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Abstract

The effect of a pollutant on the base of the food web can have knock-on effects for trophic
structure and ecosystem functioning. In this study we assess the effect of microplastic expo-
sure on juveniles of a planktivorous fish (Acanthochromis polyacanthus), a species that is
widespread and abundant on Indo-Pacific coral reefs. Under five different plastic concentra-
tion treatments, with plastics the same size as the natural food particles (mean 2mm diame-
ter), there was no significant effect of plastic exposure on fish growth, body condition or
behaviour. The amount of plastics found in the gastro-intestinal (Gl) tract was low, with a
range of one to eight particles remaining in the gut of individual fish at the end of a 6-week
plastic-exposure period, suggesting that these fish are able to detect and avoid ingesting
microplastics in this size range. However, in a second experiment the number of plastics in
the Gl tract vastly increased when plastic particle size was reduced to approximately one
quarter the size of the food particles, with a maximum of 2102 small (< 300um diameter) par-
ticles present in the gut of individual fish after a 1-week plastic exposure period. Under con-
ditions where food was replaced by plastic, there was a negative effect on the growth and
body condition of the fish. These results suggest plastics could become more of a problem
as they break up into smaller size classes, and that environmental changes that lead to a
decrease in plankton concentrations combined with microplastic presence is likely have a
greater influence on fish populations than microplastic presence alone.

Introduction

Plastic pollution has been reported in every ocean and sea on Earth [1], and is widely recog-
nised as a global threat to marine life, and to the economies of coastal nations [2, 3]. Plastic
pollution can degrade coastal benthic habitats through smothering, when plastic sheets form a
layer over the benthos and, also, through changes in sediment permeability due to buried plas-
tics [4]. Moreover, plastic pollution causes harm to wildlife through entanglement and inges-
tion [2]. Although plastics do not readily biodegrade, they do break up into smaller pieces
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when exposed to ultraviolet light and physical abrasion [5]. As plastic particles become smaller
(i.e. microplastics, less than 5 mm in diameter) they become available to be inadvertently con-
sumed by a wide range of marine organisms. Ingestion of plastics has been reported in many
species of marine fauna, most notably seabirds [6, 7] and sea turtles [8], but also fish [9-11],
corals [12], and other invertebrates [13-15]. Consumption of microplastic by organisms at the
base of food webs, such as mussels [16] and plankton [17], has raised concerns about the
potential for transfer of plastic-associated toxins throughout marine food webs [3].

Ingested plastics can cause harm though physical damage to the gastrointestinal (GI) tract.
For instance, plastic ingestion can cause abrasions and lesions, or physical disruption of the GI
tract, as plastics compact in the gut (e.g. [18]). Plastic ingestion can also be detrimental to the
health of various organisms because indigestible particles fill the stomach and reduce the feel-
ing of hunger which leads to starvation (e.g. [19, 20]). Conversely, microplastics (defined as
plastic fragments < 5 mm [5]) have been found in the stomach or GI tract of marine animals
without causing obvious harm. For example, 12.2% of harbour seals assessed in the Nether-
lands contained microplastics, with no clear effect of the plastic consumption on the animals
[21]. However, many studies to date have simply reported the presence of plastics in the GI
tract without assessing the effects on the fitness of the organism [17, 22]. Overall, while there is
growing evidence that many different taxa consume microplastic particles, the potential health
effects of such ingestion are not well known.

In addition to the physical effects of plastics on animal digestion, many plastics contain
chemicals, such as flame retardants, which are added during the production process to give the
plastics certain properties 2, 23, 24]. Plastic additives can be transferred into the tissues of ani-
mals that have consumed plastics [25, 26], with potential effects on the physiology and health
of the organism. Laboratory experiments have been used to assess the effect of plastic con-
sumption on the development and body condition of oganisms [27]. For example, lugworms
in an experimental trial were found to lose weight over a 28 day exposure to microplastics with
polychlorinated biphenyls (PCBs) [28], but it remains unclear whether it is the physical pres-
ence of microplastics, or the toxic effects of PCBs, that cause this effect. PCBs can alter the reg-
ulation of key hormones including estrogen, testosterone and thyroxine [29, 30]. Changes in
hormone concentrations can have complex effects on animal behaviour. Independent of toxi-
cological effects, changes in behaviour can also be expected in response to starvation which
may result from plastic ingestion. For instance, a hungry individual may become more aggres-
sive or listless; it may also increase territoriality [31, 32, 33]. de Sa et al. [34] recently showed
that the ingestion of plastics effects the predatory behaviour of the common goby, however the
mechanism underlying this change in behaviour remains unknown. Despite the important
role of animal behaviour in determining performance in the natural environment, the effects
of microplastic exposure and/or ingestion on animal behaviour remain largely unknown.

Although plastic consumption by marine vertebrates is arguably best documented in sea-
birds [35], many studies have also demonstrated that teleost fish consume microplastics in the
natural environment [9, 11, 36-38]. For seabirds, some species are reported to have up to 80%
of individuals containing plastics [39], and the mortality from starvation, which occurs when
birds consume plastics instead of their normal food, is obvious when seabird carcasses are
observed on beaches [40]. For fish, field studies have revealed that up to 30% of individuals
have plastics in their GI tracts [37, 41]. However, some species of fish generally retain low
numbers of plastic particles per fish (two to four) [37, 41]. Moreover, plastics consumed by
fish tend to be small in size, with 22 of 121 fish gut-content samples from the Mediterranean
containing plastics, of which 70% were < 5 mm [41]. Nevertheless, it is currently unknown
whether ingestion of small quantities of microplastics is detrimental to the health of these fish.
To date, field studies of fish plastic ingestion have primarily focused on pelagic and
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commercially important species, including mackerel [10, 38, 41, 42]. These fish prey on smaller
species of fish and it is unclear whether these piscivorous fishes consume microplastics directly
from the water column, or whether they incidentally ingest plastics by consuming prey that
had eaten plastics themselves. Understanding the level of fish stock contamination by plastics
requires an understanding of these trophic links.

There is high variation in fish diets, both within and among species. This difference stems
from feeding strategy or natural prey size differences [43, 44]. Some species have a highly selec-
tive diet [44, 45], suggesting that such species might only rarely eat plastics in their natural
environments. For example, Carpenter et al. [46] showed that only white spheres were found
in the gut of 8 diffferent fish species, indicating selective feeding on white spheres over other
types of plastics. Fish also display ontogenetic changes in diet as they grow larger, with smaller
fish generally eating smaller prey [47]. For instance, some damselfish species increase their
reliance on consumption of benthic algae as they mature [48], meaning that juvenile fish that
consume plankton may be more at risk of harm from microplastic consumption than adults.
In addition to ontogenetic shifts in diet, fish show individual variation in their feeding behav-
iour [49], and might differ in their propensity to consume plastics. Feeding behaviour can also
be determined by the odour of biofilm on plastic debris [50]. Understanding effects of plastic
ingestion on fish populations therefore requires quantification of among-individual variation
in the propensity to ingest plastic, and in the effects of plastic ingestion.

The effects of plastic exposure on fish growth and behaviour are likely to be concentration-
dependent. It is our hypothesis that if plastic consumption depends on plastic availability in
seawater, greater plastic ingestion, and greater potential impacts of plastic feeding, should be
observed at higher plastic concentrations. Similarly, if plastic replaces plankton in seawater
this is likely to alter fish growth and behaviour through starvation effects. In this study, we
aimed to quantify whether and how plastic ingestion by fish depends upon plastic concentra-
tion, and to assess the effects of plastic consumption on the growth and body condition of
juvenile planktivorous reef fish. We also aimed to determine whether plastic consumption
and/or plastic presence in seawater affected fish behaviour, to test the hypothesis that an
increase in the concentration of a poor food resource (plastics) lead to an increase in aggressive
behaviour due to more frequent failed foraging efforts. Our final aim was to assess the likeli-
hood of plastic consumption with different size classes of plastics for different size classes of
fishes. It was our hypothesis that reduced plastics size would increase the consumption of plas-
tics as the ability to distinguish between food and non-food particles was reduced.

