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The capacity of pharmaceutical pollution to alter behaviour in wildlife is of increasing environmental
concern. A major pathway of these pollutants into the environment is the treatment of livestock with
hormonal growth promotants (HGPs), which are highly potent veterinary pharmaceuticals that enter
aquatic ecosystems via efﬂuent runoff. Hormonal growth promotants are designed to exert biological
effects at low doses, can act on physiological pathways that are evolutionarily conserved across taxa, and
have been detected in ecosystems worldwide. However, despite being shown to alter key ﬁtness-related
processes (e.g., development, reproduction) in various non-target species, relatively little is known about
the potential for HGPs to alter ecologically important behaviours, especially across multiple contexts.
Here, we investigated the effects of exposure to a ﬁeld-realistic level of the androgenic HGP metabolite
17b-trenbolonedan endocrine-disrupting chemical that has repeatedly been detected in freshwater
systemsdon a suite of ecologically important behaviours in wild-caught female eastern mosquitoﬁsh
(Gambusia holbrooki). First, we found that 17b-trenbolone-exposed ﬁsh were more active and exploratory in a novel environment (i.e., maze arena), while boldness (i.e., refuge use) was not signiﬁcantly
affected. Second, when tested for sociability, exposed ﬁsh spent less time in close proximity to a shoal of
stimulus (i.e., unexposed) conspeciﬁc females and were, again, found to be more active. Third, when
assayed for foraging behaviour, exposed ﬁsh were faster to reach a foraging zone containing prey items
(chironomid larvae), quicker to commence feeding, spent more time foraging, and consumed a greater
number of prey items, although the effect of exposure on certain foraging behaviours was dependent on
ﬁsh size. Taken together, these ﬁndings highlight the potential for exposure to sub-lethal levels of veterinary pharmaceuticals to alter sensitive behavioural processes in wildlife across multiple contexts, with
potential ecological and evolutionary implications for exposed populations.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
The ability of animals to produce and maintain behaviour
appropriate to their environment is fundamental to individual- and
population-level ﬁtness (Smith and Blumstein, 2008; Candolin and
Wong, 2012), ecosystem function (Woodward, 2009), and the
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ale and Festa-Bianchet, 2003). Behaviour, in
evolution of species (Re
this regard, appears to be especially sensitive to disruption by
chemical pollutant exposure (Melvin and Wilson, 2013; Brodin
et al., 2014). Indeed, this sensitivity is among the reasons why
behavioural studies are increasingly being recognised as powerful
tools for assessing the impacts of environmental contaminants
(reviewed in Clotfelter et al., 2004; Zala and Penn, 2004; Melvin
and Wilson, 2013; Saaristo et al., 2018). Accordingly, numerous
recent studies have shown that exposure to chemical pollutants at
environmentally relevant levels can disrupt a broad range of
important ﬁtness-related behaviours. For example, bumblebees
(Bombus terrestris) exposed to a commonly used neonicotinoid
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pesticide (thiamethoxam) display altered foraging behaviour and
homing success (Stanley et al., 2016), exposure to polychlorinated
biphenyl (PCB) mixtures can disrupt migratory activity and orientation in common starlings (Sturnus vulgaris; Flahr et al., 2015), and
wild European perch (Perca ﬂuviatilis) contaminated with the
psychoactive pharmaceutical oxazepam exhibit altered activity,
sociality, and feeding rates (Brodin et al., 2013). However, despite
an increasing emphasis on ecological realism in behavioural ecotoxicology, relatively few studies have comprehensively evaluated
the impacts of environmentally relevant contaminant exposure by
testing behaviour across multiple contexts.
One contaminant class with a strong potential to alter behaviour
in wildlife is pharmaceuticals. Intake of pharmaceutical products by
humans and livestock is escalating globally, a trend driven by a
growing and ageing human population, as well as increasingly
intensive food production (MEA, 2005; Khetan and Collins, 2007).
Indeed, although these contaminants enter the environment via
multiple pathways (Arnold et al., 2014), agricultural activity is
among the most signiﬁcant contributors of pharmaceutical pollution worldwide (Kemper, 2008; Geissen et al., 2015). Further, while
veterinary pharmaceuticals in agriculture are primarily used for the
prevention and treatment of disease (Boxall et al., 2004; Kemper,
2008), livestock are often also treated with hormonal growth promotants (HGPs), which are powerful hormone mixtures used to
increase weight gain and feed conversion efﬁciency (USDA, 2000).
Hormonal growth promotants are administered in beef-producing
nations worldwide, excluding in the European Union, where
hormone-treated meat is banned due to environmental (and human health) concerns (Johnson, 2015). Hormonal growth promotants contain naturally occurring steroids (e.g., 17b-oestradiol,
progesterone, testosterone) and/or their synthetic counterparts
(e.g., trenbolone acetate, zeranol, melengestrol acetate), and are
most often administered to cattle via slow-release subcutaneous
ear implants (USDA, 2000). Trenbolone acetate (TBA; 17b-(acetyloxy)estra-4,9,11-trien-3-one), a synthetic androgenic steroid with
15e50 times the androgenic and anabolic potency of testosterone
(Neumann, 1976), is amongst the most commonly administered
HGPs globally (Hunter, 2010; Kolodziej et al., 2013; Johnson, 2015).
In the United States, alone, annual TBA production likely exceeds
5000 kg (Kolodziej et al., 2013), which is administered to approximately 20 million animals (60e90% of beef cattle; Schiffer et al.,
2001; Ankley et al., 2003), generating an annual revenue in
excess of $1 billion (Lawrence and Ibarburu, 2007).
After implantation, TBA is converted to various biologically
active metabolites and excreted. These contaminants then have a
direct pathway into the environment because a signiﬁcant portion
(if not all) of this manure is typically applied to agricultural ﬁelds as
fertiliser (Biswas et al., 2017), allowing TBA metabolites to accumulate in soil, drain into groundwater, and be transported into
aquatic ecosystems via runoff from land (Topp et al., 2008; Geissen
et al., 2015). Alarmingly, the most biologically active metabolite of
TBA, the androgenic endocrine disruptor 17b-trenbolone, has
repeatedly been detected in the environment at concentrations
ranging from 1 to 20 ng/L in discharge and diffuse run-off (Durhan
et al., 2006) to as high as 162 ng/L in tile-drained agroecosystems
(Gall et al., 2011). Further, 17b-trenbolone is highly persistent in the
environment, with a half-life of approximately 260 days in manure
(Schiffer et al., 2001), and likely represents a greater ecological risk
than previously recognised due to a newly discovered product-toparent reversion pathway that increases environmental persistence (Qu et al., 2013). In addition, androgen receptorsdfor which
17b-trenbolone is a high-afﬁnity ligand (Wilson et al., 2002; Ankley
et al., 2003)dare highly evolutionarily conserved and are found in
organisms as taxonomically diverse as yeast and humans
(McGinnis et al., 2002), making a wide variety of non-target species
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potentially vulnerable.
There is now substantial evidence that exposure to 17b-trenbolone can have detrimental sub-lethal effects in various aquatic
species (reviewed in Ankley et al., 2018). These harmful effects
include decreased fertility (Mizukami-Murata et al., 2015) and
fecundity (Peterson et al., 2001; Ankley et al., 2003; MizukamiMurata et al., 2015), developmental abnormalities (Wilson et al.,
2002), reduced vitellogenin production (Ankley et al., 2003; Seki
et al., 2006; Morthorst et al., 2010), abnormal development of
male reproductive organs (Sone et al., 2005) and secondary sexual
characteristics (Ankley et al., 2003; Seki et al., 2006), skewed sex
€
ratios (Orn
et al., 2006; Olmstead et al., 2012) and even complete
and functional female-to-male sex reversal (Larsen and Baatrup,
2010; Morthorst et al., 2010). However, despite the aforementioned sensitivity of animal behaviour to disruption by chemical
pollutants, relatively little is known about the potential for environmentally realistic levels of 17b-trenbolonedor endocrine disruptors
generallydto
inﬂuence
ecologically
meaningful
behaviours, especially non-reproductive behaviours.
Here, we set out to test the hypothesis that 21-day exposure to
an environmentally relevant level (average measured concentration: 16 ng/L) of 17b-trenbolone would disrupt ﬁtness-related behaviours in wild-caught female eastern mosquitoﬁsh (Gambusia
holbrooki) across multiple contexts. Speciﬁcally, in three separate
behavioural experiments, we tested the impact of exposure on 1)
boldness, activity and exploration in a novel environment, 2) sociability (i.e., shoaling tendency), and 3) foraging behaviour. Boldness (i.e., an individual's location on the continuum from shy to
bold temperament, where bolder individuals are those that are
more likely to accept a degree of risk in return for potential ﬁtness
gains; Wilson et al., 1994), activity, and exploration are fundaale et al.,
mentally important in the life-history of individuals (Re
2007). These traits are often highly stable and consistent over
ale et al., 2007; Biro and Stamps, 2008), and are associated
time (Re
with a variety of ﬁtness beneﬁts and consequences (Smith and
Blumstein, 2008). For example, in various species, bolder individuals tend to exhibit greater dispersal tendency (Fraser et al.,
2001; Cote et al., 2011), while activity and exploration are often
positively associated with food intake rates (Werner and Anholt,
1993; Lima, 1998). Further, sociability has important ﬁtness implications as shoaling behaviour is an adaptive response to predation
that both provides prey an effective means of defence (Krause and
Ruxton, 2002; Ward et al., 2008) and can inﬂuence ﬁtness in less
direct ways, including by facilitating the transmission of social information (Reader et al., 2003). Lastly, as well as being a key
correlate of survival and reproductive success, foraging behaviour
involves a complex series of trade-offs between obtaining energy
and the time, energy and risk associated with obtaining food (Sih,
1980). Collectively, these behaviours have been shown to be
important determinants of invasive potential (Rehage and Sih,
2004), and the ability of wildlife to appropriately modulate these
behaviours is known to be crucial in enabling adaptation to environmental change (Sih et al., 2004; Candolin and Wong, 2012;
Wong and Candolin, 2015). In addition to behavioural endpoints,
across all experiments, 17b-trenbolone-exposed and control ﬁsh
were measured for differences in morphological characteristics,
including weight, length and condition index (mass relative to
length).
2. Materials and methods
2.1. Study organism
The eastern mosquitoﬁsh is a small freshwater ﬁsh native to
south-eastern North America (Pyke, 2008) that is receiving
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growing research interest as a model for investigating behavioural
effects of chemical pollutants (e.g., Saaristo et al., 2013; Magellan
et al., 2014; Martin et al., 2017; Melvin et al., 2017; Bertram et al.,
2018). Mosquitoﬁsh are one of the most proliﬁc and widely
distributed freshwater ﬁsh in the world (García-Berthou et al.,
2005; Pyke, 2008), and are among the world's 100 most invasive
species (Lowe et al., 2000). Where they occur, mosquitoﬁsh
generally exist in high numbers and are often the most abundant
species of ﬁsh (Arthington et al., 1983; Morton et al., 1988). Further,
mosquitoﬁsh are ﬂexible in terms of their habitat use and are
commonly found in environments that are degraded by human
activity (Pyke, 2008), including in water bodies running through
agricultural catchments (Murphy et al., 2015; Lee et al., 2017).
2.2. Fish collection and housing
Mosquitoﬁsh (female: n ¼ 350; male: n ¼ 350) were collected
with dip nets from the Science Centre Lake (37 540 28” S, 145 080
16” E; 10e12  C; 10:14 h light:dark), Monash University, Victoria,
Australia. Repeated sampling of this site over consecutive years
(2015e2018) has indicated no contamination with 17b-trenbolone
(Envirolab Services, unpublished data; see below for details of
water testing). Fish were acclimated to laboratory conditions for 1
month prior to experimentation in seven mixed-sex glass holding
tanks (182 L; 90 cm L  45 cm W  45 cm H; 100 ﬁsh per tank;
50:50 sex ratio), with 30% water changes performed for each tank
once per week. This depuration period allowed for the elimination
and/or degradation of any potential body burden of secondary
contaminants. However, given that wild ﬁsh were used in this study
to increase environmental realism, we cannot preclude potential
developmental and/or transgenerational effects of previous exposure to secondary contaminants. Throughout the housing period,
ﬁsh were kept at their preferred temperature range of 24e26  C
(Otto, 1974) and under a 12:12 h light:dark cycle. Both during
housing and throughout experimentation, ﬁsh were fed ad libitum
once daily (Otohime Hirame larval diet; 580e910 mm). Females
were assumed to be non-virginal by the conclusion of the housing
period due to the intense male mating pressure typical of mixedsex populations (Bisazza et al., 1996; Pilastro et al., 2003).
2.3. Flow-through exposure
A ﬂow-through system was used to expose female ﬁsh to 17btrenbolone, as described previously (Saaristo et al., 2013; Bertram
et al., 2015; Tomkins et al., 2016, 2017, 2018), with some modiﬁcations. We focussed on potential impacts of exposure on female
ﬁsh only, in order to disentangle contaminant-induced effects on
female behaviours (if any) from interacting effects on malesdincluding male sexual harassment, which, as aforementioned,
is characteristically intense in mixed-sex mosquitoﬁsh populations
(Bisazza et al., 1996; Pilastro et al., 2003) and increases due to 17btrenbolone exposure in another poeciliid, the guppy (Poecilia
reticulata; Bertram et al., 2015; Tomkins et al., 2017)das well as to
avoid potential confounds associated with mixed-sex exposures,
including the formation of dominance hierarchies within exposure
aquaria (Schultz et al., 2011).
The ﬂow-through exposure regime involved 320 sexually
mature female mosquitoﬁsh being randomly allocated to identical
glass aquaria (54 L; 60 cm  30 cm  30 cm) within a ﬂow-through
exposure system, where they were housed for 21 days. This period
was chosen because prior research has demonstrated that 21 days
of exposure to 17b-trenbolone at environmentally realistic levels is
sufﬁcient to induce behavioural shifts (e.g., Saaristo et al., 2013;
Bertram et al., 2015; Heintz et al., 2015; Tomkins et al., 2016, 2017,
2018), as well as because mosquitoﬁsh have relatively small home

