trials using an



Fig. 1. Mean (±SE) number of aggressive acts (i.e., chases and fin nips) directed by a
male towards a rival when A) males were separated from females by a transparent
partition (n ¼ 37), and B) males were allowed to interact freely with females (n ¼ 37).
Asterisks indicate a significant difference between groups at a ¼ 0.05.
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overdose of anaesthetic clove oil (40 mg/L), before immediately
beingweighed, measured and photographed formorphological and
colouration analysis (see ‘Morphological analysis’ below).

To quantify male behaviour, we used the event-recording soft-
ware JWatcher V1.0 (Blumstein and Daniel, 2007). For the first stage
of behavioural trials, for either male, we quantified courtship
behaviour (i.e., number of sigmoid display bouts, Houde, 1997),
aggressive behaviour (i.e., number of chases and fin-nips, Houde,
1997) and the total time spent in the female preference zone (i.e.,
within 5 cm of the female compartment). For the second stage of
behavioural trials, we quantified either male’s courtship behaviour
(i.e., number of sigmoid display bouts), aggressive behaviour (i.e.,
total number of chases and fin-nips directed towards either the
rival male or the female) and sneakmating attempts (i.e., number of
attempted coercive matings).

2.5. Morphological analysis

Male guppies, as well as unexposed stimulus females, were
weighed (±0.0001 g) and measured for total length (±0.01 mm)
immediately after behavioural trials. Males were also photo-
graphed on their right side in a standardised fashion (Nikon D90,
shutter speed ¼ 1/250, Nikon AF Micro-Nikkor 60 mm f/2.8D) and
the resultant images analysed using Photoshop (CS6 version 13.0
Extended) to determine the percentage of each male’s body area
containing orange pigmentation. For a detailed description of the
colouration analysis method, see Bertram et al. (2015).

2.6. Statistical analysis

Data were analysed using R version 2.13.1 (R Core Team, 2013).
Data were checked for normality (Shapiro-Wilk test) and homo-
geneity of variance (Fligner-Killeen test), and were transformed
where necessary in order to approximate normality. Generalised
linear models (GLMs) were used to compare the behaviour of
exposed and unexposed males using a suite of biologically mean-
ingful predictors, including: male weight (g), male total length
(mm) and male area of orange pigmentation (%). Mann-Whitney U
tests were used to evaluate whether exposure to 17b-trenbolone
altered male weight, total length or area of orange colouration (%).

3. Results

3.1. Aggressive behaviour

Exposed males conducted significantly more frequent aggres-
sive behaviours towards rival males than did unexposed males,
both when separated from females by a divider (z ¼ 4.80, p < 0.001,
Fig. 1a) and when allowed to interact with females freely (z ¼ 5.50,
p < 0.001, Fig. 1b). However, no significant difference was detected
in the frequency of aggressive behaviours carried out by unexposed
and exposed males towards females when allowed to interact with
females freely (z ¼ 5.64, p ¼ 0.092, data not shown).

3.2. Mating behaviours

When allowed to interact with females through a partition, no
significant difference was detected in the total time spent by un-
exposed and exposedmales in the female preference zone (z¼ 7.26,
p ¼ 0.081, data not shown). However, unexposed males performed
courting behaviour more frequently than exposed males, both
when separated from females by a divider (z ¼ 4.71, p < 0.001,
Fig. 2a) and when allowed to interact with females freely (z ¼ 4.37,
p < 0.001, Fig. 2b). Exposed males, on the other hand, conducted
significantly more sneak mating attempts than unexposed males
when allowed to interact freely with females (z ¼ 2.87, p ¼ 0.004,
Fig. 3). More generally, regardless of the absence or presence of a
partition, the number of courting events performed by males to-
wards females was positively associated with bothmale percentage
area of orange coloration (z ¼ 9.23, p < 0.001, Fig. 4a) and male
weight (z ¼ 6.74, p < 0.001, Fig. 4b).

3.3. Morphology

No significant difference was detected in weight (Mann-



Fig. 2. Mean (±SE) number of courtship events conducted by males when A) males
were separated from females by a transparent partition (n ¼ 37), and B) males were
allowed to interact freely with females (n ¼ 37). Asterisks indicate a significant dif-
ference between groups at a ¼ 0.05.

Fig. 3. Mean (±SE) number of sneak mating attempts conducted by males towards
females when allowed to freely interact (n ¼ 37). Asterisk indicates a significant dif-
ference between groups at a ¼ 0.05.

P. Tomkins et al. / Chemosphere 187 (2017) 286e293290
Whitney U ¼ 848, p ¼ 0.544), total length (U ¼ 897, p ¼ 0.391) or
percentage area of orange pigmentation (U ¼ 1001, p ¼ 0.811) be-
tween unexposed and exposed males.
4. Discussion

We found that exposure to an environmentally realistic con-
centration of 17b-trenbolone significantly altered competitive
mating behaviour in male guppies. When separated from a
stimulus female by a divider, exposed males were more aggressive
towards rival males and courted less than unexposed males. When
allowed to interact freely with a stimulus female, exposed males
were again more aggressive and courted less than unexposed
males, as well as performing significantly more frequent sneak
mating attempts towards females. More generally, we found that
the number of courtship events performed by males was positively
associated with both male percentage area of orange colouration
and weight. This was not surprising, as previous research con-
ducted on this guppy population has shown that an increase in
male courtship behaviour was correlated with both increased male
percentage area of orange pigmentation and condition index
(Bertram et al., 2015). Here, we show for the first time that exposure
to an androgenic EDC at concentrations present in aquatic ecosys-
tems can impact male reproductive behaviour in a competitive
setting.

