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ABSTRACT: Pharmaceutical contamination is an increasing
problem globally. In this regard, the selective serotonin
reuptake inhibitors (SSRIs)a group of antidepressantsare
particularly concerning. By disrupting the serotonergic system,
SSRIs have the potential to affect ecologically important
behaviors in exposed wildlife. Despite this, the nature and
magnitude of behavioral perturbations resulting from environ-
mentally relevant SSRI exposure among species is poorly
understood. Accordingly, we investigated the effects of two
field-realistic levels of the SSRI fluoxetine (61 and 352 ng/L)
on sociability and anxiety-related behaviors in eastern
mosquitofish (Gambusia holbrooki) for 28 days. Additionally,
we measured whole-body tissue concentrations of fluoxetine
and norfluoxetine. We found that fluoxetine altered anxiety-
related behavior but not sociability. Specifically, female fish showed reduced anxiety-related behavior at the lower treatment
level, while males showed an increase at the higher treatment level. In addition, we report a biomass-dependent and sex-specific
accumulation of fluoxetine and norfluoxetine, with smaller fish showing higher relative tissue concentrations, with this
relationship being more pronounced in males. Our study provides evidence for nonmonotonic and sex-specific effects of
fluoxetine exposure at field-realistic concentrations. More broadly, our study demonstrated that neuroactive pharmaceuticals,
such as fluoxetine, can affect aquatic life by causing subtle but important shifts in ecologically relevant behaviors.

1. INTRODUCTION

Pharmaceutical contamination of the environment is an
increasing global problem.1,2 To date, over 600 different
pharmaceuticals have been detected in aquatic ecosystems and
wildlife tissues around the world.3 Further, the release of
pharmaceuticals into the environment is likely to escalate due
to growing urbanization and a continuing increase in
production and diversification of pharmaceutical products.4

Indeed, recent analyses suggest that the growth in the
production of synthetic chemicals, including pharmaceuticals,
is equal to or may exceed most other recognized drivers of
global change (e.g., climate change, habitat loss, rising
atmospheric CO2).

4 Such chemical stressors may result in
subtle ecological impacts, including modulation of ecologically
relevant behaviors critical to reproduction and survival.
Among emerging environmental contaminants, the selective

serotonin reuptake inhibitors (SSRIs) are of increasing
concern. This is because SSRIs are among the world’s most

commonly prescribed antidepressants and are frequently
detected in the environment.5,6 This group of drugs has been
found in surface and ground waters globally, typically between
<0.1 to 350 ng/L,6,7 although concentrations as high as 8000
ng/L have been reported.8 Many countries currently lack
regulatory frameworks for monitoring and restricting discharge
of SSRIs to the environment (e.g., Australia,9 European
Union,10 and U.S.A.11). Therefore, like most pharmaceutical
pollutants, SSRIs commonly enter the environment in
wastewater effluent flows due to insufficient removal by
sewage treatment plants.12−14

Once in the environment, SSRIs have the potential to
impact wildlife since the primary therapeutic target is
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evolutionarily conserved across a diverse range of taxa.15

Indeed, through disruption of the serotonergic system and
associated neuroendocrine pathways, SSRIs have the potential
to perturb a number of biologically important functions in
nontarget species, such as stress, reproduction, and feed-
ing.16,17 Moreover, SSRI-induced shifts in behavior could elicit
adverse effects on wildlife.18 For example, SSRI exposure has
the potential to influence behavioral traits related to sociability
and anxiety,19−24 which, in wild populations, are known to
regulate important inter- and intraspecific interactions (e.g.,
predator−prey interactions, dispersal, and collective move-
ment).25−27 Therefore, SSRI-induced shifts in sociability and
anxiety-related behaviors could have adverse outcomes for
fitness. There is now mounting evidence that SSRI exposure at
environmentally realistic levels can alter the behavior of aquatic
wildlife,28−37 although the generality of these findings among
species and across various behaviors remains unclear.38

The aim of this study was to examine whether one of the
most common SSRI contaminants found in surface waters,
fluoxetine, can alter anxiety-related behavior and sociability in
fish at field-detected levels (nominal: 30 and 300 ng/L).
Further, we performed tissue analysis to evaluate the whole-
body tissue concentrations of fluoxetine and its primary active
metabolite norfluoxetine. On the basis of the reported effects
of pharmacologically relevant fluoxetine exposures in other
vertebrates,19,21,23,24 including fish,22,39,40 we hypothesized that
fluoxetine would reduce anxiety-related behaviors and increase
sociability in male and female mosquitofish (Gambusia
holbrooki).

