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Abstract
Microplastics (MPs) are widespread in aquatic environments and have become a criti-
cal environmental issue in recent years due to their adverse impacts on the physiology, 
reproduction, and survival of aquatic animals. Exposure to MPs also has the potential 
to induce sub-lethal behavioral changes that can affect individual fitness, but these ef-
fects are understudied. Many plastic additives introduced during the manufacture of 
MPs are known endocrine-disrupting chemicals (EDCs) that mimic the action of natu-
ral hormones, alter sexual and competitive behavior, and impair reproductive success 
in fish. In addition, EDCs and other aquatic contaminants may adhere to MPs in the 
environment, the latter of which may serve as transport vectors for these compounds 
(i.e., the vector hypothesis). In this study, we staged territorial contests between con-
trol males, and males exposed to virgin MP particles or to MPs previously immersed 
in one of two environmentally relevant concentrations of 17-alpha ethinyl estradiol 
(EE2; 5 ng/L and 25 ng/L) to evaluate the independent and synergistic effects of ex-
posure to MPs and a common environmental estrogen on male–male aggression and 
competitive territory acquisition in a freshwater fish, Pimephales promelas. Short-term 
(30 days) dietary exposure to MPs did not impair the ability of males to successfully 
compete for and obtain a breeding territory. Overall levels of aggression in control 
and exposed males were also similar across trial series. These results help to fill a criti-
cal knowledge gap regarding the direct and indirect (vector-borne) effects of MPs on 
the reproductive behavior of aquatic vertebrates in freshwater systems.
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1  |  INTRODUCTION

Microplastics (MPs), informally defined as particles with diameter of 
<5 mm, are sourced from the breakdown of larger plastic items such 
as containers, synthetic clothing, and other commercial and indus-
trial products (Foley et al., 2018). These contaminants are ubiqui-
tous in freshwater and marine environments (Barnes et al., 2009; 
McNeish et al., 2018) and have become a critical environmental issue 
in recent years due to documented adverse impacts on the physiol-
ogy, reproduction, and survival of animals (Andrady, 2011; Eerkes-
Medrano et al., 2015). In the environment, MPs enter into food 
webs via ingestion, respiratory intake, and adherence (Ašmonaitė & 
Almroth, 2019; Scherer et al., 2017). Smaller particles may be more 
easily absorbed and/or translocated within organisms and are asso-
ciated with higher potential for trophic transfer and bioaccumulation 
(Batel et al., 2016; Brennecke et al., 2015).

Knowledge regarding the biological impacts of MPs has increased 
rapidly in recent years, and several knowledge gaps have been iden-
tified with explicit requests for research prioritization (Foley et al., 
2018; Wagner et al., 2014). Among the most pressing of these are 
studies that examine the interactive effects of microplastics and 
other contaminant stressors on the behavior of organisms. In aquatic 
environments, exposure to endocrine disrupting chemicals (EDCs) 
that mimic natural hormones has well-documented effects on the 
physiology and behavior of fishes (Arukwe, 2001; Kolpin et al., 2002; 
Mills & Chichester, 2005; Soffker & Tyler, 2012). Specifically, EDCs 
are well known to impair the expression of sexually selected traits 
in males (Borg, 1994; Mayer et al., 2004) and alter the outcomes of 
conspecific social interactions (e.g., male–male dominance interac-
tions and male–female sexual interactions; Martinovic et al., 2007; 
Saaristo et al., 2009; Saaristo et al., 2010). As a result, EDC exposure 
can not only influence individual reproductive success but also pop-
ulation viability (Jobling & Tyler, 2003; Kidd et al., 2007).

Due to their chemical composition, MPs may accumulate aquatic 
contaminants, including EDCs, and serve as vectors of transport for 
these compounds (Endo & Koelmans, 2016), with adverse effects 
on the reproductive behavior and success of fish and other aquatic 
organisms. Plastics additives also have known endocrine-disrupting 
properties that can be discharged into the bodies of aquatic organ-
isms, amplifying this toxic effect (Liu et al., 2019). To date, few studies 
have explicitly tested the ‘vector hypothesis’ (Wagner et al., 2014) to 
determine the extent to which the behavior of fish and other aquatic 
organisms may be affected by EDCs and other contaminants that 
adhere to MP particles in the environment and desorb within the 
intestine of affected individuals. As a step toward filling this critical 
knowledge gap, in this study we evaluated the biological effects of 
virgin MP particles, and those exposed to a common environmen-
tal estrogen, 17-alpha ethinyl estradiol (EE2), on dominance and 
male–male aggression in the fathead minnow, Pimephales promelas. 
Pimephales promelas is a small-bodied North American freshwater 
fish with a widespread distribution (Page & Burr, 2011). This gen-
eralist species inhabits streams, rivers, and lakes subject to influxes 
of microplastics and other contaminants, and is commonly used as 

a fish model to study of the effects of contaminants on behavior 
and other biological endpoints because it is easy to maintain in the 
lab, tolerant of a wide range of water quality characteristics, and 
has well-defined reproductive and development cycles (Ankley & 
Villeneuve, 2006; Burns et al., 2016). Despite growing evidence of 
the adverse biological effects of MPs on aquatic animals, to our 
knowledge this is the first study to evaluate the effects of MPs on 
reproductive behavior critical to reproductive success in fish.

2  | METHODS

2.1  |  Study species, housing, and maintenance

In nature, male P. promelas aggressively compete for territories un-
derneath logs or floating materials that serve as nest sites. Females 
deposit eggs in a single layer to the underside of the substrate, and 
the male defends the nest from potential predators, including con-
specifics (Clement et al., 2004; TerMarsch & Ward, 2020; Unger, 
1983). Because the ability of a male to obtain a territory is a prereq-
uisite to mating, contaminant-induced changes in male aggression 
and competitive ability have the potential to reduce reproductive 
success.

Behavioral assays took place between October 2020 and May 
2021. Mature, male P. promelas (>6 months old) were obtained from 
a laboratory culturing facility (Aquatic Biosystems, Fort Collins, 
CO) at regular intervals and maintained for use in experiments in a 
400-gallon living stream unit (model LS-120, Frigid Units). The hous-
ing unit was fitted with two filters and additional air stones to en-
sure adequate oxygenation and water flow. The tank contained four 
mesh baskets that served as habitat structure within the holding 
tank; each basket contained ~50 juvenile P. promelas that were used 
for other experiments. A maximum of 50 mature males were housed 
in the living stream at one time, and all were kept throughout the ex-
periment under summer breeding conditions (21–23°C and a 16:8 h 
light:dark photoperiod). Fish were fed newly hatched brine shrimp 
(Artemia spp.) twice daily ad libitum. To ensure the health and repro-
ductive motivation of the fish, water quality measurements (alkalin-
ity, hardness, nitrates, nitrites, and chlorine) were made on a weekly 
basis and temperature and total dissolved solids were assessed daily.