In teleost fish, androgens are essential to the development and
maintenance of male traits (Borg, 1994; Munakata and Kobayashi,
2010). The androgen receptor (AR) is activated via binding of nat-
ural hormones, such as testosterone, which influence the
hypothalamic-pituitary-gonadal axis (Borg, 1994; Munakata and
Kobayashi, 2010). As a potent androgen receptor agonist
(Rogozkin, 1991), 17b-trenbolone binds with high affinity to avail-
able androgen receptors, mimicking the effects of endogenous
androgens (Wilson et al., 2002). Further, 17b-trenbolonedwhich is
non-aromatisabledmay indirectly inhibit the production of 17b-
estradiol by limiting the production of testosterone and, thus,
restricting the aromatisation of testosterone to 17b-estradiol
(Zhang et al., 2008). Concordantly, in females, exposure to 17b-
trenbolone can influence concentrations of plasma steroids
(testosterone and b-estradiol) and vitellogenin (Ankley et al., 2003),
cause vaginal agenesis, increased anogenital distance and the in-
duction of male sex accessory tissues (Hotchkiss et al., 2008), as
well as stimulate the development of male morphological



Fig. 4. Number of courtship events performed by unexposed and exposed males as a function of A) male orange pigmentation (% of body area) and B) male weight (g).
Figures represent combined data from both behavioural trial stages (i.e., when males were separated from females by a transparent partition and when allowed to interact freely
with females). Unfilled squares and dashed trend lines represent unexposed males, while filled squares and solid trend lines represent exposed males.
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characteristics (Ankley et al., 2003). But how might exposure to
17b-trenbolone influence behaviour?

As emphasised in several reviews (Clotfelter et al., 2004; Zala
and Penn, 2004; Melvin and Wilson, 2013), behaviour can be an
especially sensitive and comprehensive biomarker of EDC expo-
sure. In contrast to standard laboratory assays, which often target a
small suite of morphological and/or physiological endpoints,
behaviour is the manifestation of numerous complex develop-
mental and biochemical processes. Although the exact mechanisms
underpinning the presently observed behavioural changes in 17b-
trenbolone-exposed males are not yet wholly understood, expo-
sure to 17b-trenbolone is likely to intensify behaviours under
androgenic control. Indeed, exposure to other androgenic endo-
crine disruptors has been found to increase androgen-dependent
male mate calling behaviour in African clawed frogs (Xenopus lae-
vis, Hoffmann and Kloas, 2012) and intensify male sexual behaviour
in various cyprinid fish species (Belanger et al., 2010). In the present
study, 17b-trenbolone-exposedmale guppies were more aggressive
towards rivals than were unexposed males, which is likely a result
of 17b-trenbolone-induced ‘hyper-masculinisation’. Further,
considering that virtually all male reproductive-related behaviours
are under androgenic control (Rubinow and Schmidt, 1996;
Cunningham et al., 2012), we would expect 17b-trenbolone expo-
sure to have also resulted in increased male courtship behaviour,
but this was not the case.

Males exposed to 17b-trenbolone courted less than unexposed
males, both when separated from a female by a transparent divider
and when allowed to interact freely with the female. This is sur-
prising, as recent research investigating the effects of exposure to
17b-trenbolone on reproductive behaviour in guppies has reported
that exposure did not significantly impact the total number of
courtship events performed by males (Bertram et al., 2015) or the
total time males spent courting (Tomkins et al., 2016). However,
these studies both tested the impact of exposure to 17b-trenbolone
on male behaviour in the absence of a rival male, suggesting that
17b-trenbolone-induced differences in male courtship may only
manifest in a competitive setting. Further, we found that exposed
males conducted more aggressive behaviour towards rival males,
but not towards females. This suggests that the presence of a sexual
competitor may incite heightened levels of aggression amongst
17b-trenbolone-exposed males, which may, in turn, limit the
amount of time spent by these males courting (Kangas and
Lindstr€om, 2001; Wong, 2004). This finding highlights the impor-
tance of utilising competitive scenarios when investigating the
potential impact of EDCs on male reproductive behaviour.

When allowed to interact freely with a female, exposed males
conducted significantly more sneak mating attempts than unex-
posed males. This is consistent with previous research conducted
by Bertram et al. (2015), where 17b-trenbolone exposure was
linked with an increase in this unsolicited male mating behaviour
in a one-on-one situation (i.e., a single male paired with a single
female). Previous research has shown that male guppies transfer
approximately one third as much sperm during sneak copulations
compared to copulations preceded by courtship (Pilastro and
Bisazza, 1999), meaning that an increase in sneak mating behav-
iour is likely to impact male mating success. This behavioural shift
could also have consequences for female fitness, as increased male
sexual harassment has been found to negatively impact the
foraging efficiency of female poeciliids (Pilastro et al., 2003).
Further, the increased coercive mating attempts and decreased
courtship behaviour observed amongst 17b-trenbolone-exposed
males could have consequences at the population level, as this
circumvention of female mate choice can have a direct impact on
both the quality and quantity of offspring produced (Wong and
Candolin, 2005).

In conclusion, this is the first study to demonstrate that expo-
sure to an androgenic endocrine disruptor can alter male-male
competition. We found that males exposed to an environmentally
realistic concentration of 17b-trenbolone performed less courting
behaviour and attempted more sneak copulation attempts than
unexposed males, as well as conducting more frequent aggressive
behaviours towards a rival male. Competitive interactions between
males have important consequences for population dynamics and
broader evolutionary process, highlighting the importance of un-
derstanding the potential impact of EDCs on male-male
competition.
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