ranges (Noggle et al., 2004; Pyke, 2005), and are therefore likely to
be continuously exposed for prolonged periods. Eight exposure
tanks were used (four 17b-trenbolone exposure tanks and four
unexposed tanks), each of which housed 40 ﬁsh. Each exposure
aquaria contained 2 cm of natural gravel substrate, a large stone for
refuge, an airstone, and an aquarium heater (Aqua One glass heater,
55W).
Tanks within the ﬂow-through system were monitored daily for
temperature (exposed tanks: mean ¼ 24.13  C, SD ¼ 0.48  C, n ¼ 84;
unexposed tanks: mean ¼ 24.03  C, SD ¼ 0.44  C, n ¼ 84), as well as
ﬂow-through rates (exposed tanks: mean ¼ 18.48 mL/min,
SD ¼ 0.42 mL/min, n ¼ 84; unexposed tanks: mean ¼ 18.55 mL/min,
SD ¼ 0.42 mL/min, n ¼ 84), which were controlled using ﬂow meters (BES, MPB Series 1200). These parameters were consistent
across exposure treatments (temperature: Mann-Whitney
U ¼ 3059, p ¼ 0.135; ﬂow-through rate: Mann-Whitney U ¼ 3918,
p ¼ 0.192). Survivorship over the exposure period was 93.1% for
unexposed ﬁsh and 94.4% for exposed ﬁsh (11 and 9 deaths,
respectively), whichdgiven that sexually mature (i.e., 8 weeks;
Pyke, 2005) female G. holbrooki were exposed, having an average
lifespan of ~18 months (Pen and Potter, 1991; Pyke, 2005)dis in
line with background natural mortality rates in this species.
2.4. Chemical exposure and GC-MS/MS analysis
The exposure level of 17b-trenbolone used (nominal concentration: 25 ng/L; mean measured concentration ¼ 15.94 ng/L,
SD ¼ 5.17 ng/L, n ¼ 16) was achieved by ﬁrstly dissolving 17btrenbolone (17b-hydroxyestra-4,9,11-trien-3-one; CAS: 10161-338; Novachem, Germany) in ethanol (HPLC grade, 99.99%) to produce a stock solution (400 mg/L). This solution was then diluted
with deionised water (4 mg/L) and diluted again within the ﬂowthrough system, producing the ﬁnal average exposure concentration of 16 ng/L. The ﬁnal solvent dilution in the exposure tanks was
0.000028%, a level far below observed no-effect concentrations for
ﬁsh (Majewski et al., 1978; Yokoto et al., 2001). The observed deviation of the average measured 17b-trenbolone concentration
from the nominal level is likely due to the scale and ecological realism of the ﬂow-through system employeddi.e., numerous adult
ﬁsh having been exposed concurrently in large aquaria ﬁtted with
natural substrate and refuges. While these features may have
contributed to this divergence, they were used to more closely
replicate environmental conditions.
Levels of 17b-trenbolone were measured weekly in exposed
tanks, as well as in unexposed tanks to ensure the absence of
contamination. This involved water samples (200 mL) being drawn
from each tank and stored in amber glass bottles at 4  C until
analysis (performed within 4 days since collection). Water samples
were tested using gas chromatographytandem mass spectrometry (7000C Triple Quadrupole GC-MS/MS, Agilent Technologies,
Delaware, USA) by Envirolab Services (MPL Laboratories, Perth;
NATA accreditation: 2901; accredited for compliance with ISO/IEC:
17025). The limit of quantiﬁcation was 1 ng/L and no contamination
of unexposed tanks was detected throughout the exposure period
(n ¼ 16). For a detailed description of the GC-MS/MS protocol followed, see Tomkins et al. (2018).
2.5. Behavioural trials
To test for potential impacts of exposure to 17b-trenbolone on
female ﬁtness-related behaviours, three separate experiments
were conducted. First, we characterised boldness, activity and
exploratory behaviour in a novel environment using a maze arena.
Second, we tested sociability by measuring shoaling tendency, as
female mosquitoﬁsh exhibit cohesive shoaling in nature (Wilson
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et al., 2010). Third, we examined foraging behaviour using a novel
assay. Focal ﬁsh used in each experiment were drawn randomly
from unexposed and 17b-trenbolone-exposed aquaria within the
ﬂow-through system and were not reused between behavioural
assays to avoid potential effects of trial order on behavioural responses (Díaz-Uriarte, 2002). All trials were conducted in glass
aquaria containing aged carbon-ﬁltered fresh water (i.e., water free
from 17b-trenbolone) and were video-recorded from above (Canon
PowerShot S120), with behaviours then being quantiﬁed from this
footage using the event-recording software JWatcher V1.0
(Blumstein and Daniel, 2007).
2.6. Boldness, activity and exploration
Fish were tested for boldness, activity and exploratory behaviour
in a novel environment using a maze arena (Fig. 1A) adapted from
Ward (2012) and Moran et al. (2016). Behavioural trials involved a
single ﬁsh (unexposed: n ¼ 50, exposed: n ¼ 46) being allocated to
one of four identical maze arenas (60 cm  30 cm  60 cm; water
depth: 10 cm). The focal ﬁsh was initially introduced into an
enclosed refuge (10 cm  10 cm  10 cm) and allowed 5 min to
acclimate. At the commencement of each trial, a door to the refuge
(5 cm W  7.5 cm H) was remotely opened, allowing the ﬁsh to
enter into the maze and explore the novel environment for 20 min.
The maze arena consisted of six armsdeach of which was 30 cm
long and 10 cm wideddelineated by internal walls of opaque white
acrylic. Focal ﬁsh were considered to have transitioned into a maze
arm if 50% of the ﬁsh's body had crossed into the arm. Tanks were
drained and rinsed between each trial, which was also the case in
each of the other behavioural assays.
Recorded behaviours characterising boldness included latency
to ﬁrst exit the refuge at the beginning of the maze (sec), as well as
the total time spent inside this refuge (sec). Refuge use is an
established measure of boldness in a variety of ﬁsh species (e.g.,
n et al., 2017), including in mosDowling and Godin, 2002; Hulthe
quitoﬁsh (Rehage and Sih, 2004; Cote et al., 2010; Wilson et al.,
2010). Furthermore, the combined number of entries into all
maze arms during the trial was assessed as a general measure of
ﬁsh activity. Lastly, we characterised exploratory behaviour by
quantifying both latency to complete the maze (i.e., reach the ﬁnal
maze arm) after having ﬁrst exited the refuge (sec), and the number
of full maze lengths swam (i.e., the number of times an individual
swam from the ﬁrst to the last maze arm, or vice versa).
2.7. Sociability
To investigate possible effects of exposure to 17b-trenbolone on
sociability, females were tested for their tendency to associate with
a shoal of stimulus (i.e., unexposed) conspeciﬁc females following a
standard assay (Ward et al., 2004; Cote et al., 2010, 2011), with
some modiﬁcations. Experimental trials involved a single ﬁsh
(unexposed: n ¼ 44, exposed: n ¼ 43) being allocated to one of
eight
identical
shoaling
observation
tanks
(54 L;
60 cm  30 cm  30 cm; water depth: 20 cm; Fig. 1B). Each tank
was divided into three compartments using transparent perforated
dividers (allowing visual and olfactory communication but not
physical
interaction),
one
large
central
compartment
(40 cm  30 cm  30 cm) and two smaller compartments on either
side (each compartment: 30 cm  10 cm  30 cm). One of eight
shoals of 17 stimulus (i.e., unexposed) adult femalesdeach of
which had previously been isolated for 24 h in 9 L
(30 cm  15 cm  20 cm) holding tanksdwas randomly allocated
to each trial and introduced into one of the side compartments.
Shoals were size-matched for standard length (i.e., snout to caudal
peduncle; mean ¼ 22.27 mm, SD ¼ 3.49 mm)dwhich did not differ
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signiﬁcantly across shoals (Kruskal-Wallis test: c2 ¼ 0.26, p ¼ 0.999,
n ¼ 136)das body size inﬂuences shoaling behaviour in ﬁsh (Hoare
et al., 2000). Moreover, stimulus shoals were unexposed, to exclude
the possibility that effects of 17b-trenbolone exposure on the
behaviour of the focal female (if any) could have been mediated by
effects of exposure on the stimulus ﬁshdan approach employed in
previous ecotoxicological experiments (e.g., Tomkins et al., 2017;
Bertram et al., 2018: Tomkins et al., 2018). Before each behavioural
trial, the stimulus shoal was allowed to acclimate within the side
compartment for 20 min, with the focal ﬁsh acclimated for 5 min in
a holding container (500 mL) within the central compartment.
Acclimation containers were opaque, precluding any visual and
olfactory communication between the focal and stimulus ﬁsh
during the acclimation period. At the beginning of each trial, the
acclimation container holding the focal ﬁsh was gently emptied
into the middle of the central compartment, before the behaviour
of the focal ﬁsh was video-recorded for 20 min. This central
compartment was delineated transversely into three zones of equal
size (each zone: 30 cm  13.33 cm  30 cm) using external tank
markings, with these zones being used to quantify the position of
the focal ﬁsh relative to the stimulus shoal compartmentdrepresenting ‘asocial’, ‘intermediate’ and ‘social’ behaviour,
relative to the position of the shoal. Further, a 2 cm preference zone
abutting the stimulus shoal compartment was used to quantify
close-proximity shoaling behaviour (i.e., time spent within one
body length of the shoal compartment). Shoal position (i.e., left or
right compartment) was randomised across trials to control for
potential side bias.
Shoaling behaviours quantiﬁed included latency to ﬁrst enter
(sec) and total time spent within (sec) the 2 cm shoaling zone. The
total time spent by the focal ﬁsh in each of the three sociability
zones (i.e., the ‘asocial, ‘intermediate’ and ‘social’ zones) was also
used to calculate a weighted sociability score (i.e., [seconds in ‘social’ zone  3] þ [seconds in ‘intermediate’ zone  2] þ [seconds in
‘asocial’ zone  1]). This weighted sociability score provides a
measure of how focal ﬁsh used the entire central compartment
relative to the position of the stimulus shoal, with a higher score
indicating a more social individual (minimum score: 1200,
maximum: 3600). Further, the combined number of entries into
each of the three sociability zones was investigated as a measure of
general activity.
2.8. Foraging behaviour
Potential impacts of exposure to 17b-trenbolone on foraging
behaviour were tested using a novel foraging task. This involved a
single ﬁsh (unexposed: n ¼ 47, exposed: n ¼ 45) being allocated to
one of four identical foraging trial tanks (60 cm  30 cm  30 cm,
54 L; water depth: 10 cm; Fig. 1C), each of which had a sand substrate. Fish were acclimated for 5 min behind a perforated transparent partition 10 cm from one end of the tank before the partition
was remotely removed, allowing the ﬁsh access to the main tank
area for 20 min. Located two-thirds of the length of the tank
(40 cm) from the acclimation area was the ‘foraging zone’
(12 cm  8 cm). This foraging zone consisted of 48 shallow cylindrical wells (well diameter: 17 mm, depth: 5 mm), into which 20
prey items (chironomid larvae) had been randomly placed. Prey
items were placed into shallow wells to ensure that ﬁsh engaged
actively in food discovery and foraging behaviour, in order to
simulate natural ecosystem processes. The position of the foraging
zone on either side of the tank was randomised across trials to
control for possible side bias.
Foraging behaviours investigated included latency to ﬁrst enter
the foraging zone (sec), latency to ﬁrst consume a prey item (sec),
total time spent within the foraging zone (sec), number of entries
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Fig. 1. Aerial views of the (A) maze assay used to test boldness, activity and exploratory behaviour in a novel environment, (B) sociability assay examining tendency to associate with
a shoal of 17 stimulus (i.e., unexposed) conspeciﬁc females, and (C) foraging assay testing foraging and feeding behaviours. The maze arena contained an enclosed refuge with a door
that was remotely opened at the commencement of each trial, allowing the focal ﬁsh to enter into the ﬁrst maze arm (A1) and explore the novel environment (arms A1eA6). The
sociability arena included a central compartment into which a focal female was introduced. This focal ﬁsh was scored for use of a 2 cm association zone abutting a neighbouring
compartment containing 17 stimulus (i.e., unexposed) conspeciﬁc females, as well as for use of the entire central compartment relative to the position of the stimulus shoal (i.e.,
usage of sociability zones; Z1: ‘asocial’, Z2: ‘intermediate’, Z3: ‘social’). Lastly, the foraging assay involved the focal ﬁsh being allowed to forage for 20 chironomid larvae that had
been randomly dispersed amongst an array of 48 cylindrical wells (i.e., the ‘foraging zone’). Within the foraging zone, prey items are indicated by ﬁlled circles.