Methods
Ethics statement

This study was carried out in strict accordance with ethics protocol laid out by the Animal Eth-
ics Commiittee of James Cook University, who approved the protocol of these experiments (Per-
mit number: A2112), and priority was given to animal care at all stages of this study.

Overview of approach

An experimental approach was used to isolate the effects of plastic consumption for a common
planktivorous reef fish under otherwise controlled conditions. We chose juvenile Acanthochro-
mis polyacanthus as a representative species. A. polyacanthus is a geographically widespread
planktivorous reef fish, common throughout the Great Barrier Reef (GBR), and like most
planktivores, has relatively low feeding selectivity [48], making them a good candidate for feed-
ing trials. Also, A. polyacanthus is a commonly used experimental fish species as they are easy
to rear and care for in a laboratory environment.
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Fig 1. Experimental design for acute and chronic plastic exposure experiment. Concentrations shown are the mean concentrations for each treatment, as treatment
dosage was dependent on tank biomass.

https://doi.org/10.1371/journal.pone.0193308.g001

We conducted an aquarium-based experiment to determine whether plastic ingestion
affected the growth and body condition, and behaviour of juvenile A. polyacanthus, and
whether any effects were concentration dependent (Fig 1). This experiment consisted of two
phases. First, we assessed whether replacement of food by plastic was detrimental to fish
growth (referred to hereafter as ‘acute exposure’). Second, we assessed the influence of expo-
sure to plastics in addition to a normal level of food which is adequate for fish growth and
development (referred to hereafter as ‘chronic exposure’). To minimise the number of animals
exposed to plastics (consistent with animal ethics guidelines), these phases were implemented
sequentially, with one week of acute exposure followed by 6 weeks of chronic exposure.
Growth rates (length and mass) were measured weekly. A separate aquarium experiment was
conducted to assess whether ingestion of plastic by fish depended on plastic particle size. In
that experiment we exposed fish of two size classes to three size classes of plastic particles for
one week, after which their gut content was analysed to assess the amount of plastic retained.

Experiments were conducted in a large recirculated marine aquarium system at the Marine
and Aquaculture Research Facility (MARF) at James Cook University. Water in aquaria was
maintained at a temperature of 27.5°C (£1°C), neutral pH, salinity of 36 ppt, and with nitrates
(NO,) within the range 28.5 and 32 mg 1", Juvenile A. polyacanthus (N = 112) from three sets
of parent stock (hereafter, ‘clutches’, labelled A-C) that had been raised in captivity at MAREF,
were reared between February and April 2015. Juvenile fish were raised at low stock densities
and were fed a commercial, high nutrition food twice per day ad libitum until the cohort aver-
age length (fork length) was approximately 3.5 cm. The fish from each clutch were randomly
split into one of five treatments with different microplastic concentrations: control (0 mg 1™
plastic), low (average 0.025 mg 1" plastic), medium (average 0.055 mg 1" plastic), high (average
0.083 mg 1" plastic) and very high (average 0.1 mg 1"* plastic). There were two replicate aquaria
per clutch, per treatment for a total of six replicate aquaria per treatment (n = 30 aquaria).
During the experiment the fish were fed the same type of commercial food pellets as the
growth phase, and the food amount was adjusted according to fish biomass in each aquarium
(g of food = fish biomass * 0.0125) because the amount of food required for tissue maintenance
and growth by fish depends on their biomass [51]. The amount of plastic added to tanks was
also adjusted according to fish biomass in the aquaria, so that there was a constant provision of
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plastic per unit fish biomass within each treatment (g of plastic = g of food/100 * treatment; 0,
20, 40, 60, 80). Differences in fish biomass among clutches, and over time, meant that the
amount of plastics provided to tanks overlapped slightly between treatments (see Table A in S1
File for weekly food and plastic concentrations per treatment). The objective of this experi-
ment was to assess the dose response to plastic exposure. The wide range of concentrations
used here are a common approach in eco-toxicological assessments [52], and are required to
quantify response thresholds where they exist. Fish were fed twice a day for the duration of the
experiments and were left to feed for at least four hours after exposure. After four hours the
aquaria were cleaned to remove as much of the uneaten plastics as possible, this was to ensure
each feed was the precise concentrations required for the treatment. Each replicate aquarium
housed four fish, except for clutch B where only 32 individuals were available, and therefore,
aquaria housed three or four individuals (Fig 1). Total fish replicates per treatment therefore
varied slightly (Ncontrol = 23, Niow = 22, Nimedium = 22, Nhigh = 23, and Nyerypigh = 22). All
aquaria contained short sections of PVC pipe at the base of the aquarium as shelters for the
fish and mesh over the outflow (and aquaria tops) to prevent fish loss. Individual fish were
tagged using elastomer tags to enable measurement of growth of each individual fish over the
experimental period.

Preparation of microplastics

Polyethylene terephthalate (PET) was used for the experiment as it is one of the most common
plastics types found in the environment [53]. For consistency with the food supplied to the fish
during rearing, and the size of their natural prey, PET microplastics with a particle size approx-
imately the same as the commercial food pellets were created by cryomilling post-consumer
recycled plastic pellets, donated from Visy Plastics (Smithfield, NSW, Australia). The cryomill-
ing process created a range of particle sizes, the desired size classes were obtained by sieving
the raw cryomilled particles. The commercial food pellets were approximately 2 mm in diame-
ter and the plastics ranged from 1 to 2 mm. The plastic particles were divided into mesh bags
and placed in indoor sump aquaria of a mature salt water aquarium system for at least two
weeks prior to the start of the experiment. This was to encourage the growth of a microbial
biofilm on the surface of the milled microplastics to better mimic microplastics in nature [50].
PET has a specific gravity of 1.38 and is, therefore, negatively buoyant in seawater. However,
the small milled particles have a high surface area to volume ratio and remained at the water
surface for ~2 minutes after being dropped into the water, behaving similarly to the commer-
cial food pellets.

Acute exposure experiment-food replaced by plastic

During the first week of the exposure experiment, we assessed the impact that replacement of
natural food products with plastic particles might have on fish. This ‘acute’ exposure was
designed to indicate how fish growth might be affected in marine habitats where natural
plankton concentrations are declining (evidence in [54]) and microplastic concentrations are
increasing [55]. During this week, the fish (N = 112) received a total “food’ allowance between
0.022 g to 0.065 g (0.055-0.16 mg 1) per feed, depending on aquaria fish biomass, which
included different proportions of food and PET (see Table A in S1 File).

Chronic exposure experiment-plastic dose added to normal food

After the ‘acute’ exposure phase, fish were exposed to plastic concentrations which consisted
of their normal food (biomass adjusted) plus either zero (control group), low (20%), medium
(40%), high (60%) or very high (80%) percentage of their diet added as plastic (see Table A in
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S1 File). No tank received more than 0.065g (0.16 mg 1™") food per feeding bout, as excess food
in the system can reduce water quality.

Ontogenetic changes in sizes of microplastics ingested

A second group of fish (n = 69) were sourced from stock A. polyacanthus at MARF and were
divided into two size classes, based on fork length, with small fish 30 to 35 mm and large fish
35 to 45 mm. Fish from these two treatment groups were randomly allocated among three dif-
ferent plastic particle size treatments (small, 125-300 pm [approx. 140000 per g]; medium,
300-1000 pum [approx. 5000 per g]; and large, 1000-5000 pm [approx. 60 per g]), with 3 repli-
cate aquaria per treatment with three to four fish per aquarium. The fish were fed twice daily
with a diet of commercial pellets (amount calculated based on fish biomass in each aquaria as
above) with additional plastic 80% of the food mass (0.05 to 0.13 mg I"" per feed, see Table B in
S1 File). We acknowledge that using weight of particles resulted in a different number of parti-
cles being supplied to each tank depending on particle size. The aim of using high concentra-
tions of particles was an attempt to make consumption rate limited by particle processing
time, rather than the number of particles available (a type II functional response) [56]. After
one week exposure, the fish were euthanized and dissected to assess the amount of plastic
retained in the whole length of the GI tract of each animal.