2.2  | Microplastic particles and chemical solutions

Round, virgin polyethylene microspheres (300-  to 350-μm diam-
eter; Cospheric, Santa Barbara, California) were used in this study. 
We used polyethylene because it is the most abundant microplas-
tic found in aquatic habitats (Rochman et al., 2014) and previous 
studies have shown that the ingestion of polyethylene induces 
changes in the function of the endocrine system in male fish 
(Rochman et al., 2014). Before the experiment, MPs were prepared 
for use by enclosing the particles in 75-micron nylon micromesh 
bags and immersing them in one of two environmentally relevant 
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concentrations of EE2 (5  ng/L or 25  ng/L; Sigma Aldrich), or a 
clean water control. These concentrations of EE2 represent low 
and high environmental values reported in surface water samples 
of both freshwater and marine systems globally (Aris et al., 2014). 
The particles were soaked for 72 h to allow the EE2 to fully sorb 
to the MPs. This duration of time was deemed appropriate based 
on previous research showing that sorption rates of EE2 to micro-
plastics plateaued after 48 h and then slowly increased by <1% 
until 96 h (Lu et al., 2020; Wu et al., 2015). Fresh EE2 solutions 
were made each day by adding 5 µL (EE2LOW) or 25 µL (EE2HIGH) 
of a common stock solution (1 µg/mL) to an appropriate volume of 
aged, aerated water, and the water was exchanged daily. After the 
72-h soaking period, the MPs were removed from solution, air-
dried, and aliquoted into single-feeding vials by weight (12.5 mg 
of MPs, or ~500 MP particles). The vials were frozen at −20ºC and 
thawed just prior to use.

2.3  |  Preliminary study

To confirm that the MPs were naturally ingested while the fish for-
aged for brine shrimp, before starting the behavioral experiment 
we conducted a pilot study using a feeding protocol modified from 
previously published studies (Critchell & Hoogenboom, 2018; Mak 
et al., 2019; Rochman et al., 2014). Pilot exposures occurred for ei-
ther 4 or 7 days (n = 10 fish for the 4-day exposure and n = 8 for the 
7-day exposure), during which time the fish were fed freshly hatched 
brine shrimp and aliquoted MPs ad libitum twice daily (morning and 
late afternoon). To aid in identification of MPs during dissection, 
blue virgin polyethylene particles were used for this preliminary ex-
periment. Male test subjects were housed in 38-L charcoal-filtered 
home tanks (50.8 × 25.4 × 30.5 cm) in groups of four. At the start 
of a dietary exposure event, the fish were removed from their home 
tank and introduced to a 6-L exposure tank containing 5 L of aged, 
aerated fresh water. Approximately 1  mL of live, freshly hatched 
brine shrimp was mixed with the aliquoted MPs and added to the 
tank. Thus, feeding males were exposed to MPs at a concentration of 
~100 MPs/L. We selected this level of exposure based on the highest 
reported estimates of MP concentrations in surface water samples 
of natural waterways (range, <1–100 MPs/L; Burns & Boxall, 2018; 
Cunningham & Sigwart, 2019; Leslie et al., 2017). The fish were per-
mitted to forage freely for 30 min, and the presence of an airstone 
ensured that the MPs remained suspended in the water column. The 
focal fish were removed from the exposure tank immediately follow-
ing treatment and returned to their home tank. The water from the 
exposure tank was filtered through a micromesh sieve to capture 
any remaining MPs, and the tank was thoroughly rinsed.

At the end of the 4- or 7-day exposure period, we euthanized the 
fish using an overdose of MS-222 and dissected them in the morning 
following the last feeding (i.e., 16–20 h after the last feeding event). 
We recorded and compared the number of MPs found in the diges-
tive tracts of fish after 4 or 7 days of exposure. Microplastic particles 
have a retention time of 72–96 h in P. promelas (Elizalde-Velazquez 

et al., 2020); therefore, this comparison allowed us to determine 
whether the MPs were being egested or accumulating within the 
digestive tract. Microplastics have also been shown to translocate 
to other organs within the body following ingestion (Lu et al., 2016), 
so we also recorded the numbers of MP particles found in the body 
cavity or gills. In addition, the standard length (mm) and body weight 
(g) of each fish was recorded. The weight of the digestive tract was 
recorded for six fish in each group. Non-parametric Mann–Whitney 
tests were used to analyze the data.

2.4  |  Behavioral experiment

Males used in the behavioral experiment were exposed to MPs or 
a control water equivalent for 30 days before undertaking behav-
ioral tests. At the beginning of each exposure period, eight visually 
size-matched males were removed from the stock tank. Each set of 
eight fish was divided into two groups: one of these groups was as-
signed to an exposure treatment (virgin, EE2LOW, or EE2HIGH) and 
the other served as a control group for that exposure group. Each 
group of four fish was housed in a 38-L charcoal-filtered aquarium 
(50.8 × 25.4 × 30.5 cm) containing four PVC shelters for enrichment. 
The four fish in a given tank were housed together for the entirety 
of the exposure period, but did not have visual access to other males 
in order to eliminate familiarity between competitors. Familiarity has 
been shown to reduce aggression and impact dominance hierarchies 
within fish populations (Ward & Hart, 2003). All males were permit-
ted visual access to females in neighboring tanks to maintain repro-
ductive motivation during the exposure period.

Test subjects were fed according to the same procedure de-
scribed above for the preliminary study, with the exception that 
white MP particles were used. Although the color of MPs has been 
suggested to impact consumption rates in fish, McNeish et al. (2018) 
reported that P. promelas consume blue and white MPs at a similar 
rate. Control males underwent the same feeding protocol, but no 
MPs were added to their food. Visual barriers between the feed-
ing tanks ensured that males in different treatments could not see 
each other while foraging. After 30 days of exposure, each individ-
ual from an MP-exposure tank was paired with an individual from 
the corresponding control tank, resulting in a maximum of four trials 
per exposure replicate. Six replicate exposures were conducted for 
the virgin MP and EE2LOW groups and five replicate exposures were 
conducted for the EE2HIGH group. A total of 67 trials were conducted 
(control vs. virgin: n = 24, control vs. EE2LOW: n = 23, and control 
vs. EE2HIGH: n  =  20), and each fish was only used in one trial. Of 
this total number of trials, nine virgin MP trials, five EE2LOW trials, 
and one EE2HIGH trial were discarded prior to behavioral scoring be-
cause they failed to meet inclusion criteria. Specifically, trials were 
discarded if a contest winner could not be declared or paired males 
differed in SL by >5 mm. In the case of one EE2LOW trial, the camera 
position was such that detailed behavioral interactions could not be 
reliably scored. Therefore, this trial was retained for analyses of con-
test outcome (territory acquisition) only. Final sample sizes used for 
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statistical analyses were as follows: control vs. virgin: n = 15, control 
vs. EE2LOW: n = 18, and control vs. EE2HIGH: n = 19.

2.5  | Male–male territorial contests

On day 31 of the experiment, we staged paired territorial contests 
between control and MP-exposed males using procedures adapted 
from TerMarsch and Ward (2020). Briefly, trials were conducted in 
38-L tanks (50.8 × 25.4 × 30.5 cm) covered on the sides and back 
with pictures of underwater foliage to mimic the natural environ-
ment of the fish. The tanks were illuminated with a LED light source 
(Kessil, Richmond, CA). Each tank was divided in half via a perma-
nent, opaque acrylic divider to create two testing arenas. Each arena 
was sub-divided into two compartments of equal size (12.7 cm) using 
a removable acrylic divider. A quarter section of PVC pipe (7.6 cm 
diameter) was positioned against the central divider in each com-
partment and served as a spawning territory for each male. All trials 
were filmed using two GoPro Hero 5 cameras (San Matea, CA, USA) 
positioned 10 cm above and in front of the trial tanks (Figure 1).