into the foraging zone, and number of prey items consumed.
2.9. Morphology
Immediately after behavioural trials, morphological measures
were recorded for ﬁsh pooled from all experiments (unexposed:

n ¼ 141, exposed: n ¼ 134). This involved ﬁsh being euthanised with
an overdose (40 mg/L) of anaesthetic clove oil and blotted dry,
before being measured for standard length (±0.01 mm) and weight
(±0.0001 g). Body condition index was then calculated by producing a least-squares regression of the mass (g) of all ﬁsh against their
standard length (mm) (i.e., weight ¼ 0.581 þ 0.035  length),
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with condition index being calculated as the residuals of this
regression line.
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3. Results
3.1. Boldness, activity and exploration

2.10. Statistical analysis
All analyses were performed using R version 3.2.3 (R Core Team,
2013), with statistical signiﬁcance being assigned at a ¼ 0.05. Data
were checked for normality (Shapiro-Wilk test; Royston, 1995) and
homogeneity of variance (Fligner-Killeen test; Conover et al., 1981),
where appropriate. For a full description of statistical methods, see
‘Statistical procedures’ (S1.1) in Supplementary material, as well as
Tables S1eS3 for further details of model parameters.
Models used to analyse behavioural responses included one
explanatory variable (exposure treatment) and one ﬁxed effect
selected for its biological relevance (standard length; see Supplementary material, S2.2, for details of covariate-response relationships). For the sociability assay, shoal ID was also included as a
random effect. In order to exercise caution with interpretation of
main effects, we investigated interaction terms where they were
signiﬁcant at the a ¼ 0.1 level. Where interactions were detected
between exposure treatment and standard lengthdwhich
occurred exclusively in the foraging assaydthey were investigated
by choosing values of the covariate and comparing treatment
groups only at these speciﬁc values (as recommended by Quinn and
Keough, 2002). Speciﬁcally, this involved splitting the data at the
median value for the covariate standard length (i.e., 23.04 mm) to
form ‘small’ and ‘large’ subgroups. Consequently, standard length
was removed as a ﬁxed effect in subsequent analyses. Due to the
number of unplanned comparisons made at the subgroup level, the
Holm-Bonferroni correction method was applied to all p-values
resulting from this analysis.
For latency data (measuring time to an event), parametric survival models were used where only ﬁxed effects were required in a
model. For each dataset, the most suitable hazard distribution was
selected using ANOVA. Where mixed-effects were required (i.e., the
shoaling assay), a Cox proportional-hazard model was used instead.
In the foraging assay, interactions were detected between exposure
treatment and standard length in two cases, and were investigated
as described above. In a single case where no events were observed
in a subgroup (i.e., where no unexposed large ﬁsh consumed a prey
item), survival curves were compared between subgroups using the
G-rho family of tests.
For total time data (time spent performing a behaviour) and
weighted sociability score, data were rank-normal transformed to
approximate normality of the residuals. Where shoal ID was not a
consideration, ANCOVA was used to analyse the total time values.
For trials where shoal ID was important (i.e., sociability trials),
linear mixed-effects (LME) models were used instead, using shoal
ID as a random effect.
For count data, a generalised linear model (GLM) approach was
taken. As with above, shoal ID was used as a random effect in the
sociability assay (i.e., GLMM). We checked models for appropriate
link functions, as well as over-dispersion and potential zeroinﬂation, modifying link functions and using zero-inﬂated models
where appropriate. Interactions were examined using the approach
outlined above. For one trial (number of worms eaten), no GLM was
found to be suitable, so we used a Kruskal-Wallis rank sum nonparametric test and Dunn's non-parametric post hoc test instead.
Mann-Whitney U tests (Mann and Whitney, 1947) were used to
test whether exposure to 17b-trenbolone altered standard length,
weight and/or condition index.
For descriptive statistics of behavioural responses performed in
each assay, as well as ﬁsh morphology, see ‘Supplementary tables’
(S1.2) in Supplementary material (Tables S4eS7).

Exposure to 17b-trenbolone did not signiﬁcantly impact the
latency of ﬁsh to ﬁrst exit the refuge at the beginning of the maze
(parametric survival regression: z ¼ 0.12, p ¼ 0.902) nor the total
time spent in the refuge (ANCOVA: F1,93 ¼ 0.16, p ¼ 0.690). However, exposed ﬁsh showed a signiﬁcantly reduced latency to complete the maze after having ﬁrst exited the refuge (parametric
survival regression: z ¼ 1.98, p ¼ 0.047; Fig. S1). Further, exposed
ﬁsh entered a greater number of maze arms in total (quasi-Poisson
GLM: t ¼ 2.29, p ¼ 0.024; Fig. 2A), and swam a greater number of
full maze lengths (zero-inﬂated negative binomial [ZINB] GLM:
z ¼ 2.05, p ¼ 0.041; Fig. 2B).
3.2. Sociability
No signiﬁcant effect of exposure to 17b-trenbolone was detected
on the latency of ﬁsh to ﬁrst enter the 2 cm shoaling zone (Cox
proportional-hazard regression: z ¼ 0.69, p ¼ 0.490). A negative
relationship was, however, identiﬁed between 17b-trenboloneexposure and both the total time spent by ﬁsh within the 2 cm
shoaling zone (LME: t ¼ 3.21, p ¼ 0.002; Fig. 3A), and weighted
sociability score (LME: t ¼ 2.27, p ¼ 0.026; Fig. 3B). Further, exposure to 17b-trenbolone was positively associated with the combined number of entries made by ﬁsh into all sociability zones
(negative binomial GLMM: z ¼ 2.65, p ¼ 0.008; Fig. 3C).
3.3. Foraging behaviour
A marginally non-signiﬁcant interaction between treatment

Fig. 2. Number of (A) entries into all maze arms (i.e., A1eA6), and (B) full maze lengths
swam, by unexposed (n ¼ 50) and 17b-trenbolone-exposed (n ¼ 46) ﬁsh. Box plots
show tenth, twenty-ﬁfth, ﬁftieth (median), seventy-ﬁfth and ninetieth percentiles with
horizontal lines. Whiskers show the range of the data, with outliers being represented
by ﬁlled circles. *p < 0.05.