Measured response variables

Plastic retention, growth and body condition. At the conclusion of the plastic exposure
experiments, the fish were euthanized according to standard animal ethics protocols, by MS-
222 overdose. The gut content of the fish was collected to determine the amount of plastics the
fish retained. This plastic ingestion quantifies the amount of plastic ingested and retained in
the gut over both the acute and chronic phases of the exposure experiment. The same proce-
dure was followed at the end of the seven day duration particle size experiment.

We collected weekly length and weight data to assess growth through the acute and chronic
exposure phases. Each fish was photographed using a camera fixed a set distance from a
gridded background, to accurately measure length and width using ‘Image J” software. The wet
weight of each fish was measured by adding the fish to a beaker of aquarium water on pre-
zeroed scales (Kern PBC 3-place analytical balance, Kern and Sohn KmbH, Germany). Indi-
vidual growth rates were calculated, as change in mass and change in length, weekly and over
the duration of the whole experiment. Length weight ratios were calculated for each fish at the
beginning and end of both acute exposure and chronic exposure phases. The change in this
ratio gives an indication of the change to the body condition of each fish over each phase of
the experiment. During the post exposure dissections, the liver of each fish was extracted and
weighed (ME235P, 5-place Sartorius analytical balance, Germany) to calculate the liver weight
to body weight ratio (hepatosomatic index; Eq 1), used to assess the body condition of each
fish [57].

w
Hepatosomatic index (HSI) = (BW) x 100 Eql

Where LW is liver weight and BW is the total body weight of the fish before dissection. The
HSI reflects the energy reserves in the liver and, as liver function is critical for overall health, is
areliable proxy for condition [58].

Behaviour. Effects of microplastic exposure on fish behaviour were assessed using two
sets of video observations at the end of the chronic exposure phase. These video observations
monitored: 1) fish swimming activity and aggression between feeding times (20 minute videos,
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taken in between feeding times between the hours of 10 am and 4 pm); and 2) foraging behav-
iour and aggression at feeding times, for two minutes after food was introduced to each aquar-
ium. To ensure the fish were behaving “normally” after the disruption of camera placement,
the camera was set up and set to record 10 minutes before the introduction of food. We used a
GoPro (Hero 3) camera that was affixed to a stand that kept the camera at a set distance from
the bottom of the aquaria.

Fish swimming activity was measured between feeding times, using the ‘grid crossings’
method [59]. Briefly, a 2 x 2 cm grid (corresponding to approximately one body length of A.
polyacanthus in our videos) was placed over the computer screen during video playback, and
the number of times each individual fish crossed a grid line was counted during a period of 2
minutes. The fish was considered to have crossed a gridline if the nose and both eyes crossed
the line. Data are reported as line crossings per second. For this metric we used the longer
inter-feeding videos with the 2 min sample at least 10 min after the start of the video to ensure
the behaviour had returned to “normal” after camera set up.

Aggressive behaviour between individual fish was assessed from the videos taken during
and after feeding, and was measured as active interactions between individuals where a domi-
nant fish caused a subordinate to move position within the aquaria. The total number of
aggressive interactions in the focal aquaria were counted during the remainder of the video,
which ranged from 5-10 minutes (depending on video length) after the food was introduced.
We used the maximum video time available to gain the maximum data, the count was then
made relative to time in the aggression index described below (Eq 2). The aggressive interac-
tions observed in each aquarium were categorised into short and long interactions. The short
interactions (hereafter called ‘swoops’) were counted as lunges or movements of a dominant
fish that caused a subordinate fish to move away, whereas long interactions (hereafter called
‘chases’) were counted as interactions where the dominant fish chased a subordinate fish for
approximately % the aquaria length (assessed visually; not measured for every interaction). An
aggression index (AI) was calculated to account for the different energy costs of swoops com-
pared with chases, due to the different levels of swimming activity and different duration of
activity, and was normalised by the duration of the observation period as:

Al = w Eq2
Where S is the observed number of swoops, C is the observed number of chases, and t is the
duration of the observation period (decimal minutes). This creates a measure of aggression
experienced by the fish per aquaria.

Data analysis

Analysis of the length-weight relationship of the experimental fish showed that three different
clutches started with different sizes, and different weights per unit body length (See S2 File,
ANOVA, F =747.9, df = 5, 106, p-value < 0.001). Consequently, ‘clutch’ was retained as a fac-
tor in subsequent analyses.

To assess differences in plastic ingestion between treatments from the chronic exposure
experiment we used a generalized linear mixed effect model, fit by Laplace Approximation
maximum likelihood in the Ime4 package in R [60], with the Kenward-Roger approximation
to obtain p-values. To understand if the number of plastics retained during the chronic expo-
sure varied between treatments, we fit a linear mixed effect model to the plastic consumption
data for the subset of fish that ate plastics, again using the nlme package. Due to the small num-
ber of fish that consumed plastics, there was insufficient statistical power to analyses these data
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among individual treatments and, therefore, the treatments were pooled into high (60% and
80%) and low (20% and 40%) treatments for this particular analysis. Consumption levels by

fish of different sizes, for each plastics sizes were assessed using the Fisher’s exact test using a
multi-level contingency table analysis.

Generalized linear mixed effect models were fitted to growth, body condition, hepatoso-
matic index, and line crossing data to assess effect of treatment and clutch on fish health, with
aquaria included as a random effect. It was important to include aquaria as a random effect to
remove the artificial inflation of statistical replicates, while maintaining the individual fish
data. These analyses were conducted using the nlme package for R. Linear models using the
nlme package were also fit to the length and weight data to quantify the relationships between
and within clutches, and the difference in the slope/intercept of the relationship was assessed
to understand body condition during the acute phase of the exposure experiment. To test the
effect of plastics exposure on the activity of the fish, the line crossings per second were com-
pared using a Levene’s Test for homogeneity of variance. An ANCOVA was conducted to test
the relationship between treatment and aggression with the aggression index data.

Results
Plastic ingestion

Chronic exposure experiment. At the end of the chronic phase of the exposure experi-
ment, 19.6% of fish had plastic fragments in their GI tracts. For these fish, the number of
retained plastic fragments ranged from one to eight (Fig 2) and there was a general trend
toward higher ingestion at intermediate plastic exposure concentrations (Fig 2). However, nei-
ther the proportion of fish that had retained plastics (Fig 2A-2C), nor the number of plastics
retained, were dependent on the concentration of plastic present in aquaria (Fig 2D-2F), and
these responses did not vary between clutches (Table 1).

Ingestion of different particle sizes. The number of retained plastics was strongly depen-
dent upon plastic particle size. All fish exposed to the smallest plastic fragments were found to
have plastics in their GI tract after one week of exposure (Fig 3), and over half of the fish
exposed to medium sized plastics were also found to have plastics in the GI tract (Fig 3). The
observed proportions of fish of different sizes that had consumed small and large plastics was
significantly different than random (Fishers Exact Test, p-value < 0.001). Larger fish appeared
to be more likely to ingest plastics of all sizes than smaller fish (Fig 3A). For each particle size
treatment there was no statistical difference in amount of plastics consumed between the fish
sizes (Fig 3B). However, there was a large difference in the amount of plastic consumed
between particle size treatments, with fish ingesting up to a maximum of 2102 small plastic
fragments (in a fish classed as large) in comparison to a maximum of 5 in the large plastic
treatment (Fig 3). Fish were found to have much higher numbers of plastics in their GI tract
when exposed to the small particle treatment (Fig 3B, F = 15.523, df = 12, p-value = 0.0005).

