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General Abstract

Marine debris represents a worldwide problem for oceans. Of the marine debris found,
microplastics (< Smm in size) are of particular concern due to their small size, persistence in
the environment and uptake by marine organisms. A review of the microplastics literature
revealed the threat microplastics pose to the water quality of coral reef ecosystems and found
much of the data unsuited to an Ecological Risk Assessment in the Australian context.
Therefore, this thesis examines (1) the extent and (2) effects of microplastic contamination on
coral reef ecosystems of the Great Barrier Reef (GBR) using the principles of an Ecological

Risk Assessment framework for hypothesis development and experimental design.

There are a multitude of methods designed to liberate microplastics from complex
environmental samples and, to date, a universal method suited to all samples does not yet exist.
This thesis explores the current methods available and, as an alternative, presents a criteria-
guided workflow to tailor microplastic separation methods to specific sample types (e.g.,
abiotic [seawater, sediment], and biotic [various organisms]), here tested with coral, sponge,
sea squirt and sea cucumber (Chapter 2). Differences in sample composition and morphology
rendered some methods ineffective, and the sensitivity of rayon to most methods highlighted

the importance of validating methods for specific microplastic polymers.

In Chapter 3, tailored methods revealed prevalent, albeit low, microplastic contamination
in the water and sediment of a remote area of the GBR (Lizard Island), with this reflected in
the inhabitant organisms. Microplastic profiles revealed there was a high risk of uptake of fibres
and/or microplastics < 500 um from the immediate surroundings. However, microplastic
distributions in organisms did differ between the taxa with respect to shape, size, colour, or
polymer type, confirming that while microplastic bioavailability is dependent on the levels of

abiotic contamination, microplastic uptake is determined by taxa-specific factors.

To better understand risks associated with microplastic uptake by coral reef organisms, this
project also measured microplastic ingestion and depuration kinetics in damselfish (Chapter
4). A positive relationship was observed between microplastic exposure concentration, quantity
in organisms and depuration rates. The amount of microplastics in fish and microplastics

depuration kinetics were found to be dose-dependent, with fibres resident in the gut for longer
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than fragments. Despite of that, both microplastic fibres and fragments were almost fully
depurated within 8 hours. Overall, this suggests that chronic exposure to higher concentrations

of microplastic, and microplastic fibres, could pose health risks to fish.

To explore the effects of microplastic uptake on the health of reef organisms under a
changing climate (Chapter 5), the baseline microplastic concentration (< 1 microplastic L)
established in Chapter 3 was used as the starting point for an environmentally realistic exposure
study (Chapter 5). Fish were exposed to doses spanning from pre-plastic (0 microplastics L),
to future predicted (I microplastic L' and 11 microplastics L") marine microplastic
contamination levels, in combination with forecasted increases in seawater temperatures
(ambient + 1.5 and 3°C). Results revealed that the cumulative impact of microplastic ingestion
and elevated winter seawater temperatures altered cortisol levels in juvenile damselfish, a

hormone linked to stress and other primary biological functions such as growth.

In summary, this thesis advances the technical approaches available to the field of
microplastics research and establishes, through field surveys and realistic experimental
exposures, current levels of marine microplastic contamination on the GBR as well as potential

risks of such contamination to marine organisms, in particular fish, and in a warming climate.

Key words: marine debris, ecological risk assessment, tropical coral reef, impact, uptake
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Chapter 1: Introduction to issues and concerns regarding
microplastics in marine environments

1.1. Marine microplastic contamination and environmental impacts

Solid waste resulting in marine pollution is one of many modern anthropogenic impacts on
natural systems (Galgani, 2010). Such marine debris, consisting of manufactured solid
materials that have been used and subsequently lost or intentionally disposed of by humans,
into marine environments (Galgani, 2010). Marine debris was first recognized as one of the
major pollutants of marine environments in the 1970s by the Protocol of the International
Convention for the Prevention of Pollution from Ships (MARPOL; Santos et al., 2008). In the
same decade, microplastics (plastic particles < Smm in length; Arthur et al., 2009), were first
reported in the marine environment (Carpenter et al., 1972; Carpenter and Smith, 1972; Colton
et al., 1974). Since then, plastic production has increased substantially (Europe, 2020) and is
reflected in the cumulative amount of plastics and microplastics observed in the environment.
In 2010, 4.8 to 12.7 million metric tons of plastic waste was estimated to have entered the
oceans (Jambeck et al., 2015a) and by 2015, estimates of up to 51 trillion floating microplastics
were reported globally (van Sebille et al., 2015). Heavily contaminated marine environments,
such as the Mediterranean and Yellow Seas, already exhibit an unacceptable level of risk
associated with microplastics (Everaert et al., 2020) and current estimates suggest up to 150

2

microplastics m™ in surface seawaters (Everaert et al., 2020); https://rshiny.lifewatch.be/ng-

ocean-plastic-challenge/). Given predictions of a 400% increase in plastic production by 2100

(Everaert et al.,, 2020) and that plastics persist in the marine environment for centuries
(Andrady, 2011), a concomitant increase in marine microplastic contamination is also expected
assuming an “as per usual” scenario (Jambeck et al., 2015b). Consequently, marine ecosystems
are likely to be continuously (and increasingly) exposed to microplastic contamination over
decadal timeframes, hence the potential for adverse effects to these ecosystems needs robust

evaluation (Horton, 2021).

Microplastics are composed of a complex variety of plastic particulates - either
manufactured in this size range for commercial use (i.e., primary microplastics), or resulting

from the fragmentation of larger plastic products within the environment (i.e., secondary
1



microplastics) (Cole et al., 2011). The sources of both primary and secondary microplastics in
the global marine environment are diverse, ranging from land-based activities such as industry
(Rochman et al, 2015, Karlsson et al., 2018, Zeng, 2018), urbanism (Horton, 2021; Ozkan and
Glindogdu, 2020; Kole et al, 2017), and agriculture (Ragoobur et al., 2021; Rehm et al., 2021)
to sea-based activities such as commercial fishing (Karbalaei et al., 2020; Kurniawan et al.,
2021; Panetal.,2021) and leisure (Kumar and Varghese, 2021; Wu et al., 2021). Consequently,
microplastics occur in a multitude of sizes, shapes, colours and chemical compositions
(Rochman et al., 2019), which, in the marine environment, can influence their distribution,

bioavailability, and potential adverse effects on organisms.

A number of studies have demonstrated the pervasive presence of microplastics in the
global marine environment, including in marine waters (Frere et al., 2017; Kroon et al., 2018a;
Obbard et al., 2014), sediments (Martin et al., 2017; Thompson et al., 2004; Van Cauwenberghe
et al., 2013) and shorelines (Turra et al., 2014; Yu et al., 2016). Consequently, inhabitant
species of contaminated environments are susceptible to microplastic contamination.
Microplastic uptake, especially ingestion, is considered one of the main pathways for
organismal contamination (GESAMP, 2016), although other uptake routes such as
translocation of water through the gills (e.g., in fish) (Bour et al., 2020b; Zitouni et al., 2021)
and tissue overgrowth (e.g., in corals) (Martin et al., 2019; Reichert et al., 2018) are also
possible. The small size of microplastics makes them available to a wide range of organisms
across different trophic levels and feeding strategies (Miller et al., 2020). Microplastic uptake
has been confirmed for marine organisms in benthic and nektonic habitats, ranging from
plankton to megafauna, including species harvested for human consumption (Germanov et al.,
2018; Kroon et al., 2018b; Lusher, 2015; Santillo et al., 2017). Adverse physical impacts of
microplastics on individual marine organisms have also been reported, including retention in
digestive tracts (Lu et al., 2016) and internal tissue alterations due to particle abrasion (von
Moos et al., 2012). Also concerning are the potentially adverse chemical impacts that may
result from leached additives, monomers, or other chemical pollutants (e.g., polyaromatic
hydrocarbons) adsorbed onto the relatively large surface areas of microplastics (Browne et al.,
2013; Gambardella et al., 2017; Karami et al., 2016). Laboratory studies investigating the
controlled exposure of model marine organisms, such as zooplankton, bivalves and fish, to
both microplastics and/or associated additives and absorbed pollutants have revealed negative
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impacts, including elevated cellular stress (Avio et al., 2015a; Lu et al., 2016), increased
inflammation (Lu et al., 2016; von Moos et al., 2012), altered feeding patterns (Cole et al.,
2015), shifted energy balance (Lo and Chan, 2018; Welden and Cowie, 2016), hindered
reproduction (Cole et al., 2015; Sussarellu et al., 2016) and perturbed development (Sussarellu
et al., 2016).

1.2. Marine microplastic contamination and ecological risk assessment

Despite growing global interest (Adam et al., 2021; Everaert et al., 2020; Jung et al., 2021),
the full extent of the ecological risks microplastic contamination poses for marine ecosystems
are still uncertain (GESAMP, 2016), and this prevents informed environmental policy decision
making. Ecological risk is defined as the likelihood of adverse ecological effects to occur as a
result of exposure to one or more stressors (USEPA, 1992). Ecological risk assessment (ERA)
is a management tool used to systematically evaluate and organize scientific information to
examine relationships between stressor exposure and adverse ecological effects (USEPA,
1998). As such, ERAs are important to identify and resolve environmental problems by
establishing mitigation priorities and providing a scientific basis for regulatory actions

(GESAMP, 2016; Landis and Yu, 2004; USEPA, 1998).

