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A B S T R A C T   

Endocrine-disrupting chemicals—compounds that directly interfere with the endocrine system of exposed ani-
mals—are insidious environmental pollutants that can disrupt hormone function, even at very low concentra-
tions. The dramatic impacts that some endocrine-disrupting chemicals can have on the reproductive 
development of wildlife are well documented. However, the potential of endocrine-disrupting chemicals to 
disrupt animal behaviour has received far less attention, despite the important links between behavioural pro-
cesses and population-level fitness. Accordingly, we investigated the impacts of 14 and 21-day exposure to two 
environmentally realistic levels of 17β-trenbolone (4.6 and 11.2 ng/L), a potent endocrine-disrupting steroid and 
agricultural pollutant, on growth and behaviour in tadpoles of an anuran amphibian, the southern brown tree 
frog (Litoria ewingii). We found that 17β-trenbolone altered morphology, baseline activity and responses to a 
predatory threat, but did not affect anxiety-like behaviours in a scototaxis assay. Specifically, we found that 
tadpoles exposed to our high-17β-trenbolone treatment were significantly longer and heavier at 14 and 21 days. 
We also found that tadpoles exposed to 17β-trenbolone showed higher levels of baseline activity, and signifi-
cantly reduced their activity following a simulated predator strike. These results provide insights into the wider 
repercussions of agricultural pollutants on key developmental and behavioural traits in aquatic species, and 
demonstrate the importance of behavioural studies in the ecotoxicological field.   

1. Introduction 

Amphibians are currently the most threatened vertebrate class on 
Earth, with 41% of species now at risk of extinction (IUCN, 2022). A 
myriad of threats have been implicated in amphibian population de-
clines, including climate change, disease, and invasive species (Hayes 
et al., 2010; Olson et al., 2013; Warren et al., 2013). Anthropogenic 
change appears to be impacting amphibians disproportionately relative 
to other vertebrate taxa, with habitat alteration and loss being identified 
as a principal driver of amphibian declines, threatening ~46% of species 
(Stuart et al., 2004; Womack et al., 2022). 

Chemical pollution has also been acknowledged as a major driver of 
amphibian declines (Egea-Serrano et al., 2012; Orton and Tyler, 2015; 

Womack et al., 2022). Many amphibian species are particularly 
vulnerable to water-borne chemical pollutants due to various physical 
and life-history traits, such as permeable skin, aquatic egg and larval 
life-stages, and a propensity to inhabit and breed in areas that receive 
contaminated water or areas where chemicals are intentionally applied 
(Bókony et al., 2020; Brand and Snodgrass, 2010; Hazell et al., 2001; 
Orton and Tyler, 2015; Sievers et al., 2018a). One class of chemical 
pollutants that are of particular concern are endocrine-disrupting 
chemicals (EDCs; Orton and Tyler, 2015). These chemicals have the 
capacity to interfere with natural hormonal functioning at extremely 
low concentrations (i.e. ng/L), and can alter reproduction, development 
and behaviour in exposed individuals (Ankley et al., 2018; Gore et al., 
2015). 
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A major pathway of EDCs into the environment is through the use of 
hormonal growth promotants (HGPs) in the agricultural industry, which 
are designed to increase the muscle mass of cattle (Ankley et al., 2018; 
Neumann, 1976). Not all of the chemicals used in HGPs are metabolised 
by the cattle, and are therefore excreted into the environment through 
faeces or urine, either unchanged or as a biologically active metabolite 
(Blackwell et al., 2014). Trenbolone acetate is one of the most 
commonly used HGPs worldwide, with a potency 15–50 times that of 
testosterone (Neumann, 1976). Following administration via subcu-
taneous injection, trenbolone acetate is hydrolysed into various me-
tabolites that bind to androgen receptors, resulting in the desired 
increase in muscle mass (Neumann, 1976; Wilson et al., 2002). 
17β-trenbolone is the most biologically active of these metabolites, and 
has been repeatedly detected in aquatic environments impacted by 
agricultural operations (reviewed in Ankley et al., 2018). Environmen-
tally measured concentrations of 17β-trenbolone range from <1–270 
ng/L in feedlot discharge (Bartelt-Hunt et al., 2012; Durhan et al., 2006; 
Khan et al., 2009; Parker et al., 2012; Schiffer et al., 2001; Soto et al., 
2004; Webster et al., 2012), 3–162 ng/L in runoff from tile drains (Gall 
et al., 2011), and <1–8 ng/L in rivers upstream and downstream of 
agricultural operations (Durhan et al., 2006; Soto et al., 2004). Further 
compounding the threat posed by this pollutant, 17β-trenbolone has an 
extensive half-life (~260 days) and is rapidly taken up by aquatic or-
ganisms (Schiffer et al., 2001; Schultz et al., 2013). Various sub-lethal 
effects of exposure to 17β-trenbolone have been reported, including 
altered morphology (e.g. increased growth), male-skewed sex ratios, 
impacts on fecundity, and gonadal abnormalities (reviewed in Ankley 
et al., 2018). In addition, recent studies have reported effects of 
17β-trenbolone on key behaviours in fish, such as activity, boldness, 
antipredator responses, foraging, sociality, and sexual behaviours 
(Bertram et al., 2020, 2019, M.G. 2018a, M.G. 2018b; Heintz et al., 
2015; Lagesson et al., 2019; Tan et al., 2021; Tomkins et al., 2018). 

However, in contrast to what we know from studies of fish, there has 
been far less research investigating the potential impacts of 17β-tren-
bolone exposure on amphibians, with only a handful of studies being 
conducted thus far (Ankley et al., 2018). This scarcity of data is sur-
prising given that EDCs have been linked to amphibian population de-
clines (Orton and Tyler, 2015). Further, amphibians are at high risk of 
exposure, due to inhabitation of areas where 17β-trenbolone is likely to 
enter the environment (i.e. water bodies in close proximity to agricul-
tural areas) and the aquatic development of early-life stages (Babbitt and 
Tanner, 2000; Hazell et al., 2001; Melvin et al., 2018). Current research 
has indicated that 17β-trenbolone can impact amphibian survival and 
sexual development (Haselman et al., 2016; Li et al., 2015; Olmstead 
et al., 2012; Rozenblut-Kościsty et al., 2019). However, many of these 
studies use concentrations of 17β-trenbolone that far exceed those found 
naturally in the environment. In order to accurately identify the threats 
posed by chemical pollutants, such as 17β-trenbolone, the environ-
mental realism of ecotoxicological studies must be increased, including 
through the use of environmentally relevant concentrations of exposure 
chemicals (Ågerstrand et al., 2011; Bertram et al., 2022; Rudén et al., 
2017). Further, despite the important role of behaviour in an organism’s 
ability to adapt to environmental changes (Wong and Candolin, 2015), 
to our knowledge, research addressing potential effects of 17β-trenbo-
lone exposure on amphibian behaviour is limited to just two studies 
(Martin et al., 2022; Orford et al., 2022). 