Growth and body condition

Growth over the different exposure regimes. Fish growth during the acute exposure
phase of the experiment showed the lowest growth in the higher plastic treatments (Fig 4);
these fish were receiving much less food than the control fish. However, the different clutches
also reacted significantly differently in this experiment (Table 1). Clutch A and C had negative
growth in the highest plastic treatment while clutch B had reduced, but not negative growth.
Conversely, the chronic exposure phase showed very little effect of plastic presence (Fig 5).
During this phase, the fish that had lost mass during the acute phase seemed to catch up with
the rest of their cohort and by the end of the chronic exposure phase (6 weeks) there was no
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significant difference between treatments in the relative change in body mass. There was a sig-
nificant difference in the way clutch C responded compared to the other clutches (Table 1),
but within clutch there was no significant effect of plastic concentration.

Body condition. Based on the difference in length-weight relationship between the start
of the chronic exposure and the end of the experiment, there was no significant change in
body condition due to the treatments (Table 1). The only exception to this general pattern was
observed in clutch A, where there was an increase in body condition in the 40% plastic treat-
ment compared with the control. Based on the hepatosomatic index, there was a general
decrease in body condition in higher plastic concentration treatments (Fig 5D-5F). This
decrease was most pronounced for clutch C, for which condition was lower in the 80% treat-
ment; however this trend was not consistent across clutches.

Behaviour

Different clutches showed a different behavioural response to the plastic exposure treatments
(Fig 6, Table 1). For clutch C, there was a general increase in activity (measured as line cross-
ings) with increasing plastic concentration, but the same trend was not apparent for the other
two clutches (Fig 6A). Overall, there was generally high variability in activity among individu-
als. There was a significant association between the amount of aggression and the number of
line crossings observed in each tank (Pearson’s Test, r = 0.8097, df = 7, p = 0.0082). Indeed, the
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Table 1. Summary table of statistical analyses.

Analysis Factor Df Test statistic P Fig
Proportion of fish that ingested plastic Treatment 4,96 F=0.001 0.9 2A-C
Clutch 2,96 F=0.006 0.9
Treatment by Clutch 8,96 F=0.02 0.9
Number of plastic particles eaten by fish Intercept 1,11 F=42 <0.001 2D-F
Treatment (pooled) 1,11 F=12 0.29
Clutch 2,11 F=49 <0.05
Treatment by Clutch 2,11 F=0.22 0.80
Size-dependence of plastic ingestion Intercept 1,51 F=17 <0.001 3
Treatment (pooled) 1,12 F=0.70 0.42
Clutch 2,12 F=16 <0.001
Treatment by Clutch 2,12 F=0.40 0.68
Growth-acute phase Intercept 1,82 F=1514 <0.0001 4A-C
Treatment 4,15 F=11.1 0.0002
Clutch 2,15 F=34.1 <0.0001
Treatment by Clutch 8,15 F=1.66 0.1888
Body condition-acute phase Intercept 1,82 F=337 <0.0001 4D-F
Treatment 4,15 F=6.75 0.0026
Clutch 2,15 F=16.01 0.0002
Treatment by Clutch 8,15 F=0.74 0.6550
Growth-chronic phase Intercept 1,82 F=554.6 <0.0001 5A-C
Treatment 4,15 F=136 0.2938
Clutch 2,15 F=36.5 <0.0001
Treatment by Clutch 8,15 F=0.58 0.7756
Body condition-chronic phase Intercept 1,82 F=786.8 <0.0001
Treatment 4,15 F=253 0.084
Clutch 2,15 F=647 0.0094
Treatment by Clutch 8,15 F=091 0.5317
Hepatosomatic index Intercept 1,82 F=2267.8 <0.0001 5D-F
Treatment 4,15 F=2.66 0.074
Clutch 2,15 F=4.56 0.0283
Treatment by Clutch 8,15 F=217 0.0926

https://doi.org/10.1371/journal.pone.0193308.t001

majority of the more aggressive interactions (chases) resulted in a long distance travelled for

both the aggressor and the subordinate fish leading to an association between these beha-

vioural metrics. Similar to the observed variation in line crossings, the intensity of aggression
was highly variable between tanks within treatments groups. Although aggression was higher,
on average, for clutch A (AI of 9.7 compared with 7.5 and 7.2 in clutch B and C, respectively,
Fig 6B), ANCOVA with Tukey’s post-hoc test showed that these differences were not statisti-
cally significant. There was also some indication for clutch B of a decline in aggression with
plastic concentration, but this trend was not statistically significant (Fig 6B).

Discussion

In this study, we found that when microplastics were the same size as a fish’s normal food,
plastic retention in the gut were generally low, and were independent of the concentration of
microplastic available in seawater. Moreover, this low level plastic consumption had negligible
effects on the growth and body condition of juvenile planktivorous reef fish after 6 weeks of
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exposure. However, when plastic particles replaced food there was a significant decrease in
growth and body condition due to limited food availability. Our results also indicated that
plastic consumption and/or plastic presence in seawater did not affect fish foraging behaviour
(activity) or aggressive interactions. However, the amount of plastic found in the GI tract was
influenced by microplastic particle size, with smaller microplastics much more frequently con-
sumed than larger microplastics, regardless of fish size. These results support the hypothesis
that reduced plastics size will increase the consumption of plastics as the ability to distinguish
between food and non-food particles decreases.

The low plastic particle retention in the GI tract (up to eight particles per fish) for micro-
plastics 1-2 mm diameter observed in this study suggests that juvenile A. polyacanthus can rec-
ognise and avoid consuming microplastic particles of certain sizes. Although data quantifying
microplastic concentrations in coral reef waters are sparse and highly variable among loca-
tions, the highest concentrations of microplastics used in this study are generally higher than
the concentrations of microplastics found in nature [61]. However, we found no evidence that
microplastics presence in the gut was dose-dependent which demonstrates that ingestion of
microplastics can occur even at the low concentrations found in the environment. The number
of particles in the GI tract of the fish found here is generally consistent with field studies. For
example, Lusher et al. [62] found small quantities of microplastic particles (one to 15 per fish)
were commonly ingested by fish in the natural environment regardless of fish species and feed-
ing habitat. A similar range of values was found by Neves et al. [10] and Foekema et al. [38],
who found only one to four particles per fish, with most fish containing only 1 particle.

Field-sampled fish tended to have mostly plastic fibres in their GI tract, as opposed to parti-
cles as assessed in this study, suggesting that fish can more readily recognise and avoid certain
types and/or shapes of microplastics. Hermsen et al. [63] suggest many of these fibres could be
a result of contamination from sample preparation methods, and this should be considered in
future studies. Nevertheless, in our study the particulate microplastics used in the experiments
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were easily distinguishable from fibres and we found that when plastic particles were less than
one quarter the size of normal food (300-125 um) retention in the GI tract was vastly higher.
Collectively, these results indicate that when fish are exposed to a variety of sizes of plastics,
smaller plastics will be ingested more readily than larger ones. This dramatic variation in the
number of plastics found in the GI tract of different size classes suggests that as plastics get
smaller they may be less readily differentiated from normal prey [1, 38, 43]. While we did not
quantify the effects of ingestion of these small microplastics, it is likely that very small plastics
cause less damage and/or blockage to the digestive system. There is a possibility that fish could
reach satiation based on volume not number of particles, therefore, consumption of a many
very small particles could have a less impact to the individual, than fewer larger ones. However,
the increased surface area to volume ratio of smaller microplastics increases the possibility that
associated contaminants or toxins could leach from the microplastics and be absorbed by the
fish. Further studies are required to assess whether microplastics will have a larger effect on
fish populations as they break up into smaller pieces, as they are more readily consumed and
have higher potential to transfer contaminants [64].