Based on the ERA framework developed by the United States Environmental Protection
Agency (USEPA, 1992, 1998), the characterization of both exposure and resultant ecological
effects determined during the ERA risk analysis phase (Figure 1.1) provides relevant
information to evaluate the likelihood that any given stressor adversely affects ecological
entities (USEPA, 1998). As such, data quality and quantity are of critical importance (USEPA,
1998). Characterization of exposure evaluates potential or actual co-occurrence or contact of
the stressor with one or more ecological entities, and generally includes observations and
measures of stressor exposure in relation to the ecosystem and ecological entity at risk. This
information can be derived from, and iteratively improved by, field data and numerical models
that describe sources, transport, and fate (van Sebille et al., 2015). In turn, characterization of
ecological effects evaluates the ability of a stressor to have adverse effects on one or more
ecological entities and includes examining environmentally relevant exposures, the effect(s) it
has on ecological entities, and how these effects may change with varying stressor levels or act
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synergistically with other stressors. Characterization of ecological effects of exposure can
involve field and laboratory exposures to stressors as well as endpoints spanning different
levels of biological organization as long as the ecological consequences of the observed
responses are clearly elucidated (EPA, 1992). Considering this, organism level endpoints (e.g.,
reproduction, development, survival, and behaviour) are useful tools for ERAs because they
can be directly associated with ecological features and are relatively straightforward to assess

as ecological endpoints (Galloway et al., 2017).

Marine Microplastic
Ecological Risk Assessment

PROBLEM
FORMULATION

ANALYSIS

RISK
CHARACTERIZATION

Adapted from US EPA (1998)

Figure 1.1: Workflow of an ecological risk assessment (ERA) based on the framework developed by
the United States Environmental Protection Agency (USEPA, 1992; USEPA, 1998) and adapted for
microplastic contamination.

Characterisation of microplastic exposure for an ERA requires information on abundance
and composition of microplastics in water, sediment, and organisms based on the unique

physical properties (e.g., shape, size, colour) and chemical composition of environmental
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microplastics in the study system. This heterogeneous range of physicochemical characteristics
also influences the spatial (Everaert et al., 2020) and temporal (Balthazar-Silva et al., 2020)
distribution of microplastics within different compartments of the abiotic marine environment.
As a result, organisms within a marine ecosystem are likely to experience variable exposure to
microplastic contamination, which can lead to complex biological responses across different
levels of organization (Ivar do Sul and Costa, 2014; Phuong et al., 2016; Syberg et al., 2015;
Wright et al., 2013). Establishing environmentally relevant conditions of microplastic exposure
coupled with multiple stressors (Everaert et al., 2020), and rigorous validation of the observed
responses, is critical for characterising microplastic ecological effects. In addition, assessment
of potential ecological consequences using multiple endpoints from different levels of
biological organization (Proki¢ et al., 2019) provides comprehensive information on how a
wide range of microplastic types and concentrations can uniquely affect a diverse range of
organisms and life history stages (e.g., embryonic). Together this information can determine
sensitivity to microplastics and whether this is exacerbated by other stressors such as climate

change (Horton, 2021).

Information relevant to characterizing exposure and ecological effects thereof is reported
in the current microplastic literature, but not comprehensively and/or consistently across
studies (Hartmann et al., 2019; Lusher et al., 2020; Prata et al., 2020; Provencher et al., 2020;
Rochman et al., 2019). Unfortunately, this diminishes the suitability of many studies to develop

microplastic-specific ERAs.

For characterization of exposure, regardless of the ecosystem of interest, field-based studies
do not follow standardized methods, definitions or categories, aside from the generally
accepted maximum microplastics size of < 5 mm (Hartmann et al., 2019; Rochman et al.,
2019). Often, microplastic concentration units are not harmonized across abiotic and biotic
studies (Dawson et al., 2021; Miller et al., 2021) and concentration estimates are not validated
or adjusted following quality assurance and quality control (QA/QC) practices (Lusher et al.,
2020; Prata et al., 2020; Provencher et al., 2020). Furthermore, while microplastic presence
and distribution has been examined in many marine ecosystems it has not been uniformly
studied across hemispheres and latitudinal zones, and most ecosystems (e.g., tropical coral

reefs) are understudied (Huang et al., 2021). Similarly, across the globe, only a few select taxa



have been assessed for microplastic contamination with teleost fish and bivalves being most

common (Aragaw and Mekonnen, 2021; Miller et al., 2020).

For characterization of ecological effects there are several large-scale limitations. The use
of polymer types, sizes, shapes, colours, and exposure concentrations within laboratory studies
are often not aligned with field-based observations (Rochman et al., 2019). Studies detailing
acute exposure far outnumber chronic exposure, despite the consistent presence of microplastic
in the environment (Horton, 2021) and studies basing their hypotheses on ingestion of particles
often lack confirmation that uptake is indeed responsible for the observed effects (Gambardella
et al., 2017; Kaposi et al.,, 2014; Santana et al., 2021). Furthermore, sub-individual and
individual endpoints are rarely linked to potential ecological consequences (Bour et al., 2018b;
Cole and Galloway, 2015; McCormick et al., 2020) and concurrent use of multiple endpoints
from differing organisational levels are rarely applied (Prokic et al., 2019). Additionally, very
few studies have investigated effects of microplastics in combination with other stressors
(Ferreira et al., 2016; Iwalaye et al., 2021; McCormick et al., 2020), despite ecosystems
typically encountering multiple stressors concurrently, such as exposure to climate change
associated temperature stress in combination with increased pollution of marine environments.
Although many of these limitations are commonly associated with time and financial
constraints of research projects, when feasible these should be addressed for refinement and

continuous improvement of scientific information for environmental management.

1.3. Marine microplastic contamination in the Great Barrier Reef

The Great Barrier Reef (GBR) World Heritage Area (WHA) is the largest coral reef
ecosystem in the world and has far-reaching ecological, economic, cultural, and social
significance (GBRMPA, 2014). However, despite being protected as a marine park, the GBR
WHA has key habitats and species that are currently deteriorating from the effects of many,
often synergistic, anthropogenic pressures, including reduced water quality condition and
global climate change (GBRMPA, 2014). Moreover, despite microplastics being a relatively
well researched topic globally, there is a paucity of studies detailing contamination of the GBR
WHA (Table 1.1a). However, recent studies have reported the presence of microplastics in
GBR waters (Hall et al., 2015; Reisser et al., 2013a) and organisms (Caron et al., 2018; Jensen
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et al., 2019; Kroon et al., 2018b; Santana et al., 2021; Wootton et al., 2021). Similarly, there
are very few studies detailing effects of environmental microplastic contamination on GBR
coral reef organisms (n = 7; Table 1.1b). Still, most of these studies demonstrated negative
effects of microplastic exposure (McCormick et al., 2020; Reichert et al., 2018; Syakti et al.,
2019), influenced or exacerbated by microplastic exposure conditions (Berry et al., 2019;
Critchell and Hoogenboom, 2018), and also other stressors such as seawater temperature
(Mendrik et al., 2021). This limited body of work suggests that key habitat forming species of
the GBR such as corals, and significant contributors of nutrients to coral reef ecosystems such
as fish (Critchell and Hoogenboom, 2018; McCormick et al., 2020), might be at risk from
microplastic contamination, but the dearth of studies precludes a comprehensive understanding

of associated ecological risks.

Table 1.1: Summary of microplastic (mp) exposure studies conducted in the Great Barrier Reef World
Heritage Area (GBR WHA).

Concentration of

Area of study Matrix microplastics found Reference
Central GBR WHA (Orpheus -3
Island) surface seawater up to 0.18 mp m (Hall et al., 2015)
Central GBR WHA surface seawater 0.04 to 0.48 mp m (2J0e;1 95)6,,13 etal,
Northern GBR (Cairns . o a (Caron et al.,
region) turtle (Chelonia mydas) 3.5 mp individual 2018)
Northern, Central and
Southern GBR (Lizard 5.8+ 0.8 (average + (Kroon et al
Island, Orpheus Island, fish (Plectropomus spp.) standard error) mp N
C 2018b)

Heron Island and One Tree individual
Island)

fish (Pomacentrus o = (Jensen et al.,
Central GBR WHA ambOinenSiS) 0to 131 mp individual 201 9)*
Northern GBR fish (Pomacentrus Average of 2.25 mp (Santana et al.,
(Lizard Island) amboinensis) individual | 2021)

fish (common coral trout, 1.58 = 0.23 (average =
Commercial fishing areas in ~ paddletail, sea mullet, and ¢, 40 4 qeviati on) mp (Wootton et al.,
Queensland other species from Famil 2021)

Y y

Mullidae)

individual '

*Study that assessed microplastic contamination in more than one matrix type.



Table 1.2: Summary of microplastic (mp) effect studies conducted on organisms inhabiting the Great
Barrier Reef World Heritage Area.

Organism (taxon and

. Endpoint measured Observed responses Reference
species)
negative effect on the growth .
fish (Acanthochromis body condition and and body condition only (Critchell and
. Hoogenboom,
polyacanthus) behaviour when food was replaced by 2018)
plastic
coral (Acropora humilis,
Acropora millepora,
Pocillopora verrucosa, bleaching and tissue bleaching and tissue necrosis  (Reichert et al.,
Pocillopora damicornis, necrosis in five of six studied species 2018)

Porites lutea, Porites
cylindrica)

coral (Acropora tenuis)

gamete fertilisation,
embryo development
and larval settlement

Fertilisation only negatively
affected by the largest
weathered microplastics

(Berry et al., 2019)

coral (Acropora formosa)

bleaching and
necrosis

Both bleaching and necrosis
were observed

(Syakti et al., 2019)

Mp exposure had a greater
effect on behaviour and

fish (Pomacentrus behaviour and survival than degraded (McCormick et al.,
amboinensis) survival habitat, with no evidence of 2020)

synergistic effects.

Observed disruption to coral
coral (Acropora sp., hotosynthetic abilit Bgmﬁqsyl;tc:}leﬁfﬁibﬂtﬁy’ (Mendrik et al.,
Seriatopora hystrix) P M Y fymg & 2021)

microplastic type, seawater
temperature and coral species

fish (Pomacentrus
amboinensis)

body burden and
depuration kinetics

Increased body burden and
lower depuration rates for
fibres over particles, and with
increasing mp concentration

(Santana et al.,
2021)

1.4. Thesis aim and structure

This PhD thesis aims to examine the extent and effects of microplastic contamination on

coral reef ecosystems of the GBR WHA. Hypothesis development and experimental designs

are based on the principles of ERA frameworks. Specifically, this project aims to understand:

(1) microplastic presence, type, abundance, unique characteristics, and relationships between

coral reef abiotic and biotic compartments; (2) microplastic uptake and depuration kinetics by

coral reef organisms; and (3) ultimate effects of microplastic uptake at present and projected
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future concentrations, on coral reef organisms exposed to various naturally encountered

temperatures.

