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ARTICLE INFO ABSTRACT
Editor: Olga Pantos The ubiquity and abundance of plastic debris is one of the most significant challenges facing marine environ-

ments. Recent research has demonstrated that microplastics are consumed by marine organisms from a wide

Keywor ;’5-' variety of trophic levels. However, little is known about the sub-lethal effects of microplastic exposure on the
Microplastic

health of coral reef fishes or their impacts on predator-prey interactions. To examine this, we exposed juvenile
Ambon damselfish (Pomacentrus amboinensis) to one of two types of polystyrene plastic particles (virgin, or with
the plasticizer di(2-ethylhexyl) phthalate - DEHP), and a control (no plastic). After 2 days (6 exposures), the
initiation of antioxidant metabolism and oxidative defence was quantified. We also exposed the treated juvenile

Coral reef fish
Predator-prey
Plastic pollution

Polystyrene
Oxidative stress fish to a piscivorous fish (Pseudochromis fuscus) in mesocosms over a 22-h period to investigate whether
Antioxidant response microplastic exposure affected prey survival. Biomarkers associated with oxidative damage and antioxidant

metabolism indicated that microplastic exposure had a negative effect on the health of P. amboinensis. Addi-
tionally, P. amboinensis exposed to DEHP microplastics showed the greatest levels of oxidative stress and damage,
however the magnitude of this was dependent on the number of ingested particles. Interestingly, survival of
P. amboinensis did not differ among plastic treatments during mesocosm survival trials. These results highlight
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that while studies may not find immediate lethal consequences to plastic ingestion, there may be more subtle
sub-lethal costs that may have ecologically important consequences at later life stages, through energetic impacts
on growth and energy allocation.

1. Introduction

The magnitude and extent of plastic pollution in marine environ-
ments underscores the need to investigate the effects of microplastic
exposure on ecosystem function (Barnes et al., 2009; Jambeck et al.,
2015). Without improvement of waste management systems, plastic
discharged into the marine environment is predicted to increase by an
order of magnitude within the decade (Jambeck et al., 2015; Meijer
et al., 2021). While weathering and fragmentation of plastic waste has
resulted in a global distribution of microplastics (Gove et al., 2019;
Oberbeckmann and Labrenz, 2020), threats appear to be more severe in
tropical regions, due to the compounding effects of other factors, such as
increasing human populations, rapid economic development and
expanding manufacturing sectors (Eriksen et al., 2014; Ivar do Sul and
Costa, 2014). Notably, coral reef ecosystems in the Asia-Pacific region
are particularly vulnerable due to the current high levels of mismanaged
plastic waste and the forecasted rapid increase in litter outflow to coastal
areas (Lamb et al., 2018; Kako et al., 2014). This directly compromises
the health of coral reef ecosystems, with flow-on effects to fisheries and
tourism (Lamb et al., 2018).

Evidence of plastic ingestion throughout the marine food web is
documented across a range of taxa (Kiihn et al., 2020). Physical impacts
of plastic ingestion on marine organisms include internal abrasion,
digestion tract blockages and ulcers (Wright et al., 2013). Additionally,
plastic debris can act as a source and a transport medium for toxic
chemicals, due to the incorporation of chemical additives during plastic
manufacturing or the adsorption and accumulation of chemicals present
within the environment (Mato et al., 2001; Lithner et al., 2011; Gulizia
et al., 2023). For instance, di(2-ethylhexyl) phthalate (DEHP) - a
commonly used plasticizer introduced to improve product flexibility — is
known to have endocrine disrupting and immunotoxic properties
(Halden, 2010; Huang et al., 2015). The toxicological effects of micro-
plastic exposure on marine organisms are largely unknown due to their
complex and variable nature, however the potential to interfere with
organism health is clear (Rochman et al., 2013). One known physio-
logical consequence of exposure to potentially toxic compounds is
oxidative stress. Oxidative stress is caused when the level of reactive
oxygen species (ROS), including stable non-radical oxidants (e.g.,
hydrogen peroxide [H202]) and highly reactive oxygen radicals (e.g.,
superoxide anion [02’]) exceeds the capacity of the organism to elim-
inate them (Storz and Imlayt 1999, Gough and Cotter, 2011). Accu-
mulation of ROS can damage proteins, nucleic acids and cell
membranes, and ultimately cause disease and/or death (Janssens et al.,
2000, Monaghan et al., 2009). Defenses against oxidative stress include
antioxidant scavenging enzymes and non-enzymatic antioxidants that
detoxify ROS, and mechanisms to repair oxidative damage (Sies et al.,
2017).