2. MATERIALS AND METHODS
2.1. Animal Collection and Housing. The eastern

mosquitofisha small, sexually dimorphic, freshwater fish
was selected as a model organism for this investigation. The
fish used in experiments (both focal fish and stimulus fish)
were wild-caught over two consecutive days (n = 728), sourced
from a population at the Monash University Science Centre
Lake (37°54′28″S, 145°08′ 16″E), Victoria, Australia. Water
samples taken from this lake over consecutive years have
indicated no fluoxetine contamination (Envirolab Services,
unpublished data). Fish were acclimated to laboratory
conditions (23−25 °C; 12:12 h light/dark cycle) for 3 weeks
before experimentation in 20 mixed-sex holding tanks (length
× width × height: 60 × 30 × 30 cm; ∼35 fish per tank).
During housing, fish were fed ad libitum once daily with
commercial fish food (Otohime Hirame larval diet).
2.2. Analytical Verification of Fluoxetine Treatment

Levels. The low treatment (nominal: 30 ng/L) was selected to
represent levels reported in surface waters, while the high
treatment (nominal: 300 ng/L) was chosen to represent
effluent-dominated and dependent systems.6,7 We selected a
28 day exposure duration as the chronic effects of fluoxetine
are manifested in humans, and other mammalian models, after
2−4 weeks of exposure.41,42 The experimental system followed
previously established protocols.33−37 Briefly, fish (n = 456)
were randomly allocated to one of the three experimental
treatments: control, low fluoxetine, or high fluoxetine. Each
treatment level had two flow-through systems, with each
system containing two sex-specific aquaria (45 L; 60 × 30 × 30
cm; water depth: 25 cm), housing 38 fish each. All tanks
received complete volume renewal every 24 h (i.e., flow rate
∼1.87 L/h). The fluoxetine experimental systems both had a
constant input of fluoxetine stock solution (low: 6 μg/L, high:

60 μg/L) and aged carbon-filtered fresh water (pH measured
range from 6.9−7.9), while the control system received only
fresh water. Water temperature was maintained at 24.37 ± 0.40
°C (±SD; n = 336), and fish were maintained under the same
lighting and feeding conditions as described previously.
During the 28 day experiment, weekly water samples were

drawn from all exposure tanks to measure fluoxetine
concentrations and from half of the control tanksselected
at randomto confirm the absence of contamination. Water
samples were analyzed by Envirolab Services, Perth, using gas
chromatography coupled to tandem mass spectrometry (GC-
MS/MS), following analytical methods reported by Bertram et
al.35 The mean measured fluoxetine concentration was 60.7 ±
29.7 ng/L (±SD; n = 16) for the low treatment and 351.9 ±
102.2 ng/L (n = 16) for the high treatment. No fluoxetine
contamination was detected in the control tanks (all samples
under quantification limit of 2 ng/L, n = 8).

2.3. Behavioral Assays. To investigate the potential
impacts of fluoxetine on sociability and anxiety-related
behaviors, focal fish completed one of two separate behavioral
assays, both of which commenced immediately after the 28 day
exposure period. All experiments were performed blind to
treatment. Trials were video-recorded, and behavioral end
points were quantified from this footage using the event-
recording software JWatcher v1.0.43 All trials were conducted
in aged, carbon-filtered fresh water. Between trials, the tanks
were emptied and dried to prevent residual conspecific
chemical cues.
Scototaxis trials were used to test whether fluoxetine

influenced anxiety-related behaviors, following the methods
of Maximino et al.44 Scototaxis trials offer a clear conflict
situation using the innate aversion of many animals to brightly
lit environments and are a broadly applicable approach for
measuring the anxiolytic effects of pharmacological agents.44