Accordingly, we tested the effects of 14- and 21-day exposure to 
environmentally realistic concentrations of 17β-trenbolone during 
early-life development on antipredator and anxiety-like behaviours, as 
well as growth, in tadpoles of an Australian anuran amphibian, the 
southern brown tree frog (Litoria ewingii). To our knowledge, this is the 
first study to look at the effects of environmentally realistic levels of 
trenbolone on amphibian growth during early life stages, and the first to 
look at potential impacts on this species. The 17β-trenbolone concen-
trations used in this study (nominal concentrations: 10 and 50 ng/L) 
represent concentrations detected in environments exposed to run-off 

from agricultural operations and in highly polluted sites located 
directly on agricultural land, respectively (Durhan et al., 2006; Gall 
et al., 2011). Based on effects observed in other aquatic vertebrates (e.g. 
Ankley et al., 2003; M.G. Bertram et al., 2018b; Heintz et al., 2015; 
Hemmer et al., 2008; Lagesson et al., 2019), we hypothesised that 
exposure to 17β-trenbolone would increase growth rates (resulting in 
larger tadpoles), and decrease antipredator and anxiety-like behaviours. 

2. Material and methods 

2.1. Animal collection 

Thirty-six partial egg masses of the southern brown tree frog were 
collected from six different populations in Tasmania, Australia (i.e. six 
partial egg masses per population; see Table S1 for site list and co-
ordinates). Egg masses were collected from these locations because the 
use of hormonal growth promotants are not permitted for use in Tas-
mania (Hunter, 2010), and egg masses were collected from pristine 
environments (i.e. no agricultural operations were nearby), thus 
ensuring that our study population had no prior exposure to 17β-tren-
bolone. Egg masses were transported to Monash University where they 
were held separately in containers (16 × 11 × 5 cm; length × width ×
height) filled with aged carbon-filtered fresh water in an incubator that 
maintained the temperature to 12.0 ± 0.1 ◦C (mean ± SD) and had a 
12:12 h light:dark regime. Tadpoles were housed in these conditions for 
approximately 4 months. During this time, 75% water changes were 
conducted once a week using carbon-filtered water. This 4-month 
maintenance period with frequent water changes, allowed for the dep-
uration of any potential pollution load from the collection site. 

2.2. Experimental exposure 

Upon reaching Gosner stage 25 (Gosner, 1960), tadpoles from each 
egg mass were randomly distributed to individual tanks in one of three 
exposure treatments for 21 days: a freshwater control treatment (here-
after referred to as control; n = 63), a low-17β-trenbolone treatment (n 
= 64; nominal concentration: 10 ng/L) or a high-17β-trenbolone treat-
ment (n = 63; nominal concentration: 50 ng/L), with morphological and 
behavioural measurements occurring after 14 and 21 days. These time 
points were chosen as previous research has shown that 17β-trenbolone 
exposures of this duration are sufficient to induce behavioural and 
morphological changes in fish, including effects on mass, anal fins, and 
foraging and anxiety-like behaviour (e.g. Ankley et al., 2003; M.G. 
Bertram et al., 2018b; Heintz et al., 2015; Lagesson et al., 2019; Sone 
et al., 2005; Tan et al., 2021). Introduction to the exposure system was 
done in batches staggered over a 5-day period (i.e. 15 tadpoles were 
introduced to each treatment on each of the first 4 days, and on day 5, 3 
tadpoles were introduced to the control treatment, 4 to the low-17-
β-trenbolone treatment, and 3 to the high-17β-trenbolone treatment). 
On the day prior to being introduced to the exposure system, tadpoles 
were moved from the incubator to a room that maintained the air 
temperature at 19.4 ± 0.1 ◦C, in order to acclimate them to the exposure 
room temperature. The difference in temperature between pre-exposure 
housing and the exposure itself was due to the egg masses being 
collected during winter, with the pre-exposure temperature of 12 ◦C 
chosen to reflect environmental temperatures during that particular 
period. When the exposure took place, it was during the spring/summer 
time, and the increase in temperature to 19 ◦C reflected the seasonal 
increase in temperature. Both temperatures are environmentally real-
istic, and were applied evenly across all tadpoles and treatments. When 
distributing tadpoles to the three experimental treatments, the number 
of tadpoles from each population and egg mass was approximately 
balanced across treatments in order to avoid clutch effects (Gibbons and 
George, 2013). Due to the staggered introduction, tadpole age at the 
beginning of the exposure, and subsequently when they underwent 
behavioural and morphological assays at 14 and 21 days, varied by 1–5 
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days. Experimental batch (i.e. the day they were introduced to the 
exposure) was therefore included in statistical models to control for any 
potential effects on morphology or behaviour this variation may have 
introduced (Orford et al., 2022; Touchon et al., 2013; see statistical 
analysis below). During the exposure, tadpoles were held individually in 
glass tanks (diameter = 11.5 cm, height = 22.6 cm) in 400 mL aged 
carbon-filtered fresh water, and 120-mL water changes using aged 
carbon-filtered fresh water were performed weekly. Tadpoles were fed 
commercial fish food (Sera Flora Tropical Vegetable Flakes, Heinsberg, 
Germany) three times a week. At the beginning of the exposure, all low- 
and high-17β-trenbolone tanks received an initial dose of 0.004 μg or 
0.04 μg of 17β-trenbolone (CAS: 10161-33-8; Novachem, Germany) 
dissolved in 1 mL of ethanol (HPLC grade, ≥ 99.99%), respectively. As a 
solvent control, all tanks in the control treatment received an initial 
1-mL dose of ethanol (Tomkins et al., 2016). Based on the results of a 
7-day pilot, all low- and high-17β-trenbolone tanks were re-dosed once a 
week with 0.0024 μg or 0.012 μg of 17β-trenbolone dissolved in 1 mL of 
ethanol, respectively, in order to maintain 17β-trenbolone concentra-
tions (see Table S2 for full pilot results). Control tanks were re-dosed 
with 1 mL of ethanol. 

In order to monitor 17β-trenbolone concentrations in the low- and 
high-17β-trenbolone treatments, and to ensure there were no contami-
nations in the control treatment, weekly water samples (25 mL) were 
taken. In the low- and high-17β-trenbolone treatments, six tanks were 
tested per treatment per week (n = 18 per treatment over the three-week 
exposure period). In the control treatment, two tanks were tested per 
week (n = 6 over the three-week exposure period). Due to the staggered 
introduction to the exposure, the day (i.e. Monday/Tuesday/Wednesday 
etc.) that the water sampling occurred on differed between experimental 
batches, but the amount of time between dosing and sampling was equal 
across all tanks and treatments. The concentration of 17β-trenbolone 
was measured using liquid chromatography–tandem mass spectrometry 
(Shimadzu 8050 LCMSMS), performed by Envirolab Services (MPL 
Laboratories; NATA accreditation: 2901; accredited for compliance with 
ISO/IEC: 17025), with a quantification limit of 5 ng/L. The mean 
measured concentrations (± SD) for the low- and high-17β-trenbolone 
treatments during the 21-day exposure were 4.6 ± 3.44 ng/L and 11.2 
± 2.62 ng/L, respectively. For a detailed description of the analytical 
procedure, see supplementary material. 

In addition to water samples, water temperature (19.0 ± 0.2 ◦C, 
mean ± SD; n = 144) and pH (7.41 ± 0.2, mean ± SD; n = 144) were 
recorded four times per week in order to ensure consistent conditions 
across tanks (see Table S3 for treatment summaries). Tadpole survival at 
14 and 21 days did not differ between treatments (quasi-binomial lo-
gistic regression: χ2 = 0.23, p = 0.890 and χ2 = 0.977, p = 0.613, 
respectively; see Table S4 for sample size summaries). 