Before a trial started, one visually size-matched (SL difference 
<5 mm; Hudman & Gotelli, 2007) control male and exposed male 
(virgin, EE2LOW, or EE2HIGH) were selected from their home tanks, 
fin-clipped for identification, and introduced to the test arena on ei-
ther side of the arena divider. The positions of control and exposed 
males (left-right) were randomized to prevent confounding effects 
of side bias. Males were given 24 h to acclimate to the trial tanks and 
to establish a territory, as evidenced by prolonged presence under 
the PVC shelter. A pretrial video recording of male behavior was 

made for 5 min to confirm that male displays defined as aggression 
only occurred only in response to a competitor, and were not spon-
taneously performed in non-territorial contexts. At the end of the 5-
min pretrial period, the barrier was removed from the testing arena, 
and the two males were allowed to compete for a single nest site in 
the center of the arena created by the two quarter sections of PVC 
pipe. Interactions between the two males were recorded for 10 min 
(a 5-min acclimation period after the removal of the divider and a 
subsequent 5-min observation period of male–male aggression). 
Following the 15-min (total) behavioral trial, the fish were monitored 
for 24 h, with snapshot observations made 6, 12, and 24 h after the 
trial started. During each snapshot observation, the identity of the 
male located underneath or immediately adjacent to the PVC shel-
ter (i.e., exposed or control) was recorded. Shelter possession was 
recorded as “none” if neither or both males were under the shelter. 
A contest “winner” was declared if one of the two fish was found be-
neath the shelter during at least two of three snapshot observation 
periods. Immediately after the trial, both males were removed from 
the arena, euthanized via an overdose of MS-222, and weighed and 
measured for standard length.

2.6  |  Behavioral variables scored and 
statistical analysis

We recorded the frequencies of aggressive behaviors performed 
by each male in each trial during the 5-min baseline period before 
removal of the divider, and during the 5-min trial interaction obser-
vation period after removal of the divider and subsequent 5-min 
acclimation period. Aggressive behaviors were defined as follows: 
Tail-flicking (quick, short movement of one individual's tail/caudal 
region); head-butting (pushing of one's snout to any other part of 
the opponent's body); charging (quick movement of one fish toward 
the other); biting (open mouth-to-body contact between two oppo-
nents); lateral display (an individual turns its body lateral towards its 
opponent in a parallel orientation); lateral display with contact (an in-
dividual pushes its lateral trunk against its opponent in either a par-
allel or perpendicular orientation); and blocking (an individual blocks 
the opening to the shelter by turning its body lateral towards its op-
ponent) (Phillips et al., 2009; Pyron & Beitinger, 1989; TerMarsch & 
Ward, 2020). We calculated the total number of aggressive behav-
iors performed by each male during each trial period; as well as the 
total duration of time spent engaged in aggressive interaction during 
the trial.

Initial screening indicated that the data violated parametric as-
sumptions; therefore, we used generalized linear models with a neg-
ative binomial distribution and a log-link function to compare the 
frequencies of individual behaviors performed by control and ex-
posed males within trial series, as well as the total number of aggres-
sive displays performed by interacting males (O’Hara & Kotze, 2010). 
This model corrects for the presence of zeros in a count dataset, 
which is common in behavioral studies. P values were Bonferroni-
corrected for multiple comparisons prior to interpretation. We 

F IGURE  1 Experimental set up. Males were given 24 h to 
establish a territory on either side of a divider before testing. As 
indicated by the arrows, the divider was removed at the start of 
the interaction period, requiring males to compete for a single 
spawning territory
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compared the proportions of exposed and control males that won 
the territorial contest in each trial series using a two-tailed bino-
mial test of the null hypothesis that equal proportions (0.5) of males 
would win the contest. We used a generalized linear model to com-
pare the overall level of aggressive intensity in trials across trial sce-
narios in terms of the total number of displays performed by both 
males during the trial. We used a non-parametric Kruskal–Wallis test 
to compare the total duration of trial time that was spent in aggres-
sive interactions across the three sets of trials. All analyses were 
conducted using SPSS ver 27 (IBM).

3  |  RESULTS

3.1  |  Preliminary dissections

One hundred percent of the fish in the preliminary experiment were 
found to contain MPs in their digestive tract (n = 8 and 10 for fish 
fed for 4 and 7 days, respectively). In addition, one fish fed for 4 days 
had two MP particles in the gills, and another contained two MP par-
ticles in the body cavity. The mean total number of MPs recovered 
from the 7-day exposure group was 15% more than that recovered 
from the 4-day exposure group (4 days: mean ±SD: 17.1 ± 12.3, vs. 
7 days: 20.1 ± 14) but this difference was not statistically significant 
(U = 42, p =  .90). Similarly, we did not find statistically significant 
differences between the 4-day and 7-day exposure groups in stand-
ard length (4 days: 48.86 ± 5.29 mm, vs. 7 days: 50.52 ± 2.46 mm; 
U = 40, p = 1.0) or weight (4 days: 2.44 ± 0.66 g, vs. 7 days: 2.66 
± 0.43 g; U = 44.5, p = .70). However, the weight of the digestive 
tract was significantly heavier in males exposed to microplastics for 
7 days, compared to those exposed for 4 days (4 days: 0.12 ± 0.06 g, 
vs. 7 days: 0.21 ± 0.08 g; U = 32, p = .03).

3.2  | Male–male contests

In the behavioral experiment, there was no difference between 
control and exposed males in terms of either standard length 
(mean ± SD: control: 58.59 ± 4.71 mm vs. exposed: 58.63 ± 4.28 mm; 
n = 52 males in each group) or body weight (control: 3.32 ± 0.83 g vs. 
exposed: 3.20 ± 0.73 g). No male performed any aggressive displays 
during the 5-min pretrial observation period. However, aggressive 
interactions ensued between control and exposed males in most tri-
als after the divider was pulled (virgin MPs: 13/15 trials; EE2LOW: 
12/17 trials; EE2HIGH: 16/19 trials), indicating that our experiment 
was sufficient to elicit territorial behavior. The mean (±SD) pre-trial 
and interaction frequencies of total behaviors performed for each 
of the trial series were as follows: virgin: 0 ± 0 vs. 22.03 ± 26.03; 
EE2LOW: 0 ± 0 vs. 29.62 ± 35.05; EE2HIGH: 0 ± 0 vs. 32.66 ± 33.87.

We did not find that MP-exposed males won significantly fewer 
territorial contests than expected by chance in any trial series (bi-
nomial tests: ps >  .05; Figure 2a). In the contest that paired a con-
trol male against a male exposed to virgin MPs, 9/15 trials (60%) 
were won by control males. Comparable results were observed in 
the trials that paired a control male against an exposed male in the 
EE2LOW (13/18 males; 72%) and EE2HIGH treatments (10/19 males; 
53%). Within each trial series, the overall intensity of aggres-
sion between contestants was positively, significantly correlated 
(Spearman correlations: control vs. virgin: r = .882, p < .001; control 
vs. EE2LOW: r = .882, p < .001; control vs. EE2HIGH: .812, p < .001). 
Correspondingly, exposed and control males in each trial series 
competed for the shelter with a similar level of aggressive intensity 
(total number of aggressive displays: control vs. virgin MP: χ2 = 1.38, 
df = 1, p = .24; control vs. EE2LOW: χ2 = .87, df =1, p= .35; control vs. 
EE2HIGH: χ2 = .22, df = 1, p = .64; Figure 2b). Subsequent inspection 
of the frequencies of individual aggressive displays also indicated 

F IGURE  2 Aggressive behavior during male–male contests. (a) Relative proportions of control (gray) and MP-exposed (black) males that 
won the territory in each trial series. (b) Boxplots showing total frequencies of aggressive displays performed by control (dark gray) and 
exposed (light gray) males (virgin MP, EE2LOW, EE2HIGH) in each trial series. (c) Boxplots showing total duration of aggressive interaction 
between males in each trial series. Control vs. virgin MP-exposed males, n = 15 trials; vs. EE2LOW, n = 18 trials; vs. EE2HIGH, n = 19 trials. 
Behavioral interactions could not be reliably scored for one EE2LOW pair; therefore, the sample size in panels (b) and (c) is 17
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that the relative use of threat (e.g., lateral display, tail flick, block) and 
fight (e.g., charge, headbutt, bite) displays performed by males was 
unaffected by dietary exposure to MPs (Table 1).