Field surveys of reefs at Lizard Island, whereby abiotic and biotic compartments are
sampled and assessed for microplastic contamination, will be described providing baseline data
for the design of environmentally relevant experimental laboratory studies. These exposure
studies will establish environmentally relevant dose response curves (Critchell and
Hoogenboom, 2018) spanning from present to future predicted (i.e., beyond 2100) microplastic
concentrations to elucidate the impacts of marine microplastic contamination on coral reef

organisms (Everaert et al., 2020).

This thesis is organized into six chapters, including this general introduction to the context
of the study (Chapter 1), four data chapters, and a general discussion. Each data chapter
addresses a clearly defined research question prepared in manuscript format; hence each
chapter includes a topic-focussed introduction, a descriptive materials and methods section,
followed by results, discussion and conclusion sections. The main objective and associated

hypothesis (H,) for each of the four data chapters are as follows:

1. Establish reproducible methods for isolating microplastics from reef organisms representing four
physiologically different taxa

Ho: Methods for isolating microplastic from biological samples do not vary according to biological
sample types

2. Examine exposure to microplastic contamination in the abiotic and biotic compartments of coral
reefs around Lizard Island, including sea water, sediment and representative organisms of the four
physiologically different taxa studied in Chapter 2.

Ho: microplastic contamination does not differ within nor between the abiotic and biotic compartments
of Lizard Island coral reefs).

3. Investigate microplastic uptake, quantity in organisms and depuration kinetics by a model coral reef
fish, Pomacentrus amboinensis, under current and future environmentally relevant conditions.

Ho: Microplastic uptake, quantity in organisms and depuration kinetics by Pomacentrus amboinensis do
not differ among different plastics, regardless of amounts present in either the present or projected
future environment.



4. Assess the ultimate effects of both microplastic uptake and sea water temperature on
Acanthochromis polyacanthus under current and future environmentally relevant conditions.

Ho: Microplastic uptake in combination with different sea water temperatures does not affect levels of
cortisol and total lipids, neither growth and condition factor of Acanthochromis polyacanthus, at
environmentally relevant conditions of present or future exposures.

The general discussion provides a synthesis of the four data chapters and elucidates the
ecological risks posed by microplastics contaminating coral reef ecosystems. Furthermore,
recommendations for methodological improvements in and standardization of microplastic

research associated with field and experimental procedures, for use in ERAs are provided.
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Chapter 2: An assessment workflow to recover microplastics from
complex biological matrices

Abstract

An assessment workflow was designed to systematically evaluate effectiveness and
validate use of popular microplastic separation methods on various complex biological
matrices. Efficacies of alkaline (potassium hydroxide; KOH) and acid (nitric acid; HNO3)
digestions, and density [sodium chloride; NaCl, potassium iodide; KI] flotation were evaluated
against anatomically diverse marine taxa (scleractinia, porifera, tunicate, holothurians) and
environmentally  prevalent  microplastics  (polyethylene,  polystyrene, polyester,
polyvinylchloride, rayon). Criteria assessed included matrix clarification efficiency; impacts
on microplastics; and microplastic recovery rates. Clarification efficiency was best for HNO3-
treated corals, sponges and ascidians; and Kl-treated holothurian gut contents. KOH
clarification efficiency was low, thus unsuitable for all taxa. PET discoloured regardless of
reagent. All reagents unravelled rayon threads into constituent monofilaments, with
discolouration also occurring post HNOs. Recovery rates were high for microplastic fragments
but low for rayon monofilaments; only KI yielded high rayon recovery efficiency. Following
recovery from spiked tissues, all polymers were accurately assigned, with subtle spectral
profile changes observed. Variability in recovery efficacy, resulting from matrix and polymer
type, highlights the importance of early assessment to inform method choice. This workflow
proved effective in establishing the soundest method, returning accurate microplastic
contamination reports, and identifying method-specific limitations that may yield inaccurate

microplastic estimations.

Key words: marine environment, clearance efficiency, microplastic characterization, recovery

rates, invertebrates
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2.1. Introduction

Microplastics (plastics from 1um to Smm in length) are commonly reported contaminating
marine organisms across all trophic levels (Aragaw and Mekonnen, 2021; Miller et al., 2020).
However, field studies on microplastic contamination have mainly targeted a few key marine
taxa with specific focus on species for human consumption(Dawson et al., 2021), primarily
teleost fish and bivalve species(Aragaw and Mekonnen, 2021; Miller et al., 2020). For
ecological risk assessments, it is essential to also include taxa that are critical in marine
ecological processes (e.g., habitat-forming and nutrient cycling) and uniquely susceptible to
microplastic uptake but which may also require tailored sample processing techniques. The
high variability in microplastic sizes, polymer types, shapes and colours found in
environmental and biological matrices adds an additional level of complexity(Rochman et al.,
2019). Combined, these make assessment of microplastic contamination in the marine
environment a substantial methodological challenge, the most prominent aspect being the

separation of microplastics from complex high-organic matrices (Lusher et al., 2020).

To quantify microplastic contamination in biological samples, effective and reproducible
protocols are required for microplastic separation, identification and characterization. Marine
organisms have highly diverse anatomies and body compositions, for which a variety of
physical and chemical methods have been developed to liberate microplastics from their tissues
(Lusher et al., 2020). The most common separation methods include visual sorting(Markic et
al., 2019), digestions using acidic (e.g. nitric acid [HNO3], either concentrated or in
combination with perchloric acid or hydrochloric acid) (Devriese et al., 2015; Karami et al.,
2017a; Naidoo et al., 2017), alkaline (e.g. potassium hydroxide [KOH] and sodium hydroxide
[NaOH]) (Karami et al., 2017b; Roch and Brinker, 2017) and oxidative (e.g. hydrogen
peroxide) (Donohue et al., 2019) reagents, and density flotation with sodium chloride (NaCl)
(Avio et al., 2015b; Li et al., 2015). The effectiveness of the chemical separation method is
often a function of the concentration of the active reagent, processing time, sample weight to
volume ratio, and physical parameters (e.g. heat or agitation) (Lusher et al., 2020; Pfeiffer and
Fischer, 2020; Yan et al., 2020; Zhang et al., 2020b). However, many studies neglect to validate
their separation method specifically for use on their study organism(s) or report on the

method’s sensitivity, accuracy and precision.
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The use of different separation methods can influence the clarification (or clearance)
efficiency of biological tissue. A high level of clarification efficiency is desirable (Lusher et
al., 2020) to significantly reduce sample processing time, increase the likelihood of recovering
microplastics, especially from complex biological matrices (Dawson et al., 2020), and facilitate
the accurate visual and chemical characterization of microplastics. Reagents and their
application in separation methods can influence the physical and chemical characteristics of
microplastics, as well as their recovery rates. Reagents have been implicated in changes to
microplastic size, shape, colour, and chemical integrity (Enders et al., 2017; Hurley et al., 2018;
Lietal., 2016), potentially resulting in inaccurate identification, estimation or characterization
of microplastic contamination (Lusher et al., 2020). Such changes in microplastic
characteristics are often associated with chemical alteration of the polymer structure itself
(Prata et al., 2019; Roch and Brinker, 2017), or adsorption of residual tissue or digestion
reagent on the microplastic’s surface (Miller et al., 2021). Spike-recovery tests, ideally
producing high and accurate recovery rates from the target organism, are critical to validate
separation methods and provide confidence in the reported microplastic concentrations (Lusher
et al., 2017a; Rochman et al., 2019). Although high clarification efficiency, minimal impact on
microplastics and high recovery rates are all critical for efficient and accurate quantification of
microplastic contamination (Lusher et al., 2020; Miller et al., 2017), these factors are not
always considered or reported in microplastic field studies (Alfaro-Nunez et al., 2021;

Fathoniah and Patria, 2021; Wang et al., 2021a).

This study assesses common separation methods to recover microplastics from complex
biological matrices, and reports on their accuracy and precision, both of which are crucial data
quality characteristics in ecological risk assessments. Specifically, an iterative workflow was
designed and applied to systematically evaluate the efficacy of microplastic separation methods
on four complex biological matrices, the scleractinia (hard coral) Acropora millepora, the
porifera (sponge) Rhopaloeides odorabile, the tunicate (sea squirt) Polycarpa aurata and the
holothurian (sea cucumber) Holothuria atra. These representative taxa perform critical
ecological functions (Astudillo-Garcia et al., 2020; Knowlton, 2001(Mohsen et al., 2019), have
diverse anatomies and body compositions, and are susceptible to microplastic uptake (Girard
et al., 2021; Mohsen et al., 2019; Vered et al., 2019). Five microplastic polymer types, namely
polyethylene (PE), polystyrene (PS), polyester (PET), polyvinylchloride (PVC), and rayon,
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having various shapes, sizes and colours, were selected based on their reported prevalence in
marine environments (Rochman et al., 2019), including in habitats where the target species are
found, such as coral reefs (Hall et al., 2015; Jensen et al., 2019; Ripken et al., 2021). Finally,
four different stepwise separation methods (KOH digestion, HNO;3 digestion, and NaCl and
potassium iodide [KI] density flotation) were individually evaluated based on their routine use
in microplastic studies (Lusher et al., 2020), their mode of action and the compatibility between
the method and sample matrix. The efficacy of each separation method was assessed against
the three key criteria: (1) clarification efficiency of the biological matrix; (ii) potential effects
of separation method on physical and/or chemical microplastic characteristics, and (ii1)
microplastic recovery rates from different biological matrices. The challenges of selecting the
superior microplastic separation method to recover and accurately identify microplastics from

complex biological matrices are discussed and recommendations provided for future studies.