Few studies have examined the physiological and behavioural effects
of microplastic exposure on marine taxa (Andrady, 2011, Wright et al.,
2013, Rivers-Auty et al., 2023; Hawke et al., 2024). There is limited
research on their effects on ecological processes, fitness or survival.
Predation rates on young coral reef fishes are affected by many envi-
ronmental stressors, such as ocean acidification, temperature changes
and habitat degradation (Allan et al., 2015; Ferrari et al., 2015), but only
two studies have examined whether microplastic consumption affects
mortality through predation. Jacob et al. (2019) exposed juvenile sur-
geonfish (Acanthurus triostegus) to very small (90 pm) polystyrene beads
and found no effect on survival rates when exposed to a lionfish predator
(Pterois radiata). However, this outcome may be the consequence of a
low consumption rate of the small beads (< 2 particles per fish), or the

prey’s inability to detect the predator rather than a lack of treatment
effect (McCormick and Allan, 2016). By contrast, McCormick et al.
(2020) found that survival of polystyrene-exposed damselfish (Poma-
centrus amboinensis) released onto live coral habitat was six times lower
than for fish not exposed to microplastics. However, the mechanisms
underlying this mortality pattern are unknown. One possible explana-
tion is that microplastic exposure alters escape performance (Hawke
et al., 2024). Indeed, if the consumption of plastic particles even slightly
alters the way these vulnerable young fish interact with predators, it has
the potential to affect fish recruitment at a particularly sensitive life
stage, with possible alterations to population dynamics (McCormick
et al., 2020).

The present study experimentally investigated whether exposure to
polystyrene particles had a physiological and ecological impact on ju-
veniles of a common tropical damselfish (Pomacentrus amboinensis).
Juveniles were exposed to one of three plastic treatments for 2 days
(polystyrene particles, polystyrene with DEHP, and a control (no plas-
tic)) and then sampled to determine whether there had been oxidative
damage or repair, as indicated by the levels of protein carbonyls, lipid
peroxides and antioxidant enzyme activity. Survival trials were also
undertaken to determine whether exposure to microplastics altered fish
survival during predator-prey encounters. Our prediction based on
previous research was that exposure to microplastics would result in
oxidative damage, the upregulation of antioxidant metabolism, which
may impose an energetic stress on the fish (Kelly et al., 2024). Fish under
energetic stress are more active and take more risk to obtain food
(Ferrari et al., 2009) and should be more commonly caught by
predators.

2. Methods
2.1. Ethics statement

Research was undertaken with a James Cook University ethics
approval permit (permit: A2408) and fish collected under the Great
Barrier Reef Marine Park Authority permit G12/35117.1.

2.2. Study species

The study species, the Ambon damselfish Pomacentrus amboinensis, is
a common omnivorous damselfish within coral reef fish communities of
the Indo-Pacific. P. amboinensis are 10.3-15.1 mm long and 15-23 days
old at settlement (Kerrigan, 1996). They are commonly preyed upon by
a variety of predatory fishes, including the dusky dottyback (Pseudo-
chromis fuscus) (Feeney et al., 2012). Ps. fuscus are highly active and
territorial mesopredators, regarded to be an important predator of
newly settled coral reef fish (Feeney et al., 2012). They are commonly
found throughout the Indo-Pacific and due their rapid acclimation to
laboratory conditions are a frequently used model predator in studies
examining predator-prey interactions (e.g., Allan et al., 2013).