906

M.G. Bertram et al. / Environmental Pollution 243 (2018) 900e911

Fig. 3. Sociability of unexposed (n ¼ 44) and 17b-trenbolone-exposed (n ¼ 43) females towards a shoal of 17 stimulus (i.e., unexposed) conspeciﬁc females, in terms of (A) total time
spent within 2 cm of the stimulus shoal, (B) weighted sociability score (higher score indicates greater sociability; see Materials and methods), and (C) total number of entries made
by ﬁsh into all sociability zones (i.e., Z1eZ3). *p < 0.05, **p < 0.01.

(i.e., 17b-trenbolone exposure status) and standard length was
observed for latency of ﬁsh to ﬁrst enter the foraging zone (parametric survival regression: z ¼ 1.76, p ¼ 0.079). Splitting the data at
the median value for the covariate standard length (see ‘Statistical
procedures’ [S1.1] in Supplementary material for more information)
revealed that, relative to unexposed large ﬁsh, ﬁsh in both the
unexposed small and exposed large subgroups were quicker to ﬁrst
reach the foraging zone (parametric survival regression: z ¼ 3.41,
p ¼ 0.004 and z ¼ 2.90, p ¼ 0.019, respectively; Fig. S2A), with no
signiﬁcant differences having been observed between any other
subgroups (all p > 0.05). A marginally non-signiﬁcant interaction
was also detected between treatment and standard length for the
latency of ﬁsh to commence feeding (parametric survival regression: z ¼ 1.86, p ¼ 0.064). An investigation of this interaction
revealed that, in large ﬁsh, exposure to 17b-trenbolone was associated with a reduced latency to ﬁrst feed (G-rho family of tests:
c2 ¼ 8.27; p ¼ 0.020; Fig. S2B), although no such effect was seen in
small ﬁsh (G-rho family of tests: c2 ¼ 3.08; p ¼ 0.237; Fig. S2B). In
addition, while the time taken to commence feeding did not differ
between unexposed-small and exposed-large ﬁsh (G-rho family of
tests: c2 ¼ 0.76; p ¼ 0.612; Fig. S2B), exposed-small ﬁsh were
signiﬁcantly faster than those in the unexposed-large subgroup to
ﬁrst consume a prey item (G-rho family of tests: c2 ¼ 12.25;
p ¼ 0.003; Fig. S2B). No signiﬁcant differences were detected between any other subgroups (all p > 0.05).
Exposed ﬁsh spent a greater total time within the foraging zone
(ANCOVA: F1,89 ¼ 8.30, p ¼ 0.005; Fig. 4A) and entered the foraging
zone more frequently than did unexposed ﬁsh (negative binomial
GLM: z ¼ 2.38, p ¼ 0.017; Fig. 4B). In addition, a marginally nonsigniﬁcant interaction between treatment and standard length
was detected for the total number of prey consumed (zero-inﬂated
Poisson [ZIP] GLM: z ¼ 1.81, p ¼ 0.071). In large ﬁsh, exposed females consumed signiﬁcantly more prey than did unexposed

Fig. 4. Foraging behaviour of unexposed (n ¼ 47) and 17b-trenbolone-exposed
(n ¼ 45) ﬁsh, in terms of (A) total time spent in the foraging zone, and (B) number of
entries into the foraging zone. *p < 0.05, **p < 0.01.

females (Dunn's test: z ¼ 2.85, p ¼ 0.011; Fig. S3), while there was
no signiﬁcant effect of treatment on the number of prey consumed
by small females (Dunn's test: z ¼ 1.90, p ¼ 0.114; Fig. S3). In addition, exposed small females consumed signiﬁcantly more prey than
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did unexposed large females (Dunn's test: z ¼ 3.19, p ¼ 0.004;
Fig. S3). No signiﬁcant differences were detected between the
remaining subgroups (all p > 0.05).

3.4. Morphology
Exposure to 17b-trenbolone did not signiﬁcantly impact standard length (Mann-Whitney U ¼ 8667, p ¼ 0.237), weight (MannWhitney U ¼ 8796, p ¼ 0.324), or condition index (Mann-Whitney
U ¼ 10204, p ¼ 0.251).

4. Discussion
This study investigated whether the endocrine-disrupting veterinary pharmaceutical 17b-trenbolone, via waterborne exposure
at a ﬁeld-realistic level, affects ecologically important behaviours in
female ﬁsh. We report that exposed ﬁsh were more active and
exploratory in a novel environment, less social when interacting
with a shoal of conspeciﬁc females, and generally exhibited
increased foraging behaviour (although the effect of exposure on
certain foraging behaviours was dependent on female size).

4.1. Boldness, activity and exploration
Fish exposed to 17b-trenbolone displayed increased activity and
exploratory behaviour in a novel environment (i.e., maze assay),
being faster to ﬁrst complete the maze, entering a greater number
of maze arms, and swimming signiﬁcantly more full maze lengths.
However, no signiﬁcant effect of exposure was detected on boldness, neither in terms of latency to exit a refuge nor total refuge use.
In general, exposure to chemical pollutants (e.g., pharmaceuticals, heavy metals, herbicides and pesticides) more often results in
reductions in swimming activity and locomotor behaviour in
aquatic species (reviewed in Little and Finger, 1990). While these
behaviours can be inﬂuenced by exposure to endocrine disruptors,
reported impacts have been relatively mixed due to the highly
varied modes of action of these contaminants. For example,
developing African clawed frog tadpoles (Xenopus laevis) contaminated with a polychlorinated biphenyl mixture (Aroclor 1254)
exhibit disrupted swimming behaviour (Jelaso et al., 2002), while
goldﬁsh (Carassius auratus) exposed to the herbicide atrazine
perform signiﬁcantly increased burst swimming (Saglio and
Trijasse, 1998).
To our knowledge, the impact of xenoandrogen exposure on
female activity and exploratory behaviour has not previously been
tested in a non-reproductive context. However, adult female
goldﬁsh implanted with 11-ketotestosterone perform male-typical
increased locomotor behaviour in a reproductive setting (Stacey
and Kobayashi, 1996) and zebraﬁsh having undergone sex
reversal by exposure to 17b-trenbolone from egg until sexual
maturity display activity levels during mating (e.g., total path
swam, average swimming velocity) that are non-signiﬁcantly
different from genotypic males (Larsen and Baatrup, 2010). Interestingly, the effects of estrogenic endocrine disruptors on nonreproductive activity and swimming behaviour have received
relatively more attention, with exposure typically resulting in reductions of these behaviours. For example, zebraﬁsh juveniles
exposed to the synthetic estrogen mimic 17a-ethinylestradiol (EE2)
rria et al., 2011) and EE2display reduced swimming behaviour (Sa
exposed Siamese ﬁghting ﬁsh (Betta splendens) spend less time
being active both in an empty tank and a novel environment
(Dzieweczynski et al., 2014).
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4.2. Sociability
Exposure to 17b-trenbolone resulted in ﬁsh being less social.
Speciﬁcally, while latency to ﬁrst associate with a shoal of stimulus
(i.e., unexposed) conspeciﬁc females was not signiﬁcantly affected,
exposed ﬁsh spent less time within close proximity of a shoal (i.e.,
within one body length of the shoal compartment), as well as being
generally less social (i.e., achieving a lower weighted sociability
score). Further, as seen in the maze assay, exposed ﬁsh demonstrated increased activity by moving between tank zones more
frequently than controls.
Increasingly, exposure to a variety of chemical pollutants is
being shown to interfere with conspeciﬁc social interactions in ﬁsh.
For example, exposure to 4-nonylphenol affects social recognition
and shoaling in juvenile banded killiﬁsh (Fundulus diaphanous,
Ward et al., 2008), contamination with the anxiolytic pharmaceutical oxazepam reduces sociality in European perch (Perca ﬂuviatilis,
Brodin et al., 2013), and administration of benzyl butyl phthalatedused in the production of plastic productsddepresses shoaling
behaviour in mummichog (Fundulus heteroclitus, Kaplan et al.,
2013). However, as an interesting point of comparison with the
present results, exposure of adult male zebraﬁsh (Danio rerio) to the
estrogen 17a-ethinylestradiol has actually been shown to increase
shoaling behaviour, with exposed males being slower to leave a
shoal of conspeciﬁcs and leaving this shoal fewer times (Reyhanian
et al., 2011).
That exposure to 17b-trenbolone decreased shoaling tendency in
the present study is broadly consistent with recent research by
Heintz et al. (2015), where the effects of exposure for the same
period (i.e., 21 days) were tested on guppy risk-taking behaviour in
the presence of a predator. Speciﬁcally, Heintz et al. (2015) reported
that female guppies exposed to 17b-trenbolone (0.25, 2.5 and 25 ng/
L), and tested in groups of threedwith all ﬁsh being similarly
exposed, or notddemonstrated reduced shoaling behaviour in the
presence of a predatory gold severum cichlid (Heros severus). We
propose, however, that decreased shoaling behaviour resulting from
17b-trenbolone exposure may be a more general phenomenon than
increased risk-taking behaviour in the presence of a predator, given
than reduced shoaling was presently observed even in the absence
of a predator. However, it is important to note that, in the present
study, shoaling tendency of individual 17b-trenbolone-exposed ﬁsh
was tested in the presence of a shoal of unexposed ﬁsh. Therefore, an
important avenue of future research will be to investigate impacts of
exposure to 17b-trenbolonedas well as other endocrine-disrupting
contaminantsdon formation and cohesion of large shoals of ﬁsh,
with all members of a shoal being either unexposed or exposed.
Moreover, given that male sexual harassment is known to inﬂuence
female social group choice and shoaling behaviour in mosquitoﬁsh
(Agrillo et al., 2005; Dadda et al., 2008), also important will be investigations of contaminant-induced effects on mixed-sex shoaling
behaviour.
4.3. Foraging behaviour
Exposure of ﬁsh to 17b-trenbolone signiﬁcantly affected
foraging behaviour, although the effect of exposure on certain
foraging behaviours was dependent on female size. Speciﬁcally, in
large ﬁsh, those exposed to 17b-trenbolone were faster than controls to ﬁrst enter a foraging zone and to commence feeding, as well
as consuming signiﬁcantly more prey items in total, with no such
signiﬁcant effects being detected in small ﬁsh. Further, regardless of
female size, exposed ﬁsh spent a greater total amount of time
within the foraging zone, as well as entering the foraging zone
more frequently than controlsdreﬂecting the general activity increase seen in both the maze and sociability assays.
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In general, feeding and foraging behaviours are more often
impaired by chemical pollutant exposure, thereby reducing juvenile growth and adult biomass (reviewed in Weis and Candelmo,
2012). Although effects of endocrine disruptors on such endpoints have been relatively understudied, impaired foraging
behaviour in ﬁsh has been reported after exposure to xenoestrogens. For example, environmentally realistic exposure to EE2
decreases foraging success in juvenile roach (Rutilus rutilus,
Hallgren et al., 2014), while a temperature-dependent reduction in
foraging ability has been reported in larval fathead minnows
(Pimephales promelas) exposed to estrone (Ward et al., 2017).
The presently observed increase in female foraging behaviours
resulting from exposure to an androgen is an interesting exception
to this general trend. Again, this ﬁnding is broadly consistent with
those of Heintz et al. (2015), where 17b-trenbolone exposure (0.25,
2.5 and 25 ng/L) increased the time spent by female guppies
inspecting prey items (Daphnia magna) while in the presence of a
predator. However, as with shoaling behaviour, our work suggests
that intensiﬁed foraging behaviour resulting from 17b-trenbolone
exposure is likely a broader phenomenon than increased risktaking behaviour under threat of predation given that this effect
was observed even in the absence of a predator. Moreover, as with
shoaling, female foraging behaviour in mixed-sex populations is
known to be inﬂuenced by the behaviour of males. In particular,
several studies have highlighted that male sexual harassment can
reduce female foraging efﬁciency in poeciliids (Magurran and
Seghers, 1994a; b; Pilastro et al., 2003). Hence, effects of contaminant exposure on sexual conﬂict is clearly an important area for
future research.
As was observed in the present study, Heintz et al. (2015) found
that effects of 17b-trenbolone exposure on guppy foraging behaviour (under predation risk) were size-dependent, which was
hypothesised to have resulted from differential vulnerabilities of
ﬁsh of different sizes to predation, thereby causing shifts in
behaviour secondary to exposure. Nevertheless, the present ﬁndings suggest that this phenomenon may be driven by different
inherent vulnerabilities across ﬁsh of different sizes to disrupted
behaviour by 17b-trenbolone exposure. As well as direct effects of
body mass, size-dependent effects of exposure could conceivably
be due to age-related differential sensitivity, given that both
endogenous hormone levels and vulnerability to endocrine
disruption are known to vary greatly between ﬁsh at different life
stages (Leet et al., 2011), despite all of the ﬁsh tested in both studies
having been sexually mature adults.
4.4. Physiological and molecular mechanisms
How might exposure to an androgenic endocrine disruptor alter
behaviour in female ﬁsh? Androgens play important physiological
roles in female vertebrates, both indirectly by acting as precursors
for estrogen biosynthesis, and directly via activation of the
androgen receptor (AR; Borg, 1994; Staub and de Beer, 1997;
Munakata and Kobayashi, 2010). Among the assorted mechanisms
of androgenic action in female vertebrates are neuronal growth,
stimulation of muscle and bone development, lipid metabolism,
and immune responses (Staub and de Beer, 1997; Martyniuk and
Denslow, 2012). Androgens are also involved in regulating various
important female behaviours, including communication and social
recognition, aggression, mating behaviour, and cognitive functioning (Staub and de Beer, 1997; Martyniuk and Denslow, 2012).
Because endogenous androgensdprimarily testosterone and 11ketotestosterone in female ﬁsh (Borg, 1994; Munakata and
Kobayashi, 2010)dare involved in modulating these traits and
behaviours, they are potentially vulnerable to disruption by exogenous androgens such as 17b-trenbolone.