More specifically, these trials offer the subject a choice to enter
either a white area (anxiety-invoking) or a black area.
Individual fish from one of the three experimental treatments
(females: control n = 35, low fluoxetine n = 35, high fluoxetine
n = 38; males: control n = 37, low fluoxetine n = 37, high
fluoxetine n = 34) were selected at random and placed in a
scototaxis trial tank (60 × 30 × 30 cm; water depth: 10 cm;
Figure S1). Scototaxis tanks were divided transversely into
black and white halves of equal size, with each of two dividers
being placed 5 cm from the center of the tank, forming a
compartment (10 × 30 × 30 cm) in which the fish was
acclimated before the beginning of the assay. After a 5 min
acclimation, the dividers were removed and the fish were left to
explore the tank for 15 min. The following behavioral endpoint
were scored: the time taken to first enter the white area of the
tank and the total time spent in the white area.
The potential influences of fluoxetine on sociability were

assessed using a shoaling assay, following the design of Cote et
al.26 In this assay, sociability was measured as an individual’s
spatial position in an observation tank (60 × 30 × 30 cm;
water depth: 20 cm) relative to an unexposed same-sex shoal of
17 conspecifics (total of 16 different shoals, comprising 8
female shoals and 8 male shoals). The observation tank was
divided into three compartments using transparent perforated
dividersone large central compartment (40 × 30 × 30 cm)
and two smaller side compartments (each compartment: 10 ×
30 × 30 cm)which allowed visual and olfactory
communication but not physical interaction. The stimulus
shoal (1 of 16) was randomly allocated to one of the two side
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compartments 15 min before the beginning of each trial. A
single focal fish from one of the three exposure treatment
groups (females: control n = 33, low fluoxetine n = 34, high
fluoxetine n = 34; males: control n = 37, low fluoxetine n = 36,
high fluoxetine n = 35) was confined to an opaque holding
container (17 × 5 × 12 cm; water depth: 3 cm) within the
central compartment for a 5 min acclimation period. After
acclimation, the focal fish was released, and its behavior was
video-recorded for 15 min. To score the position of the focal
fish relative to the shoal, the central compartment was divided
into three equally sized zones (“social”, “neutral”, and “asocial”
zones; Figure S1b). A sociability score was calculated by
summing the weighted proportion of time the focal fish spent
within the three sociability zones (i.e., [proportion of time in
the “social” zone × 1] + [proportion of time in the “neutral”
zone × 0] + [proportion of time in the “asocial” zone × −1]).
This score indicates the use of the entire central compartment
relative to the position of the stimulus shoal, with a higher
score indicating a more social individual (maximum: 1,
minimum: −1). In addition, we recorded the proportion of
time a fish spent shoaling within one body length as the total
time spent within 2 cm of the stimulus shoal.
2.4. Fish Size and Condition Measurements. Immedi-

ately upon completion of both behavioral assay types, the fish
were euthanized with an overdose of tricaine methanesulfonate
(40 mg/L) and their weights (±0.0001 g) and standard
lengths (±0.01 mm) were measured. Using weight and
standard length measures, a condition index was calculated
following previously established protocols.33,35−37

2.5. Fluoxetine and Norfluoxetine Tissue Analysis.
After size and condition measurements, fish were immediately
stored at −18 °C until the samples were homogenized and
whole-body tissue concentrations of both fluoxetine and
norfluoxetine were measured. Specifically, fish were stored at
−18 °C within 5 min of being euthanized. Whole-body tissue
concentrations of fluoxetine and norfluoxetine for individual
fish were analyzed using isotope dilution liquid chromatog-
raphy−tandem mass spectrometry (LC-MS/MS), following
previously established protocols.45,46 Fluoxetine-d6 and nor-
fluoxetine-d6 were used as internal standards, purchased from
Cerilliant (Round Rock, TX, U.S.A.; > 98% pure). Tissue
extraction methods, chemical vendors for extraction solvents

and reagents, as well as instrument parameters and detection
limits have been previously described.46 The method detection
limit (MDL) for this analysis was 0.36 ng/g for fluoxetine and
0.71 ng/g for norfluoxetine. Whole-body tissue concentrations
of fluoxetine and norfluoxetine were measured for a total of
272 fish, 73 males (control: n = 21, low fluoxetine: n = 28, high
fluoxetine: n = 24) and 199 females (control: n = 62, low
fluoxetine: n = 66, high fluoxetine: n = 71). Fewer males were
analyzed than females because a proportion of males were
required for a different, unrelated study.