Newly metamorphosed P. amboinensis individuals were collected
using light traps moored over an 8-16 m water column in the backreef of
Lizard Island (14°40'S, 145°28E), northern Great Barrier Reef,
Australia, during November 2019. Traps were recovered just after dawn
and fish were immediately transported to the Lizard Island Research
Station laboratory and held in the environmentally controlled aquarium
facility in 32-1 flow-through tanks (432 x 324 x 305 mm) that contained
a small coral habitat. Fish were fed newly hatched Artemia sp. twice
daily to satiation. Tanks were maintained at ambient conditions
(28.5-29 °C) with a fresh supply of seawater continuously delivered to
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each aquarium. Biological waste material was removed daily via suction
cleaning. To allow recovery from stress during capture, juveniles were
held for a minimum of 24 h prior to treatment allocation. Adult Ps. fuscus
were captured from the surrounding reefs, with hand nets and dilute
clove oil, while on SCUBA, and maintained individually in mesh baskets
placed in a large flow through tank and fed daily with four euthanised
juvenile damselfish.

2.3. Microplastic preparation and exposure

Microplastics were produced at James Cook University, Australia
using Polystyrene (PS) (Sigma Aldrich, Mw = 192 KDaltons), dioctyl
phthalate (DEHP) (Sigma-Aldrich, >99.5 %) and Dichloromethane
(DCM) (Univar, ACS Grade). Pure PS beads (10.30 g) were dissolved in
DCM (50 ml) under ambient conditions with constant stirring, after
which, a DEHP (2.5 ml) was added (81:19 PS:DEHP) with constant
stirring until the solution was uniform. This homogenous solution was
then drop cast on watch glasses (50 mm in diameter) and allowed to
evaporate in a fume hood to form a thick white membrane. The mem-
branes were dried further in vacuo overnight to form brittle plates of PS
containing DEHP (19 w/w%). The dried membranes were ground into
microplastic particles using a food processor (NutriBullet, 900 Series)
and sieved in the range of 200 to 300 um (Geo-Con). Size distribution
was confirmed using a scanning electron microscope (SEM) (Jeol
Superprobe JXA-8200). Plasticizer incorporation was confirmed using
Fourier Transform-Infrared Spectroscopy (FT-IR; Nicolet 6700) equip-
ped with an attenuated total reflectance (ATR) diamond head attach-
ment. The composition of the samples were measured by thermal
gravimetric analysis (TGA; TA Instruments SDT 650 Instrument) at a
heating rate of 10 °C/min up to 500 °C under constant flow of nitrogen
(50 ml/min). The maximum concentration of the DEHP in the water is
<1.025 x 107> g/1. This estimation is based on the assumption that (a)
200 particles would weigh 1.23 mg, (b) 5 % of the DEHP leaches (upper
limit in stagnant water), (c) the particles were spherical in shape, (d) the
density of the particles containing DEHP and without is the same, (e)
DEHP is dispersed uniformly within the water (Gulizia et al., 2023).

Juvenile P. amboinensis were exposed to microplastic treatments 48 h
prior to the start of the predator-prey mesocosm trials. Juvenile fish (n =
90) were randomly allocated to nine, 1.2-1 glass tanks (10 fish per tank)
in a static system, with air provided via an air-stone. The tanks were
placed in a flow-through water bath to maintain and control the tem-
perature across tanks. Tanks were randomly distributed throughout the
water bath and rotated between replicate exposures to control for any
potential spatio-temporal effects (e.g., light, or disturbance). Fish were
exposed to one of three treatments: virgin polystyrene particles, poly-
styrene particles with DEHP plasticizer, or no particles (control). Fish
were simultaneously exposed to microplastics and food 3 times per day
(09:00, 12:00 and 15:00 h) for 2 days. Each feeding event consisted of
200 microplastic particles (200-300 pm) added simultaneously with
newly hatched Artemia sp. ad libitum. Particles were hand counted into
small glass vials before delivery. Vials were flushed ten time to ensure all
particles were removed. All treatments were delivered with the same
technique, with empty vials used for control tanks. Using this design, we
produced 30 fish in each of our 3 treatments every 48 h, making a total
of 90 fish per treatment. To remove excess food and any microplastics
that were negatively buoyant, 1/3 of the water was removed from the
bottom on the tank using a siphon halfway through the exposure period
(e.g., after 24 h). Fresh seawater was used to replace the removed water.
Tanks were fully cleaned between each replicate exposure event using
fresh water and UV sterilised before being reset with the next round of
experimental fish.