2.3. Behavioural assays 

In order to investigate any potential effects of 17β-trenbolone 
exposure on anti-predator and anxiety-like behaviours, tadpoles un-
derwent two separate behavioural assays: a simulated predator strike 
assay conducted after 14 days of exposure, and a scototaxis assay con-
ducted after 21 days of exposure (both detailed below). Immediately 
following completion of the simulated predator strike assay, tadpoles 
were returned to their respective exposure treatment tanks until they 
underwent the scototaxis assay. All trials and subsequent scoring were 
performed blind to treatment. All trials were video-recorded from above 
(100 frames per second; Sony FDR-AX33). Trial tanks were emptied and 
dried between trials in order to prevent residual conspecific cues. 

After 14 days of exposure to experimental treatments, tadpoles 
(control n = 25; low-17β-trenbolone n = 28; high-17β-trenbolone n =
27) underwent a simulated predator strike assay adapted from previ-
ously established protocols (Martin et al., 2017). Briefly, trials took 
place in an observation tank (12 × 12 × 5 cm) filled with aged 
carbon-filtered fresh water to a depth of 3 cm (18.7 ± 0.1 ◦C). This water 

depth was chosen in order to limit vertical movement of the tadpoles, 
allowing for more accurate tracking of escape behaviour (Langerhans 
et al., 2004; Martin et al., 2017). Tadpoles were acclimated for 5 min in 
the observation tank. Tadpole activity (i.e. distance covered) prior to the 
simulated predatory strike was then recorded for 5 min, after which a 
metal probe with a rubber stopper (5 mm in diameter) was dropped into 
the tank to elicit an escape response. An automatic lever system was 
used to ensure uniform dropping of the probe. Tadpole activity after the 
strike was then recorded for a further 5 min, after which the trial was 
complete. Tadpole activity, i.e. the distance covered (cm) in the 5 min 
pre- and post-strike periods, was extracted by tracking tadpole move-
ment at one-second intervals (i.e. every 100 frames). Tadpole escape 
response distance (cm) was extracted by tracking tadpole movement at 
0.01-second intervals (i.e. every frame) over one second, starting from 
when the metal probe hit the surface of the water. All data for this assay 
were extracted using a point of mass tracking software (Tracker V8; 
Open Source Physics, USA). 

After 21 days of exposure to experimental treatments, tadpoles 
(control n = 22; low-17β-trenbolone n = 20; high-17β-trenbolone n =
25) were then tested in a scototaxis assay following the protocols of 
Maximino et al. (2010). Scototaxis, a preference for dark over light 
environments, is a behavioural trait exhibited by many aquatic species 
(Gouveia Jr et al., 2005; Martin et al., 2020; Maximino et al., 2007; 
Serra et al., 1999). Behaviour in scototaxis trials reflects a conflict be-
tween the preference of an animal for protected areas (i.e. the dark zone) 
and exploratory behaviour (i.e. the light zone), and scototaxis assays are 
therefore often used to measure anxiety or fear-like behaviour (Cohen 
and Putts, 2013; Herculano et al., 2015; Maximino et al., 2010). Trials 
took place in observation tanks (25 × 15 × 15 cm) filled with aged 
carbon-filtered fresh water to a depth of 5 cm (18.9 ± 0.2 ◦C). The tank 
was divided in half into a white and black zone (where lighting was 
consistent across both zones but colour varied), using either white or 
black opaque film applied to the outside of the tank. At the start of the 
trial, tadpoles were placed in an acclimation chamber (12-cm diameter), 
positioned in the centre of the tank, for 5 min. The acclimation chamber 
was then remotely removed using a pulley system to minimise distur-
bance, and tadpoles were allowed to freely explore the tank for 15 min 
after which the trial was complete. From the resulting videos, behav-
iours were scored using the key logging software BORIS (Friard and 
Gamba, 2016). Specifically, the following behaviours were recorded: (1) 
latency to transition into the white zone (seconds); (2) total number of 
transitions between zones; and (3) total time spent in the white zone 
(seconds). 

2.4. Morphological measurements 

Immediately prior to being introduced to exposure treatments (i.e. 
pre-exposure), morphological measurements were taken for all tadpoles. 
Specifically, tadpoles were laterally photographed (Nikon DSLR D80) 
for measures of total length (± 0.01 mm), extracted using ImageJ soft-
ware (Schneider et al., 2012). Tadpoles were then blotted dry and 
weighed (± 0.0001 g; XS105 Analytical Balance, Mettler Toledo, Mel-
bourne, Australia). The same morphological measurements were then 
taken at two further timepoints: after 14 days of exposure (i.e. imme-
diately following the simulated predator strike assay), and after 21 days 
of exposure (i.e. immediately following the scototaxis assay). As a proxy 
for body condition, a scaled mass index (SMI) was calculated for all 
tadpoles (sensu Peig and Green, 2009). Specifically, we performed a 
standard major axis regression on the log of body mass (M; mg) and total 
length of tadpoles (L; cm), and calculated a beta coefficient (β) which 
was then used to obtain the SMI for each tadpole (Peig and Green, 2009). 

2.5. Statistical analyses 

Statistical analyses were conducted using R version 4.1.1 (R Core 
Team, 2023). Where appropriate, data were transformed to approximate 
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Gaussian error distributions and continuous predictors were scaled to 
aid model fitting. Models were selected using Akaike’s Information 
Criterion (AIC; see Tables S5–15 for final models). F-tests (for linear 
mixed-effects models; lme4 package; Bates et al., 2015) and Wald’s χ2 

tests (for cox proportional hazards mixed-effect models; coxme package; 
Therneau, 2022) with Kenward-Roger Degrees of Freedom Approxima-
tion were used to calculate p-values of fixed effects (type-III tests were 
used where interaction terms were included in models, if no interaction 
terms were included type-II tests were used). Where significant main 
effects were detected, pair-wise comparisons using Tukey’s p-adjust-
ments were performed (where this was not appropriate, Sidak’s p-ad-
justments were used instead; emmeans package; Lenth et al., 2022). 

Morphological data (total length, mass and body condition) were 
analysed using linear mixed-effects (LME) models. All models included 
exposure treatment (control, low-17β-trenbolone, high-17β-trenbolone) 
and exposure timepoint (i.e. days 0, 14 and 21 of the exposure), and an 
interaction between the two, as fixed effects. In addition, individual ID 
and experimental batch (i.e. the day an individual was introduced to the 
exposure system) were included as random intercepts. 

Data from the simulated predator strike assay (tadpole activity and 
escape response distance) were analysed using LME models. For both 
endpoints, global models included exposure treatment (control, low- 
17β-trenbolone, or high-17β-trenbolone), tadpole mass (mg), time of 
day, trial tank (i.e. which tank the trial took place in), and trial tank 
temperature as fixed effects. Experimental batch was included as a 
random intercept. For tadpole activity, strike period (i.e. pre-strike and 
post-strike), as well as an interaction between treatment and strike 
period, were also included as fixed effects, and individual ID as a random 
intercept. For escape response, the distance between the tadpole and the 
striker when it hit the surface of the water was included as a fixed effect. 