2.6. Statistical Analysis. Data analysis was conducted in R
version 3.5.1. For all models analyzing behavioral responses,
experimental treatment level, sex, focal fish standard length, as
well as the interactions among them were used as predictors. In
addition, tank IDas a measure of tank effectswas included
in all models as a random effect. For models used to test
behavioral responses in the sociability assay, shoal ID was also
included as a random effect. For all models, collinearity was
checked across variables using correlation matrices, and
variables that exceeded a correlation coefficient of 0.70 were
considered to be highly correlated and were therefore not
included in the same model. Forward-backward stepwise
model comparisons based on the Akaike Information Criterion
(AIC) were used for model selection. Where necessary, data
were transformed to approximate normality (Tables S1−4 for
descriptions). For all models, Wald tests were used to calculate
the p-values of fixed effects (Anova function, car package).
For the scototaxis assay, the time taken by the fish to first

enter the white area (right-censored at 15 min) was compared
across treatments using a Cox proportional hazard mixed effect
(COXME) model (coxme function, coxme package). The
assumption of proportionality was met for both COXME
models, tested by examining the interaction between
Schoenfeld residuals and log time (coxph and cox.zph
functions, survival package). For all other behavioral responses,
linear mixed effect (LME) models (lmer function, lme4
package) were used.
To investigate effects of experimental treatment levels on

length, weight, and condition index, data from focal fish used
in the scototaxis and shoaling assays were pooled (n = 425)
and LME models were used, with treatment level and sex as
predictors.

Figure 1. Proportion of fish that entered the white area over time for control (green; n = 72), low-fluoxetine (light orange short-dash; n = 72), and
high-fluoxetine (dark orange long-dash; n = 72) females (a) and males (b). Groups within either panel that share a capital letter are not significantly
different from one another. ‘+’ represents right-censored data.
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To investigate the accumulation of fluoxetine and nor-
fluoxetine in the tissue of exposed fish (i.e., low- and high-
fluoxetine treatments; n = 189), LMEs were used. Control fish
were not included in this analysis as no fluoxetine or
norfluoxetine were detected in their tissues. Sex, exposure
treatment, and weight were used as fixed effects in these
models, and tank ID was included as a random effect. Tissue
concentrations of each of these compounds approximated a
log-normal distribution, and thus a natural log transformation
was performed. To account for left-censoring of fluoxetine and
norfluoxetine measurements due to the method detection limit
(MDL: fluoxetine = 0.36 ng/g, norfluoxetine = 0.71 ng/g), all
samples below the MDL were included as the MDL divided by
2, following Antweiler and Taylor.47

3. RESULTS
3.1. Behavioral Endpoints. A significant three-way

interaction was detected between treatment, sex, and fish
length (COXME: F = 7.44, p = 0.031) on the time to first
enter the white area in the scototaxis assay.
For females, fish from the low-fluoxetine treatment level

were significantly faster to enter the white area than both
control and high-fluoxetine fish (COXME: low−control: z = −
2.06, p = 0.039, low−high; z = −1.97, p = 0.049; Figure 1a).
Specifically, low-fluoxetine females of average size (22.02 mm)
were predicted to be 1.72 ± 0.26 (±SE) and 1.65 ± 0.25 times
more likely to enter the white area at any given time, relative to
control and high-fluoxetine females, respectively. High-
fluoxetine and control females showed no significant difference
from one another in this regard (COXME: z = −0.16, p =
0.873). For males, a significant difference was observed in the
time taken to first enter the white area between high-fluoxetine
fish and both control and low-fluoxetine fish (COXME: high−
control: z = 3.04, p = 0.002, high−low: z = 2.30, p = 0.022;
Figure 1b). Specifically, high-fluoxetine males of average size
(22.02 mm) were predicted to be 2.30 ± 0.27 and 1.87 ± 0.27
times less likely to enter the white area at any given time
compared to control and low-exposed males, respectively.
There was no significant difference in the time taken to enter
the white area between control males and low-fluoxetine males
(COXME: z = −0.85, p = 0.395). Interestingly, when
comparing the time taken to enter the white area across
sexes, there was a statistically significant difference between
control males and control females (COXME: z = 3.03, p =
0.002; Figure 1), with males being 2.19 ± 0.26 times more
likely to enter the white area at any given time than females.
This sex-specific difference was not detected in either low-
fluoxetine or high-fluoxetine males and females (COXME: z =
−0.17, p = 0.870 and z = 0.35, p = 0.727, respectively; Figure
1). In addition, fluoxetine treatment significantly influenced
the relationship between fish length and time to enter the
white area (Figure S2; for details and discussion, see
Supporting Information pages S6, S10, and S17).
No significant interactions were detected between any

predictors on the total time spent in the white area (all p >
0.05; Table S1). Additionally, we found no effect of fluoxetine
treatment (LME: F2,5.9 = 2.28, p = 0.187; Figure S3) or fish sex
(LME: F1,7.9 = 0.38, p = 0.554; Figure S3) on total time spent
in the white area. In general (i.e., across both sexes and all
treatments), fish showed a strong preference for the black side
of the tank (paired t-test: df = 215, t = 105.65, p < 0.001),
spending, on average, 844.60 ± 3.73 s in the black area, as
opposed to 55.39 ± 3.73 s in the white area.