Under acute exposure conditions, where microplastic particles replaced food particles, the
fish grew slower and lost body condition, and these effects were larger at higher microplastic
concentrations. The effects of a reduction in food availability on fish growth and survival are
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well understood [65]. Indeed, the minimum food requirements for growth of various fish spe-
cies have been quantified in aquaculture and natural settings [66-68]. Consequently, changes
in fish growth and condition during this phase of the experiment likely reflect the reduction in
food ration rather than any toxic effects of microplastic exposure. Although we did not mea-
sure plastic retention in the gut at the end of the acute phase, plastic retention was low at the
chronic phase of the experiment. These results indicate that plastic ingestion is low even when
food availability is restricted, and/or that small PET fragments plastics pass through the diges-
tive tract and are evacuated with minimal harm to fish. Our results also show that fish with
decreased, and even negative, growth under low food (high microplastic) treatments during
the acute phase were the same size, on average, as fish in the high food (low microplastic) treat-
ments by the end of the chronic phase. Such, ‘compensatory’ growth is commonly observed in
fish [69]. In our study, fish ‘caught up’ in size within 6 weeks, highlighting that sub-adult fish
of this species favour growth at the early stage of life to reduce predation risk for the individual
[70]. The literature documents that plankton and plastics are both patchy in nature [71]. Con-
sequently, fish might face intermittent periods of low food rations that have negative effects on
fitness by slowing growth rates, and by flow-on effects associated with compensatory growth
of juvenile and sub-adult individuals.
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Behaviour

The behavioural measures used in this study (activity and aggression) were directly correlated,
suggesting that in aquaria that had more active fish, the fish were being active because of the
aggressive interactions taking place. The dominant and most aggressive fish often utilised the
shelter, and would chase subordinate fish away from the entrance (KC personal observation).
Low [72] reports subordinate fish being driven a total of five metres in a five minute period of
field observations of reef fish (Family Pomacentridae). Dominance and space use are tightly
correlated, including feeding position [73] and shelter use [74]. The feeding dynamics of a
group can also change with changing dominance hierarchy [75, 76]. We found no significant
relationship between activity and treatment, with large amounts of variation between and
within clutches. There was a slight suggestion that fish are more active at medium levels of
exposure. This would support findings of increased aggression at medium feed levels by Too-
baie and Grant [77]. It would have been valuable to our study to have behavioural observations
before and after exposure, as this would have allowed direct observation of changes to behav-
iour. We observed vastly different feeding behaviour between individuals and aquaria, suggest-
ing some individuals or groups within a population may be more affected by plastic
consumption than others. Indeed, Sparks et al. [78] suggest that a dominance hierarchy can
greatly affect the outcome of ecological experiments.
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The rate of interactions between individuals and plastics may influence the rate of learning
of the individual. There is strong evidence that individual fish learn quickly to avoid anglers in
catch and release fisheries, which have strong learning experiences [79]. However, when the
plastic particle size is small, we suggest the fish do not have the same learning experience, as
the plastics have the potential to simply pass through their GI tract with little to no discomfort.
This allows plastics to enter the GI tract, potentially transferring plastics-associated toxins, pos-
sibly causing harm to the fish, without an avoidance behaviour to stop it. In most parts of the
oceans, fish would currently encounter plastics very rarely, not allowing the learning experi-
ence (e.g. <1 MP m™ in East China Sea [80]). In areas with high microplastics load, for exam-
ple the North-eastern Pacific (~280 MP m™ [81]), the fish may actually be more equipped to
avoid them. The size and shape of particles that could be avoided are probably based on fish
species, feeding type, gape, etc. that affect the learning experience of the individual fish.

Conclusions

We found that juvenile A. polyacanthus can be tolerant of plastic exposure, finding no signifi-
cant effect on growth, body condition or behaviour while the plastic particles were the same
size as their natural food particles. However, plastic retention vastly increased when the size of
the plastic particles was reduced from ~2 mm to 300-125 pum. This is of concern because plas-
tics in the environment fragment into smaller and smaller pieces and, therefore, could become
more readily ingested by planktivorous fish.

Supporting information

S1 File. Feeding procedure for the experiments.
(DOCX)

S2 File. Details of the length-weight relationships of the three clutches.
(DOCX)

Acknowledgments

The authors would like to acknowledge and thank the following people for their contributions
to this manuscript:

All of the MARFU technical staff, Giverny Rogers, Llew Rintoul and John Colwell for tech-
nical support. Sarah Hart, Lexie Edwards, lan Critchell and Joshua McIntyre for laboratory
assistance. Robert Dvorak from VISY rPLASTICS for donating the plastics used in this experi-
ment. Eric Nordberg for donating elastomer. Mark Hamann for advice on the early drafts of
the manuscript, and Rhondda Jones for statistical advice. The authors would also like to thank
the input of 3 anonymous reviewers, whose input improved the manuscript greatly.

Author Contributions

Conceptualization: Kay Critchell, Mia O. Hoogenboom.
Data curation: Kay Critchell.

Formal analysis: Kay Critchell, Mia O. Hoogenboom.
Funding acquisition: Mia O. Hoogenboom.
Investigation: Kay Critchell.

Methodology: Kay Critchell, Mia O. Hoogenboom.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193308 March 1,2018 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193308.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193308.s002
https://doi.org/10.1371/journal.pone.0193308

@° PLOS | ONE

Tolerance of microplastic exposure in a juvenile coral reef fish

Project administration: Kay Critchell, Mia O. Hoogenboom.

Resources: Mia O. Hoogenboom.

Supervision: Mia O. Hoogenboom.

Validation: Kay Critchell, Mia O. Hoogenboom.

Visualization: Kay Critchell, Mia O. Hoogenboom.

Writing - original draft: Kay Critchell.

Writing - review & editing: Kay Critchell, Mia O. Hoogenboom.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Eriksen M, Lebreton LCM, Carson HS, Thiel M, Moore CJ, Borerro JC, et al. Plastic Pollution in the
World’s Oceans: More than 5 Trillion Plastic Pieces Weighing over 250,000 Tons Afloat at Sea. PLoS
ONE. 2014; 9(12):e111913. hitps://doi.org/10.1371/journal.pone.0111913 PMID: 25494041

Derraik JGB. The pollution of the marine environment by plastic debris: a review. Marine Pollution Bulle-
tin. 2002; 44:842-52. PMID: 12405208

Thompson RC, Moore CJ, von Saal FS, Swan SH. Plastics, the environment and human health: current
consensus and future trends. Philosophical Transactions of The Royal Society Biological Sciences.
2009; 1:1-14.

Carson HS, Colbert SL, Kaylor MJ, McDermid KJ. Small plastic debris changes water movement and
heat transfer through beach sediments. Marine Pollution Bulletin. 2011; 62(8):1708—13. https://doi.org/
10.1016/j.marpolbul.2011.05.032 PMID: 21700298

Andrady AL. Microplastics in the marine environment. Marine Pollution Bulletin. 2011; 62(8):1596—605.
https://doi.org/10.1016/j.marpolbul.2011.05.030 PMID: 21742351

Verlis KM, Campbell ML, Wilson SP. Ingestion of marine debris plastic by the wedge-tailed shearwater
Ardenna pacifica in the Great Barrier Reef, Australia. Marine Pollution Bulletin. 2013; 72(1):244-9.
https://doi.org/10.1016/j.marpolbul.2013.03.017 PMID: 23711836

Kinan I, Cousins K. Abundance of plastic debris and ingestion by albatross on Kure Atoll, North-western
Hawaiian Islands. Marine Ornithology. 2000; 28(2).