Data from the scototaxis assay (latency to transition into the white 
zone, number of transitions between zones, and total time spent in white 
zone) were analysed using LME models. For all measured endpoints, 
global models included exposure treatment (control, low-17β-trenbo-
lone, or high-17β-trenbolone), tadpole mass (mg), time of day, trial tank, 
and trial tank temperature as fixed effects. For the number of transitions 
between zones and total time spent in the white zone data, the zone that 
a tadpole initially entered after being released from the acclimation 
chamber (white or black) was also included as a fixed effect. Experi-
mental batch was included as a random intercept for all endpoints. For 
latency to transition into the white zone, a Cox Proportional Hazards 
mixed-effects survival analysis was used. 

3. Results 

3.1. Analytical verification of 17β-trenbolone concentrations 

To account for left-censoring of 17β-trenbolone due to the method 
detection limit (MDL: 5 ng/L), all trenbolone samples that fell below the 
MDL (low-17β-trenbolone n = 12; high-17β-trenbolone n = 8) were 
included in the analysis as the MDL divided by 2, following Antweiler 
and Taylor (2015). The mean measured concentrations (± SD) for the 
low- and high-17β-trenbolone treatments during the 21-day exposure 
were 4.6 ± 3.44 ng/L and 11.2 ± 2.62 ng/L, respectively (see Table S16 
for a full list of 17β-trenbolone concentration results). 

3.2. Simulated predator strike assay 

The best supported model included a marginally non-significant 
interaction between 17β-trenbolone treatment and the strike period (i. 
e., pre- or post-strike) on tadpole activity (i.e. distance moved) during 
the simulated predator strike assay (F2,77 = 2.72, p = 0.072). Specif-
ically, we found that the distance moved by tadpoles prior to the 
simulated predator strike (i.e. the baseline activity of tadpoles) was 
significantly greater in those exposed to low- and high-17β-trenbolone 
concentrations compared to tadpoles from the control treatment (t =

–3.45, df = 101.0, p = 0.007; t = –3.77, df = 98.5, p = 0.003, respec-
tively; Fig. 1). However, tadpoles exposed to low- and high-17β-tren-
bolone concentrations did not differ significantly in their baseline 
activity levels prior to the simulated predator strike (t = –0.56 df = 98.6, 
p = 0.999; Fig. 1). 

Following the simulated predator strike, the distance moved by 
tadpoles from the control treatment was not significantly different from 
that prior to the strike (t = 0.68, df = 77.0, p = 0.998; Fig. 1). However, 
the distance moved by tadpoles exposed to both low- and high-17β- 
trenbolone concentrations was significantly reduced following the 
simulated predator strike (t = 4.02, df = 77.0, p = 0.001; t = 3.07, df =
77.0, p = 0.026, respectively; Fig. 1), and was not significantly different 
from that of control tadpoles (t = –1.59, df = 101.0, p = 0.669; t = –2.49, 
df = 98.5, p = 0.123, respectively; Fig. 1). That is, exposed tadpoles 
moved significantly less after the simulated strike whereas unexposed 
tadpoles did not alter their activity. 

The best supported model indicated that there was no significant 
effect of treatment on escape response distance (F2,69.7 = 2.52, p =
0.088; Fig. S1). There was, however, a significant effect of distance 
between a tadpole and the striker on escape response (F1,71.7 = 23.0, p <
0.001; Fig. S2), with tadpoles that were closer to the striker when it hit 
the water’s surface moving further during the escape response. There 
was also a marginally non-significant effect of mass on escape response 
(F1,9.0 = 4.76, p = 0.057; Fig. S3), with heavier tadpoles moving greater 
distances. 

3.3. Scototaxis assay 

The best supported model indicated that there was no significant 
effect of 17β-trenbolone treatment on the time taken for tadpoles to 
enter the white zone (χ2 = 4.04, p = 0.133; Fig. S4), nor on the number 
of transitions between zones in the scototaxis assay (F2,48.6 = 0.97, p =
0.386; Fig. S5). There were no significant impacts of any other fixed 
effects on either endpoint (see Tables S8 and S9). 

Overall, tadpoles spent more time in the white zone (741.93 secs ±
175.83; mean ± SD) than the black zone (156.05 secs ± 176.32); 

Fig. 1. Total distance moved (cm) by tadpoles prior to the simulated predator 
strike (lighter coloured boxes on the left for each treatment) and post-simulated 
predator strike (darker coloured boxes on the right for each treatment), for the 
control (blue; n = 25), low-17β-trenbolone (yellow; n = 28), and high-17β- 
trenbolone (red; n = 27) treatments. Treatment groups that do not share upper 
case letters are significantly different (p < 0.05). 

J.T. Orford et al.                                                                                                                                                                                                                                



Aquatic Toxicology 260 (2023) 106577

5

however, this did not differ amongst 17β-trenbolone treatments (F2,50.8 
= 1.72, p = 0.190; Fig. S6). The total time tadpoles spent in the white 
zone was, however, significantly impacted by what zone the tadpole 
initially entered after being released from the acclimation chamber 
(F1,51.5 = 11.56, p = 0.001; Fig. S7). That is, tadpoles that immediately 
entered the white zone subsequently spent more time in that zone than 
tadpoles that immediately entered the black zone. 

3.4. Morphology 

When investigating the effect of 17β-trenbolone treatment on 
morphology, the best supported models indicated a marginally non- 
significant interaction between exposure treatment and exposure time-
point (i.e. days 0, 14 and 21 of the exposure) on total length (F2,145.6 =

2.90, p = 0.058), and a significant interaction between exposure treat-
ment and exposure timepoint for mass (F2,146.5 = 3.99, p = 0.021). 
Pairwise comparisons of the slope of the relationship between mass and 
time and length and time revealed that tadpoles in the high-17β-tren-
bolone treatment showed a slightly greater increase in their total length 
and mass over time (i.e. tadpole growth rate; Table 1, Figs. 2a and 3a, 
respectively) compared to tadpoles in the control treatment. There were 
no significant differences in how either total length or mass changed 
over time between tadpoles in the control and low-17β-trenbolone 
treatments, or between tadpoles in the low- and high-17β-trenbolone 
treatments (Table 1). 

With the interactions between treatment and exposure timepoint in 
mind, the difference in length and mass between treatments was 
compared at 14 and 21 days (i.e. model comparison-centred at 14 and 21 
days). We also confirmed there were no treatment differences in the 
total length or mass of tadpoles pre-exposure (i.e. experimental day 0; 
see Tables S12 and S14, Figs. 2b and 3b). At both 14 and 21 days, there 
was a significant difference in the total length (Table 1, Fig. 2b) and 
mass (Table 1, Fig. 3b) of tadpoles in the control and high-17β-trenbo-
lone treatments. However, there were no differences in either total 

length or mass between the control and low-17β-trenbolone treatments 
at both 14 and 21 days (Table 1). There was also no significant differ-
ence in either total length or mass between the low- and high-17β- 
trenbolone treatments at 14 days (Table 1). However, there was a sig-
nificant difference between the low- and high-17β-trenbolone treat-
ments at 21 days for both total length (Table 1, Fig. 2b) and mass 
(Table 1, Fig. 3b). 