In the sociability assay, we found no significant interactions
between any predictors on weighted sociability score or the
proportion of time fish spent associating within one body
length (LME: all p > 0.05; Table S2). Additionally, there was
no significant effect of treatment (LME: F2,5.4 = 0.94, p = 0.445
and F2,5.7= 0.81, p = 0.491; Figure S4) or sex (LME: F1,4.6=
0.02, p = 0.960 and F1,5.9 = 0.13, p = 0.726; Figure S4). There
was, however, a significant effect of focal fish length on
weighted sociability score, with larger fish exhibiting greater
sociability (LME: F1,195.3= 12.66, p < 0.001) and spending
significantly more time within 2 cm of the stimulus shoal
(LME: F1,194.0 = 8.12, p = 0.005).
In all models used to investigate behavioral responses,

exposure tank ID accounted for less than 3% of the variation in
the response. For end points in the sociability trial, shoal ID
accounted for <1% of the variation in the response.

3.2. Fish Size and Condition. There was no significant
interaction between experimental treatment and sex on any
measures of fish size and condition (LME: all p > 0.05; Table
S3). Further, there was no significant effect of fluoxetine
treatment on any size or condition measurements (LME: all p
> 0.05; Table S3). There was a significant effect of sex on fish
length (LME: F1,6.9 = 10.40, p = 0.015; Figure S5a) and weight
(LME: F1,6.9= 28.47, p = 0.001; Figure S5b) but not on
condition index (LME: F1,7.7 = 0.01, p = 0.922; Figure S5c).
Across all size and condition models, tank ID accounted for
<2% of the variation in the response.

3.3. Fluoxetine and Norfluoxetine Accumulation. No
fluoxetine or norfluoxetine was detected in the tissue of control
fish (0 of 87). Fluoxetine was detected in 89.47% of fish tested
from the high-fluoxetine treatment (85 of 95) and in 61.70% of
fish from the low-fluoxetine treatment (58 of 94). Norfluox-
etine was detected in 93.68% of fish from the high-fluoxetine
treatment (89 of 95) and in 81.91% of fish from the low-
fluoxetine treatment (77 of 94). Fish in the high-fluoxetine
exposure treatment had significantly higher levels of both
fluoxetine and norfluoxetine in their tissue than fish from the
low-fluoxetine exposure treatment (LME: F1,24.0 = 12.4, p =
0.002 and F1,24.0 = 22.0, p < 0.001, respectively). Mean
concentrations of fluoxetine in fish from the low- and high-
fluoxetine treatments were 5.63 ± 1.05 and 10.32 ± 0.88 (ng/g
± SE), respectively. Higher mean concentrations of norfluox-
etine were observed in fish from the low- and high-fluoxetine
treatment at 10.24 ± 1.56 and 26.81 ± 2.21 (ng/g),
respectively. Bioaccumulation factors for fluoxetine were
subsequently calculated at 184.1 ± 31.8 (mean ± SE; male:
198.3 ± 48.6; female: 178.0 ± 40.8) and 33.1 ± 2.7 L/kg
(male: 36.2 ± 5.5; female: 32.2 ± 3.1) for the low and high
treatments, respectively.
A significant interaction was detected between sex and

weight for fluoxetine, and a similar near significant interaction
was observed for norfluoxetine (LME: F1,179.1 = 5.60, p = 0.019
and F1,179.1 = 3.77, p = 0.054, respectively). Specifically, males
showed a significant decrease in tissue concentration with
increasing weight (LME: fluoxetine, β = −1.75 ± 0.58, F1,179.3
= 8.93, p = 0.003; norfluoxetine, β = −1.13 ± 0.52, F1,179.3 =
4.67, p = 0.032). For females, this effect was less pronounced
with regards to fluoxetine (LME: β = −0.283 ± 0.119, F1,180.7 =
5.56, p = 0.019) and was not significant for norfluoxetine
(LME: β = −0.050 ± 0.106, F1,180.7= 0.22, p = 0.638). To
further investigate the relationship between body burden and
fish weight, data below the MDL was excluded and a series of
Spearman’s rank correlation tests were used. These tests
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revealed statistically significant negative relationships across
both sexes for fluoxetine (female: n = 97, rho = −0.47, p <
0.001; male: n = 36, rho = −0.63, p < 0.001; Figure 2a) and
norfluoxetine (female: n = 113, rho = −0.44, p < 0.001; male: n
= 40, rho = −0.59, p < 0.001; Figure 2b).