2.4. Oxidative stress protocols

To measure the effects of plastic exposure on oxidative stress, and
using the same treatment protocol as described above, a further 36
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P. amboinensis individuals per treatment were euthanised in an ice slurry
(in accordance with James Cook University animal ethics guidelines,
permit: A2408). Individuals were blotted dry to remove excess water,
and then weighed to the nearest 0.0001 g. The digestive tract was
removed and the number of microplastic particles were quantified for
each individual using a microscope. White muscle tissue was excised
from the ventral side of the fish, stored in 0.6 ml Eppendorf tubes, snap
frozen in liquid nitrogen and transported to the University of Otago in
charged dry shippers for oxidative stress analysis.

Due to low tissue mass available for laboratory analysis, three muscle
samples of a similar weight, taken from three individual fish, within
each treatment, were pooled to create one sample with sufficient tissue
for analysis, yielding 12 replicates from each treatment. These replicates
were further split into groups based on the number of microplastics
present in their digestive tract: low (0-2 particles), medium (3-12 par-
ticles) and high (>12 particles) (See Fig. 2). Oxidative damage to pro-
teins and lipids, and the activities of antioxidant enzymes were
determined using established methods (Lister et al., 2015) and were
used as biomarkers of oxidative stress. Total protein was extracted for
analysis of protein carbonyls (PC) and antioxidant enzyme activities by
homogenizing muscle tissue samples in 400 pl of 50 mM potassium
phosphate buffer (pH 7.0) containing 0.2 mM Nay EDTA, 1 % PVP-44, 1
mM PMSF and 0.5 % v/v Triton X-100. Three zirconia beads to each tube
containing the sample and buffer, and the tissue was homogenized using
a bead beater (BioSpec mini-beater) set to speed 48 for 15 s. Each ho-
mogenate was centrifuged at 14,000 xg for 15 min at 4 °C (Eppendorff
5425R) and the supernatant was collected. Ultra-filtration was used to
semi-purify the proteins contained in 400 pl of the supernatant using
Amicon™ ultracentrifuge units (10kD; MWCO) by centrifugation at
10,000 xg for 15 min at 4 °C. The protein sample was then reconstituted
with 400 pl of 50 mM phosphate buffer (pH 7.0) and divided into 50 pl
aliquots that were then stored at —80 °C until biochemical analysis.

Biochemical assays were conducted following the methodology
outlined by Lister et al. (2015). A Lowry protein assay (Fryer et al.
1986), with a bovine serum albumin (BSA) as the standard was used to
determine soluble protein contents. The spectrophotometric method for
analysing protein carbonyl levels in semi-purified protein samples via
reaction with 2.4-dinitrophenylhydrazine (DNPH) was conducted as
described by Reznick and Packer (1994) and adapted for microplates as
per Lister et al. (2015). Lipid peroxides were extracted and measured as
per Lister et al. (2015). Superoxide dismutase (SOD) activity was
determined using the microplate quantification method described by
Banowetz et al. (2004), with minor modifications. Catalase (CAT) ac-
tivity was determined using the chemiluminescent methodology out-
lined by Maral et al. (1977) and adapted for 96-well microplates by
Janssens et al. (2000). Glutathione reductase (GR) activity was assayed
using the method of Cribb et al. (1989) with minor modifications.
Glutathione peroxidase (GPx) activity was measured according to the
spectrophotometric method described by Paglia and Valentine (1967).
Glutathione-S-transferase activity (GST) was measured using the
method of Habig et al. (1974), modified by Brogdon and Barber (1990)
for use in a microplate reader.