Gonzélez Carman V, Acha EM, Maxwell SM, Albareda D, Campagna C, Mianzan H. Young green tur-
tles, Chelonia mydas, exposed to plastic in a frontal area of the SW Atlantic. Marine Pollution Bulletin.
2014; 78(1-2):56—62. https://doi.org/10.1016/j.marpolbul.2013.11.012 PMID: 24315702

Possatto FE, Barletta M, Costa MF, Ivar do Sul JA, Dantas DV. Plastic debris ingestion by marine cat-
fish: An unexpected fisheries impact. Marine Pollution Bulletin. 2011; 62(5):1098—-102. https://doi.org/
10.1016/j.marpolbul.2011.01.036 PMID: 21354578

Neves D, Sobral P, Ferreira JL, Pereira T. Ingestion of microplastics by commerecial fish off the Portu-
guese coast. Marine Pollution Bulletin. 2015; 101(1):119-26. https://doi.org/10.1016/j.marpolbul.2015.
11.008 PMID: 26608506

Hoss D, Settle L, editors. ingestion of plastics by teleost fishes. Second International Conference on
Marine Debris; 1989; Honolulu, Hawaii. USA1990.

Hall NM, Berry KLE, Rintoul L, Hoogenboom MO. Microplastic ingestion by scleractinian corals. Marine
Biology. 2015; 162(3):725-32.

Wright SL, Rowe D, Thompson RC, Galloway TS. Microplastic ingestion decreases energy reserves in
marine worms. Current Biology. 2013; 23(23):R1031-R3. https://doi.org/10.1016/j.cub.2013.10.068
PMID: 24309274

Van Cauwenberghe L, Claessens M, Vandegehuchte MB, Janssen CR. Microplastics are taken up by
mussels (Mytilus edulis) and lugworms (Arenicola marina) living in natural habitats. Environmental Pol-
lution. 2015; 199:10-7. https://doi.org/10.1016/j.envpol.2015.01.008 PMID: 25617854

Setéla O, Fleming-Lehtinen V, Lehtiniemi M. Ingestion and transfer of microplastics in the planktonic
food web. Environmental Pollution. 2014; 185(0):77-83.

Farrell P, Nelson K. Trophic level transfer of microplastic: Mytilus edulis (L.) to Carcinus maenas (L.).
Environmental Pollution. 2013; 177(0):1-3.

Cole M, Lindeque P, Fileman E, Halsband C, Goodhead R, Moger J, et al. Microplastic ingestion by zoo-
plankton. Environment Science Technology. 2013; 47(12):6646-55.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193308 March 1,2018 16/19


https://doi.org/10.1371/journal.pone.0111913
http://www.ncbi.nlm.nih.gov/pubmed/25494041
http://www.ncbi.nlm.nih.gov/pubmed/12405208
https://doi.org/10.1016/j.marpolbul.2011.05.032
https://doi.org/10.1016/j.marpolbul.2011.05.032
http://www.ncbi.nlm.nih.gov/pubmed/21700298
https://doi.org/10.1016/j.marpolbul.2011.05.030
http://www.ncbi.nlm.nih.gov/pubmed/21742351
https://doi.org/10.1016/j.marpolbul.2013.03.017
http://www.ncbi.nlm.nih.gov/pubmed/23711836
https://doi.org/10.1016/j.marpolbul.2013.11.012
http://www.ncbi.nlm.nih.gov/pubmed/24315702
https://doi.org/10.1016/j.marpolbul.2011.01.036
https://doi.org/10.1016/j.marpolbul.2011.01.036
http://www.ncbi.nlm.nih.gov/pubmed/21354578
https://doi.org/10.1016/j.marpolbul.2015.11.008
https://doi.org/10.1016/j.marpolbul.2015.11.008
http://www.ncbi.nlm.nih.gov/pubmed/26608506
https://doi.org/10.1016/j.cub.2013.10.068
http://www.ncbi.nlm.nih.gov/pubmed/24309274
https://doi.org/10.1016/j.envpol.2015.01.008
http://www.ncbi.nlm.nih.gov/pubmed/25617854
https://doi.org/10.1371/journal.pone.0193308

@° PLOS | ONE

Tolerance of microplastic exposure in a juvenile coral reef fish

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Di Bello A, Valastro C, Freggi D, Lai OR, Crescenzo G, Franchini D. Surgical treatment of injuries
caused by fishing gear in the intracoelomic digestive tract of sea turtles. Diseases of Aquatic Organ-
isms. 2013; 106(2):93—102. https://doi.org/10.3354/dac02641 PMID: 24113243

Ryan P. Effects of ingested plastic on seabird feeding: evidence from chickens. Marine Pollution Bulle-
tin. 1988; 19(3):125-8.

Spear LB, Ainley DG, Ribic CA. Incidence of plastic in seabirds from the tropical pacific, 1984—-1991:
Relation with distribution of species, sex, age, season, year and body weight. Marine Environmental
Research. 1995; 40(2):123-46.

Bravo Rebolledo EL, Van Franeker JA, Jansen OE, Brasseur SMJM. Plastic ingestion by harbour seals
(Phoca vitulina) in The Netherlands. Marine Pollution Bulletin. 2013; 67(1-2):200-2. https://doi.org/10.
1016/j.marpolbul.2012.11.035 PMID: 23245459

Watts AJR, Lewis C, Goodhead RM, Beckett SJ, Moger J, Tyler CR, et al. Uptake and Retention of
Microplastics by the Shore Crab Carcinus maenas. Environmental Science & Technology. 2014; 48
(15):8823-30.

Eerkes-Medrano D, Thompson RC, Aldridge DC. Microplastics in freshwater systems: A review of the
emerging threats, identification of knowledge gaps and prioritisation of research needs. Water
Research. 2015; 75:63—-82. https://doi.org/10.1016/j.watres.2015.02.012 PMID: 25746963

Rochman CM, Hoh E, Hentschel BT, Kaye S. Long-Term Field Measurement of Sorption of Organic
Contaminants to Five Types of Plastic Pellets: Implications for Plastic Marine Debris. Environmental
Science & Technology. 2013; 47(3):1646-54.

Rochman CM, Hoh E, Kurobe T, Teh SJ. Ingested plastic transfers hazardous chemicals to fish and
induces hepatic stress. Scientific reports. 2013; 3:3263. https://doi.org/10.1038/srep03263 PMID:
24263561

Chua EM, Shimeta J, Nugegoda D, Morrison PD, Clarke BO. Assimilation of Polybrominated Diphenyl
Ethers from Microplastics by the Marine Amphipod, Allorchestes Compressa. Environmental Science &
Technology. 2014; 48(14):8127-34.

Browne MA, Galloway T, Thompson R. Microplastic—an emerging contaminant of potential concern?
Integrated Environmental Assessment and Management. 2007; 3(4):559-61. PMID: 18046805

Besseling E, Wegner A, Foekema EM, van den Heuvel-Greve MJ, Koelmans AA. Effects of Microplastic
on Fitness and PCB Bioaccumulation by the Lugworm Arenicola marina (L.). Environmental Science &
Technology. 2013; 47(1):593-600.

Goncharov A, Rej R, Negoita S, Schymura M, Santiago-Rivera A, Morse G. Lower Serum Testosterone
Associated with Elevated Polychlorinated Biphenyl Concentrations in Native American Men. Environ-
mental Health Perspectives. 2009; 117:1454—60. https://doi.org/10.1289/ehp.0800134 PMID:
19750113

Colborn T, vom Saal FS, Soto AM. Developmental effects of endocrine-disrupting chemicals in wildlife
and humans. Environmental Health Perspectives. 1993; 101(5):378-84. PMID: 8080506

Adams CE, Huntingford FA, Krpal J, Jobling M, Burnett SJ. Exercise, agonistic behaviour and food
acquisition in Arctic charr,Salvelinus alpinus. Environmental Biology of Fishes. 1995; 43(2):213-8.

Adams CE, Huntingford FA, Turnbull JF, Beattie C. Alternative competitive strategies and the cost of
food acquisition in juvenile Atlantic salmon (Salmo salar). Aquaculture. 1998; 167(1):17-26.