4. DISCUSSION
Here, using wild-caught mosquitofish, we report evidence that
exposure to field-detected concentrations of fluoxetine can
alter anxiety-related behavior. In females, low-fluoxetine
exposure (61 ng/L) resulted in a decrease in time taken to
enter the white area during a scototaxis assay, indicating a
decrease in anxiety.44 For males, high-fluoxetine exposure (352
ng/L) caused an increase in the time taken to first enter the
white area, indicating an increase in anxiety.44 Further, in terms
of time taken to first enter the white area, mosquitofish from
the control treatment showed a significant difference between
the sexes (with males entering more rapidly), whereas no such
difference was seen between the sexes in low- or high-
fluoxetine treatments. Therefore, we hypothesize that the sex-
specific effects seen here could, in part, be a result of base

differences in anxiety behavior across the sexes. In addition, sex
differences in SSRI pharmacokinetics (i.e., absorption,
distribution, and metabolism) are commonly reported in
mammalian models48,49 and may have also contributed to the
sex-specific effects seen here. Natural sex differences in anxiety-
related behavior of fish have been reported previously.50−52

Indeed, in a number of different fish species (e.g., Poecilia
reticulata,50 Gasterosteus aculeatus,51 Brachyrhaphis terrabensis,
and Brachyrhaphis roseni52), males have been shown to be
bolder than females, which is consistent with the results seen in
the present study. It has been hypothesized that differences
between the sexes, like those seen here, may result from males
experiencing greater variance in reproductive success than
females, and thus males may benefit from engaging in more
risky behavior to gain higher fitness returns (i.e., engaging in
more frequent foraging or mating behavior).51 In addition, for
sexually dimorphic species, where the female is the larger of the
two sexes, females can experience higher levels of perceived/
realized predation threat, as larger fish are a more valuable food
source for predators.53

Prey fish, like mosquitofish, must constantly balance the risk
of predation with the need to forage and/or locate potential
mates.54 Therefore, shifts in anxiety-related behavior, as seen
here, could alter the propensity of individuals to take risks
with implications for ecological fitness. For female mosquito-
fish, decreased anxiety resulting from fluoxetine exposure could
lead to increased predation risk and an associated increase in
mortality rate.54 Conversely, for males, increased anxiety as a
result of fluoxetine exposure may result in reduced feeding and
mating opportunities and hence lower reproductive success.54

However, in reality, the optimal behavioral strategy and the
ecological implications of a behavioral strategy are likely to
depend on a range of environmental factors that can vary over
time, such as species composition and resource availability
(e.g., predator presence; food density).54 For example, a whole
lake experiment using a domestic and wild type strain of
rainbow trout (Oncorhynchus mykiss) reported that the
domestic strain, which shows higher levels of risk-prone
behavior (e.g., propensity to forage) compared to the wild type
strain,54 had higher growth rates in low-predation environ-
ments. However, in environments with higher predation threat,
the domestic strain suffered higher mortality than wild type
trout.55 Therefore, perturbation of anxiety-related behavior
could alter the fitness of exposed fish, though the magnitude of
these implications may depend on complex interactions with
environmental factors.
Interestingly, shifts in anxiety-related behavior observed here

for females, but not males, suggest a nonmonotonic-like dose−
response (i.e., a nonlinear relationship between fluoxetine
dosage and the response). It is important to highlight that the
present study was not specifically designed to examine a
broader dose−response relationship, given the experimental
design and resource considerations. That said, evidence for a
nonmonotonic dose−response phenomenon appears to be
increasingly reported with low-dose fluoxetine expo-
sure.28,33−35,56,57 More broadly, the nonmonotonicity of
responses seen at low-dose fluoxetine exposure is similar to
those reported for endocrine-disrupting chemicals (EDCs).58

Indeed, some of the general explanations proposed for
nonmonotonic effects of EDCs (e.g., receptor competition,
receptor down-regulation, and desensitization)58 could apply
to neuroendocrine disruptors, like fluoxetine. Future research