In addition to being a high-afﬁnity AR ligand (Wilson et al.,
2002; Ankley et al., 2003), it has been hypothesised that 17btrenbolone exposure produces a compensatory response, resulting
in a decrease in the production of endogenous androgens such as
testosterone (Zhang et al., 2008; Mizukami-Murata et al., 2015). It is
proposed that this then indirectly inhibits 17b-estradiol (E2) production, given that E2 is converted from testosterone by aromatase
(Miracle et al., 2006; Zhang et al., 2008; Mizukami-Murata et al.,
2015), while 17b-trenbolone is non-aromatisable (Rogozkin,
1991). Accordingly, recent research has shown that 17b-trenbolone exposure can alter reproductive behaviours in female ﬁsh
(Saaristo et al., 2013; Bertram et al., 2015; Tomkins et al., 2016,
2018). However, given the ﬁndings of the present study, further
research is clearly needed to understand potential impacts of 17btrenbolone exposure on non-sexual behaviours in female ﬁsh.
4.5. Morphology
Despite 17b-trenbolone's effectiveness as an anabolic steroid
(Ankley et al., 2003), no signiﬁcant effect of exposure was detected
on any of the assessed measures of female morphologydincluding
weight, standard length, or condition index. This ﬁnding is in
agreement with existing research having investigated the effects of
exposure to ﬁeld-realistic levels of 17b-trenbolone on morphology
in female ﬁsh. Speciﬁcally, the weight and length of female guppies
was not signiﬁcantly impacted after exposure at 2 ng/L (Tomkins
et al., 2018), 4 ng/L (Tomkins et al., 2016), 8 ng/L (Tomkins et al.,
2017) or 22 ng/L (Bertram et al., 2015). In addition, female fathead
minnows (Pimephales promelas) showed no appreciable morphological change after exposure at 5 ng/L or 50 ng/L (Ankley et al.,
2003), although concentration-dependant female weight increase
was reported at higher concentrations (0.5, 5 and 50 mg/L; Ankley
et al., 2003). Interestingly, males appear to be more sensitive to
17b-trenbolone-induced morphological change, with exposure of
guppies at 4 ng/L being associated with increased male condition
index (M.G. Bertram et al., unpublished data), while exposure at
22 ng/L caused an increase in both weight and condition index
(Bertram et al., 2015).
5. Conclusion
This study demonstrates behavioural alterations in female ﬁsh,
across multiple contexts, resulting from exposure to an androgenic
endocrine disruptor. Speciﬁcally, we found that 21-day exposure to
a ﬁeld-realistic level (average measured concentration: 16 ng/L) of
the widely administered veterinary pharmaceutical 17b-trenbolone
altered a range of ecologically important behaviours in female
mosquitoﬁsh. Exposed ﬁsh exhibited increased activity and
exploratory behaviour in a novel environment (i.e., maze arena),
while boldness was not signiﬁcantly affected. Further, when
assayed for sociability, exposed ﬁsh spent less time within close
proximity of a shoal of stimulus (i.e., unexposed) conspeciﬁc females, as well as, again, being more active within the shoaling
arena. Lastly, exposed ﬁsh demonstrated increased foraging
behaviour when presented with a novel foraging task, although the
impact of exposure on certain foraging behaviours was dependent
on ﬁsh size. Taken together, our ﬁndings illustrate that environmentally realistic exposure of female ﬁsh to a widespread agricultural contaminant is sufﬁcient to alter behaviours that are crucial
ﬁtness determinants, with possible ecological and evolutionary
implications for exposed populations.
Ethics
All procedures performed for this study were approved by the

M.G. Bertram et al. / Environmental Pollution 243 (2018) 900e911

Biological Sciences Animal Ethics Committee of Monash University
(permit number: BSCI/2013/09) and complied with all relevant
State and Federal laws of Australia.
Authors’ contributions
M.G.B., M.S. and B.B.M.W. conceived and designed the study.
M.G.B., J.M.M. and T.E.E. collected the data. M.G.B., M.M. and C.P.J.
carried out data analysis. M.G.B. wrote the manuscript. All authors
contributed to manuscript revisions and gave ﬁnal approval for
publication.
Competing interests
The authors declare that we have no competing interests.
Funding
This research was funded by two Australian Postgraduate Award
scholarships (to M.G.B. and J.M.M.), the Australian Society For Fish
Biology's Barry Jonassen Award, student research grants from the
Australasian Society for the Study of Animal Behaviour, a student
research award from the Ecological Society of Australia, a Postgraduate Global Environmental Sustainability Award from the Rotary Clubs of Balwyn and Geelong (all to M.G.B.), an Academy of
Finland Postdoctoral Researcher Fellowship (265629) (to M.S.), and
Discovery Grants from the Australian Research Council
(DP130100385 and DP160100372) (both to B.B.M.W.).
Acknowledgements
We are grateful to David Williams and the teams at Envirolab
Services Perth and Melbourne. We also thank Krystina Mossop and
Nicholas Moran for their valuable assistance with experimental
design, Moira O'Bryan for providing resources and logistical support throughout data collection, Nick Deal for helpful discussions
during statistical analysis, and Melissa Heintz for advice during
manuscript preparation.
Appendix A. Supplementary data
Supplementary data related to this article can be found at
https://doi.org/10.1016/j.envpol.2018.09.044.
References
Agrillo, C., Dadda, M., Bisazza, A., 2005. Sexual harassment inﬂuences group choice
in female mosquitoﬁsh. Ethology 112, 592e598. https://doi.org/10.1111/j.14390310.2006.01188.x.
Ankley, G.T., Jensen, K.M., Makynen, E.A., Kahl, M.D., Korte, J.J., Hornung, M.W.,
Henry, T.R., Denny, J.S., Leino, R.L., Wilson, V.S., Cardon, M.C., Hartig, P.C.,
Gray, L.E., 2003. Effects of the androgenic growth promoter 17-b-trenbolone on
fecundity and reproductive endocrinology of the fathead minnow. Environ.
Toxicol. Chem. 22, 1350e1360. https://doi.org/10.1897/1551-5028(2003)
022<1350:EOTAGP>2.0.CO;2.
Ankley, G.T., Coady, K.K., Gross, M., Holbech, H., Levine, S.L., Maack, G., Williams, M.,
2018. A critical review of the environmental occurrence and potential effects in
aquatic vertebrates of the potent androgen receptor agonist 17b-trenbolone.
Environ. Toxicol. Chem. 37, 2064e2078. https://doi.org/10.1002/etc.4163.
Arnold, K.E., Brown, A.R., Ankley, G.T., Sumpter, J.P., 2014. Medicating the environment: assessing risks of pharmaceuticals to wildlife and ecosystems. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 369, 20130569. https://doi.org/10.1098/rstb.2013.
0569.
Arthington, A.H., Milton, D.A., McKay, R.J., 1983. Effects of urban development and
habitat alterations on the distribution and abundance of native and exotic
freshwater ﬁsh in the Brisbane region, Queensland. Aust. J. Ecol. 87e101.
https://doi.org/10.1111/j.1442-9993.1983.tb01597.x.
Bertram, M.G., Saaristo, M., Baumgartner, J.B., Johnstone, C.P., Allinson, M.,
Allinson, G., Wong, B.B.M., 2015. Sex in troubled waters: widespread agricultural contaminant disrupts reproductive behaviour in ﬁsh. Horm. Behav. 70,