2.2.Methods

2.2.1. Study species

Specimens of hard corals (A. millepora), sponges (R. odorabile), sea squirts (P. aurata) and
sea cucumbers (H. atra) were opportunistically collected on SCUBA from five separate reefs
(Rib, Taylor, Feather, John Brewer and Farquharson) in the central region of the Great Barrier
Reef (GBR), Australia, in 2017 and 2019. Holothuria atra were sampled by hand. Fragments
of A. millepora and R. odorabile were sampled from larger colonies using bone cutters. Whole
P. aurata were sampled using hammer and chisel. Immediately following collection, individual
samples were placed into sealed bags, transported to the research vessel and frozen at -20°C.
Frozen samples were transported to the Australian Institute of Marine Science, Townsville, for
processing and analysis. Coral and sponge samples were thawed and processed whole, as their
anatomies are such that dissection is not efficient and/or possible. Sea cucumbers and sea
squirts were dissected prior to processing, to eliminate non-target tissues and reduce the
complexity of the sample matrix to process (Fu et al., 2020; Lusher et al., 2020). Sea cucumbers

were longitudinally crosscut, their gastro-intestinal tracts (GIT) removed, contents scraped out

14



and processed. For sea squirts, the outer tunic was removed and the remainder of the body

(including the pharynx) processed.

2.2.2. Microplastics tested

Secondary microplastics (GESAMP, 2019) of PE, PS, PET, PVC and rayon, of differing
size, shape, and colour (Appendix A - Table S1) were prepared in the laboratory from
commercially available plastic products. Microplastics of: PE were produced from yellow lids
of single-use sterile containers (SARSTEDT Australia); PS from white transparent PS beads
(Sigma Aldrich); PET from 2 L white transparent drinking water bottles (no identified brand);
and PVC from grey rigid sheets (no identified brand). Microplastics of rayon were prepared
from a black textile thread (Giittermann). Irregular fragments of PE, PS, PET and PVC were
produced separately from each other by milling the source products in either a food blender
with extractor blade attachment (Magic Bullet; used for PE and PS) or a Connoisseur 825
blender (Blendtec Australia; used for PET and PVC). After use for each polymer, blenders

were cleaned with white cotton tissues and tap water to avoid cross-contamination.

To determine potential effects of separation method on microplastic characteristics, plastic
size ranges were obtained by dry sieving the irregular fragments through z-stacked stainless
steel laboratory test sieves (4.5, 3.5, 2.5, 1.5 mm aperture, Endecotts). PE, PS, PET and PVC
microplastic fragments of similar size were then manually selected to ensure size consistency,
enabling assessment of observed impacts of different separation methods on microplastic sizes.
Average + SD size of the microplastic fragments was 2.7 = 0.6 mm all together. Minimum and
maximum sizes per polymer type if found are presented in Appendix A — Table S1. Rayon
microplastics approximately 4 mm in length were produced by cutting sections of thread with
a surgical blade (Paramount, BS EN 27740), guided by a calliper (Kincrome, 1/1000 in).
Maximum lengths of individual fragments and fibres were measured by stereomicroscopy and
microphotography (Leica MZ16A, Leica DFC 500, Leica Application Suite LAS 4.4.0) using
Fiji (ImagelJ, 2.0.0-rc-69/1.52p). Microplastics used to determine potential effects of separation
method were deliberately chosen within the larger range of microplastics particle sizes, to
support accuracy of analytical procedures, including by reducing the chance of item loss during

experimental procedures (e.g., filtration).
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To determine recovery rates of microplastics from tissues of the four species studied,
irregular microplastic fragments < 500 um were obtained for PE, PS, PET and PVC by dry
sieving (500 um aperture, Endecotts) and manual selection (Appendix A - Table S1). Rayon
microplastics (~ 2 mm) were obtained as detailed above. Microplastics used to determine
recovery rates were deliberately chosen smaller to better represent the size classes likely to be
found in test organisms (Girard et al., 2021; Huang et al., 2021; Mohsen et al., 2019; Vered et
al., 2019).

Shape and colour of all microplastics were recorded using stereomicroscopy and
microphotography and determined using customised shape and colour charts described in
Supplementary Information (Appendix A - Figures S1 and S2). Prior to use, each polymer type
was analysed using Attenuated Total Reflection Fourier transform infrared spectroscopy
(ATR-FTIR; PerkinElmer Spectrum 100 FTIR spectrometer) and confirmed by screening
against the NICDOCOM IR spectral library for polymers and related materials (NICODOM
Ltd., Czech Republic) (Appendix A - Table S2), following Kroon et al.(Kroon et al., 2018a).

2.2.3. Choice of microplastic separation methods

The chemical reagents assessed included (1) acid digestion with nitric acid (70% HNO:3),
(1) alkaline digestion with potassium hydroxide (1 M - equivalent to 5.6% KOH - and 1.8 M -
equivalent to 10% KOH), and density flotation with either (iii) sodium chloride (1.2 g cm™
NaCl) or (iv) potassium iodide (1.7 g cm™ KI). These reagents were chosen based on their
properties (i.e., NaCl and KI are IR transparent and thus unlikely to interfere with the IR
profiles of recovered microplastics(Thomas, 1997)) and prior reported use in microplastic
environmental studies(Aslam et al., 2020; Lusher et al., 2020). The nature of reagents used and
their mode of action (i.e., chemical digestion vs density flotation) were considered, along with
compatibility between separation method and sample matrix (e.g., chemical digestion
conditions suited to species with calcified skeletons). Therefore, an a priori decision was made
that certain methods (but not others) were most compatible with particular matrices. Briefly,
alkaline and acid digestions were tested on all four taxa, while density flotation was only

applied to sea cucumber GIT contents. Technical information and procedural descriptions for
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each separation method is detailed in Table S3 (Appendix A). Solutions of KOH, NaCl and KI

were prepared prior to use, up to one week in advance. 70% HNO3 was used as provided.

2.2.4. Processing parameters

Processing parameters for each separation method (i.e., duration of processing, reagent
concentration, and laboratory temperature; Appendix A - Table S3) were selected based on
discussions in the literature (Lusher et al., 2017b; Miller et al., 2017), and/or logistical concerns
(e.g. duration of procedure, minimizing hazards). The amount of reagent required (ratio of
reagent:sample, ml:g) was based on average reported volumes of reagent used to process 1 g
of biological tissue (Van Cauwenberghe and Janssen, 2014), (Vandermeersch et al., 2015),
(Kuhn et al., 2017). Maximum processing time was initially set to 24 hr (Cole et al., 2014) for
all four separation methods evaluated and all examined biological matrices to simplify sample-
handling logistics. Time was either increased (48 hr) if observed clarification efficiency was
poor or decreased (12, 6 and 3 hr) if impacts on microplastics were observed (see below). All
methods were conducted at room temperature (22 + 1°C); heating was strictly avoided to reduce
detrimental impacts on microplastics such as morphological alteration, degradation or loss

(Munno et al., 2018; Pfeiffer and Fischer, 2020).

2.2.5. Workflow to validate microplastic separation methods

Design of the iterative assessment workflow (Figure 2.1) incorporated three key assessment
criteria identified from the literature (reviewed in Miller et al.(Miller et al., 2017), and
examples of application provided in Yan et al.(Yan et al., 2020) and Miller et al.(Miller et al.,
2021)): (i) clarification efficiency of each biological matrix examined; (ii) potential effects on
physical and/or chemical characteristics of microplastic type, and (iii) microplastic recovery
rates from each biological matrix. These criteria were tested in sequence, i.e., methods should
first be successful in criterion 1 to then be assessed for criterion 2, similarly for criterion 3.
When all three criteria were met, the separation method was considered validated for any

particular biological matrix and microplastic polymer type, and thus suitable for experimental
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use. Conversely, the separation method was excluded for use on a particular biological matrix

if one or more criteria were not met.

—» 1. Matrix clarification efficiency

¢ SC-1: = 90% clearance rate
*  SC-2:41to 5 of visual rank

2. Resistance of MPs

I + SC-3:size: p < 0.5
* SC-4: shape: no change
* SC-5: colour: no change
» SC-6: spectral correlation = 0.9
¢ » SC-7: spectral match = 0.7

3. MPs recovery rate
]

+ SC-8: recovery rate = 70%
* SC-9: spectral correlation = 0.9
* SC-10: spectral match = 0.7

| ¢

MATRIX-SPECIFIC
PROTOCOL ESTABLISHED

Figure 2.1: Systematic and interactive workflow to assess efficacy of separation methods to recover
microplastics from complex biological matrices based on three key criteria (1, 2, 3). Sub-criteria (SC-1
to SC-9) were used as decision points for halting, refining, or proceeding with the respective separation
method.

2.2.5.1.Criterion 1: Matrix clarification efficiency

To determine clarification efficiency, the four biological matrices were individually
exposed to different separation methods in triplicates (4:1 ml of reagent to dry tissue of
biological material, Appendix A - Table S3) and thereafter filtered for the criterion analysis
described below. Initially, alkaline and acid digestion methods were applied to all four taxa for

24 hr (Appendix A - Table S3b). The two density flotation methods, also tested for 24 hr, were
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only applied to sea cucumber GIT contents given they mainly contained inorganic material,
i.e., sediments. Prior to exposure, each matrix was air dried for 48 hr in a fume hood in a semi-

closed glass petri dish and weighed (Sartorius CP2245, max 220g d 0.1 mg).

Clarification efficiency of each method was evaluated based on the degree of elimination
of hard and soft tissues and quantified based on two sub-criteria (SC): clarification rate (SC-1)
and visual ranking (SC-2) (Appendix A - Figure S3). After filtration through pre-weighed
stainless-steel filter discs (547 and/or 263 and/or 26 um aperture; custom designed in-house,
details to be published elsewhere), the retentate was air dried for 48 hr and the sample
containing filter was weighed again. The clarification rate (%) was determined based on the

difference in weight of the biological material pre- and post-treatment:

(final weight/initial weight) x 100 (Eq. 1)

The retentate was also ranked visually using stereomicroscopy (Leica MZ16A) based on
the following scoring: 1 = intact (i.e., no tissue digestion occurred), 2 = partially intact (i.e.,
some tissue digestion occurred but most organismal structure remained intact), 3 = partially
digested (i.e., most tissue digested but retentate hampers either accurate microscopy and/or
spectroscopy), 4 = mostly digested (i.e., most tissue digested and retentate does not hamper
accurate microscopy and/or spectroscopy), and 5 = digested (i.e., retentate is almost or totally
clear of organismal material) (see Appendix A - Figure S3 for illustration of rank scores).
Clarification was determined in triplicate for each combination of separation method and taxon

examined and considered efficient when mean clarification rate (SC-1) was > 90% and mean

visual rank (SC-2) was > 4.