For body condition, there was no significant effect of treatment 
(F2,195.4 = 1.29, p = 0.279; see Fig. S8), nor was there an interaction 
between 17β-treatment and exposure timepoint (F2,149.2 = 1.51, p =
0.225). 

Table 1 
Pairwise comparisons for the effects of 17β-trenbolone treatment (control, low, 
high) on tadpole total length (mm) and mass (mg). Tukey’s Post Hoc testing was 
used to calculate p-values. Significant p-values are indicated in bold. Degrees of 
freedom are denoted by “d.f.” and t-statistics by “t”.  

Length slope comparison (i.e. length growth rate) 

17β-trenbolone treatment d.f. t P value 
Control – Low 146.0 –0.70 0.763 
Control – High 145.0 –2.34 0.054 
Low – High 146.0 –1.62 0.239 
14-day length comparison 
17β-trenbolone treatment d.f. t P value 
Control – Low 78.3 –0.81 0.701 
Control – High 76.3 –2.85 0.016 
Low – High 78.5 –2.08 0.101 
21-day length comparison 
17β-trenbolone treatment d.f. t P value 
Control – Low 110.0 –0.94 0.615 
Control – High 105.0 –3.30 0.004 
Low – High 110.0 –2.37 0.050 
Mass slope comparison (i.e. mass growth rate) 
17β-trenbolone treatment d.f. t P value 
Control – Low 147.0 –0.37 0.926 
Control – High 146.0 –2.59 0.028 
Low – High 147.0 –2.22 0.071 
14-day mass comparison 
17β-trenbolone treatment d.f. t P value 
Control – Low 79.8 –1.17 0.473 
Control – High 76.8 –3.41 0.003 
Low – High 80.0 –2.27 0.067 
21-day mass comparison 
17β-trenbolone treatment d.f. t P value 
Control – Low 128.0 –1.15 0.483 
Control – High 121.0 –3.92 <0.001 
Low – High 128.0 –2.76 0.018  

Fig. 2. Plot showing (a) the linear relationship between total length (mm) and 
exposure day with shaded areas around lines representing 95% confidence in-
tervals, and (b) the median tadpole total length (mm) at each time point, 
plotted for control (C; blue), low-17β-trenbolone (L; yellow) and high-17β- 
trenbolone (H; red) treatments, where the box plots show 25th (Q1), 50th 
(median), and 75th (Q3) percentiles, and the whiskers represent the Q1–1.5 ×
IQR (interquartile range) to Q3+1.5 × IQR. Treatment groups that do not share 
upper case letters are significantly different (p < 0.05). 
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4. Discussion 

Here, we investigated the effects of 14 and 21 day exposure to 
environmentally realistic levels of the agricultural pollutant 17β-tren-
bolone on tadpole morphology and behaviour. We found that tadpoles 
exposed to the high-17β-trenbolone treatment had higher growth rates 
than unexposed tadpoles, resulting in longer and heavier tadpoles at 14 
and 21 days. Despite recent reported evidence that exposure to 17β- 
trenbolone may not affect tadpole behaviour (Martin et al., 2022; 
Orford et al., 2022), here we show that 17β-trenbolone exposure resul-
ted in significantly altered baseline activity, as well as impacting how 
tadpoles responded to a simulated predatory threat. However, no sig-
nificant effect of exposure was seen on anxiety-like behaviours in the 
scototaxis assay. 

4.1. Simulated predator strike assay 

Although we found no effect of 17β-trenbolone exposure on escape 
response distance, exposure did result in significantly higher levels of 
activity prior to a predator strike (i.e. baseline activity), and altered 
activity following a simulated predatory threat, with exposed tadpoles 
moving significantly less after a simulated strike whilst unexposed tad-
poles did not alter their activity. While we found an effect of 17β-tren-
bolone on tadpole morphology, we did not find an effect of morphology 
on distance moved pre- or post-strike in this assay (i.e., morphology was 
not driving the changes in activity between treatments). The lack of 
response to a simulated predator strike by control tadpoles could be a 
result of anxiety-like behaviour. The lower levels of baseline activity 
exhibited by tadpoles in the control treatment compared to exposed 
tadpoles suggests control tadpoles may have been showing increased 
anxiety after being introduced to a novel environment, which may 
explain why they had no response to an anxiety-inducing stimulus (i.e. 
the simulated predator strike). Exposed tadpoles, however, were 
initially bolder (as exhibited by higher levels of baseline activity), and 
therefore showed a greater response to the simulated strike, reducing 
their activity post-strike to the level of the controls. Given that the 17β- 
trenbolone exposed tadpoles only demonstrated higher baseline activity, 
and all tadpoles had similar levels of activity post-strike, we can assume 
that exposure to 17β-trenbolone reduced baseline levels of anxiety-like 
behaviour. Indeed, fish exposed to 17β-trenbolone have exhibited 
reduced anxiety-like behaviour, with exposed individuals exiting ref-
uges and completing mazes faster, exploring more sections of mazes, and 
swimming further while doing so, thereby suggesting that 17β-trenbo-
lone can impact activity and anxiety-like behaviour (M.G. Bertram et al., 
2018b; Lagesson et al., 2019). 

The literature investigating the effects of 17β-trenbolone on tadpole 
behaviour is currently limited, making cross-species comparisons diffi-
cult (Ankley et al., 2018). However, the findings presented here do 
contrast with our previous study (Orford et al., 2022), in which we found 
that exposure to 17β-trenbolone had no effect on Limnodynastes tasma-
niensis baseline activity, and that regardless of exposure treatment, 
tadpoles moved significantly less following a simulated predator strike. 
Furthermore, in our previous study we found that there were no sig-
nificant differences in post-strike activity between exposed and unex-
posed tadpoles of L. tasmaniensis. Given this disparity in results, we 
would recommend that further study is needed to investigate the effects 
of 17β-trenbolone on amphibian behaviour before we can make any 
definitive conclusions about the impacts of this pollutant on amphib-
ians, more generally. However, whilst literature investigating the effects 
of 17β-trenbolone on tadpole behaviour is scarce, other studies have, in 
agreement with the present study, found that tadpoles exposed to 
chemical pollutants (including EDCs) can exhibit higher levels of ac-
tivity, and following a predator threat, reduce activity and swimming 
speed (Ehrsam et al., 2016; Gabor et al., 2019; Rohr and McCoy, 2010; 
Sievers et al., 2018b). The differences between our present and previous 
study (Orford et al., 2022) could therefore be due to species-specific 
responses to chemical exposure. For example, Bókony et al. (2020) re-
ported that exposure of agile frogs (Rana dalmatina) and common toads 
(Bufo bufo) to the same concentration of chemical (0.3 ug/L terbuthy-
lazine) resulted in different behavioural outcomes—R. dalmatina tad-
poles exhibited significantly lower swimming activity compared to 
controls after exposure, whereas B. bufo tadpoles increased swimming 
activity. In the same study, this pattern was also seen at 50 ug/L car-
bamazepine. Relyea and Edwards (2010) also found that, compared to 
controls, exposure to 0.1 mg/L carbaryl significantly increased tadpole 
activity in grey treefrogs (Hyla versicolor), but significantly decreased 
activity in green frogs (Rana clamitans) and American bullfrogs (Rana 
catesbeiana). They did, however, find that exposure to 0.1 and 1 mg/L 
malathion resulted in decreased swimming activity across all three 
species, but to varying degrees. Collectively, this suggests that behav-
ioural responses following chemical exposure may differ between 