All assays were conducted using a PerkinElmer (Wallac) 1420 mul-
tilabel counter (PerkinElmer, San Jose, California, U.S.A), controlled by
a computer and fitted with a temperature control cell and an autodis-
penser. The WorkOut 2.0 software package (PerkinElmer) was used to
acquire and process the data.

2.5. Mesocosm survival trials

To assess the impact of microplastic exposure on survival, groups of
juvenile P. amboinensis from each treatment were exposed to a meso-
predator, Ps. fuscus, for 22 h and their survival compared across groups
(as per Ferrari et al., 2011). Trials were conducted in nine outdoor, flow-
through mesocosm tanks (111 cm diameter, 45 cm high, 368 1) that
contained 1 cm deep sand substrate and a coral rubble patch in the
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centre, approximately 20 cm in height and 30 cm in diameter and pieces
of PVC pipe to provide habitat complexity. P. amboinensis are a
generalist damselfish that will associate with both live and dead coral
(McCormick and Weaver, 2012). Ten individual P. amboinensis, from
the same treatment, were placed within each of the mesocosm one hour
prior to the release of the predator. After this acclimation period, a single
Ps. fuscus was carefully introduced into the centre of the tank. Meso-
cosms were left undisturbed, except for a singular feeding event (1600 h)
during which a 60 ml solution of freshly hatched Artemia sp. nauplii was
added 15 cm from the coral patch. Trials lasted 22 h, after which we
captured and removed all fish from the tank. The number of surviving P.
amboinensis was recorded. Mesocosms were drained and refilled after
each trial. Coral structures were rebuilt and tank treatment was re-
allocated after every trial. When the mesocosms were reset, we
switched treatment and tank combinations to control for any spatio-
temporal effects. In total, we ran 24 control, 23 virgin plastic and 24
DEHP plastic mesocosm replicates. Predators were fed euthanised ju-
venile damselfish daily, but not fed 48 h prior to the start of trials to
standardise for satiation. Predators (n = 37) were randomly allocated to
each treatment group to control for differences between individual
predator ability. After each trial, predators were fed euthanized juvenile
damselfish and starved for a 48 h period before use in subsequent trials.

2.6. Statistical analysis

2.6.1. Pooled oxidative stress

A principal component analysis (PCA) followed by an analysis of
variance was used to determine whether exposure to microplastics
(polystyrene particles, polystyrene treated with DEHP, and no plastics
(control)) affected oxidative stress biomarkers. A PCA on the correlation
matrix was used to summarise the most important trends in the vari-
ability in oxidative stress markers throughout the dataset. The first
principal component (PC1) was then used in an ANOVA to test the
equality of the stress markers among treatments. Residual analysis was
used examine the assumptions of normality and homogeneity of vari-
ance. Tukey’s (HSD) tests for non-equal sample sizes were undertaken to
find the nature of significant differences found. To further understand
how oxidative stress markers differed among markers and with treat-
ments, ANOVAs were undertaken on the individual markers, with effect
size represented by eta-squared (Richardson (2011). Trends were
plotted to enhance interpretation.

2.6.2. Dosage dependent oxidative stress

Residual analysis indicated that not all of the data met the assump-
tions of normality and homogeneity of variance (R software package
‘car’: Fox and Weisberg, 2019). Therefore, a non-parametric, one-way
Welch’s test was conducted on lipid peroxide and protein carbonyl
concentrations and GPX and GST activity levels to determine statistical
significance between treatments. This was followed by a non-parametric
post hoc analysis using a Games-Howell function (R software package
‘rstatix: R Core Team, R, 2013). One-way ANOVA’s and Tukey post-hoc
tests were used to analyse activity levels of SOD (after log trans-
formation) CAT and GR.