Figure 2. (a) Natural log of whole-body tissue concentration of
fluoxetine (ng/g) plotted against fish weight with females represented
by pink circles (n = 97) and males by blue circles (n = 36). (b)
Natural log of whole-body tissue concentration of norfluoxetine (ng/
g) plotted against fish weight with females represented by pink circles
(n = 113) and males by blue stars (n = 40).
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is necessary to examine potential nonmonotonic influences of
serotonergically active chemicals on fish behavior.
In the present study, we did not observe an effect of

fluoxetine on the total time spent in the white area across
exposure treatments or sexes, despite seeing shifts in the time
taken to first enter the white area. Similarly, using the same
scototaxis protocol, Porseryd et al.59 reported that zebrafish
(Danio rerio) exposed to a mixture of 17α-ethinylestradiol (0.9
and 1 ng/L for 14 days) and citalopram (100 and 400 ng/L for
14 days) did not differ in the total time spent in the white area;
however, they did report a significant reduction in the time to
first enter the white area. This could suggest that the
accumulative time spent in the white area is perceived as less
stressful than the initial entry into the white area, and thus the
accumulative time spent in the white area is less sensitive to
disruption.
To date, a handful of studies have investigated impacts of

SSRIs on anxiety-related behavior of different fish species with
varied water chemistry conditions at concentrations less than
1000 ng/L.30−34,37,56,59−62 However, results from these recent
studies carried out on a diverse range of species have yielded
seemingly contradictory results (see Table S5 for a full list of
SSRIs, dosages, durations, assay types, end points, study
species, and nature of behavioral responses). In summary,
three studies reported an increase in anxiety-related end points
(Betta splendens at 500 ng/L for 1−15 days,31,32 Poecilia
reticulata at 4 and 16 ng/L for 28 days34), four reported a
decrease (Pimephales promelas embryonic exposure at 25 ng/L
for 5 days,56 P. promelas exposure at 1000 ng/L for 28 days,62

P. reticulata at 30 and 500 ng/L for 28 days,30 G. holbrooki at 8,
25, and 97 ng/L for 28 days33), and four studies reported no
effect on anxiety-related end points (Poecilia wingei at 200 ng/
L for 21 days,61 P. promelas at 100 ng/L for 28 days,60 D. rerio
at 100 and 400 ng for 14 days,59 and G. holbrooki at 31 and 374
ng/L for 35 days37). Indeed, some inconsistencies have been
reported in behavioral perturbation within the same study
species (e.g., P. reticulata34,30 and G. holbrooki33,37). For
example, in male G. holbrooki, fluoxetine has previously been
shown to reduce antipredator behavior at two environmentally
realistic concentrations (8 and 97 ng/L for 28 days),33 whereas
in contrast, male G. holbrooki in the present study showed an
increase in anxiety at the higher dosage (352 ng/L for 28
days). However, the aforementioned study also documented a
nonmonotonic decrease in antipredator behavior in female G.
holbrooki, with a reduction at the lower concentration (8 ng/L
for 28 days) but not at the higher concentration (97 ng/L for
28 days),33 which is consistent with the effects reported in the
present study. In a separate study, using male G. holbrooki only,
no effect of fluoxetine was reported on boldness-related traits
(i.e., time to first emerge from a refuge and time to complete a
maze) at 31 and 374 ng/L for 35 days.37 However, in that
study,37 a statistically nonsignificant marginal trend was
observed where at the highest dosage tested, males appeared
to take longer to emerge from a refuge zone, similar to the
results seen here for males.
At this stage, there does not seem to be a straightforward

pharmacokinetic or pharmacodynamic consensus on whether
fluoxetineand SSRIs more generallycan disrupt anxiety-
related behaviors among various fish species at environ-
mentally realistic concentrations.
We suggest that the apparent absence of repeatability across

studies may be explained by differences in exposure conditions,
study species, behavioral endpoints, and/or the complex

mechanisms by which fluoxetine may differentially influence
behavioral responses with age. For example, it is well
established that the impacts of fluoxetine are time-dependent,
where acute and chronic effects can have different, even
conflicting, impacts on behavior.16,63,64 Further, as seen in the
present study and alluded to above, SSRIs have been reported
to induce sex-specific and nonmonotonic effects. If we consider
one or more of the above response relationships (i.e., temporal
variation, sex-specificity, or nonmonotonicity) to be valid at
environmentally realistic levels, we must be careful not to
disregard low-dose effects as artifacts due to a perceived lack of
a cross-study repeatability among various behaviors and
species. Instead, we should consider such factors when
interpreting the likely consequences of environmental
fluoxetine exposure. Undoubtedly, the effects of SSRI exposure
on anxiety-related behavior in wildlife warrant further
comparative investigations.
Here, we report no effect of fluoxetine exposure at the tested