Last, neither the total number of observed aggressive displays 
(χ2 = 1.34, df = 2, p = .51) nor amount of time that males spent en-
gaged in aggressive interactions (H = .029, df = 2, p = .98; Figure 2c) 
differed among the three trial series.

4  | DISCUSSION

In this project, we evaluated the biological effects of MP parti-
cles, and those exposed to estrogen (i.e., the vector hypothesis) on 
dominance interactions and territorial success in a freshwater fish. 
Despite a wealth of studies documenting the adverse effects of 
MP exposure on the behavior of fish (Bour et al., 2020; Critchell & 
Hoogenboom, 2018; Mak et al., 2019; Pannetier et al., 2020; Rios-
Fuster et al., 2021; Yin et al., 2018), to our knowledge no prior studies 
have investigated the impacts of MPs on the outcomes of complex 
behaviors crucial to reproductive success. The males in our study 
(i) consumed MPs as a byproduct of normal feeding events, and (ii) 
readily engaged in aggressive contests over a limited resource (i.e., a 
breeding territory). However, in this study, exposure to MPs (alone 
or in association with estrogen) did not reduce levels of aggression 
in male contests or impair the ability of males to compete with non-
exposed males for a nest site.

The observed lack of an impact of MP exposure on the fish con-
trasts with previous studies that have demonstrated impairments in 
a variety of behaviors following MP ingestion, including swimming 
performance, activity, foraging, and locomotion (Carlos de Sa et al., 
2018; Correia et al., 2007; Ferreira et al., 2016; Qiang & Cheng, 2019; 
Yin et al., 2018). Other studies have also found that exposure to MPs 
may be associated with physiological changes that have the poten-
tial to affect individual behavior, such as sex hormone imbalances 
and decreases in overall reproductive fitness (Wang et al., 2019), 
changes in the expression of genes related to oxidative stress and in-
flammation (Assas et al., 2020; Qiang & Cheng, 2019; Rochman et al., 
2014), and neurotoxic implications (Mak et al., 2019). Fewer studies 
have examined the effects of MPs on the outcomes of intraspecific 
or interspecific interactions (Rios-Fuster et al., 2021; Sarasamma 
et al., 2020), but exposure-induced changes in both predator–prey 
interactions (Ferreira et al., 2016) and conspecific interactions (Yin 
et al., 2018) have also been reported.

However, our results are consistent with those of some previ-
ous studies that specifically considered intraspecific aggression as 
a biological marker of MP exposure. For example, Rios-Fuster et al. 
(2021) found that gilthead seabream (Sparus aurata) exposed to MPs 
were bolder and showed changes in feeding behavior. However, 
during competition for food, exposed fish did not differ in the fre-
quency of aggressive acts performed compared with controls. 
Similarly, Critchell and Hoogenboom (2018) found that exposure to 
MPs impacted the growth and condition of juvenile Acanthochromis 
polyacanthus, but it had no effect on the frequencies of aggressive TA
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behaviors performed by dominant individuals toward subordinates 
while feeding. By contrast, Sarasamma et al. (2020) found that ze-
brafish aggression—measured as a percentage of time spent biting at 
a mirror reflection—decreased following nanoplastic exposure after 
~30 days.

What might explain the results of our study? One possibility 
that cannot be excluded is that, at current environmental lev-
els, the natural ingestion of MPs by freely foraging fish results 
in body loads below that required for aggressive impairment. 
Despite being exposed to a concentration of MPs on the high end 
of reported values (Burns & Boxall, 2018; Cunningham & Sigwart, 
2019; Leslie et al., 2017), the fish in our preliminary analyses were 
found to contain an average of 17–20 MPs in their tissues after 4 
or 7 days of dietary exposure. These values are somewhat higher 
than mean microplastic abundances recovered from fish in three 
major tributaries of Lake Michigan across a wide range of MP con-
centrations in surface water samples (10–13 particles per fish at 
concentrations of 5–90 MP/L; McNeish et al., 2018). Additional 
support for this explanation comes from the observation that 
males exposed to a combination of MPs and estrogen did not dif-
fer in behavior compared to control males, even though exposure 
to estrogenic EDCs is well known to reduce levels of circulating 
androgens in male fish (Salierno & Kane, 2009), with associated re-
ductions in aggression and competitive ability (Bell, 2001; Colman 
et al., 2009; Saaristo et al., 2009)—including in fathead minnows 
(Ward et al., 2017).

A second potential explanation for our results could be that 
the interactions between organisms, MPs and environmental con-
taminants are more complex than initially assumed. Interestingly, 
although numerous studies have shown that environmental con-
taminants sorbed to MPs leach into the tissues of fish following in-
gestion (Granby et al., 2018; Lee et al., 2019; Rainieri et al., 2018), 
MPs have also been reported to transfer chemical pollutants out 
of organisms in a similar manner (Scopetani et al., 2018). The dou-
ble role played by MPs as a transport mechanism for EDCs could 
potentially mitigate the impacts of the chemicals sorbed to MP 
surfaces.

Alternatively, MPs and EDCs may have antagonistic effects in 
the body or affect different parts of the same system, thereby re-
ducing the organismal consequences of each individual chemical 
(Hermens et al., 1985; Jackson et al., 2015; Kortenkamp, 2014; Scott 
& Sloman, 2004). Dang and Wang (2011) showed that mixed modes 
of action in various selenium and mercury contaminants could cause 
chemicals to act against or modify the effects of one another in juve-
nile jarbua terapon (Terapon jurbua). Similarly, when exposed to the 
common pesticides chlorpyrifos and dichlorvos, or a mixture of the 
two chemicals, mrigal (Cirrhinus mrigala) juveniles showed behavioral 
changes with single chemical exposures, but the mixture had antag-
onistic effects (Kunwar et al., 2021).

A third potential explanation for our results is that the levels of 
circulating androgens in our focal male fish were sufficient to offset 
the estrogenic effects of exposure to MPs and EE2. In this study, we 
used only highly dominant, reproductively motivated males in trials 

to minimize the confounding effect of male status on the outcomes 
of territorial interactions. However, in fish, levels of circulating an-
drogens associated with aggression and dominance (Taves et al., 
2009) are highest during spawning and in dominant (e.g., territory-
holding) individuals (Borg, 1994; Parikh et al., 2006). Indeed, a re-
cent meta-analysis showed that the responses of fathead minnow 
males to some chemical exposures may differ with respect to social 
status (Ianova et al., 2017). The authors suggested that subordinate 
fish could be more sensitive to contaminants than dominant fish due 
to differences in the interaction between environmental stressors 
and the endocrine axes that mediate reproduction and responses to 
stress. Additional research is needed to determine if the indepen-
dent and synergistic effects of MPs and estrogenic EDCs on aggres-
sive interactions might vary across social dominance hierarchies.