2.6.3. Survival

Survival rate of P. amboinensis from each treatment group as well as
predator size, trial day and mesocosm number were recorded with
Microsoft Excel version 16.3 (Excel 2019). All statistical analysis were
conducted in R software Version 1.1.463 (R Core Team, R, 2013). A
generalised linear model (glm) with a Gaussian family was used to
analyse the survival rates of P. amboinensis between treatments and
ensure no confounding effect of experimental variables.
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3. Results
3.1. Oxidative stress

Oxidative stress biomarkers had strong positive correlations with one
another (r ranges 0.74-0.96). The first axis of the PCA accounted for
85.9 % of the variance in oxidative markers, with the second axis rep-
resenting a further 5.3 %. All markers had a similar loading and sign on
the first axis, suggesting that the magnitude of oxidative stress effects
were well represented by all stress markers. The position of the centroids
for each treatment in the PCA biplot indicates that treatments were
separated along the first principle component (Fig. 1). An ANOVA on
PC1 found strong differences among treatments (Fe29 = 50.80, p <
0.001, n2 = 0.91), with significantly higher scores of PC1 (i.e., oxidative
stress) for those fish found to consume medium and high levels of DEHP,
or high levels of virgin PS.

Oxidative damage.

Interestingly, there was an effect of the number of microplastics
retrieved from the digestive tract on the two oxidative damage bio-
markers (F ¢ 879 = 15.26, p = 0.0003, Fig. 2 A,B). A Games-Howell non-
parametric post-hoc test revealed that P. amboinensis exposed to DEHP
or virgin microplastics and classified as high dosage (12+ microplastic
particles) had significantly higher levels of lipid peroxide compared to
fish containing low levels of microplastic (0-2 particles) in their diges-
tive tract (Fig. 2 A). Similarly, P. amboinensis individuals in the DEHP
treatment group had higher protein carbonyl levels in the high dosage
group compared to the low dosage group (Fig. 2 B). Regardless of plastic
type, there was no difference between lipid peroxide or protein carbonyl
levels in fish found with low doses of microplastics (0-2 particles)
compared to fish exposed to no microplastics (Fig. 2 A,B).

3.2. Oxidative defence

In addition, there was an effect of the number of microplastics
retrieved from the digestive tract on activity levels of SOD (F ¢, 29 =
29.54, p < 0.0001), CAT (F g, 29 = 22.46, p < 0.0001), GPOX (F 6,9.47 =
9.05, p < 0.01) and GR (F ¢, 29 = 17.77, p < 0.001) enzymes was
apparent (Fig. 2 C,D,E,F). Specifically, P. amboinensis who consumed
more microplastics (12+) had significantly higher activity levels of SOD
and GR compared to fish with low levels of microplastic (0-2) for both
virgin and DEHP treatments (Fig. 2 D,E). P. amboinensis found to have
high amounts of DEHP microplastics (12+) had greater activity levels of
CAT compared to the low dose group (0-2) (Fig. 2 C). Similarly,
P. amboinensis from the high dosage group of virgin microplastics (12+)
had greater activity levels of CAT compared to both the low and medium
dose group (0-2 and 2-12 particles respectively) (Fig. 2 C). Similar to
lipid peroxide and protein carbonyls, there was little difference between
activity levels of SOD, CAT, GPOX or GR enzymes in fish with a low
amount of virgin or DEHP microplastic found in their digestive tract
(0-2 particles) compared to fish that were not exposed to microplastics
(Fig. 2 C,D,E,F).

3.3. Antioxidant metabolism

There was a significant treatment effect on GST activity on
P. amboinensis exposed to microplastics or no microplastics (Fs 933 =
20.84, p < 0.0001). Fish exposed to DEHP microplastics had the greatest
activity of GST, followed by fish exposed to virgin microplastics with
lowest GST activity found in the control group (Fig. 3.). Although a
microplastic dose effect was seen with elevated GST activity in high
compared to low microplastic groups (0-2 and 12+ particles respec-
tively), there was no difference between low microplastic (0-2 particles)
and control groups (Fig. 3.).
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Fig. 1. Principal component (PC) biplot for PC1 and PC2 in oxidative stress biomarkers (abbreviations as per the methods text). Arrows are vectors that represent the
correlation coefficients of oxidative stress biomarkers with principal components. Load refers to the number of plastics found in the gut at the end of the experiment.