Efficient clarification was not always immediately achieved by all separation methods (see
results). In these instances, exposure time was increased to 48 hr and clarification rate and
visual ranking re-assessed. If no clarification efficiency improvement was observed, the
concentration of the chemical reagent was increased and retested at both 24 and 48 hrs. Only
when efficient clarification was achieved for a specific combination of separation method and

biological matrix did the workflow progress to the second key criterion. If efficient clarification
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could not be achieved, the specific combination of separation method and biological matrix

was deemed inefficient and not further considered.

2.2.5.2.Criterion 2: Impacts on physical and chemical characteristics

To determine the impacts on physical and chemical characteristics, PE, PS, PET and PVC
irregular fragments and rayon fibres were exposed, in isolation, to all separation methods
having met criterion 1 and therefore advanced to the next step in the workflow. Pre-treatment,
the physical and chemical characteristics of all five microplastics, including size, shape, colour

and polymer type, were determined (described in section 5.2).

For each separation method tested (see results), five replicates of 10 items per microplastic
type were exposed to 1 ml of the separation reagent for 24 hr. In addition, five replicates of 10
items per microplastic type were exposed for 24 hr to 1 ml of Milli-Q water as a positive
control. Following recovery on 26 and 263 um stainless steel discs, microplastics were
photographed by microphotography and physically characterized (described in section 5.2).
Chemical integrity of microplastics was assessed on a sub-sample (n = 5) of all recovered items

from each replicate using ATR-FTIR (described in section 5.2).

Changes in physical characteristics, namely size (SC-3), shape (SC-4) and colour (SC-5)
(Figure 2.1), were assessed by comparison with pre-treated control microplastics. Changes in
microplastic size were assessed using RStudio (version 1.2.5042) by applying general linear
models (glm) with Gamma distribution and pairwise hypothesis testing (p-value <0.05), as per
Miller et al. (2021). Changes in microplastic shape and colour were assessed against
customised shape and colour charts based on descriptors commonly used in the literature
(Hartmann et al., 2019; Rochman et al., 2019) (Appendix A — Figures S1 and S2). Impacts of
separation methods on the physical characteristics were considered negligible when changes in
size were not statistically significant, and shape and colour remained within the same category

before and after treatment.

Changes in chemical characteristics caused by exposure to the chemical reagents were
assessed based on spectral similarity to controls (PerkinElmer Spectrum 100 COMPARE
function; SC-6) and the final polymer assignment (PerkinElmer SEARCH function using the

NICDOCOM 1R spectral library for polymers; SC-7) (Figure 2.1), as per Kroon et al.(Kroon
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etal., 2018a). Correlation factors of > 0.9 indicated high similarity between treated and control
microplastics and therefore “no-change”(Dawson et al., 2020; Miller et al., 2021). Confidence
in assignment to the original polymer type (i.e., PE, PS, PET, PVC, and rayon) was considered
acceptable when a match of > 70% was returned for the treated microplastic (Kroon et al.,

2018a; Su et al., 2020; Yang et al., 2015).

Changes in physical and chemical characteristics, however, were not always negligible (see
results). In these instances, the initial 24-hr exposure time was sequentially reduced to 12, 6 or
3 hr and microplastic physical and chemical properties assessed until impacts were no longer
observed. Only once this was achieved for a specific combination of separation method and
microplastic polymer type did the workflow progress to the third and final step, criterion 3. If
negligible impacts could not be achieved, the specific combination of separation method and
microplastic polymer type was deemed unsuitable and was only further considered if no viable
alternative was available. Where FTIR profiles were changed, the carbonyl index (CI; ratio of
carbonyl peak intensity before and after treatment; Supplementary Information) was calculated
to provide insight into the extent of degradation, and whether this factor could support the pre-

treatment polymer assignment.

2.2.5.3.Criterion 3: Microplastics recovery rate from biological material

To determine recovery rates of microplastics from the four biological matrices, recovery
rates were calculated from three replicates of biological material (~ 3 g per replicate) per taxon,
each spiked with five pieces of four polymers (PE, PS, PET and PVC). Based on the unravelling
of rayon upon exposure to all four chemical reagents (see results), one replicate from each
taxon was spiked with five rayon threads, while the other two replicates were spiked with five
rayon monofilaments. Spiked coral, sponge and sea squirt tissues were treated, at room
temperature, with 70% HNOs for 3, 6 and 24 hr, respectively, while sea cucumber GIT content
was treated with both 1.2 g/cm3 NaCl and 1.7 g/cm3 KI for 24 hr (as previously determined
by the workflow). Ratios of reagent per gram of tissue were the same ratio as that used when
assessing against criterion 1. Following retention on the 26 pm mesh filter, the number of
recovered microplastics was visually determined by stereomicroscopy and their polymer type

confirmed by ATR-FTIR.
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Overall recovery rate resulting from each combination of biological material, microplastic
polymer type and separation method was evaluated according to the percent recovery rate (SC-
8), the percent similarity to the initial polymer type (SC-9), and the confidence of the chemical
assignment based on percent match to the spectral reference library (SC-10) (Figure 2.1). The
percent recovery rate was calculated based on the difference in number recovered versus the

number spiked:

(No. of microplastics recovered/No. of microplastics initially spiked) x 100 (Eq. 2)

For rayon, only replicates with five monofilaments were used for the SC-8 calculation.
Changes in chemical characteristics and confidence in the polymer assignment were assessed
as per above (SC-6 and 7). Recovery rates were considered acceptable when the microplastic
percent recovery rate (SC-8) was > 70% (Cashman et al., 2020), the spectral similarity to
untreated microplastics returned a correlation factor > 0.9 (SC-9), and the match to the original
polymer type in the spectral reference library was > 70% (Kroon et al., 2018a; Lusher et al.,

2013) (SC-10) confirming polymer assignment.

For those combinations of separation method, biological matrix and microplastic polymer
type where acceptable recovery rates could not be achieved (see results), no further change in

methodology was tested and the specific combination was deemed unsuitable for application.

2.3.Results and Discussion
2.3.1. Criterion 1: Matrix clarification efficiency

2.3.1.1.Efficiency of chemical (KOH, HNO3) digestions

Clarification of all four taxa with acid digestion, using 70% HNOj for 24 hr, was efficient
with mean clarification rates > 95% for each taxon and mean visual ranking scores of ‘mostly
digested’ (score 4; sponge and sea squirt) and ‘digested’ (score 5; coral and sea cucumber GIT
content) (Table 2.1). Thus, HNOs3 digestions were effective in clarifying calcium carbonate in

coral skeleton, spongin and silica spicules in sponge skeleton, protein rich tissue in sea squirts,
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and inorganic sediment in sea cucumber GIT content. A shorter exposure time of 3 hr, to reduce
the impacts of HNO3 on the physical and/or chemical integrity of some microplastics (see
section 6.2), resulted in an equally high clarification rate for coral (mean rate: 99.8% + 0 SE;
mean score 5) and sponge (mean rate: 95.1% + 0.2 SE) tissues. However, the visual rank for
sponge was low (mean score 3), whereas a slightly longer (6 hr) digestion of sponge resulted
in an overall high clarification efficiency (mean rate: 97.7 = 0.6 SE; score 3 - 4). In contrast,
visual observations during digestions revealed that shorter exposure times of 70% HNO3z were
ineffective for sea squirts (data not reported). Thus, acid digestion with 70% HNOj resulted in
effective clarification after 24 hr for all four taxa, and after 3 and 6 hr for coral and sponge,

respectively. This method was progressed to the next stage of the workflow.

Table 2.1: Matrix clarification efficiency (criterion 1), as determined by clarification rate (CR, %, +
S.E., sub-criterion 1) and visual ranking (VR, score 1 to 5, sub-criterion 2), of coral (Acropora
millepora), sponge (Rhopaloeides odorabile), sea squirt (Polycarpa aurata), and sea cucumber
(Holothuria atra) samples treated with potassium hydroxide (1 M and 10% KOH), nitric acid (70%
HNO:;), sodium chloride (1.2 g ecm™ NaCl) and potassium iodide (1.7 g cm™ KI), at various
concentrations and times of exposure (n = 3 replicates per treatment). Clarification rates > 90% and
visual ranking score > 4 met the sub-criteria and are in bold font. Superscript numbers (1, 2,3,4)
represent the iteration number: (1) first assessment of treatment, (2,3,4) second, third and four iteration
using modified parameters of time and concentration. nd = not done, GIT = gastro-intestinal tract.