Fig. 3. Plot showing (a) the linear relationship between mass (mg) and expo-
sure day with shaded areas around lines representing 95% confidence intervals, 
and (b) the median tadpole mass (mg) at each time point, plotted for control (C; 
blue), low-17β-trenbolone (L; yellow) and high-17β-trenbolone (H; red) treat-
ments, where the box plots show 25th (Q1), 50th (median), and 75th (Q3) 
percentiles, and the whiskers represent the Q1–1.5 × IQR (interquartile range) 
to Q3+1.5 × IQR. Treatment groups that do not share upper case letters are 
significantly different (p < 0.05). 
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species in both direction and magnitude. One outcome of the higher 
levels of baseline activity seen in this study could be increased suscep-
tibility to predators, as increased activity in tadpoles has been linked to 
greater risk of predation (Skelly, 1994). 

4.2. Scototaxis assay 

We found no effect of 17β-trenbolone exposure on tadpole anxiety- 
like behaviour in the scototaxis assay. In agreement with the present 
study, Martin et al. (2022) and Orford et al. (2022) found no effect of 
17β-trenbolone exposure on endpoints used to measure anxiety-like 
behaviour in tadpoles and other aquatic organisms (i.e. the time tad-
poles spent in the upper half of the water column and freezing behav-
iour, respectively; Cachat et al., 2011; Haghani et al., 2019; Sievers 
et al., 2019). However, this contrasts with the existing literature on fish, 
which has found 17β-trenbolone to affect anxiety-like behaviours, such 
as increasing exploration of a maze, decreasing time spent shoaling, and 
decreasing time taken to exit a refuge (M.G. Bertram et al., 2018b; 
Heintz et al., 2015; Lagesson et al., 2019). In our previous study (Orford 
et al., 2022), we postulated that these contrasting results between tad-
poles and fish could be due to taxonomic differences in sensitivity to 
17β-trenbolone, which may be caused by differing levels of androgen 
receptors present in the study organism as a result of the life stages of the 
animals used. 

In regards to the wider existing literature on behaviour in scototaxis 
trials, it has repeatedly been found that fish across different taxa show a 
preference for the black zone over the white zone (Maximino et al., 
2007). In regards to amphibians, research has found that Ranitomeya 
imitator tadpoles show a preference for the black zone of the tank (Butler 
et al., 2022). We therefore predicted that tadpoles would spend more 
time in the black zone, with exposure to 17β-trenbolone reducing 
anxiety-like behaviour, resulting in more time spent in the white zone. 
In contrast to our predictions, we found that regardless of treatment, 
tadpoles spent more time in the white zone than the black zone. Inter-
estingly, it appears that white/black zone preference may be 
species-specific, as Xenopus laevis tadpoles have been shown to prefer 
white areas over black (Moriya et al., 1996; Viczian et al., 2009). Pref-
erence may also change over development, as both Moriya et al. (1996) 
and Butler et al. (2022) found that the strength of preference for a 
white/black zone changed over time. The reasons behind these prefer-
ences could be thermoregulatory, as individuals may be attracted to 
lighter areas because illumination could indicate water exposed to 
sunlight, which is likely to be warmer than water that has less illumi-
nation (Alton and Franklin, 2017; Bancroft et al., 2008). White/black 
zone preference may also be related to the conditions experienced 
during development, as Moriya et al. (1996) and Bertolesi et al. (2021) 
both found that individuals raised in white containers showed a pref-
erence for the white zone during trials. As tadpoles in this study were 
raised in tanks containing light-coloured gravel (i.e. white and light 
grey), and the tanks were well-illuminated during the day, this may have 
influenced tadpole preference in our assay. Future studies are therefore 
warranted in order to establish the effect of conditions experienced 
during development on light preference in scototaxis assays. 

4.3. Morphology 

The effects on morphology reported here are in agreement with 
previous studies on fish, that, as to be expected from exposure to a 
growth-promoting hormone, have found increases in various morpho-
logical endpoints as a result of exposure to 17β-trenbolone (Ankley et al., 
2003; Baumann et al., 2014; Bertram et al., 2019, M.G. 2018a, 2015; 
Hemmer et al., 2008). In regards to mass, both Ankley et al. (2003) and 
Hemmer et al. (2008) found that 21 day exposure to 17β-trenbolone 
resulted in increased mass in female fathead minnows (Pimephales 
promelas) exposed to 5 ng/L, and female sheepshead minnows (Cypri-
nodon variegatus) exposed to 5000 ng/L, respectively. Baumann et al. 

(2014) also reported increased mass and length for zebrafish (Danio 
rerio) exposed to 3 and 10 ng/L for 60 days. Further, increased body 
condition after 21 days of 17β-trenbolone exposure has been recorded 
for male guppies and male eastern mosquitofish (Poecilia reticulata at 4 
ng/L and Gambusia holbrooki at 15 ng/L, respectively; M.G. Bertram 
et al., 2018a, 2019). However, the literature investigating the effects of 
17β-trenbolone on tadpole morphology is more inconclusive, making 
generalisations about the effects of 17β-trenbolone on amphibian 
morphology difficult. To date, there have been five published studies 
investigating the effects of 17β-trenbolone on tadpole/metamorph 
morphology, conducted across a variety of life stages, species, and 
concentrations (see Table S17 for a summary of available data). The 
majority of these studies (3 out of 5) report no effect of 17β-trenbolone 
exposure on tadpole and metamorph morphology. The differing effects 
of exposure on morphology and growth between fish and amphibians 
could be due to taxa-specific effects of 17β-trenbolone. One potential 
driver of these differences is that amphibians have complex multiphasic 
developmental stages compared to fish (Martin et al., 2022). These 
different development stages often result in drastic changes to metabolic 
requirements, and the effects of this on morphology are not yet fully 
understood (Zhu et al., 2020). Another potential contributor to these 
apparent taxa-specific effects could be the levels of androgen receptors 
present in the study organism (Orford et al., 2022). As an androgen 
agonist, the effects of 17β-trenbolone may be greater during develop-
mental periods where high levels of androgen receptors are available (i. 
e. during sexual development; Ankley et al., 2018; Fujii et al., 2014; 
Oike et al., 2017). As many studies conducted on fish use sexually 
mature animals (e.g. M.G. Bertram et al., 2018b; Heintz et al., 2015; 
Lagesson et al., 2019), while the studies on amphibians mentioned 
above have either exclusively or partly used pre-sexual development 
tadpoles, it is likely that the levels of androgen receptors available for 
17β-trenbolone to bind to differed between taxa, resulting in the 
observed differences in effects on morphology and growth. However, as 
some level of androgen receptors are still likely to be present prior to 
sexual development in tadpoles, effects of 17β-trenbolone on 
morphology may still be observed (Ohtani et al., 2003; Yokoyama et al., 
2009). For example, a decrease in body mass at very high concentrations 
(10,000 ng/L) and a subtle decrease in body condition at 
environmentally-realistic concentrations (66 ng/L) have both previously 
been reported in amphibians, suggesting that 17β-trenbolone can impact 
tadpole morphology, though the authors reporting the latter have sug-
gested that this result should be interpreted with caution given the 
subtlety of the effect (Li et al., 2015; Martin et al., 2022). Interestingly, 
although Olmstead et al. (2012) found no effect of 17β-trenbolone 
exposure on western clawed frog mass or length upon completion of 
metamorphosis (Xenopus tropicalis; 3–102 ng/L; Table S17), at 6 weeks 
post-metamorphosis both of these endpoints were significantly lower in 
individuals that had been exposed during the tadpole life stage 
compared to unexposed individuals. However, no morphological mea-
surements were taken when tadpoles were at early stages of develop-
ment (i.e. Gosner stages covered by the current study). Depending on 
their research aims, studies can differ in both the length of time that they 
expose animals for, and the times at which morphological measurements 
are taken. For tadpoles, variability in exposure length means that the 
animals may be exposed over different developmental stages. As levels 
of available androgen receptors changes over these stages, this may 
partly explain the differences in effects of exposure on morphology. 
While we found that exposure to 17β-trenbolone resulted in larger 
tadpoles during early life stages, we do not know if this will have lasting 
effects in later life (i.e. post-metamorphosis). As other studies have 
shown that size at metamorphosis is indicative of future size and sur-
vival (Székely et al., 2020; Tarvin et al., 2015), based on our findings, 
17β-trenbolone exposure might actually give tadpoles an advantage in 
later life stages. Hence, there should be further study investigating po-
tential carryover effects of early life exposure to trenbolone on frog 
fitness. 
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5. Conclusions 