3.4. Predation rate

Predation rate by Ps. fuscus on P. amboinensis juveniles was not
influenced by microplastic treatment (p > 0.05). There were no
temporal-spatial effects of trial day or mesocosm number on the survival
rate. Additionally, there was no effect of predator size on the survival
rate of P. amboinensis.

4. Discussion

The effects of microplastic exposure on the health and survival of
coral reef fish recruits is a new and developing research field, with dif-
ferences in findings apparent between studies (Jacob et al., 2020). We
found a clear physiological cost of microplastic exposure on juvenile
coral reef fish due to oxidative damage and the activation of enzymatic
defence mechanisms, both of which were microplastic dose dependent.
Specifically, we found individuals exposed to DEHP microplastic parti-
cles had higher levels of oxidative damage biomarkers (lipid peroxide
and protein carbonyl) as well as higher activities of antioxidant enzymes
(CAT, SOD, GR, GPx and GST) involved in oxidative defence and
detoxification. These results suggest a clear physiological cost of short
term DEHP microplastic exposure in juvenile P. amboinensis.

Exposure to DEHP has been observed to induce cellular oxidative
stress across multiple taxa, including fish, rats and humans (Li et al.,
2014; Molino et al., 2019; Pérez-Albaladejo et al., 2020). However,
differences are apparent across taxa in the activation processes of anti-
oxidant systems, suggesting that activation of the antioxidant system is
complex, and caution is urged when generalising results. For example,
Mo et al. (2019) found that CAT and SOD enzymes were downregulated
after exposure to DEHP microplastics in juvenile yellow catfish, Pel-
teoagrus fulviraco. Furthermore, antioxidant enzyme activity levels
decreased with exposure to DEHP in grass carp hepatocytes (epithelial
liver cells) (Cui et al., 2020), mouse neural stem cells (Liu et al., 2018)
and medaka fish larvae (Yang et al., 2018). Excessive ROS production

can exceed the upper limit of physiological tolerance and subsequently
reduce antioxidant enzyme activity (Mo et al., 2019). Additionally,
accumulation of the lipid peroxidation by-product malondialdehyde, in
body tissues may result in an inhibition of antioxidative processes (Mo
et al., 2019; Shen et al., 2019). Differences between experimental de-
signs and plasticizer concentration exposure may result in the initiation
or suppression of individual stress responses and therefore explain dif-
ferences among research findings.

Interestingly, there was a distinctive dose-dependent effect on
oxidative damage and antioxidative processes between low (0-2 parti-
cles), medium (2-12 particles) and high (12+ particles) quantities of
virgin and DEHP microplastics in the digestive tract of P. amboinensis
(Fig. 2). Although, this was not an initial research objective, it was
evident that activities of enzymes involved in oxidative defence,
including SOD, CAT, GR and GST, were significantly elevated in in-
dividuals that had a high particle count in the gastrointestinal tract,
compared to low particle counts for both virgin and DEHP microplastic
treatments. Additionally, the activity of enzymes involved in oxidative
defence processes, did not differ between P. amboinensis from low
category microplastic treatments compared to controls. There was also
no difference in GST activity of individuals containing low levels of
microplastic particles and individuals from control treatments. Infor-
mation on microplastic particle abundance in the digestive tract of
P. amboinensis individuals during muscle tissue excision, provides
insight into variability between microplastic exposure across in-
dividuals. Despite controlled microplastic particle delivery during the
treatment phase, ingestion rates and gut retention naturally varied
among P. amboinensis individuals, potentially attributed to different
levels of boldness (Nanninga et al., 2020) or position in the social hi-
erarchy within the group (McCormick, 2016). Moreover, it is unknown
how long the particles are retained in the gut. Using a closely related
species (Pomacentrus chrysurus), McCormick et al. (2020) demonstrated
that spherical particles are egested after 12 h. In the present study,
rough, irregular shaped particles were used and so it is possible that
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Fig. 2. Changes in the mean (a) lipid peroxide concentration, (b) protein carbonyl concentration, (c) catalase (CAT), (d) superoxide dismutase (SOD), (e) glutathione
reductase (GR) and (f) glutathione peroxidase (GPX) in white muscle tissue of P. amboinensis individuals exposed to virgin and DEHP microplastics with low (0-2
particles), medium (2-12 particles) or high (12+ particles) levels of microplastic in their digestive tract (n = 4 for each category) as well as no microplastic (control,
n = 12). Error bars display standard error. Significance between treatment groups indicated by lettering (p < 0.05).