Method Mean percentage (+ SD) of material eliminated from samples
. Sea squirt Sea cucumber
Reagent Time | Coral Sponge (minus tunic) (GIT contents)
(h) |CR VR | CR VR | CR VR |CR VR
17+6.6' 2 165+ 1! 2 98.8+0.4' 3 20.5+ 2
24 )
1 M KOH 3.77
48 20677 2 18.8+0.8 2 71+ 42 3 225+6.1> 2
24 l6+1.13 2 193+4.13 2 743+£54> 3 nd nd
10% KOH 17.2 + 2 20.8 £44 2 80044 3 nd nd
48 1
1.4
99.6 + 5 97.8+0.6 4 99.2+0.1' 4 983+0.1' 5
24 02! .
. .
70% HNOs | 5 99.840° 5 |95.1+02> 3 nd nd | nd nd
nd 5 97.7£0.6° 3-4 |nd nd nd nd
1.2 gcem? nd nd | nd nd nd nd 99.6+0.3" 5
24
NaCl
1.7 g cm? nd nd | nd nd nd nd 99.9 + 0! 5
KI 24
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Digestion with HNOs is often replaced by less harsh alkaline chemicals such as KOH
(Hermabessiere et al., 2019; Karami et al., 2017a; Phuong et al., 2018) to reduce potential
impacts on microplastics. However, mean clarification rate of alkaline digestions, using 1 M
and 10% KOH for 24 and 48 hr at room temperature, was < 25% for coral and sponge tissues
and sea cucumber GIT contents (Table 2.1). In addition, visual assessment of all retentates
confirmed samples were ‘partially intact’ (score 2 for all three taxa). In addition, visual
assessment of all KOH digestions of sea squirt pharynges revealed they were only ‘partially
digested’ (score 3), despite of the mean clarification rates being high for sea squirt pharynges
(> 70%), with 1 M KOH for 24 hr resulting in almost complete clarification (98.8%). Thus,
digestion with KOH, regardless of concentration and exposure time tested, did not meet both
sub-criteria, nor achieve efficient clarification for any of the four taxa, and was not considered
any further. The underperformance of the KOH treatments might suggest that it is ineffective
in dissolving the calcium carbonate in coral skeleton, as well as sediment in sea cucumber GIT
contents, spongin and silica spicules in sponge skeleton, and the muscular pharynx of ascidians.
However, recent studies suggest the use of 20% KOH instead of 10% to increase the
clarification efficiency of this alkaline reagent (Jones et al., 2021, Kashiwabara et al, 2021).
That being so, 20% KOH should be explored for the tested matrices in future studies applying

this workflow.

2.3.1.2.Efficiency of density (NaCl, KI) flotations

Clarification of sea cucumber GIT content with both 1.2 g cm™ NaCl and 1.7 g cm™ KI was
efficient with mean clarification rates >99% and mean visual ranking scores of ‘digested’
(score 5) (Table 2.1). Other studies on sea cucumber GITs have used chemical digestion
methods, such as HNOs, in preference to density flotation without clear justification (Mohsen
et al., 2019; Sayogo et al., 2020). Because the GIT content, having minimal organic matter, is
compositionally analogous to marine sediment, effective clarification can be expected with
density floatation methods that are commonly applied to separate microplastics from sediment
matrices (Graham and Thompson, 2009; Quinn et al., 2017). Here, while also effective in
clarifying sea cucumber GIT content, 70% HNO3 was not further considered due to its

hazardous nature; sound chemical risk management requires ‘replacing dangerous by non-
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dangerous or less dangerous’ chemicals where practicable (89/391/EEC, 1989). While brine
solutions of NaCl have been used previously to separate microplastics from sea cucumber GIT
content (Graham and Thompson, 2009; Wicaksono et al., 2021), KI has only been used for
sediments and soils (Aslam et al., 2020; Mu et al., 2019). Prior to this study, neither density
flotation method has been thoroughly validated based on clarification efficiency of this type of
sample while also assessing impacts on microplastics, or microplastic recovery rates (Aslam et
al., 2020; Graham and Thompson, 2009; Wicaksono et al., 2021). This possibly generated
unrealistic microplastic contamination estimates inadvertently, so future studies need to
address this. Based on their clarification efficiencies of sea cucumber GIT content, both density

flotation methods progressed to the next stage of the workflow.

2.3.2. Criterion 2: Impacts on microplastic physical and chemical characteristics

Based on clarification efficiencies achieved for the four tissue matrices, the impacts of the
three reagents HNOs3;, NaCl and KI on the physical and chemical characteristics of

microplastics were examined.

2.3.2.1.Impacts of Milli-Q water exposure

Exposure to Milli-Q water (used as a positive control) did not significantly impact PE, PET,
PS or PVC size (p > 0.05, Appendix A — Figure S4, Table S4) or shape. Changes in colour
were observed for 42% of PET fragments (Figure 2.2a), transitioning from transparent and
clear to transparent and yellow/orange (change in colour value from 6.6. to 6.2; Appendix A —
Figure S2). Similar yellowing was subsequently observed in PET fragments across all
separation methods tested (see below), possibly as a result of UV degradation (Pastorelli et al.,
2014; Sang et al., 2020). In contrast to the microplastic fragments, size and shape of rayon
threads changed dramatically, with threads unravelling almost immediately into multiple
(n~60) monofilament fibres upon exposure to Milli-Q water (Appendix A — Figure S5), as well
as following exposure to any of the other chemical reagents (see below). The unravelling of
rayon threads complicated pre- and post-treatment comparisons and demonstrated that the

impact of any separation method on rayon size (SC-3) and shape (SC-4) is considerable. These
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results, under control conditions, further highlight the importance of examining the potential
impacts of separation methods for specific microplastics, including thread fibres. It also
suggests that such unravelling may contribute, at least in part, to the prevalence of microfibres
in the marine environment (Hernandez et al., 2017; Ozkan and Giindogdu, 2020). Rayon

colour, on the other hand, was unaffected by control conditions. (Fig 2b).
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Figure 2.2: Colour changes in microplastic fragments and fibres following exposure to various chemical
reagents. (a) Increased yellowing of polyester fragments following exposure to Milli-Q water (positive
control), 70% HNO; and 1.2 g cm™ NaCl for 24 h. (b) Discolouration of rayon fibres following exposure
to Milli-Q water (positive control) for 24 h, and 70% HNOs for 3, 6 and 24 h.

The spectral similarity between untreated control and positive control microplastics was
high for PE, PS, PET and PVC fragments (= 0.98), but somewhat lower for rayon fibres (0.88
+ 0.01 SE) (Table 2.2). The IR spectral profile of rayon changed in the O-H region of the
spectrum, which became more prominent than in control. However, no changes were observed
for the characteristic IR absorption bands (Comnea-Stancu et al., 2017) (Appendix A — Table
S5). Similar changes in IR profiles have been reported for cellulose-based fibres in the presence
of humidity and are associated with the inherently hygroscopic nature of cellulose-based
materials (Celino et al., 2018). The rayon CI ratio also differed significantly before and after
treatment, indicating oxidation (p <0.05, Appendix A — Table S6), but did not impede polymer
identification. All polymer types returned > 0.70 spectral match to reference spectra (Table

2.2), including rayon, lending confidence to their chemical assignment.
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Table 2.2: Average spectral similarities of treated microplastics to untreated controls (‘SS’), and
spectral match of treated microplastics to polymers in the NICDOCOM IR spectral library (‘SM’)
(criterion 2). The five microplastics polymer types were treated with either Milli-Q water (positive
control), 70% nitric acid (HNO;), 1.2 g cm™ sodium chloride (NaCl), or 1.7 g cm™ potassium iodide
(KI) for 24 h. Spectra were determined using infrared spectroscopy. PE = polyethylene, PS =
polystyrene, PET = polyester and PVC = polyvinylchloride. nd = not done.

Treatment
-3
Polymer | \fifi-Q water | 70% HNOs 1.2gcm 1.7 g em KI
type NaCl
24 h 3h 6h 24 h 24 h 24 h
SS SM SS SM SS SM SS SM SS SM SS SM
0.99 0.98 097 096 | 097 096 |098 0.96
PE + + nd nd nd nd + + + + + +
0.00 0.01 0.00 0.00 | 0.00 0.01 0.00 0.04
0.99 0.99 096 097 | 095 098 |097 0.98
PS + + nd nd nd nd + + + + + +
0.00 0.00 0.00 0.03 | 0.00 0.01 0.00 0.02
0.98 0.99 098 099 | 095 098 |095 0.98
PET + + nd nd nd nd + + + + + +
0.00 0.00 0.00 0.00 | 0.01 0.01 0.00 0.01
0.99 0.86 095 086 | 092 085 |098 0.84
PVC + + nd nd nd nd + + + + + +
0.00 0.03 0.00 0.02 | 0.01 0.04 | 0.00 0.04
088 096 |0.74 087 |[0.74 087 [0.69 083 |[0.88 095 |[0.89 0.96
Rayon + + + + + + + + + + + +
0.01 0.01 0.01 0.02 | 0.01 0.01 0.01 0.09 | 0.01 0.01 0.00 0.01

2.3.2.2.Impacts of acid (HNO3) digestion

Exposure to 70% HNO3 did not significantly impact PE, PET, PS or PVC size (p > 0.05,
Appendix a — Figure S4, Table S4) or shape. As for Milli-Q water, colour change was observed
for 38% of PET fragments (Figure 2.2a). While these results are consistent with some studies
(Miller et al., 2021; Pfeiffer and Fischer, 2020; Yu et al., 2019), it also contradicts others

reporting on the effects of HNO3 on size, shape and/or colour of irregular microplastics —
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especially for PS, PET and PVC (Prata et al., 2019; Roch and Brinker, 2017). This
contradiction may be due, in part, to different protocols or experimental designs across studies,
particularly reaction temperature and microplastic size. Heating potentially promotes the
reaction between HNO;3 and microplastics (Pfeiffer and Fischer, 2020), with several studies
reporting changes in microplastic size, shape and/or colour after exposure to hot acid
(Claessens et al., 2013; De Witte et al., 2014; Roch and Brinker, 2017; Zhang et al., 2020b).
Exposures conducted at room temperature, including this study, circumvents such impacts of
heating (Miller et al., 2021; Yu et al., 2019). Size is also known to alter the potential reactivity
of microplastics, with smaller, irregular fragments having higher reactivity (Lubken et al.,
2021) and sensitivity to reagents (Guilizia et al, submitted). While changes in rayon size and
shape were not further assessed for reasons outlined previously (section 6.1), its colour changed
from black to red (i.e., from -5.6 to -5.2; Figure 2.2b, Appendix A — Figure S2), even after
shorter exposure times (6 and 3 hr) to 70% HNOs. Such discoloration could be due to chemical

modification (e.g., oxidation) of the black pigment/dye.