Last, we note that the sample sizes in this study were limited, 
which may have obscured subtle effects of MP exposure on behav-
ior that would become evident with a larger study. Nonetheless, the 
results of this study add to the existing body of knowledge about the 
biological effects of MPs on aquatic biota in three ways; first, despite 
growing evidence about the adverse effects of exposure on individ-
uals, we know little about the effects of exposure on the outcomes 
of intraspecific social interactions. Second, by explicitly testing the 
vector hypothesis, our results shed new insight into the indepen-
dent and synergistic effects of multiple environmental stressors on 
individuals. Third, to date, most of our knowledge on microplastic 
pollution has been conducted on marine systems; it is widely rec-
ognized that similar data for freshwater systems is lacking (McNeish 
et al., 2018; Wagner et al., 2014). We suggest that more studies are 
needed to robustly predict the short- and long-term ecological and 
evolutionary effects of anthropogenic environmental change in vul-
nerable aquatic ecosystems.

ACKNOWLEDG MENTS
We thank the dedicated undergraduates who assisted with the main-
tenance of this experiment, and two anonymous reviewers for com-
ments on an earlier draft of the manuscript. Funding was provided 
from a grant from the Indiana Water Resources Research Center to 
JLW and a Ball State University Honors College Fellowship to AS.

CONFLIC T OF INTERE S T
None declared.

AUTHOR CONTRIBUTIONS
Ally Swank: Conceptualization (equal); Data curation (equal); 
Funding acquisition (supporting); Methodology (equal); Visualization 
(equal); Writing –  original draft (equal); Writing –  review & editing 
(equal). Kadijah Blevins: Data curation (equal); Investigation (equal); 
Visualization (equal); Writing –  review & editing (equal). Abby 
Bourne: Data curation (equal); Investigation (equal); Writing –  re-
view & editing (equal). Jessica Ward: Conceptualization (equal); Data 
curation (equal); Formal analysis (lead); Funding acquisition (lead); 
Methodology (equal); Project administration (lead); Supervision (lead); 
Writing – original draft (lead); Writing – review & editing (equal).



8 of 10  |     SWANK et al.

DATA AVAIL ABILIT Y S TATEMENT
Raw data are available from Dryad (https://doi.org/10.5061/
dryad.6q573​n60z) or from the corresponding author upon request.

ORCID
Jessica Ward   https://orcid.org/0000-0001-9865-8027 

R E FE R E N C E S
Andrady, A. L. (2011). Microplastics in the marine environment. Marine 

Pollution Bulletin, 62(8), 1596–1605. https://doi.org/10.1016/j.
marpo​lbul.2011.05.030

Ankley, G. T., & Villeneuve, D. L. (2006). The fathead minnow in aquatic 
toxicology: Past, present and future. Aquatic Toxicolgy, 78(1), 91–
102. https://doi.org/10.1016/j.aquat​ox.2006.01.018

Aris, A. Z., Shamsuddin, A. S., & Praveena, S. M. (2014). Occurrence of 
17α-ethynylestradiol (EE2) in the environment and effect on ex-
posed biota: A review. Environment International, 69, 104–119. 
https://doi.org/10.1016/j.envint.2014.04.011

Arukwe, A. (2001). Cellular and molecular responses to endocrine-
modulators and the impact on fish reproduction. Marine 
Pollution Bulletin, 8, 643–655. https://doi.org/10.1016/S0025​
-326X(01)00062​-5

Ašmonaitė, G., & Almroth, B. (2019). Effects of microplastics on organisms 
and impacts on the environment: Balancing the known and unknown 
(70 pp.). Report of the University of Gothenburg, Sweden.

Assas, M., Qiu, X., Chen, K., Ogawa, H., Xu, H., Shimasaki, Y., & Oshima, 
Y. (2020). Bioaccumulation and reproductive effects of fluorescent 
microplastics in medaka fish. Marine Pollution Bulletin, 158, 111446. 
https://doi.org/10.1016/j.marpo​lbul.2020.111446

Barnes, D., Galgani, F., Thompson, R., & Barlaz, M. (2009). Accumulation 
and fragmentation of plastic debris in global environments. 
Philosophical Transactions of the Royal Society B: Biological Sciences, 
364(1526), 1985–1998, https://doi.org/10.1098/rstb.2008.0205

Batel, A., Linti, F., Scherer, M., Erdinger, L., & Braunbeck, T. (2016). 
Transfer of benzo[a]pyrene from microplastics to Artemia nauplii 
and further to zebrafish via a trophic food web experiment: CYP1A 
induction and visual tracking of persistent organic pollutants. 
Environmental Toxicology and Chemistry, 35, 1656–1666. https://doi.
org/10.1002/etc.3361

Bell, A. M. (2001). Effects of an endocrine disrupter on courtship and 
aggressive behavior of male three-spined stickleback, Gasterosteus 
aculeatus. Animal Behavior, 62, 775–780.

Borg, B. (1994). Androgens in teleost fishes. Comparative Biochemistry 
and Physiology Part C: Pharmacology, Toxicology and Endocrinology, 
109(3), 219–245. https://doi.org/10.1016/0742-8413(94)00063​-G

Bour, A., Sturve, J., Hojesjo, J., & Almroth, B. C. (2020). Microplastic vec-
tor effects: Are fish at risk when exposed via the trophic chain? 
Frontiers in Environmental Science, 8, 90. https://doi.org/10.3389/
fenvs.2020.00090

Brennecke, D., Ferreira, E. C., Costa, T., Appel, D., da Gama, B., & Lenz, M. 
(2015). Ingested microplastics (>100 μm) are translocated to organs 
of the tropical fiddler crab Uca rapax. Marine Pollution Bulletin, 96(1–
2), 491–495. https://doi.org/10.1016/j.marpo​lbul.2015.05.001

Burns, E. E., & Boxall, A. B. A. (2018). Microplastics in the aquatic en-
vironment: Evidence for or against adverse impacts and major 
knowledge gaps. Environmental Toxicology and Chemistry, 37(11), 
2776–2796. https://doi.org/10.1002/etc.4268

Burns, F. R., Cogburn, L. A., Ankley, G. T., Villeneuve, D. L., Waits, E., 
Chang, Y., Llaca, V., Deschamps, S. D., Jackson, R. E., & Hoke, R. 
A. (2016). Sequencing and de novo draft assemblies of a fathead 
minnow (Pimephales promales) reference genome. Environmental 
Toxicology and Chemistry, 35(1), 212–217. https://doi.org/10.1002/
etc.3186

Carlos de Sa, L., Oliveira, M., Ribeiro, F., Rocha, T. L., & Futter, M. N. 
(2018). Studies of the effects of microplastics on aquatic organisms: 
What do we know and where should we focus our efforts in the 
future? Science of the Total Environment, 645, 1029–1039. https://
doi.org/10.1016/j.scito​tenv.2018.07.207

Clement, T. S., Grens, K. E., & Fernald, R. D. (2004). Female affiliative 
preference depends on reproductive state in the African cichlid 
fish, Astatotilapia burtoni. Behavioral Ecology, 16(1), 83–88. https://
doi.org/10.1093/behec​o/arh134

Colman, J. R., Baldwin, D., Johnson, L. L., & Scholz, N. L. (2009). Effects 
of the synthetic estrogen, 7a-ethinylestradiol, on aggression 
and courtship behavior in male zebrafish (Danio rerio). Aquatic 
Toxicology, 91, 346–354.