these were retained in the gut for longer, although to the best of our
knowledge this has not been empirically tested. Future work should
focus on this aspect of microplastic ingestion.

Our hypothesis that exposure to microplastics would result in
oxidative damage was partially supported, but was dependent on plastic
type. For example, although there was no significant difference in

oxidative damage or defence processes between virgin microplastic and
control treatment groups, there was a confounding effect of microplastic
particle quantity. P. amboinensis individuals exposed to virgin micro-
plastics and categorized with a high (12+ particles) quantity of micro-
plastic at the end of the experimental period, had significantly elevated
activities of antioxidant enzymes (SOD, CAT, GR) (see Fig. 2) as well as
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Fig. 3. Changes in the mean mean activities of glutathione-S-transferase (GST)
in white muscle tissue of P. amboinensis individuals exposed to virgin and DEHP
microplastics with low (0-2 particles), medium (2-12 particles) or high (12+
particles) levels of microplastic in their digestive tract (n = 4 for each category)
as well as no microplastic (control, n = 12). Error bars display standard error.
Significance between treatment groups indicated by lettering (p < 0.05).

elevated GST activity (see Fig. 3). Quantifying plastic particles retained
in the gut is evidently an important variable to be included in future
experimental studies as it enables examination of particle retention rates
of microplastic exposure, dosage analysis and may avoid potential
misinterpretation of results.

Despite a clear physiological cost of microplastic ingestion on
P. amboinensis, our hypothesis that microplastic treatment will affect
survival rate of prey fish in mesocosm predation trials was not sup-
ported. This is in contrast to McCormick et al. (2020), who reported
increased mortality rates of newly settled P. amboinensis after exposure
to polystyrene microbeads. However, there are some fundamental dif-
ferences between McCormick et al. (2020) and the present study. For
example, the present study used a mesocosm approach where any
recorded mortality could be attributed to the presence of a single
predator (Ps. fuscus). By contrast, McCormick et al. (2020) placed
microplastic exposed individual fish onto small coral patch reefs in situ
and any loss in prey fish were assumed to be due to predation. However,
the predator-prey interactions were not recorded, and it is unknown
whether mortality was due to attacks from predators, or whether prey,
potentially weakened by the effects of plastic ingestion, were swept off
the patch reef by currents. It is also possible that differences in mortality
effects between the two studies are due to McCormick et al. (2020) using
a more sensitive method of tracking mortality, whereby the fates of in-
dividual fish rather than groups were measured. It is possible that due
the use of a low power method (e.g., group mortality trajectories), we
were unable to detect differences in mortality due to microplastic
exposure and that the results of McCormick et al. (2020) may actually be
due in part to elevated ROS activity causing an energetic cost, rather
than the nutritional deficit hypothesis argued by McCormick et al.
(2020).

With a growing number of microplastic particles entering and per-
sisting in marine systems, understanding how plastic exposure affects
ecological interactions can provide evidence on the functioning of these
ecosystems. Although we found no difference in survival rates from
mesocosm trials, there were clear physiological costs of microplastic
exposure on P. amboinensis individuals, including both a plasticizer ef-
fect and dose dependent effect, which was most marked when plastics
had a DEHP plasticizer incorporated. The duration of this effect, and
whether the effect may be cumulative is currently unknown and
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warrants further study. These results highlight that while studies may
not find immediate mortal consequences to plastic ingestion, there may
be more subtle sub-lethal cost that may manifest to have ecologically
important consequences at later life stages, through energetic impacts
on growth and energy allocation.
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