909

85e91. https://doi.org/10.1016/j.yhbeh.2015.03.002.
Bertram, M.G., Ecker, T.E., Wong, B.B.M., O'Bryan, M.K., Baumgartner, J.B.,
Martin, J.M., Saaristo, M., 2018. The antidepressant ﬂuoxetine alters mechanisms of pre- and post-copulatory sexual selection in the eastern mosquitoﬁsh
(Gambusia holbrooki). Environ. Pollut. 238, 238e247. https://doi.org/10.1016/j.
envpol.2018.03.006.
Biro, P.A., Stamps, J.A., 2008. Are animal personality traits linked to life-history
productivity? Trends Ecol. Evol. 23, 361e368. https://doi.org/10.1016/j.tree.
2008.04.003.
Bisazza, A., Pilastro, A., Palazzi, R., Marin, G., 1996. Sexual behaviour of immature
male eastern mosquitoﬁsh: a way to measure intensity of intra-sexual selection? J. Fish. Biol. 48, 726e737. https://doi.org/10.1111/j.1095-8649.1996.
tb01468.x.
Biswas, S., Kranz, W.L., Shapiro, C.A., Snow, D.D., Bartelt-Hunt, S.L., Mamo, M.,
Tarkalson, D.D., Zhang, T.C., Shelton, D.P., van Donk, S.J., Mader, T.L., 2017. Effect
of rainfall timing and tillage on the transport of steroid hormones in runoff
from manure amended row crop ﬁelds. J. Hazard Mater. 324, 436e447. https://
doi.org/10.1016/j.jhazmat.2016.11.009.
Blumstein, D.T., Daniel, J.C., 2007. Quantifying Behaviour the JWatcher Way. Sinauer
Associates Inc., Sunderland.
Borg, B., 1994. Androgens in teleost ﬁshes. Comp. Biochem. Physiol. C Pharmacol.
Toxicol. Endocrinol. 109, 219e245. https://doi.org/10.1016/0742-8413(94)
00063-G.
Boxall, A.B.A., Kolpin, D.W., Halling-Sorensen, B., Tolls, J., 2004. Are veterinary
medicines causing environmental risks? Environ. Sci. Technol. 71, 268e294.
https://doi.org/10.1021/es032519b.
Brodin, T., Fick, J., Jonsson, M., Klaminder, J., 2013. Dilute concentrations of a psychiatric drug alter behavior of ﬁsh from natural populations. Science 339,
814e815. https://doi.org/10.1126/science.1226850.
Brodin, T., Piovano, S., Fick, J., Klaminder, J., Heynen, M., Jonsson, M., 2014. Ecological
effects of pharmaceuticals in aquatic systemsdimpacts through behavioural
alterations. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369, 20130580. https://doi.
org/10.1098/rstb.2013.0580.
Candolin, U., Wong, B.B.M. (Eds.), 2012. Behavioural Responses to a Changing
World: Mechanisms and Consequences. Oxford University Press, Oxford.
Clotfelter, E.D., Bell, A.M., Levering, K.R., 2004. The role of animal behaviour in the
study of endocrine-disrupting chemicals. Anim. Behav. 68, 665e676. https://
doi.org/10.1016/j.anbehav.2004.05.004.
Conover, W.J., Johnson, M.E., Johnson, M.M., 1981. A comparative study of tests for
homogeneity of variances, with applications to the outer continental shelf
bidding data. Technometrics 23, 351e361. https://doi.org/10.2307/1268225.
Cote, J., Fogarty, S., Weinersmith, K., Brodin, T., Sih, A., 2010. Personality traits and
dispersal tendency in the invasive mosquitoﬁsh (Gambusia afﬁnis). Proc. R. Soc.
Lond. B Biol. Sci. 277, 1571e1579. https://doi.org/10.1098/rspb.2009.2128.
Cote, J., Fogarty, S., Brodin, T., Weinersmith, K., Sih, A., 2011. Personality- dependent
dispersal in the invasive mosquitoﬁsh: group composition matters. Proc. R. Soc.
Lond. B Biol. Sci. 278, 1670e1678. https://doi.org/10.1098/rspb.2010.1892.
Dadda, M., Pilastro, A., Bisazza, A., 2008. Innate responses to male sexual harassment in female mosquitoﬁsh. Behav. Ecol. Sociobiol. 63, 53e62. https://doi.org/
10.1007/s00265-008-0635-z.
Díaz-Uriarte, R., 2002. Incorrect analysis of crossover trials in animal behaviour
research. Anim. Behav. 63, 815e822. https://doi.org/10.1006/anbe.2001.1950.
Dowling, L.M., Godin, J.G.J., 2002. Refuge use in a killiﬁsh: inﬂuence of body size and
nutritional state. Can. J. Zool. 80, 782e788. https://doi.org/10.1139/z02-036.
Durhan, E.J., Lambright, C.S., Makynen, E.A., Lazorchak, J., Hartig, P.C., Wilson, V.S.,
Gray, L.E., Ankley, G.T., 2006. Identiﬁcation of metabolites of trenbolone acetate
in androgenic runoff from a beef feedlot. Environ. Health Perspect. 114, 65e68.
https://doi.org/10.1289/ehp.8055.
Dzieweczynski, T.L., Campbell, B.A., Marks, J.M., Logan, B., 2014. Acute exposure to
17a-ethinylestradiol alters boldness behavioral syndrome in female Siamese
ﬁghting ﬁsh. Horm. Behav. 66, 577e584. https://doi.org/10.1016/j.yhbeh.2014.
08.005.
Flahr, L.M., Michel, N.L., Zahara, A.R., Jones, P.D., Morrissey, C.A., 2015. Developmental exposure to aroclor 1254 alters migratory behavior in juvenile European
starlings (Sturnus vulgaris). Environ. Sci. Technol. 49, 6274e6283. https://doi.
org/10.1021/acs.est.5b01185.
Fraser, D.F., Gilliam, J.F., Daley, M.J., Le, A.N., Skalski, G.T., 2001. Explaining leptokurtic movement distributions: intrapopulation variation in boldness and
exploration. Am. Nat. 158, 124e135. https://doi.org/10.1086/321307.
Gall, H.E., Sassman, S.A., Lee, L.S., Jafvert, C.T., 2011. Hormone discharges from a
Midwest tile-drained agroecosystem receiving animal wastes. Environ. Sci.
Technol. 45, 8755e8764. https://doi.org/10.1021/es2011435.
García-Berthou, E., Alcaraz, C., Pou-Rovira, Q., Zamora, L., Coenders, G., Feo, C., 2005.
Introduction pathways and establishment rates of invasive aquatic species in
Europe. Can. J. Fish. Aquat. Sci. 62, 453e463. https://doi.org/10.1139/f05-017.
Geissen, V., Mol, H., Klumpp, E., Umlauf, G., Nadal, M., van der Ploeg, M., van de
Zee, S.E.A.T.M., Ritsema, C.J., 2015. Emerging pollutants in the environment: a
challenge for water resource management. Int. Soil Wat. Conserv. Res. 3, 57e65.
https://doi.org/10.1016/j.iswcr.2015.03.002.
Hallgren, P., Nicolle, A., Hansson, L.A., Bronmark, C., Nikoleris, L., Hyder, M.,
Persson, A., 2014. Synthetic estrogen directly affects ﬁsh biomass and may
indirectly disrupt aquatic food webs. Environ. Toxicol. Chem. 33, 930e936.
https://doi.org/10.1002/etc.2528.
Heintz, M.M., Brander, S.M., White, J.W., 2015. Endocrine disrupting compounds
alter risk-taking behavior in guppies (Poecilia reticulata). Ethology 121,