We report that exposure to environmentally realistic concentrations 
of the agricultural pollutant 17β-trenbolone altered morphology and 
behaviour in southern brown tree frog tadpoles. Specifically, exposure 
increased tadpole growth rates, resulting in longer and heavier in-
dividuals, increased baseline activity, and altered how tadpoles 
responded to a predator threat. Given there is a lack of studies investi-
gating the behavioural effects of 17β-trenbolone on tadpoles, and the 
results from the present study appear to contrast with the few existing 
studies, we believe it is currently not possible to make broad general-
isations regarding the potential for 17β-trenbolone exposure to affect 
tadpole behaviour in natural populations. Our findings contribute to a 
growing body of literature illuminating the potential of 17β-trenbolone 
to disrupt various aspects of development and behaviour at 
environmentally-realistic concentrations. This study also highlights the 
importance of behavioural studies in ecotoxicology, and illustrates the 
need for continued research into the potential effects of this potent 
chemical pollutant on exposed wildlife. 
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Vitányi, E., Móricz, Á.M., 2020. Effects of two little-studied environmental pollutants 
on early development in anurans. Environ. Pollut. 260, 114078 https://doi.org/ 
10.1016/j.envpol.2020.114078. 

Brand, A.B., Snodgrass, J.W., 2010. Value of artificial habitats for amphibian 
reproduction in altered landscapes. Conserv. Biol. 24, 295–301. https://doi.org/ 
10.1111/j.1523-1739.2009.01301.x. 

Butler, J.M., Mckinney, J., Ludington, S.C., Mabogunje, M., Singh, D., 2022. 
Development of the visual system in social poison frog tadpoles. bioRxiv Prepr. 10, 
512–729. https://doi.org/10.1101/2022.10.18.512729. 

J.T. Orford et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.aquatox.2023.106577
https://doi.org/10.1016/j.envpol.2011.06.023
https://doi.org/10.1186/s40665-017-0034-7
https://doi.org/10.1002/etc.4163
https://doi.org/10.1897/1551-5028(2003)022&tnqh_x003C;1350:EOTAGP&tnqh_x003E;2.0.CO;2
https://doi.org/10.1897/1551-5028(2003)022&tnqh_x003C;1350:EOTAGP&tnqh_x003E;2.0.CO;2
https://doi.org/10.1021/acs.est.5b02385
https://doi.org/10.1672/0277-5212(2000)020[0313:UOTWBA]2.0.CO;2
https://doi.org/10.1672/0277-5212(2000)020[0313:UOTWBA]2.0.CO;2
https://doi.org/10.1093/beheco/arn044
https://doi.org/10.1021/es202680q
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1002/etc.2698
https://doi.org/10.1002/etc.2698
https://doi.org/10.1111/mec.16203
https://doi.org/10.1111/brv.12844
https://doi.org/10.1016/j.scitotenv.2019.01.382
https://doi.org/10.1016/j.yhbeh.2015.03.002
https://doi.org/10.1093/beheco/ary121
https://doi.org/10.1016/j.envpol.2018.09.044
https://doi.org/10.1016/j.envpol.2018.09.044
https://doi.org/10.1016/j.scitotenv.2019.134991
https://doi.org/10.1016/j.scitotenv.2019.134991
https://doi.org/10.1002/etc.2757
https://doi.org/10.1016/j.envpol.2020.114078
https://doi.org/10.1016/j.envpol.2020.114078
https://doi.org/10.1111/j.1523-1739.2009.01301.x
https://doi.org/10.1111/j.1523-1739.2009.01301.x
https://doi.org/10.1101/2022.10.18.512729


Aquatic Toxicology 260 (2023) 106577

9

Cachat, J.M., Canavello, P.R., Elkhayat, S.I., Bartels, B.K., Hart, P.C., Elegante, M.F., 
Beeson, E.C., Laffoon, A.L., Haymore, W.A.M., Tien, D.H., Tien, A.K., Mohnot, S., 
Kalueff, A.v., 2011. In: Kalueff, A.V. (Ed.). In: Zebrafish Neurobehavioral Protocols, 
51. Humana Press, New York, USA. , pp. 1–14. 

Cohen, J.H., Putts, M.R., 2013. Polarotaxis and scototaxis in the supratidal amphipod 
Platorchestia platensis. J. Comp. Physiol. A Neuroethol. Sens. Neural Behav. Physiol. 
199, 669–680. https://doi.org/10.1007/s00359-013-0825-7. 

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, 65–68. 
https://doi.org/10.1289/ehp.8055. 

Egea-Serrano, A., Relyea, R.A., Tejedo, M., Torralva, M., 2012. Understanding of the 
impact of chemicals on amphibians: a meta-analytic review. Ecol. Evol. 2, 
1382–1397. https://doi.org/10.1002/ece3.249. 

Ehrsam, M., Knutie, S.A., Rohr, J.R., 2016. The herbicide atrazine induces hyperactivity 
and compromises tadpole detection of predator chemical cues. Environ. Toxicol. 
Chem. 35, 2239–2244. https://doi.org/10.1002/etc.3377. 

Friard, O., Gamba, M., 2016. BORIS: a free, versatile open-source event-logging software 
for video/audio coding and live observations. Methods Ecol. Evol. 7, 1325–1330. 
https://doi.org/10.1111/2041-210X.12584. 

Fujii, J., Kodama, M., Oike, A., Matsuo, Y., Min, M.S., Hasebe, T., Ishizuya-Oka, A., 
Kawakami, K., Nakamura, M., 2014. Involvement of androgen receptor in sex 
determination in an amphibian species. PLoS One 9, e93655. https://doi.org/ 
10.1371/journal.pone.0093655. 