Correia, A. D., Goncalves, R., Scholze, M., Ferreira, M., & Henriques, M. A. 
(2007). Biochemical and behavioral responses in gilthead seabream 
(Sparus aurata) to phenanthrene. Journal of Experimental Marine 
Biology and Ecology, 347(1–2), 109–122. https://doi.org/10.1016/j.
jembe.2007.03.015

Critchell, K., & Hoogenboom, M. O. (2018). Effects of microplastic expo-
sure on the body condition and behaviour of planktivorous reef fish 
(Acanthochromis polyacanthus). PLoS One, 13(3), e0193308. https://
doi.org/10.1371/journ​al.pone.0193308

Cunningham, E. M., & Sigwart, J. D. (2019). Environmentally accu-
rate microplastic levels and their absence from exposure studies. 
Integrative and Comparative Biology, 59(6), 1485–1496. https://doi.
org/10.1093/icb/icz068

Dang, F., & Wang, W.-X. (2011). Antagonistic interaction of mercury and 
selenium in a marine fish is dependent on their chemical species. 
Environmental Science & Technology, 45, 3116–3122. https://doi.
org/10.1021/es103​705a

Eerkes-Medrano, D., Thompson, R., & Aldridge, D. (2015). Microplastics 
in freshwater systems: A review of the emerging threats, iden-
tification of knowledge gaps and prioritisation of research 
needs. Water Research, 75(15), 63–82. https://doi.org/10.1016/j.
watres.2015.02.012

Elizalde-Velazquez, A., Carcano, A. M., Crago, J., Green, M. J., Shah, S. 
A., & Canas-Carell, J. E. (2020). Translocation, trophic transfer, ac-
cumulation and depuration of polystyrene microplastics in Daphnia 
magna and Pimephales promelas. Environmental Pollution, 259, 
113937. https://doi.org/10.1016/j.envpol.2020.113937

Endo, S., & Koelmans, A. (2016). Hazardous chemicals associated with 
plastics in the marine environment. In The handbook of environmen-
tal chemistry (pp. 41–53). Springer International Publishing.

Ferreira, P., Fonte, E., Soares, M. E., Carcalho, F., & Guilhermino, L. 
(2016). Effects of multi-stressors on juveniles of the marine 
fish Pomatoschistus microps: Gold nanoparticles, microplastics 
and temperature. Aquatic Toxicology, 170, 89–103. https://doi.
org/10.1016/j.aquat​ox.2015.11.011

Foley, C. J., Feiner, Z., Malinich, T., & Hook, T. (2018). A meta-analysis of 
the effects of exposure to microplastics on fish and aquatic inverte-
brates. Science of the Total Environment, 631, 550–559. https://doi.
org/10.1016/j.scito​tenv.2018.03.046

Granby, K., Rainieri, S., Rasmussen, R. R., Kotterman, M. J. J., Sloth, J. J., 
Cederberg, T. L., Barranco, A., Marques, A., & Larsen, B. K. (2018). 
The influence of microplastics and halogenated contaminants in 
feed on toxicokinetics and gene expression in European seabass 
(Dicentrarchus labrax). Environmental Research, 164, 430–443. 
https://doi.org/10.1016/j.envres.2018.02.035

Hermens, J., Leeuwangh, P., & Much, A. (1985). Joint toxicity of mixtures 
of groups of organic aquatic pollutants to the guppy (Poecilia reticu-
lata). Ecotoxicology and Environmental Safety, 9(3), 321–326. https://
doi.org/10.1016/0147-6513(85)90049​-1

Hudman, S. P., & Gotelli, N. J. (2007). Intra-  and intersexual selsec-
tion on male body size are complimentary in the fathead minnow 
(Pimephales promelas). Behavior, 144(9), 1065–1086.

https://doi.org/10.5061/dryad.6q573n60z
https://doi.org/10.5061/dryad.6q573n60z
https://orcid.org/0000-0001-9865-8027
https://orcid.org/0000-0001-9865-8027
https://doi.org/10.1016/j.marpolbul.2011.05.030
https://doi.org/10.1016/j.marpolbul.2011.05.030
https://doi.org/10.1016/j.aquatox.2006.01.018
https://doi.org/10.1016/j.envint.2014.04.011
https://doi.org/10.1016/S0025-326X(01)00062-5
https://doi.org/10.1016/S0025-326X(01)00062-5
https://doi.org/10.1016/j.marpolbul.2020.111446
https://doi.org/10.1098/rstb.2008.0205
https://doi.org/10.1002/etc.3361
https://doi.org/10.1002/etc.3361
https://doi.org/10.1016/0742-8413(94)00063-G
https://doi.org/10.3389/fenvs.2020.00090
https://doi.org/10.3389/fenvs.2020.00090
https://doi.org/10.1016/j.marpolbul.2015.05.001
https://doi.org/10.1002/etc.4268
https://doi.org/10.1002/etc.3186
https://doi.org/10.1002/etc.3186
https://doi.org/10.1016/j.scitotenv.2018.07.207
https://doi.org/10.1016/j.scitotenv.2018.07.207
https://doi.org/10.1093/beheco/arh134
https://doi.org/10.1093/beheco/arh134
https://doi.org/10.1016/j.jembe.2007.03.015
https://doi.org/10.1016/j.jembe.2007.03.015
https://doi.org/10.1371/journal.pone.0193308
https://doi.org/10.1371/journal.pone.0193308
https://doi.org/10.1093/icb/icz068
https://doi.org/10.1093/icb/icz068
https://doi.org/10.1021/es103705a
https://doi.org/10.1021/es103705a
https://doi.org/10.1016/j.watres.2015.02.012
https://doi.org/10.1016/j.watres.2015.02.012
https://doi.org/10.1016/j.envpol.2020.113937
https://doi.org/10.1016/j.aquatox.2015.11.011
https://doi.org/10.1016/j.aquatox.2015.11.011
https://doi.org/10.1016/j.scitotenv.2018.03.046
https://doi.org/10.1016/j.scitotenv.2018.03.046
https://doi.org/10.1016/j.envres.2018.02.035
https://doi.org/10.1016/0147-6513(85)90049-1
https://doi.org/10.1016/0147-6513(85)90049-1


    | 9 of 10SWANK et al.

Ianova, J., Zhang, S., Wang, R., & Schoenfuss, H. L. (2017). Social hi-
erarchy modulates responses of fish exposed to contaminants 
of emerging concern. PLoS One, 12(10), e0186807. https://doi.
org/10.1371/journ​al.pone.0186807

Jackson, M. C., Loewen, C. J. G., Vinebrooke, R. D., & Chimimba, C. T. 
(2015). Net effects of multiple stressors in freshwater ecosystems: 
a meta-analysis. Global Change Biology, 22(1), 180–189. https://doi.
org/10.1111/gcb.13028

Jobling, S., & Tyler, C. (2003). Endocrine disruption in wild freshwa-
ter fish. Pure and Applied Chemistry, 75, 2219–2234. https://doi.
org/10.1351/pac20​03751​12219

Kidd, K. A., Blanchfield, P. J., Mills, K. H., Palace, V. P., Evans, R. E., 
Lazorchack, J. M., & Flick, R. W. (2007). Collapse of a fish population 
after exposure to a synthetic estrogen. Proceedings of the National 
Academy of Sciences of the USA, 104(21), 8897–8901. https://doi.
org/10.1073/pnas.06095​68104

Kolpin, D., Furlong, E. T., Meyer, M. T., Thurman, M., Zaugg, S. D., 
Barber, L. B., & Buxton, H. T. (2002). Response to comment on 
“Pharmaceuticals, Hormones, and Other Organic Wastewater 
Contaminants in U.S. Streams, 1999−2000: A National 
Reconnaissance”. Environmental Science and Technology, 36(18), 
1202–1211. https://doi.org/10.1021/es020​136s