The spectral similarity between treated microplastics to untreated controls was high for PE,
PS, PET and PVC fragments (> 0.95), but lower for rayon fibres (0.69 + 0.01 SE) (Table 2.2,
Appendix A — Table S5). The CI ratio of treated rayon IR profiles was significantly different
to control rayon IR profiles (p < 0.05, Appendix A — Table S6). These impacts on rayon were
evident even after reducing the HNOs digestion time to 3 hr. Such spectral changes have been
reported previously for rayon specifically, and for cellulose-based materials in general, and are
associated with water absorption (Comnea-Stancu et al., 2017; Huntley et al., 2015), oxidation
(da Silva Souza et al., 2018) and nitration (Gismatulina et al., 2017; Heredia-Guerrero et al.,
2014; Jamal et al., 2020). These changes, however, did not affect the accuracy of polymer
assignment, with PE, PS, PET, PVC, and rayon all having spectral matches > 0.73 to reference
spectra (Table 2.2).

Overall, not all sub-criteria were met for all microplastics after exposure to the 70% HNO;
digestion methods. PE, PS and PVC fragments were unaltered by 70% HNO3, whilst PET
fragments were discoloured (SC-5). For rayon fibres shape (SC-3), size (SC-4), colour (SC-5),
and spectral similarity (SC-6) were all impacted. Regardless, all five polymers were still
accurately assigned (SC-7) following exposure. Given rayon shape and size is impacted by

positive control conditions (i.e., Milli-Q water), and the high clarification efficiency afforded
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by 70% HNOj for the biological matrices examined, this digestion method was progressed to
the next stage in the workflow, with the caveat that physical and/or chemical characteristics of

spiked PET and rayon could be impacted and affect recovery rates.

2.3.2.3.Impacts of density (NaCl, KI) flotation

Exposure to brine solutions did not significantly impact PE, PET, PS or PVC size (p > 0.05,
Appendix A — Figure S4, Table S3) or shape. Similar to the other treatments, yellowing of PET
was observed (Figure 2.2a). Changes in size and shape of rayon were not further assessed for
reasons outlined previously (section 6.1), while rayon colour was unaffected. It should be noted
that KI brine solutions were observed to yellow over time (i.e., up to one week) as a result of
oxidation but did not impact the microplastic’s colour when exposed up to 24 hr. Microplastic

discoloration should be investigated for prolonged exposure times.

The spectral similarity to control microplastics was high for PE, PS, PET and PVC
fragments (> 0.92), but was just below the 0.9 threshold for rayon fibres (0.88 = 0.01 SE for
NacCl; 0.89 + 0.00 SE for KI) (Table 2.2). IR absorption bands associated with water absorption
(Comnea-Stancu et al., 2017) and degradation were observed in the treated rayon spectrum
(Appendix A — Table S5). Oxidation of rayon polymer was evident from the change in CI ratio
following NaCl (p < 0.05), but not KI (p > 0.05) exposures (Appendix — Table S6). Regardless,
all five microplastics showed strong similarity to reference spectra (= 0.84) (Table 2.2),

providing confidence in these polymer assignments.

Again, not all sub-criteria were met. Both NaCl and KI density flotation methods were
deemed suitable for PE, PS and PVC fragments, but less so for PET fragments - due to impacts
on colour (SC-5) and rayon fibres - due to impacts on shape (SC-3), size (SC-4), and spectral
similarity (SC-6). Given all five polymers were still accurately assigned (SC-7) following
exposure to NaCl and to KI, both separation methods progressed to the next stage in the
workflow, with the understanding that recovery rates could be somewhat affected by the

impacts observed.
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2.3.3. Criterion 3: Microplastic recovery rates from biological material

Based on the minimal impacts on the physical and chemical characteristics of the
microplastics tested, recovery rates of spiked microplastics from coral, sponge and sea squirts
were determined for 70% HNOs3. For sea cucumber GIT contents, recovery rates of spiked

microplastics were determined for NaCl and KI.

2.3.3.1.Microplastic recovery rates from coral, sponge and ascidian tissues
using 70% HNO3

Mean recovery rates of PE, PS, PET and PVC from spiked biological tissues were high,
ranging from 80% = 11.6 SE (PE from sponge) to 100% = 0.00 (PE, PS, PET and PVC from
coral; PE and PS from sea squirt) (Table 2.3). In contrast, mean recovery rates of rayon fibres

were low and variable, ranging from 50% + 10 SE for sea squirts, to 70% + 10 SE for sponge.

The spectral similarity to control microplastics was high for PE, PS and PET fragments (>
0.94), but below the 0.9 threshold for PVC fragments and rayon fibres (Table 2.3, Appendix A
— Table S7-S9). IR spectra of PVC recovered from digested coral, sponge and sea squirt tissues
contained additional peaks not observed after treatment with 70% HNO3 only (Appendix A —
Table S10). Some of these peaks are potentially associated with oxidation, formation of
carbonyl groups (Hutabarat et al., 2016; Ternero-Hidalgo et al., 2016) and/or nitration
(Hadjiivanov et al., 2002). Other peaks are characteristic of lipids (Liang et al., 2010), and
could be a result of residual biological matter after digestion (Miller et al., 2021; Scheurer and
Bigalke, 2018). The impact of the biological matrix on recovered rayon was similar to
treatment with 70% HNOs3 only at various exposure times, with evidence of oxidation (new
peak at 1730 cm-1 (Moosavinejad et al., 2019; Ramirez-Flores et al., 2009)) (Appendix A —
Table S10). Spectral similarity of all recovered microplastics to reference spectra was above
the 0.7 threshold value (Table 2.3, Appendix A — Table S7-S9), again providing confidence in

the chemical assignment.
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Table 2.3: Microplastics recovery rates (criterion 3) from coral, sponge, sea squirt and sea cucumber matrices. For each of the matrices and five microplastics examined, the mean (+ standard

error) microplastic recovery rate (‘RR’), spectral similarities of recovered microplastics to untreated control (‘SS”), and spectral match of recovered spiked microplastics to polymers in the

NICDOCOM IR spectral library (‘SM”) were determined following exposure to four separation methods. Digestion of coral, sponge and sea squirt tissues with 70% HNO3, and density

flotation of sea cucumber gastro-intestinal tract (GIT) contents with 1.2 g cm™ NaCl and 1.7 g cm™ KI. PE = polyethylene, PS = polystyrene, PET = polyester and PVC = polyvinylchloride.

Rayon monofilaments were tested here (see methods for details). nd = not done.

Sea cucumber

Coral (70% HNOs3) Sponge (70% HNO3) Sea squirt (70% HNOs)
Plastic 1.2 g cm™ NaCl 1.7 gem™ KI
RR SS SM RR SS SM RR SS SM RR SS SM RR SS SM
PE 100 0.99 94 100.0  0.96 97 80.0 0.99 96 100 0.99 98 100 0.99 99
+00 +0.0 +1.0 | £0.0 +0.0 +10 |+11.6 +0.0 +1.0 +0.0 +0.0 +0.0 +0.0 +0.0 +1.0
PS 100 0.98 95 100 0.96 94 86.7 0.99 98 93.3 0.99 97 80 0.99 99
+00 +0.01 +£3.0 |+£0.0 +0.01 +£1.0 |+6.7 +0.0 +0.0 +6.7 +0.0 +1.0 +11.6 +0.0 +0.0
PET 100 0.94 99 93.3 0.98 99 86.7 0.98 99 533 0.97 98 86.7 0.99 99
+00 +0.01 +0.0 |+6.7 +0.0 +00 | +£6.7 +0.0 +0.0 +6.7 +0.01 +0.0 +6.7 +0.0 +0.0
Ve 100 0.79 86 93.3 0.71 86 93.3 0.84 94 46.7 0.95 90 93.3 0.98 87
+00 +0.02 +£20 [+6.7 +0.09 +£50 |+£6.7 +0.0 + 0.0 +6.7 +0.01 +2.0 +6.7 + 0.0 +1.0
Rayon (24 h) 60 0.80 82 50 0.71 86 70 0.85+ 78 50 0.97 97 100 0.90 96
+00 +005 +£50 |[+100 +£0.04 +£40 |£100 0.05 +2.0 +10.0 + 0.0 + 0.0 + 0.0 +0.02 + 0.0
Rayon (3 h) 1(1)0.0 i ?)30 39c01 0 nd nd nd nd nd nd nd nd nd nd nd nd
Rayon (6 h) nd nd nd nd nd nd 70+£10.0 0.66+0.0 86=+1.0 nd nd nd nd nd nd
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Given the overall high recovery rates achieved for PE, PET and PS, 70% HNO3 was deemed
the preferred method for microplastic separation from coral, sponge and sea squirt tissues. PVC
recovery from the biological matrices was also generally high, but the spectral similarity to
reference spectra was lower across the board (SC-9), and such interactive effects must be
considered when validating separation methods. While recovered rayon monofilament were
still correctly assigned, physical recovery rates following HNO3 digestions were low and
resulted in underestimates of rayon contamination, similar to that reported for polyamides (PA

or nylon) (Claessens et al., 2013; Pfeiffer and Fischer, 2020; Roch and Brinker, 2017).

2.3.3.2. Microplastic recovery rates from sea cucumber GIT contents using
NaCl and KI

Mean recovery rates of PE and PS from spiked sea cucumber GIT contents were high using
both brine solutions (= 80%). For PET, PVC and rayon, rates of > 70% could only be achieved
with the denser KI solution, Table 2.3), approximately double that using NaCl. High recovery
rates of dense polymers are particularly important when assessing contamination of benthic
detritus-feeding organisms, including sea cucumbers, as such polymers are abundant on the
ocean floor (Cheang et al., 2018; Uddin et al., 2021; Woodall et al., 2014). The high density of
KI (1.7 g cm™) increases recovery rates of denser microplastics (e.g., rayon, PET and PVC)
from environmental samples, although it is still not suited to more dense polymer types such
as Teflon (2.1-2.3 g cm™) (Lusher et al., 2020). Other salts such as zinc bromide (ZBr2),
sodium iodide (Nal), sodium polytungstate, calcium chloride, zinc chloride (ZnCl2), and
potassium formate have also been used to separate microplastics from environmental matrices
(Lusher et al., 2020; Mai et al., 2018), with only ZBr2 and Nal achieving similar densities as
KI. All three salt solutions can be prepared at room temperature (Kedzierski et al., 2017)
(Rodrigues et al., 2020) without supersaturating the solution and precipitating salts, facilitating
sample washing and reuse of solutions after appropriate filtration to remove potential
contamination (e.g., at 0.45 um). However, unlike KI, both ZBr2 and Nal are highly toxic to
aquatic life (Quinn et al., 2017; Zhang et al., 2020c), undermining their safe handling and

disposal after use. The spectral similarity of recovered spiked microplastics to untreated
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controls and reference spectra was high for all five polymers (= 0.90 and > 87%, respectively,

Table 2.3, Appendix A — Tables S11 and S12).