Gabor, C.R., Perkins, H.R., Heitmann, A.T., Forsburg, Z.R., Aspbury, A.S., 2019. 
Roundup™ with corticosterone functions as an infodisruptor to antipredator 
response in tadpoles. Front. Ecol. Evol. 7, 1–7. https://doi.org/10.3389/ 
fevo.2019.00114. 

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, 8755–8764. https://doi.org/10.1021/es2011435. 

Gibbons, M.E., George, P.M., 2013. Clutch identity and predator-induced hatching affect 
behavior and development in a leaf-breeding treefrog. Oecologia 171, 831–843. 
https://doi.org/10.1007/s00442-012-2443-4. 

Gore, A.C., Chappell, V.A., Fenton, S.E., Flaws, J.A., Nadal, A., Prins, G.S., Toppari, J., 
Zoeller, R.T., 2015. EDC-2: the endocrine society’s second scientific statement on 
endocrine-disrupting chemicals. Endocr. Rev. 36, 1–150. https://doi.org/10.1210/ 
er.2015-1010. 

Gosner, K.L., 1960. A simplified table for staging anuran embryos and larvae with notes 
on identification. Herpetologica 16, 183–190. 

Gouveia Jr, A., Zampieri, R.A., Ramos, L.A., Silva, E.F. da, Mattioli, R., Morato, S., 2005. 
Preference of goldfish (Carassius auratus) for dark places. Rev. Etol. 7, 63–66. 

Haghani, S., Karia, M., Cheng, R.K., Mathuru, A.S., 2019. An automated assay system to 
study novel tank induced anxiety. Front. Behav. Neurosci. 13, 1–13. https://doi.org/ 
10.3389/fnbeh.2019.00180. 

Haselman, J.T., Kosian, P.A., Korte, J.J., Olmstead, A.W., Iguchi, T., Johnson, R.D., 
Degitz, S.J., 2016. Development of the larval amphibian growth and development 
assay: effects of chronic 4-tert-octylphenol or 17β-trenbolone exposure in Xenopus 
laevis from embryo to juvenile. J. Appl. Toxicol. 36, 1639–1650. https://doi.org/ 
10.1002/jat.3330. 

Hayes, T.B., Falso, P., Gallipeau, S., Stice, M., 2010. The cause of global amphibian 
declines: a developmental endocrinologist’s perspective. J. Exp. Biol. 213, 921–933. 
https://doi.org/10.1242/jeb.040865. 

Hazell, D., Cunnningham, R., Lindenmayer, D., Mackey, B., Osborne, W., 2001. Use of 
farm dams as frog habitat in an Australian agricultural landscape: factors affecting 
species richness and distribution. Biol. Conserv. 102, 155–169. https://doi.org/ 
10.1016/S0006-3207(01)00096-9. 

Heintz, M.M., Brander, S.M., White, J.W., 2015. Endocrine disrupting compounds alter 
risk-taking behavior in guppies (Poecilia reticulata). Ethology 121, 480–491. https:// 
doi.org/10.1111/eth.12362. 

Hemmer, M.J., Cripe, G.M., Hemmer, B.L., Goodman, L.R., Salinas, K.A., Fournie, J.W., 
Walker, C.C., 2008. Comparison of estrogen-responsive plasma protein biomarkers 
and reproductive endpoints in sheepshead minnows exposed to 17β-trenbolone. 
Aquat. Toxicol. 88, 128–136. https://doi.org/10.1016/j.aquatox.2008.04.001. 

Herculano, A.M., Puty, B., Miranda, V., Lima, M.G., Maximino, C., 2015. Interactions 
between serotonin and glutamate-nitric oxide pathways in zebrafish scototaxis. 
Pharmacol. Biochem. Behav. 129, 97–104. https://doi.org/10.1016/j. 
pbb.2014.12.005. 

Hunter, R.A., 2010. Hormonal growth promotant use in the Australian beef industry. 
Anim. Prod. Sci. 50, 637–659. https://doi.org/10.1071/AN09120. 

IUCN, 2022. The IUCN Red List of Threatened Species. Version 2022-2. https://www. 
iucnredlist.org.. Accessed on 15 February 2023.  

Khan, B., Qiao, X., Lee, L.S., 2009. Stereoselective sorption by agricultural soils and 
liquid-liquid partitioning of trenbolone (17α and 17β) and trendione. Environ. Sci. 
Technol. 43, 8827–8833. https://doi.org/10.1021/es902112v. 

Lagesson, A., Saaristo, M., Brodin, T., Fick, J., Klaminder, J., Martin, J.M., Wong, B.B.M., 
2019. Fish on steroids: temperature-dependent effects of 17β-trenbolone on predator 
escape, boldness, and exploratory behaviors. Environ. Pollut. 245, 243–252. https:// 
doi.org/10.1016/j.envpol.2018.10.116. 

Langerhans, R.B., Layman, C.A., Shokrollahi, A.M., Dewitt, T.J., 2004. Predator-driven 
phenotypic diversification in Gambusia affinis. Evolution (N. Y). 58, 2305–2318. 
https://doi.org/10.1111/j.0014-3820.2004.tb01605.x. 

Lenth, V., Buerkner, P., Herve, M., Love, J., Singmann, H., Lenth, M.R.V, 2022. 
Emmeans: estimated marginal means, aka least-squares means. R package version. 
10.1080/00031305.1980.10483031. 

Li, Y.Y., Xu, W., Chen, X.R., Lou, Q.Q., Wei, W.J., Qin, Z.F., 2015. Low concentrations of 
17β-trenbolone induce female-to-male reversal and mortality in the frog Pelophylax 
nigromaculatus. Aquat. Toxicol. 158, 230–237. https://doi.org/10.1016/j. 
aquatox.2014.11.017. 

Martin, J.M., Nagarajan-Radha, V., Tan, H., Bertram, M.G., Brand, J.A., Saaristo, M., 
Dowling, D.K., Wong, B.B.M., 2020. Antidepressant exposure causes a nonmonotonic 
reduction in anxiety-related behaviour in female mosquitofish. J. Hazard. Mater. 
Lett. 1, 100004 https://doi.org/10.1016/j.hazl.2020.100004. 

Martin, J.M., Orford, J.T., Melo, G.C., Tan, H., Mason, R.T., Ozeki, S., Bertram, M.G., 
Wong, B.B.M., Alton, L.A., 2022. Exposure to an androgenic agricultural pollutant 
does not alter metabolic rate, behaviour, or morphology of tadpoles. Environ. Pollut. 
299, 118870 https://doi.org/10.1016/j.envpol.2022.118870. 

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, 592–599. https://doi.org/ 
10.1016/j.envpol.2016.10.010. 

Maximino, C., Marques De Brito, T., De Mattos Dias, C.A.G., Gouveia, A., Morato, S., 
2010. Scototaxis as anxiety-like behavior in fish. Nat. Protoc. 5, 221–228. https:// 
doi.org/10.1038/nprot.2009.225. 

Maximino, C., Marques, T., Dias, F., Cortes, F., Taccolini, I., Pereira, P., Colmanetti, R., 
Gazolla, R., Tavares, R., Rodrigues, S., Valéria, S., Pontes, A., Romão, C., 
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