Dunbrack RL, Clarke L, Bassler C. Population level differences in aggressiveness and their relationship
to food density in a stream salmonid (Salvelinus fontinalis). Journal of Fish Biology. 1996; 48(4):615—
22.

de S4 LC, Luis LG, Guilhermino L. Effects of microplastics on juveniles of the common goby (Poma-
toschistus microps): Confusion with prey, reduction of the predatory performance and efficiency, and
possible influence of developmental conditions. Environmental Pollution. 2015; 196:359-62. https://doi.
org/10.1016/j.envpol.2014.10.026 PMID: 25463733

Ryan PG. The incidence and characteristics of plastic particles ingested by seabirds. Marine Environ-
mental Research. 1987; 23(3):175-206.

Vendel AL, Bessa F, Alves VEN, Amorim ALA, Patricio J, Palma ART. Widespread microplastic inges-
tion by fish assemblages in tropical estuaries subjected to anthropogenic pressures. Marine Pollution
Bulletin. 2017; 117:448-55. https://doi.org/10.1016/j.marpolbul.2017.01.081 PMID: 28214011

Rummel CD, Léder MGJ, Fricke NF, Lang T, Griebeler E-M, Janke M, et al. Plastic ingestion by pelagic
and demersal fish from the North Sea and Baltic Sea. Marine Pollution Bulletin. 2016; 102(1):134—41.
https://doi.org/10.1016/j.marpolbul.2015.11.043 PMID: 26621577

Foekema EM, De Gruijter C, Mergia MT, van Franeker JA, Murk AJ, Koelmans AA. Plastic in North Sea
Fish. Environmental Science & Technology. 2013; 47(15):8818-24.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193308 March 1,2018 17/19


https://doi.org/10.3354/dao02641
http://www.ncbi.nlm.nih.gov/pubmed/24113243
https://doi.org/10.1016/j.marpolbul.2012.11.035
https://doi.org/10.1016/j.marpolbul.2012.11.035
http://www.ncbi.nlm.nih.gov/pubmed/23245459
https://doi.org/10.1016/j.watres.2015.02.012
http://www.ncbi.nlm.nih.gov/pubmed/25746963
https://doi.org/10.1038/srep03263
http://www.ncbi.nlm.nih.gov/pubmed/24263561
http://www.ncbi.nlm.nih.gov/pubmed/18046805
https://doi.org/10.1289/ehp.0800134
http://www.ncbi.nlm.nih.gov/pubmed/19750113
http://www.ncbi.nlm.nih.gov/pubmed/8080506
https://doi.org/10.1016/j.envpol.2014.10.026
https://doi.org/10.1016/j.envpol.2014.10.026
http://www.ncbi.nlm.nih.gov/pubmed/25463733
https://doi.org/10.1016/j.marpolbul.2017.01.081
http://www.ncbi.nlm.nih.gov/pubmed/28214011
https://doi.org/10.1016/j.marpolbul.2015.11.043
http://www.ncbi.nlm.nih.gov/pubmed/26621577
https://doi.org/10.1371/journal.pone.0193308

@° PLOS | ONE

Tolerance of microplastic exposure in a juvenile coral reef fish

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

Acampora H, Schuyler QA, Townsend KA, Hardesty BD. Comparing plastic ingestion in juvenile and
adult stranded short-tailed shearwaters (Puffinus tenuirostris) in eastern Australia. Marine Pollution Bul-
letin. 2014; 78(1-2):63-8. https://doi.org/10.1016/j.marpolbul.2013.11.009 PMID: 24295596

Pierce KE, Harris RJ, Larned LS, Pokras MA. Obstruction and starvation associated with plastic inges-
tion in a Northern Gannet Morus bassanus and a Greater Shearwater Puffinus gravis. Marine Ornithol-
ogy. 2004; 32(2):187-9.

Romeo T, Pietro B, Peda C, Consoli P, Andaloro F, Fossi MC. First evidence of presence of plastic
debris in stomach of large pelagic fish in the Mediterranean Sea. Marine Pollution Bulletin. 2015; 95
(1):358-61. https://doi.org/10.1016/j.marpolbul.2015.04.048 PMID: 25936574

Avio CG, Gorbi S, Regoli F. Experimental development of a new protocol for extraction and characteri-
zation of microplastics in fish tissues: First observations in commercial species from Adriatic Sea.
Marine Environmental Research. 2015; 111:18-26. https://doi.org/10.1016/j.marenvres.2015.06.014
PMID: 26210759

O’Brien WJ, Slade NA, Vinyard GL. Apparent Size as the Determinant of Prey Selection by Bluegill Sun-
fish (Lepomis Macrochirus). Ecology. 1976; 57(6):1304—-10.

Ma Z, Guo H, Zhang D, Hu C, Jiang S. Food ingestion, consumption and selectivity of pompano, Trachi-
notus ovatus (Linnaeus 1758) under different rotifer densities. Aquaculture Research. 2015; 46
(11):2593-603.

Hobson ES, Chess JR. trophic relationships among fishes and plankton in the lagoon at enewetak atoll,
marshall islands. Fishery Bulletin. 1977; 76(1):133-53.

Carpenter EJ, Anderson SJ, Harvey GR, Miklas HP, Peck BB. Polystyrene spherules in coastal waters.
Science. 1972; 178(4062):749-50. PMID: 4628343

Garcia-Berthou E. Food of introduced mosquitofish: ontogenetic diet shift and prey selection. Journal of
Fish Biology. 1999; 55(1):135-47.

Emery AR. Comparative Ecology and Functional Osteology of Fourteen Species of Damselfish (Pisces:
Pomacentridae) at Alligator Reef, Florida Keys. Bulletin of Marine Science. 1973; 23(3):649-770.

Hoogenboom MO, Armstrong JD, Groothuis TGG, Metcalfe NB. The growth benefits of aggressive
behavior vary with individual metabolism and resource predictability. Behavioral Ecology. 2013; 24
(1):253-61.

Savoca MS, Tyson CW, McGill M, Slager CJ. Odours from marine plastic debris induce food search
behaviours in a forage fish. Proceedings of the Royal Society B: Biological Sciences. 2017; 284(1860).

Elliott JM. Number of meals in a day, maximum weight of food consumed in a day and maximum rate of
feeding for brown trout, Salmo trutta L. Freshwater Biology. 1975; 5(3):287-303.

Berry KLE, Hoogenboom MO, Flores F, Negri AP. Simulated coal spill causes mortality and growth inhi-
bition in tropical marine organisms. Scientific reports. 2016; 6:25894. https://doi.org/10.1038/srep25894
PMID: 27174014

Morét-Ferguson S, Law KL, Proskurowski G, Murphy EK, Peacock EE, Reddy CM. The size, mass, and
composition of plastic debris in the western North Atlantic Ocean. Marine Pollution Bulletin. 2010; 60
(10):1873-8. https://doi.org/10.1016/j.marpolbul.2010.07.020 PMID: 20709339

Boyce DG, Lewis MR, Worm B. Global phytoplankton decline over the past century. Nature. 2010; 466
(7306):591-6. https://doi.org/10.1038/nature09268 PMID: 20671703

Ivar do Sul JA, Costa MF. The present and future of microplastic pollution in the marine environment.
Environmental Pollution. 2014; 185(0):352—64.

Staddon JE. Adaptive behavior and learning: Cambridge University Press; 2016.

Chellappa S, Huntingford FA, Strang RHC, Thomson RY. Condition factor and hepatosomatic index as
estimates of energy status in male three-spined stickleback. Journal of Fish Biology. 1995; 47(5):775—
87.

Pereira JJ, Mercaldo-Allen R, Kuropat C, Luedke D, Sennefelder G. Effect of cadmium accumulation on
serum vitellogenin levels and hepatosomatic and gonadosomatic indices of winter flounder (Pleuro-
nectes americanus). Archives of Environmental Contamination and Toxicology. 1993; 24(4):427-31.