Kortenkamp, A. (2014). Low dose mixture effects of endocrine disrupt-
ers and their implications for regulatory thresholds in chemical risk 
assessment. Current Opinion in Pharmacology, 19, 105–111. https://
doi.org/10.1016/j.coph.2014.08.006

Kunwar, P. S., Sapkota, B., Badu, S., Parajuli, K., Sinha, A., Boeck, G., & 
Sopkota, K. (2021). Chlorpyrifos and dichlorvos in combined ex-
posure reveals antagonistic interaction to freshwater fish Mrigal, 
Cirrhinus mrigala. Comparative Biochemistry and Physiology Part C: 
Toxicology & Pharmacology. 240, 108923. https://doi.org/10.1016/j.
cbpc.2020.108923

Lee, H., Lee, H., & Kwon, J. (2019). Estimating microplastic-bound 
intake of hydrophobic organic chemicals by fish using mea-
sured desorption rates to artificial gut fluid. Science of the Total 
Environment, 651(1), 162–170. https://doi.org/10.1016/j.scito​
tenv.2018.09.068

Leslie, H. A., Brandsma, S. H., van Velzen, M. J. M., & Vethaak, A. D. 
(2017). Microplastics en route: Field measurements in the Dutch 
river delta and Amsterdam canals, wastewater treatment plants, 
North Sea sediments and biota. Environmental International, 101, 
133–142. https://doi.org/10.1016/j.envint.2017.01.018

Liu, X., Shi, H., Xie, B., Dionysiou, D. D., & Zhao, Y. (2019). Microplastics 
as both a sink and a source of Bisphenol A in the marine environ-
ment. Environmental Science and Technology, 53(17), 10188–10196. 
https://doi.org/10.1021/acs.est.9b02834

Lu, J., Wu, J., Wu, J., Zhang, C., & Luo, Y. (2020). Adsorption and de-
sorption of steroid hormones by microplastics in seawater. Bulletin 
of Environmental Contamination and Toxicology, 107(4), 730–735. 
https://doi.org/10.1007/s0012​8-020-02784​-2

Lu, Y., Zhang, Y., Deng, Y., Jiang, W., Zhao, Y., Geng, J., Ding, L., & Ren, 
H. (2016). Uptake and accumulation of polystyrene microplastics 
in Zebrafish (Danio rerio) and toxic effects in liver. Environmental 
Science and Technology, 50(7), 4054–4060. https://doi.org/10.1021/
acs.est.6b00183

Mak, C. W., Yeung, K. C., & Chan, K. M. (2019). Acute toxic effects of 
polyethylene microplastic on adult zebrafish. Ecotoxicology and 
Environmental Safety, 182, 109442. https://doi.org/10.1016/j.
ecoenv.2019.109442

Martinovic, D., Hogarth, W. T., Jones, R. E., & Sorensen, P. W. (2007). 
Environmental estrogens suppress hormones, behavior, and repro-
ductive fitness in male fathead minnows. Environmental Toxicology 
and Chemistry, 26, 271–278.

Mayer, I., Borg, B., & Páll, M. (2004). Hormonal control of male repro-
ductive behaviour in fishes: A stickleback perspective. Behaviour, 
141(11), 1499–1510. https://doi.org/10.1163/15685​39042​948141

McNeish, R., Kim, L., Barrett, H., Mason, S., Kelly, J., & Hoellein, T. (2018). 
Microplastic in riverine fish is connected to species traits. Scientific 
Reports, 8, 11639. https://doi.org/10.1038/s4159​8-018-29980​-9

Mills, L., & Chichester, C. (2005). Review of evidence: Are endocrine-
disrupting chemicals in the aquatic environment impacting fish 
populations? Science of the Total Environment, 343(1–3), 1–34. 
https://doi.org/10.1016/j.scito​tenv.2004.12.070

O’Hara, R. B., & Kotze, D. J. (2010). Do not log-transform count data. 
Methods in Ecology and Evolution, 1, 118–122.

Page, L. M., & Burr, B. M. (2011). A field guide to freshwater fishes of North 
America north of Mexico. Houghton Mifflin Harcourt.

Pannetier, P., Morin, B., Bihanic, F. L., Dubreil, L., Clerandeau, C., 
Chouvellon, F., Arkel, K. V., Danion, M., & Chachot, J. (2020). 
Environmental samples of microplastics induce significant toxic ef-
fects in fish larvae. Environmental International, 134, 105047.

Parikh, V. N., Clement, T. S., & Fernald, R. D. (2006). Androgen level 
and male social status in the African cichlid, Astatotilapia burtoni. 
Behavioral Brain Research, 166, 291–295.

Phillips, C. T., Gibson, J. R., & Fries, J. N. (2009). Agonistic and court-
ship behaviors in Dionda Diaboli, the Devils River minnow. The 
Southwestern Naturalist, 54(3), 341–368.

Pyron, M., & Beitinger, T. L. (1989). Behavior of male fathead minnows in 
the presence of an additional male or female fathead minnow. Texas 
Journal of Science, 41, 151–154.

Qiang, L., & Cheng, J. (2019). Exposure to microplastics decreases swim-
ming competence in larval zebrafish (Danio rerio). Ecotoxicology 
and Environmental Safety, 176, 226–233. https://doi.org/10.1016/j.
ecoenv.2019.03.088

Rainieri, S., Conlledo, N., Larsen, B. K., Granby, K., & Barranco, A. (2018). 
Combined effects of microplastics and chemical contaminants on 
the organ toxicity of zebrafish (Danio rerio). Environmental Research, 
162, 135–143. https://doi.org/10.1016/j.envres.2017.12.019

Rios-Fuster, B., Arechavala-Lopez, P., Garcia-Marcos, K., Alomar, C., 
Compa, M., Alvarez, E., Julia, M. M., Mari, A. S., Sureda, A., & 
Deudero, S. (2021). Experimental evidence of physiological and 
behavioral effects of microplastic ingestion in Sparus aurata. 
Aquatic Toxicology, 231, 105737. https://doi.org/10.1016/j.aquat​
ox.2020.105737

Rochman, C., Kurobe, T., Flores, I., & The, S. (2014). Early warning signs 
of endocrine disruption in adult fish from the ingestion of polyeth-
ylene with and without sorbed chemical pollutants from the ma-
rine environment. Science of the Total Environment, 493, 656–661. 
https://doi.org/10.1016/j.scito​tenv.2014.06.051

Saaristo, M., Craft, J., Lehtonen, K., & Lindström, K. (2009). Sand goby 
(Pomatoschistus minutus) males exposed to an endocrine disrupting 
chemical fail in nest and mate competition. Hormones and Behavior, 
56, 315–321. https://doi.org/10.1016/j.yhbeh.2009.06.010

Saaristo, M., Craft, J. A., Lehtonen, K., & Lindström, K. (2010). Exposure 
to 17alpha-ethinyl estradiol impairs courtship and aggres-
sive behaviour of male sand gobies (Pomatoschistus minutus). 
Chemosphere, 79(5), 541–546. https://doi.org/10.1016/j.chemo​
sphere.2010.02.019

Salierno, J. D., & Kane, A. S. (2009). l 7a-ethinylestradiol alters repro-
ductive behaviors, circulating hormones, and sexual morphology 
in male fathead minnows (Pimephales pramelas). Environmental 
Toxicology and Chemistry, 28, 953–961.