910

M.G. Bertram et al. / Environmental Pollution 243 (2018) 900e911

480e491. https://doi.org/10.1111/eth.12362.
Hoare, D.J., Krause, J., Peuhkuri, N., Godin, J.G.J., 2000. Body size and shoaling in ﬁsh.
J. Fish. Biol. 57, 1351e1366. https://doi.org/10.1006/jfbi.2000.1446.
n, K., Chapman, B.B., Nilsson, P.A., Hansson, L.-A., Skov, C., Brodersen, J.,
Hulthe
€nmark, C., 2017. A predation cost to bold ﬁsh in the wild. Sci.
Vinterstare, J., Bro
Rep. 7, 1239. https://doi.org/10.1038/s41598-017-01270-w.
Hunter, R.A., 2010. Hormonal growth promotant use in the Australian beef industry.
Anim. Prod. Sci. 50, 637e659. https://doi.org/10.1071/AN09120.
Jelaso, A.M., Lehigh-Shirey, E., Predenkiewicz, A., Means, J., Ide, C.F., 2002. Aroclor
1254 alters morphology, survival, and gene expression in Xenopus laevis tadpoles. Environ. Mol. Mutagen. 40, 24e35. https://doi.org/10.1002/em.10089.
Johnson, R., 2015. The U.S.-EU Beef Hormone Dispute. Congressional Research
Service. See. http://fas.org/sgp/crs/row/R40449.pdf.
Kaplan, L.A.E., Nabel, M., Van Cleef-Toedt, K., Profﬁtt, A.R., Pylypiw, H.M., 2013.
Impact of benzyl butyl phthalate on shoaling behavior in Fundulus heteroclitus
(mummichog) populations. Mar. Environ. Res. 86, 70e75. https://doi.org/10.
1016/j.marenvres.2013.02.014.
Kemper, N., 2008. Veterinary antibiotics in the aquatic and terrestrial environment.
Ecol. Indic. 8, 1e13. https://doi.org/10.1016/j.ecolind.2007.06.002.
Khetan, S.K., Collins, T.J., 2007. Human pharmaceuticals in the aquatic environment:
a challenge to green chemistry. Chem. Rev. 107, 2319e2364. https://doi.org/10.
1021/cr020441w.
Kolodziej, E.P., Qu, S., Forsgren, K.L., Long, S.A., Gloer, J.B., Jones, G.D., Schlenk, D.,
Baltrusaitis, J., Cwiertny, D.M., 2013. Identiﬁcation and environmental implications of photo-transformation products of trenbolone acetate metabolites.
Environ. Sci. Technol. 47, 5031e5041. https://doi.org/10.1021/es3052069.
Krause, J., Ruxton, G.D., 2002. Living in Groups. Oxford University Press, Oxford.
Larsen, M.G., Baatrup, E., 2010. Functional behavior and reproduction in androgenic
sex reversed zebraﬁsh (Danio rerio). Environ. Toxicol. Chem. 29, 1828e1833.
https://doi.org/10.1002/etc.214.
Lawrence, J.D., Ibarburu, M.A., 2007. In: Proceedings of the NCCC-134 Conference on
Applied Commodity Price Analysis, Forecasting, and Market Risk Management
16 and 17 April 2007, Chicago. www.farmdoc.illinois.edu/nccc134/conf_2007/
pdf/confp05-07.pdf.
Lee, F., Simon, K.S., Perry, G.L.W., 2017. Increasing agricultural land use is associated
with the spread of an invasive ﬁsh (Gambusia afﬁnis). Sci. Total Environ. 586,
1113e1123. https://doi.org/10.1016/j.scitotenv.2017.02.101.
Leet, J.K., Gall, H.E., Sepulveda, M.S., 2011. A review of studies on androgen and
estrogen exposure in ﬁsh early life stages: effects on gene and hormonal control
of sexual differentiation. J. Appl. Toxicol. 31, 379e398. https://doi.org/10.1002/
jat.1682.
Lima, S.L., 1998. Stress and decision-making under the risk of predation: recent
developments from behavioral, reproductive, and ecological perspectives. Adv.
Stud. Behav. 27, 215e290. https://doi.org/10.1016/S0065-3454(08)60366-6.
Little, E.E., Finger, S.E., 1990. Swimming behavior as an indicator of sublethal
toxicity in ﬁsh. Environ. Toxicol. Chem. 9, 13e19. https://doi.org/10.1002/etc.
5620090103.
Lowe, S., Browne, M., Boudjelas, S., De Poorter, M., 2000. 100 of the World's Worst
Invasive Alien Species: a Selection from the Global Invasive Species Database.
Invasive Species Specialist Group, Auckland, New Zealand. Available from:
http://www.issg.org/publications.htm#worst100.
Magellan, K., Barral-Fraga, L., Rovira, M., Srean, P., Urrea, G., García-Berthou, E.,
Guasch, H., 2014. Behavioural and physical effects of arsenic exposure in ﬁsh are
aggravated by aquatic algae. Aquat. Toxicol. 156, 116e124. https://doi.org/10.
1016/j.aquatox.2014.08.006.
Magurran, A.E., Seghers, B.H., 1994a. Sexual conﬂict as a consequence of ecology:
evidence from guppy, Poecilia reticulata, population in Trinidad. Proc. R. Soc.
Lond. B 255, 31e36. https://doi.org/10.1098/rspb.1994.0005.
Magurran, A.E., Seghers, B.H., 1994b. A cost of sexual harassment in the guppy,
Poecilia reticulata. Proc. R. Soc. Lond. B 258, 89e92. https://doi.org/10.1098/rspb.
1994.0147.
Majewski, H.S., Klaverkamp, J.F., Scott, D.P., 1978. Acute lethality, and sub-lethal
effects of acetone, ethanol, and propylene glycol on the cardiovascular and
respiratory systems of rainbow trout (Salmo gairdneri). Water Res. 13, 217e221.
https://doi.org/10.1016/0043-1354(78)90089-1.
Mann, H.B., Whitney, D.R., 1947. On a test of whether one of two random variables is
stochastically larger than the other. Ann. Math. Stat. 18, 50e60. https://doi.org/
10.1214/aoms/1177730491.
Martin, J.M., Saaristo, M., Bertram, M.G., Lewis, P.J., Coggan, T.L., Clarke, B.O.,
Wong, B.B.M., 2017. The psychoactive pollutant ﬂuoxetine compromises antipredator behaviour in ﬁsh. Environ. Pollut. 222, 592e599. https://doi.org/10.
1016/j.envpol.2016.10.010.
Martyniuk, C., Denslow, N., 2012. Exploring androgen-regulated pathways in teleost
ﬁsh using transcriptomics and proteomics. Integr. Comp. Biol. 52, 695e704.
https://doi.org/10.1093/icb/ics072.
McGinnis, M.Y., Marcelli, M., Lamb, D.J., 2002. Consequences of mutations in
androgen receptor genes: molecular biology and behavior. In: Pfaff, D.W. (Ed.),
Hormones, Brain and Behavior. Academic Press, New York, pp. 347e380.
Melvin, S.D., Wilson, S.P., 2013. The utility of behavioral studies for aquatic toxicology testing: a meta-analysis. Chemosphere 93, 2217e2223. https://doi.org/
10.1016/j.chemosphere.2013.07.036.
Melvin, S.D., Petit, M.A., Duvignacq, M.C., Sumpter, J.P., 2017. Towards improved
behavioural testing in aquatic toxicology: acclimation and observation times
are important factors when designing behavioural tests with ﬁsh. Chemosphere
180, 430e436. https://doi.org/10.1016/j.chemosphere.2017.04.058.

Millennium Ecosystem Assessment (MEA), 2005. Ecosystems and Human Wellbeing: Synthesis. Island Press, Washington, DC.
Miracle, A., Ankley, G., Lattier, D., 2006. Expression of two vitellogenin genes (vg1
and vg3) in fathead minnow (Pimephales promelas) liver in response to exposure to steroidal estrogens and androgens. Ecotoxicol. Environ. Saf. 63,
337e342. https://doi.org/10.1016/j.ecoenv.2005.12.002.
Mizukami-Murata, S., Kishi-Kadota, K., Nishida, T., 2015. 17b-trenbolone exposure
programs metabolic dysfunction in larval medaka. Environ. Toxicol. 31,
1539e1551. https://doi.org/10.1002/tox.22158.
Moran, N.P., Mossop, K.D., Thompson, R.M., Wong, B.B.M., 2016. Boldness in extreme
environments: temperament divergence in a desert-dwelling ﬁsh. Anim. Behav.
122, 125e133. https://doi.org/10.1016/j.anbehav.2016.09.024.
Morthorst, J.E., Holbech, H., Bjerregaard, P., 2010. Trenbolone causes irreversible
masculinization of zebraﬁsh at environmentally relevant concentrations. Aquat.
Toxicol. 98, 336e343. https://doi.org/10.1016/j.aquatox.2010.03.008.
Morton, R.M., Beumer, J.P., Pollock, B.R., 1988. Fishes of a subtropical Australian
saltmarsh and their predation upon mosquitoes. Environ. Biol. Fish. 21,
185e194. https://doi.org/10.1007/BF00004862.
Munakata, A., Kobayashi, M., 2010. Endocrine control of sexual behavior in teleost
ﬁsh. Gen. Comp. Endocrinol. 165, 456e468. https://doi.org/10.1016/j.ygcen.
2009.04.011.
Murphy, C.A., Grenouillet, G., García-Berthou, E., 2015. Natural abiotic factors more
than anthropogenic perturbation shape the invasion of Eastern Mosquitoﬁsh
(Gambusia holbrooki). Freshw. Sci. 34, 965e974. https://doi.org/10.1086/681948.
Neumann, F., 1976. Pharmacological and endocrinological studies on anabolic
agents. Environ. Qual. Saf. Suppl. 5, 253e264.
Noggle, J.J., Quinn, B.P., Sepulveda, M.S., Gross, T.S., Smith, J.T., Ruessler, D.S.,
Holm, S.E., 2004. Paper mill process modiﬁcations reduce biological effects on
largemouth bass and Eastern Gambusia. In: Borton, D.L., Hall, T.J., Fisher, R.P.,
Thomas, J.F. (Eds.), Pulp and Paper Mill Efﬂuent Environmental Fate and Effects.
DEStech Publications, Pennsylvania, USA, pp. 14e24.
Olmstead, A.W., Kosian, P.A., Johnson, R., Blackshear, P.E., Haselman, J.T.,
Blanksma, C., Korte, J.J., Holcombe, G.W., Burgess, E., Lindberg-Livingston, A.,
Bennett, B.A., Woodis, K.K., Degitz, S.J., 2012. Trenbolone causes mortality and
altered sexual differentiation in Xenopus tropicalis during larval development.
Environ. Toxicol. Chem. 31, 2391e2398. https://doi.org/10.1002/etc.1965.
€
Orn,
S., Yamani, S., Norrgren, L., 2006. Comparison of vitellogenin induction, sex
ratio, and gonad morphology between zebraﬁsh and Japanese medaka after
exposure to 17a-ethinylestradiol and 17b-trenbolone. Arch. Environ. Contam.
Toxicol. 51, 237e243. https://doi.org/10.1007/s00244-005-0103-y.
Otto, R.G., 1974. The effects of acclimation to cyclic thermal regimes on heat
tolerance of the western mosquitoﬁsh. Trans. Am. Fish. Soc. 103, 331e335.
https://doi.org/10.1577/1548-8659(1974)103%3C331:TEOATC%3E2.0.CO;2.
Pen, L.J., Potter, I.C., 1991. Reproduction, growth and diet of Gambusia holbrooki
(Girard) in a temperate Australian river. Aquat. Conserv. 1, 159e172. https://doi.
org/10.1002/aqc.3270010205.
Peterson, B.N., Foran, C.M., Benson, W.H., 2001. In: Reproductive and Physiological
Effects of Aquatic Exposure to Trenbolone, an Environmental Androgen. Abstracts, 22nd Annual Meeting. Society of Environmental Toxicology and
Chemistry, Baltimore, MD, USA, p. 333. November 11e15.
Pilastro, A., Benetton, S., Bisazza, A., 2003. Female aggregation and male competition reduce costs of sexual harassment in the mosquitoﬁsh Gambusia holbrooki.
Anim. Behav. 65, 1161e1167. https://doi.org/10.1006/anbe.2003.2118.
Pyke, G.H., 2005. A review of the biology of Gambusia afﬁnis and G. holbrooki. Rev.
Fish Biol. Fish. 15, 339e365. https://doi.org/10.1007/s11160-006-6394-x.
Pyke, G.H., 2008. Plague minnow or mosquito ﬁsh? A review of the biology and
impacts of introduced Gambusia species. Annu. Rev. Ecol. Evol. Syst. 39,
171e191. https://doi.org/10.1146/annurev.ecolsys.39.110707.173451.
Qu, S., Kolodziej, E.P., Long, S.A., Gloer, J.B., Patterson, E.V., Baltrusaitis, J., Jones, G.D.,
Benchetler, P.V., Cole, E.A., Kimbrough, K.C., Tarnoff, M.D., Cwiertny, D.M., 2013.
Product-to-parent reversion of trenbolone: unrecognized risks for endocrine
disruption. Science 342, 347e351. https://doi.org/10.1126/science.1243192.
Quinn, G.P., Keough, M.J., 2002. Experimental Design and Data Analysis for Biologists. Cambridge University Press, Cambridge.
R Development Core Team, 2013. R: a Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria.
Reader, S.M., Kendal, J.R., Laland, K.N., 2003. Social learning of foraging sites and
escape routes in wild Trinidadian guppies. Anim. Behav. 66, 729e739. https://
doi.org/10.1006/anbe.2003.2252.
ale, D., Festa-Bianchet, M., 2003. Predator-induced natural selection on temperRe
ament in bighorn ewes. Anim. Behav. 65, 463e470. https://doi.org/10.1006/
anbe. 2003.2100.
ale, D., Reader, S.M., Sol, D., McDougall, P.T., Dingemanse, N.J., 2007. Integrating
Re
animal temperament within ecology and evolution. Biol. Rev. Camb. Philos. Soc.
82, 291e318. https://doi.org/10.1111/j.1469-185X.2007.00010.x.
Rehage, J.S., Sih, A., 2004. Dispersal behavior, boldness, and the link to invasiveness:
a comparison of four Gambusia species. Biol. Invasions 6, 379e391. https://doi.
org/10.1023/B:BINV.0000034618.93140.a5.
Reyhanian, N., Volkova, K., Hallgren, S., Bollner, T., Olsson, P.E., Olsen, H.,
Hallstrom, I.P., 2011. 17alpha-Ethinyl estradiol affects anxiety and shoaling
behavior in adult male zebra ﬁsh (Danio rerio). Aquat. Toxicol. 105, 41e48.
https://doi.org/10.1016/j.aquatox.2011.05.009.
Rogozkin, V.A., 1991. Metabolism of Anabolic Androgenic Steroids. CRC Press, Boca
Raton, US.
Royston, P., 1995. A remark on algorithm AS 181: the W-test for normality. J. R. Stat.