Ryer CH, Stoner AW, Iseri PJ, Spencer ML. Effects of simulated underwater vehicle lighting on fish
behavior. Marine Ecology Progress Series. 2009; 391:97—106.

R Core Team. R: A Language and Environment for Statistical Computing. Vienna, Austria: R Founda-
tion for Statistical Computing; 2016.

Tsang YY, Mak CW, Liebich C, Lam SW, Sze ETP, Chan KM. Microplastic pollution in the marine
waters and sediments of Hong Kong. Marine Pollution Bulletin. 2017; 115(1):20-8.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193308 March 1,2018 18/19


https://doi.org/10.1016/j.marpolbul.2013.11.009
http://www.ncbi.nlm.nih.gov/pubmed/24295596
https://doi.org/10.1016/j.marpolbul.2015.04.048
http://www.ncbi.nlm.nih.gov/pubmed/25936574
https://doi.org/10.1016/j.marenvres.2015.06.014
http://www.ncbi.nlm.nih.gov/pubmed/26210759
http://www.ncbi.nlm.nih.gov/pubmed/4628343
https://doi.org/10.1038/srep25894
http://www.ncbi.nlm.nih.gov/pubmed/27174014
https://doi.org/10.1016/j.marpolbul.2010.07.020
http://www.ncbi.nlm.nih.gov/pubmed/20709339
https://doi.org/10.1038/nature09268
http://www.ncbi.nlm.nih.gov/pubmed/20671703
https://doi.org/10.1371/journal.pone.0193308

@° PLOS | ONE

Tolerance of microplastic exposure in a juvenile coral reef fish

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Lusher AL, McHugh M, Thompson RC. Occurrence of microplastics in the gastrointestinal tract of
pelagic and demersal fish from the English Channel. Marine Pollution Bulletin. 2013; 67(1-2):94-9.
https://doi.org/10.1016/j.marpolbul.2012.11.028 PMID: 23273934

Hermsen E, Pompe R, Besseling E, Koelmans AA. Detection of low numbers of microplastics in North
Sea fish using strict quality assurance criteria. Marine Pollution Bulletin. 2017; 122(1):253-8.

Bakir A, Rowland SJ, Thompson RC. Competitive sorption of persistent organic pollutants onto micro-
plastics in the marine environment. Marine Pollution Bulletin. 2012; 64(12):2782-9. https://doi.org/10.
1016/j.marpolbul.2012.09.010 PMID: 23044032

Elliott JM. The food of brown and rainbow trout (Salmo trutta and S. gairdneri) in relation to the abun-
dance of drifting invertebrates in a mountain stream. Oecologia. 1973; 12(4):329—47. https://doi.org/10.
1007/BF00345047 PMID: 28308235

Elliott JM. The Energetics of Feeding, Metabolism and Growth of Brown Trout (Salmo trutta L.) in Rela-
tion to Body Weight, Water Temperature and Ration Size. Journal of Animal Ecology. 1976; 45(3):923—
48.

Garvey JE, Ostrand KG, Wahl DH. Energetics, predation, and ration affect size-dependent growth and
mortality of fish during winter. Ecology. 2004; 85(10):2860—71.

Imre |, Grant JWA, Keeley ER. The effect of food abundance on territory size and population density of
juvenile steelhead trout (Oncorhynchus mykiss). Oecologia. 2004; 138(3):371-8. https://doi.org/10.
1007/s00442-003-1432-z PMID: 14669003

Hurst TP, Spencer ML, Sogard SM, Stoner AW. Compensatory growth, energy storage and behavior of
juvenile Pacific halibut Hippoglossus stenolepis following thermally induced growth reduction. Marine
Ecology Progress Series. 2005; 293:233—-40.

Metcalfe NB, Monaghan P. Compensation for a bad start: grow now, pay later? Trends in Ecology &
Evolution. 2001; 16(5):254—60.

Bengfort M, Feudel U, Hilker FM, Malchow H. Plankton blooms and patchiness generated by heteroge-
neous physical environments. Ecological Complexity. 2014; 20:185-94.

Low RM. Interspecific Territoriality in a Pomacentrid Reef Fish, Pomacentrus Flavicauda Whitley. Ecol-
ogy. 1971; 52(4):648-54. https://doi.org/10.2307/1934153 PMID: 28973804

Hughes NF. Ranking of Feeding Positions by Drift-Feeding Arctic Grayling (Thymallus arcticus) in Dom-
inance Hierarchies. Canadian Journal of Fisheries and Aquatic Sciences. 1992; 49(10):1994-8.

Phillips RR, Swears SB. Social hierarchy, shelter use, and avoidance of predatory toadfish (Opsanus
tau) by the striped blenny (Chasmodes bosquianus). Animal Behaviour. 1979; 27:1113-21.

David BO, Closs GP, Crow SK, Hansen EA. Is diel activity determined by social rank in a drift-feeding
stream fish dominance hierarchy? Animal Behaviour. 2007; 74(2):259-63.

Forrester GE. Social rank, individual size and group composition as determinants of food consumption
by humbug damselfish, Dascyllus aruanus. Animal Behaviour. 1991; 42(5):701-11.

Toobaie A, Grant JWA. Effect of food abundance on aggressiveness and territory size of juvenile rain-
bow trout, Oncorhynchus mykiss. Animal Behaviour. 2013; 85(1):241-6.

Sparks RE, Waller WT, Cairns J Jr. Effect of Shelters on the Resistance of Dominant and Submissive
Blue gills (Lepomis macrochirus) to a Lethal Concentration of Zinc. Journal of the Fisheries Research
Board of Canada. 1972; 29(9):1356-8.

Askey PJ, Richards SA, Post JR, Parkinson EA. Linking Angling Catch Rates and Fish Learning under
Catch-and-Release Regulations. North American Journal of Fisheries Management. 2006; 26(4):1020-9.

Zhao S, Zhu L, Wang T, Li D. Suspended microplastics in the surface water of the Yangtze Estuary Sys-
tem, China: First observations on occurrence, distribution. Marine Pollution Bulletin. 2014; 86(1—
2):562—-8. https://doi.org/10.1016/j.marpolbul.2014.06.032 PMID: 25023438

Desforges J-PW, Galbraith M, Dangerfield N, Ross PS. Widespread distribution of microplastics in sub-
surface seawater in the NE Pacific Ocean. Marine Pollution Bulletin. 2014; 79(1-2):94-9. https://doi.
org/10.1016/j.marpolbul.2013.12.035 PMID: 24398418

PLOS ONE | https://doi.org/10.1371/journal.pone.0193308 March 1,2018 19/19


https://doi.org/10.1016/j.marpolbul.2012.11.028
http://www.ncbi.nlm.nih.gov/pubmed/23273934
https://doi.org/10.1016/j.marpolbul.2012.09.010
https://doi.org/10.1016/j.marpolbul.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/23044032
https://doi.org/10.1007/BF00345047
https://doi.org/10.1007/BF00345047
http://www.ncbi.nlm.nih.gov/pubmed/28308235
https://doi.org/10.1007/s00442-003-1432-z
https://doi.org/10.1007/s00442-003-1432-z
http://www.ncbi.nlm.nih.gov/pubmed/14669003
https://doi.org/10.2307/1934153
http://www.ncbi.nlm.nih.gov/pubmed/28973804
https://doi.org/10.1016/j.marpolbul.2014.06.032
http://www.ncbi.nlm.nih.gov/pubmed/25023438
https://doi.org/10.1016/j.marpolbul.2013.12.035
https://doi.org/10.1016/j.marpolbul.2013.12.035
http://www.ncbi.nlm.nih.gov/pubmed/24398418
https://doi.org/10.1371/journal.pone.0193308