concentrations on sociability. To date, only four previous
studies have addressed effects of SSRIs on sociability at
environmentally relevant concentrations.31,32,65,66 Of these,
Dzieweczynski et al.32 was the only study to report an SSRI-
induced effect on sociability, showing a reduction in social
interest in B. splendens. This difference between these studies,
however, could be the result of Dzieweczynski et al.31 using
female B. splendens as the social stimulus for males, which may
have introduced a reproductive motivation into the sociability
assay. Hence, based on the current body of evidence, it appears
that fluoxetine at field-detected levels may not induce
substantial shifts in the sociability of fish.
In the present study, we observed mean BAF values for

fluoxetine at the low and high treatment levels to be 184 and
33 L/kg, respectively. In previously reported laboratory
experiments and field studies across various fish species (see
Table S6 for details), BAF and bioconcentration factor (BCF)
values for fluoxetine have been reported from 9 up to 500 L/
kg.67−73 The variability of BAFs and BCFs reported across
these studies (see Table S6 for details) appears to correspond
with pH, which is known to influence bioavailability and
uptake of fluoxetine68 and other ionizable bases,74 by fish, as
well as their subsequent responses to pharmaceuticals.22,77 In
fact, when these previous laboratory BCF studies with
fluoxetine are considered,67−73 pH significantly (Spearman’s
correlation: ρ = 0.81, p = 0.014) influences BCF values among
previously examined fish species (Figure S6). Thus, future
bioaccumulation and toxicology studies with fluoxetine and
other ionizable contaminants should account for pH influences
on internal doses and toxicological response thresholds.
In the present study, we observed a statistically significant

correlation between norfluoxetine and fluoxetine body burden
and fish weight. Specifically, we observed a decrease in tissue
concentration as the weight of both sexes increased. This
negative relationship between tissue concentration and weight
may have resulted from smaller fish having relatively higher
metabolic rates (i.e., higher specific oxygen consumption
rates).75 With fish gills suggested as the primary integrating
organ for uptake of organic contaminants76 and particularly
ionizable pharmaceuticals,46,74 it is possible that higher
concentrations of fluoxetine and norfluoxetine in smaller fish
could have resulted from differences in uptake during
respiration. Indeed, a positive correlation between oxygen
consumption and organic contaminant uptake has previously
been demonstrated.77−79 Additional research is necessary to
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understand metabolic influences on contaminant uptake and
bioaccumulation, especially in multistressed systems with
depressed dissolved oxygen. Although a significant negative
relationship between weight and body burden was observed in
both sexes, the relationship was shallower for female fish,
resulting in females of greater mass accumulating higher levels
of fluoxetine than males of similar weights (Figure 2). Though
explanations for such observations are not clear, internal
disposition in females, compared to males, possibly due to
differential protein binding (e.g., bases like fluoxetine bind to
α1-acid glycoprotein, though protein amounts and binding
differences with ionizables by sex, with age, or among fish
species, remain poorly understood),80 may have occurred in
the present study.
In summary, we provide evidence that fluoxetine exposure at

environmentally relevant levels can disrupt anxiety-related
behavior in fish, while, in contrast, exposure did not alter
sociability. Effects of fluoxetine on anxiety-related behavior
were sex-dependent and, for females, appeared to follow a
nonmonotonic dose−response. Importantly, fluoxetine-in-
duced shifts in anxiety-related behaviors may have con-
sequences for the fitness of aquatic wildlife, with organisms
inhabiting fluoxetine-contaminated sites responding less
optimally to potentially threatening novel stimuli, including
predatory threats.81 In addition, we also observed, for the first
time, evidence for biomass-dependent accumulation of
fluoxetine and norfluoxetine in the tissue of exposed fish,
with smaller fish showing higher relative tissue concentrations.
More broadly, our results support a growing body of literature
which demonstrates that fluoxetine and other pharmaceutical
contaminants can cause subtle but important shifts in the
behavior of aquatic wildlife at concentrations presently found
in urban aquatic systems, with potential impacts on the health
and fitness of exposed populations.
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