M.G. Bertram et al. / Environmental Pollution 243 (2018) 900e911
Soc. Ser. C Appl. Stat. 44, 547e551. https://doi.org/10.2307/2986146.
Saaristo, M., Tomkins, P., Allinson, M., Allinson, G., Wong, B.B.M., 2013. An androgenic agricultural contaminant impairs female reproductive behaviour in a
freshwater ﬁsh. PLoS One 8, e62782. https://doi.org/10.1371/journal.pone.
0062782.
Saglio, P., Trijasse, S., 1998. Behavioral responses to atrazine and diuron in goldﬁsh.
Arch. Environ. Contam. Toxicol. 35, 484e491. https://doi.org/10.1007/
s002449900406.
Saaristo, M., Brodin, T., Balshine, S., Bertram, M.G., Brooks, B.W., Ehlman, S.M.,
McCallum, E.S., Sih, A., Sundin, J., Wong, B.B.M., Arnold, K.E., 2018. Direct and
indirect effects of chemical contaminants on the behaviour, ecology and evolution of wildlife. Proc. R. Soc. B 285, 20181297. https://doi.org/10.1098/
rspb.2018.1297.
S
arria, M.P., Soares, J., Vieria, M.N., Castro, L.P.C., Santos, M.M., Monteiro, N.M., 2011.
Rapid-behaviour responses as a reliable indicator of estrogenic chemical
toxicity in zebraﬁsh juveniles. Chemosphere 85, 1543e1547. https://doi.org/10.
1016/j.chemosphere.2011.07.048.
Schiffer, B., Daxenberger, A., Meyer, K., Meyer, H.H.D., 2001. The fate of trenbolone
acetate and melengestrol acetate after application as growth promotors in
cattle: environmental studies. Environ. Health Perspect. 109, 1145e1151. https://
doi.org/10.2307/3454862.
Schultz, M.M., Painter, M.M., Bartell, S.E., Logue, A., Furlong, E.T., Werner, S.L.,
Schoenfuss, H.L., 2011. Selective uptake and biological consequences of environmentally relevant antidepressant pharmaceutical exposures on male
fathead minnows. Aquat. Toxicol. 104, 38e47. https://doi.org/10.1016/j.aquatox.
2011.03.011.
Seki, M., Fujishima, S., Nozaka, T., Maeda, M., Kobayashi, K., 2006. Comparison of
response to 17beta-estradiol and 17beta-trenbolone among three small ﬁsh
species. Environ. Toxicol. Chem. 25, 2742e2752. https://doi.org/10.1897/05647R.1.
Sih, A., 1980. Optimal behavior: can foragers balance two conﬂicting demands?
Science 210, 1041e1043. https://doi.org/10.1126/science.210.4473.1041.
Sih, A., Bell, A., Johnson, J.C., 2004. Behavioral syndromes: an ecological and
evolutionary overview. Trends Ecol. Evol. 19, 372e378. https://doi.org/10.1016/j.
tree.2004.04.009.
Smith, B.R., Blumstein, D.T., 2008. Fitness consequences of personality: a metaanalysis. Behav. Ecol. 19, 448e455. https://doi.org/10.1093/beheco/arm144.
Sone, K., Hinago, M., Itamoto, M., Katsu, Y., Watanabe, H., Urushitani, H., Tooi, O.,
Guillette Jr., L.J., Iguchi, T., 2005. Effects of an androgenic growth promoter 17btrenbolone on masculinization of mosquitoﬁsh (Gambusia afﬁnis). Gen. Comp.
Endocrinol. 143, 151e160. https://doi.org/10.1016/j.ygcen.2005.03.007.
Stacey, N.E., Kobayashi, M., 1996. Androgen induction of male sexual behaviors in
female goldﬁsh. Horm. Behav. 30, 434e445. https://doi.org/10.1006/hbeh.1996.
0048.
Stanley, D.A., Russell, A.L., Morrison, S.J., Rogers, C., Raine, N.E., 2016. Investigating
the impacts of ﬁeld-realistic exposure to a neonicotinoid pesticide on
bumblebee foraging, homing ability and colony growth. J. Appl. Ecol. 53,
1440e1449. https://doi.org/10.1111/1365-2664.12689.
Staub, N.L., de Beer, M., 1997. The role of androgens in female vertebrates. Gen.
Comp. Endocrinol. 108, 1e24. https://doi.org/10.1006/gcen.1997.6962.
Tomkins, P., Saaristo, M., Allinson, M., Wong, B.B.M., 2016. Exposure to an agricultural contaminant, 17b-trenbolone, impacts female mate choice in a freshwater
ﬁsh. Aquat. Toxicol. 170, 365e370. https://doi.org/10.1016/j.aquatox.2015.09.
019.
Tomkins, P., Saaristo, M., Bertram, M.G., Tomkins, R.B., Allinson, M., Wong, B.B.M.,
2017. The agricultural contaminant 17b-trenbolone disrupts male-male

911

competition in the guppy (Poecilia reticulata). Chemosphere 187, 286e293.
https://doi.org/10.1016/j.chemosphere.2017.08.125.
Tomkins, P., Saaristo, M., Bertram, M.G., Michelangeli, M., Tomkins, R.B.,
Wong, B.B.M., 2018. An endocrine-disrupting agricultural contaminant impacts
sequential female mate choice in ﬁsh. Environ. Pollut. 237, 103e110. https://doi.
org/10.1016/j.envpol.2018.02.046.
Topp, E., Monteiro, S.C., Beck, A., Coelho, B.B., Boxall, A.B.A., Duenk, P.W.,
Kleywegt, S., Lapen, D.R., Payne, M., Sabourin, L., Li, H., Metcalfe, C.D., 2008.
Runoff of pharmaceuticals and personal care products following application of
biosolids to an agricultural ﬁeld. Sci. Total Environ. 396, 52e59. https://doi.org/
10.1016/j.scitotenv.2008.02.011.
United States Department of Agriculture, A.a.P.H.I.S, 2000. Implant usage by U.S.
feedlot. In: Info Sheet. Veterinary Services.
Ward, A.J.W., Thomas, P., Hart, P.J.B., Krause, J., 2004. Correlates of boldness in threespined sticklebacks (Gasterosteus aculeatus). Behav. Ecol. Sociobiol. 55,
561e568. https://doi.org/10.1007/s00265-003-0751-8.
Ward, A.J.W., Duff, A.J., Horsfall, J.S., Currie, S., 2008. Scents and scents-ability:
pollution disrupts chemical social recognition and shoaling in ﬁsh. Proc. R.
Soc. Lond. B Biol. Sci. 275, 101e105. https://doi.org/10.1098/rspb.2007.1283.
Ward, A.J.W., 2012. Social facilitation of exploration in mosquitoﬁsh (Gambusia
holbrooki). Behav. Ecol. Sociobiol. 66, 223e230. https://doi.org/10.1007/s00265011-1270-7.
Ward, J.L., Cox, M.K., Schoenfuss, H., 2017. Thermal modulation of anthropogenic
estrogen exposure on a freshwater ﬁsh at two life stages. Horm. Behav. 94,
21e32. https://doi.org/10.1016/j.yhbeh.2017.05.015.
Weis, J.S., Candelmo, A., 2012. Pollutants and ﬁsh predator/prey behavior: a review
of laboratory and ﬁeld approaches. Curr. Zool. 58, 9e20. https://doi.org/10.1093/
czoolo/58.1.9.
Werner, E.E., Anholt, B.R., 1993. Ecological consequences of the trade-off between
growth and mortality rates mediated by foraging activity. Am. Nat. 142,
242e272. https://doi.org/10.1086/285537.
Wilson, D.S., Clark, A.B., Coleman, K., Dearstyne, T., 1994. Shyness and boldness in
humans and other animals. Trends Ecol. Evol. 9, 442e446. https://doi.org/10.
1016/0169-5347(94)90134-1.
Wilson, A.D.M., Godin, J.G.J., Ward, A.J.W., 2010. Boldness and reproductive ﬁtness
correlates in the eastern mosquitoﬁsh, Gambusia holbrooki. Ethology 116,
96e104. https://doi.org/10.1111/j.1439-0310.2009.01719.x.
Wilson, V.S., Lambright, C., Ostby, J., Gray Jr., L.E., 2002. In vitro and in vivo effects of
17b-trenbolone: a feedlot efﬂuent contaminant. Toxicol. Sci. 70, 202e211.
https://doi.org/10.1093/toxsci/70.2.202.
Wong, B.B.M., Candolin, U., 2015. Behavioral responses to changing environments.
Behav. Ecol. 26, 665e673. https://doi.org/10.1093/beheco/aru183.
Woodward, G., 2009. Biodiversity, ecosystem functioning and food webs in fresh
waters: assembling the jigsaw puzzle. Freshw. Biol. 54, 2171e2187. https://doi.
org/10.1111/j.1365-2427.2008.02081.x.
Yokoto, H., Seki, M., Maeda, M., Oshima, Y., Tadokora, H., Honjo, T., Kobayashi, K.,
2001. Life-cycle toxicity of 4-nonyphenol to medaka (Oryzias latipes). Environ.
Toxicol. Chem. 20, 2552e2560. https://doi.org/10.1002/etc.5620201122.
Zala, S.M., Penn, D.J., 2004. Abnormal behaviours induced by chemical pollution: a
review of the evidence and new challenges. Anim. Behav. 68, 649e664. https://
doi.org/10.1016/j.anbehav.2004.01.005.
Zhang, X., Hecker, M., Park, J.W., Tompsett, A.R., Newsted, J., Nakayama, K.,
Jones, P.D., Au, D., Kong, R., Wu, R.S., Giesy, J.P., 2008. Real-time PCR array to
study effects of chemicals on the Hypothalamic-Pituitary-Gonadal axis of the
Japanese medaka. Aquat. Toxicol. 88, 173e182. https://doi.org/10.1016/j.
aquatox.2008.04.009.