Sarasamma, S., Audira, G., Siregar, P., Malhotra, N., Lai, Y., Liang, S., Chen, 
J., Chen, K. H., & Hsiao, C. (2020). Nanoplastics cause neurobehav-
ioral impairments, reproductive and oxidative damages, and bio-
marker responses in Zebrafish: Throwing up alarms of wide spread 
health risk of exposure. International Journal of Molecular Sciences, 
21, 1410. https://doi.org/10.3390/ijms2​1041410

Scherer, C., Brennholt, N., Reifferscheid, G., & Wagner, M. (2017). 
Feeding type and development drive the ingestion of microplastics 
by freshwater invertebrates. Scientific Reports, 7, 17006. https://
doi.org/10.1038/s4159​8-017-17191​-7

https://doi.org/10.1371/journal.pone.0186807
https://doi.org/10.1371/journal.pone.0186807
https://doi.org/10.1111/gcb.13028
https://doi.org/10.1111/gcb.13028
https://doi.org/10.1351/pac200375112219
https://doi.org/10.1351/pac200375112219
https://doi.org/10.1073/pnas.0609568104
https://doi.org/10.1073/pnas.0609568104
https://doi.org/10.1021/es020136s
https://doi.org/10.1016/j.coph.2014.08.006
https://doi.org/10.1016/j.coph.2014.08.006
https://doi.org/10.21203/rs.3.rs-896260/v1
https://doi.org/10.21203/rs.3.rs-896260/v1
https://doi.org/10.1016/j.scitotenv.2018.09.068
https://doi.org/10.1016/j.scitotenv.2018.09.068
https://doi.org/10.1016/j.envint.2017.01.018
https://doi.org/10.1021/acs.est.9b02834
https://doi.org/10.1007/s00128-020-02784-2
https://doi.org/10.1021/acs.est.6b00183
https://doi.org/10.1021/acs.est.6b00183
https://doi.org/10.1016/j.ecoenv.2019.109442
https://doi.org/10.1016/j.ecoenv.2019.109442
https://doi.org/10.1163/1568539042948141
https://doi.org/10.1038/s41598-018-29980-9
https://doi.org/10.1016/j.scitotenv.2004.12.070
https://doi.org/10.1016/j.ecoenv.2019.03.088
https://doi.org/10.1016/j.ecoenv.2019.03.088
https://doi.org/10.1016/j.envres.2017.12.019
https://doi.org/10.1016/j.aquatox.2020.105737
https://doi.org/10.1016/j.aquatox.2020.105737
https://doi.org/10.1016/j.scitotenv.2014.06.051
https://doi.org/10.1016/j.yhbeh.2009.06.010
https://doi.org/10.1016/j.chemosphere.2010.02.019
https://doi.org/10.1016/j.chemosphere.2010.02.019
https://doi.org/10.3390/ijms21041410
https://doi.org/10.1038/s41598-017-17191-7
https://doi.org/10.1038/s41598-017-17191-7


10 of 10  |     SWANK et al.

Scopetani, C., Cincinelli, A., Martellini, T., Lombardini, E., Ciofini, A., 
Forunati, A., Pasquali, V., Ciattini, S., & Ugolini, A. (2018). Ingested 
microplastic as a two-way transporter for PBDEs in Talitrus saltator. 
Environmental Research, 167, 411–417. https://doi.org/10.1016/j.
envres.2018.07.030

Scott, G. R., & Sloman, K. A. (2004). The effects of environmental pol-
lutants on complex fish behavior: Integrating behavioral and phys-
iological indicators of toxicity. Aquatic Toxicology, 68, 369–392. 
https://doi.org/10.1016/j.aquat​ox.2004.03.016

Soffker, M., & Tyler, C. R. (2012). Endocrine disrupting chemicals and sex-
ual behaviors in fish – A critical review on effects and possible con-
sequences. Critical Reviews in Toxicology, 42(8), 653–668. https://
doi.org/10.3109/10408​444.2012.692114

Taves, M. D., Desjardins, J. K., Mishra, S., & Balshine, S. (2009). Androgens and 
dominance: Sex-specific patterns in a highly social fish (Neolamprologus 
pulcher). General and Comparative Endocrinology, 161, 202–207.

TerMarsch, H., & Ward, J. (2020). Body-generated hydrodynamic flows 
influence male–male contests and female mate choice in a freshwa-
ter fish. Animal Behaviour, 169, 119–128. https://doi.org/10.1016/j.
anbeh​av.2020.09.005

Unger, L. M. (1983). Nest defense by deceit in the fathead minnow, 
Pimephales promelas. Behavioral Ecology and Sociobiology, 13, 125–130.

Wagner, M., Scherer, C., Alvarez-Muñoz, D., Brennholt, N., Bourrain, 
X., Buchinger, S., Fries, E., Grosbois, C., Klasmeier, J., Marti, T., 
Rodriguez-Mozaz, S., Urbatzka, R., Vethaak, A. D., Winther-
Nielsen, M., & Reifferscheid, G. (2014). Microplastics in fresh-
water ecosystems: what we know and what we need to know. 
Environmental Sciences Europe, 26, 12. https://doi.org/10.1186/
s1230​2-014-0012-7

Wang, J., Li, Y., Lu, L., Zheng, M., Zhang, X., Tian, H., Wang, W., & Ru, 
S. (2019). Polystyrene microplastics cause tissue damages, sex-
specific reproductive disruption and transgenerational effects in 
marine medaka (Oryzias melastigma). Environmental Pollution, 254B, 
113024. https://doi.org/10.1016/j.envpol.2019.113024

Ward, A. J. W., & Hart, P. J. B. (2003). The effects of kin and familiarity on 
interactions between fish. Fish and Fisheries, 4, 348–358. https://
doi.org/10.1046/j.1467-2979.2003.00135.x

Ward, J. L., Cox, M., & Schoenfuss, H. (2017). Thermomodulation of 
anthropogenic estrogen exposure on a freshwater fish at two life 
stages. Hormones and Behavior, 94, 21–32.

Wu, C., Zhang, K., Huang, X., & Liu, J. (2015). Sorption of pharmaceuticals 
and personal care products to polyethylene debris. Environmental 
Science and Pollution Research, 23, 8819–8826. https://doi.
org/10.1007/s1135​6-016-6121-7

Yin, L., Chen, B., Xia, B., Shi, X., & Qu, K. (2018). Polystyrene microplastics 
alter the behavior, energy reserve and nutritional composition of 
marine jacopever (Sebastes schlegelii). Journal of Hazardous Materials, 
360, 97–105. https://doi.org/10.1016/j.jhazm​at.2018.07.110

How to cite this article: Swank, A., Blevins, K., Bourne, A., & 
Ward, J. (2022). Do microplastics impair male dominance 
interactions in fish? A test of the vector hypothesis. Ecology 
and Evolution, 12, e8620. https://doi.org/10.1002/ece3.8620

https://doi.org/10.1016/j.envres.2018.07.030
https://doi.org/10.1016/j.envres.2018.07.030
https://doi.org/10.1016/j.aquatox.2004.03.016
https://doi.org/10.3109/10408444.2012.692114
https://doi.org/10.3109/10408444.2012.692114
https://doi.org/10.1016/j.anbehav.2020.09.005
https://doi.org/10.1016/j.anbehav.2020.09.005
https://doi.org/10.1186/s12302-014-0012-7
https://doi.org/10.1186/s12302-014-0012-7
https://doi.org/10.1016/j.envpol.2019.113024
https://doi.org/10.1046/j.1467-2979.2003.00135.x
https://doi.org/10.1046/j.1467-2979.2003.00135.x
https://doi.org/10.1007/s11356-016-6121-7
https://doi.org/10.1007/s11356-016-6121-7
https://doi.org/10.1016/j.jhazmat.2018.07.110
https://doi.org/10.1002/ece3.8620