Given the higher recovery rates of spiked microplastics using KI compared to NaCl, in
particular, for denser polymers, KI was deemed the preferred method for microplastic
separation from sea cucumber GIT content. The non-hazardous nature of KI, and the potential

for KI solutions to be reused, further informed this decision.

2.4. Conclusion

A variety of separation methods, specifically designed to liberate microplastics from
environmental samples, have been published (Lusher et al., 2020). These can be used to guide
new studies on microplastic contamination of underreported taxa, including taxa that are
critical in marine ecological processes and uniquely susceptible to microplastic uptake.
However, in many instances one ‘generic’ separation method is chosen to process different
matrices without prior validation of its use for the target taxa. Based on the presented results,
it is recommended that microplastic separation methods are validated for new taxa, and their
potential limitations reported to ensure reliable use of published contamination data. Here, the
application of the criteria-guided workflow facilitated a systematic assessment of microplastic
separation methods for coral, sponge and sea squirt tissues and sea cucumber GIT contents.
Importantly, it provided accurate information on 1) clarification efficiency of biological
matrices, ii) physical and chemical impacts of treatments on target polymers, and iii)
microplastic recovery rates from diverse tissues, thereby enabling sound and robust decision-
making for microplastic processing pipelines that will provide reliable estimates of
microplastic contamination in marine organisms. Following this workflow, 3, 6, and 24-hour
70% HNOs digestion was the preferred separation method for coral, sponge and sea squirt
tissues respectively, while 24-hour KI density flotation was better suited to processing sea
cucumber GIT contents. Limitations of each separation method were established for each of
four taxa and five polymers examined. In particular, while rayon was chemically identifiable
against reference spectra across all separation methods, accurate estimates of rayon
contamination in environmental samples will be complicated by disintegration of rayon threads

into multiple monofilament fibres, which have low recovery rates inherently. Other studies
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have reported physical and chemical deterioration of rayon due to microplastic sample
processing (Dawson et al., 2020), further highlighting the need to develop efficient and reliable
methods to effectively separate and quantify these and other modified cellulose-based polymer

fibres from environmental samples.

34



Chapter 3: Distribution and compartmentalisation of microplastic
contamination in abiotic and biotic matrices of Lizard Island coral
reef, Australia

Abstract

Microplastic contamination in abiotic and biotic compartments of the remote Lizard Island
coral reefs was determined to (i) generate baseline information for underexplored coral reef
ecosystems, and (ii) explore interactions between available microplastics in abiotic
compartments and their inhabitant organisms. Microplastic abundance and characteristics
(shape, size, colour, and polymer type) were analysed and compared amongst samples of
seawater (surface and mid-column), seafloor sediment, and five marine organisms
(planktivorous fish, ascidian, sponge, coral, and sea cucumber) feeding in these compartments,
respectively. Lizard Island abiotic and biotic compartments were all contaminated with
microplastics. Microplastic concentrations increased with depth, while microplastics
contamination levels amongst organisms did not significantly vary. Positive relationships
between environmental exposure concentration and uptake by resident organisms was
observed for all tested representative species, except coral. Yet, physical and chemical
characteristics of microplastics recovered from organisms did not always reflect what was
present in the environment. In fish specifically, fibres were more abundant than fragments.
Across the five taxa assessed, microplastics < 500 um were most prevalent. Differences in
microplastic colour and polymer type were also observed in some taxa, and the potential
reasons for such results are deserving of further investigation. This study suggests microplastic
contamination in marine organisms may increase with predicted marine microplastics
increases, and the biological risks of microplastic uptake may be greater for some microplastics
than for others, particularly in relation to a subset of shapes, sizes, colour and polymers of

encountered microplastics.

Key words: marine debris, Great Barrier Reef, marine organisms, baseline, uptake, risk
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3.1. Introduction

Plastics are considered one of the main marine environmental issues of global priority (UN,
2019), and microplastics (plastics 1um to Smm long) are of greatest concern. This suite of
contaminants encompasses a complex variety of plastic particulates that are either
manufactured in this size range for commercial use (i.e., primary microplastics) or result from
the fragmentation of larger plastic products (i.e., secondary microplastics). Consequently,
microplastics occur in various sizes, shapes, colours and chemical compositions (Rochman et
al., 2019), which in the marine environment, along with environmental forces and conditions,
can influence microplastic distribution (GESAMP, 2015) and bioavailability (Ajith et al., 2020;
Kaiser et al., 2017).

To date, microplastics have been detected in every marine ecosystem and organism
investigated, including abiotic and biotic compartments of remote locations such as the
Antarctic (Cincinelli et al., 2017; Reed et al., 2018; Sfriso et al., 2020), ocean gyres (Brach et
al., 2018; Goldstein and Goodwin, 2013), and the deep sea (Courtene-Jones et al., 2017; Zhang
et al., 2020a). Dense plastics such as polyvinyl chloride (PVC) and polyester (PET), for
example, sink and are deposited on the sea floor (Corcoran et al., 2015), potentially becoming
more bioavailable to organisms that inhabit this compartment. Pelagic organisms, on the other
hand, are likely exposed to less dense plastics dispersed in the water column. In addition to
their presence in the environment, microplastic bioavailability depends on the susceptibility of
organisms to take up these plastics, which can occur through passive (unintentional) or active
ingestion — the latter in organisms reliant on visual or chemical cues that may actively choose
to ingest microplastics of similar size, shape colour, or smell and taste to their natural food
(Roch et al., 2020). As such, the now known ubiquitous nature of microplastics raises
additional questions regarding contamination patterns across environmental compartments and

their respective biotic interactions, in order to better assess microplastic ecological risks.

Relationships between microplastics in abiotic and biotic compartments are often suggested
by field studies (Jensen et al., 2019) (Zhang et al., 2020a). However, validating the existence
of such relationships relies on relating spatial and temporal field data to determine
microplastics presence in a given compartmentalised place at a given time. Field experimental

designs that accommodate concurrent abiotic and biotic sampling, therefore offer a reliable
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approach by enabling direct comparisons of microplastic contamination and inference of
transfer of microplastics between abiotic and biotic compartments. Although controlled
laboratory experiments can assess patterns of microplastic distribution and relationships
between abiotic and biotic compartments (Setala et al., 2014), these are inherently restricted
by their inability to simulate in situ spatio-temporal environmental conditions or the highly
variable fluctuations in microplastic contamination distributions and composition in these

compartments.

Coral reefs are directly associated with many ecosystem services beneficial to humans
including fisheries, recreation, and coastal protection (Woodhead et al., 2019), and are suitable
environments for field experiments that sample both abiotic and biotic microplastics for
assessment. Coral reefs are highly biodiverse ecosystems (Fisher et al., 2015) wherein many
different species can co-occur within a small area, making them spatially and temporally ideal
for undertaking microplastics research in situ. Furthermore, as coral reefs are suffering
significant anthropogenic pressures (e.g., climate change and land runoff containing urban
and/or agricultural contaminants) that disrupt their natural functionality (Woodhead et al.,
2019), it is important to understand whether environmentally pervasive microplastic
contamination constitutes another threat to coral reef biota. Although limited information is
available on contamination levels and potential impacts of microplastics on reef ecosystems
(Huang et al., 2021), recent studies have reported microplastics of various sizes, shapes, colours
and polymers contaminating coral reef waters (Jensen et al., 2019) (Nie et al., 2019; Tan et al.,
2020), sediments (Patti et al., 2020; Portz et al., 2020; Zhang et al., 2019) and biota (Kroon et
al., 2018b) (La Beur et al., 2019; Rotjan et al., 2019).

In this study, the relationship between microplastic contamination in abiotic and biotic
compartments was assessed at Lizard Island, a group of remote islands located within the mid-
shelf of the Great Barrier Reef, where land based (industrial, urban, agricultural) runoff is not
expected to be a major source of these contaminants. Currently no baseline microplastic
information exists for Lizard Island, therefore, microplastic abundance and characteristics were
analysed in both abiotic and biotic compartments across an environmental gradient.
Specifically, samples of surface and mid-column seawater as well as seafloor sediment were
collected as representatives of the abiotic compartment, and organisms inhabiting these strata

at the time (pelagic: planktivorous fish; sedentary benthic: filter feeders - ascidian and sponge,
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and suspension feeder - coral; and mobile benthic: deposit feeder - sea cucumber) were
collected as representatives of the inhabitant biotic compartments. The studied taxa are
ecologically relevant, supporting both habitat-formation and nutrient cycling on coral reefs
(Knowlton, 2001; Mohsen et al., 2019). In addition, the taxa examined are vulnerable to
microplastic uptake and deleterious effects thereof (Critchell and Hoogenboom, 2018; Kroon
et al., 2018b; Messinetti et al., 2018; Mohsen et al., 2021; Reichert et al., 2018). Whilst previous
studies have assessed field microplastic contamination of the studied taxa (Ding et al., 2019;
Girard et al., 2021; Jensen et al., 2019; Mohsen et al., 2019; Vered et al., 2019) (Chapter 4),
this is the first to directly relate microplastics contamination in these species with abiotic
contamination within a coral reef ecosystem. Comparisons between each abiotic and respective
biotic compartment was made taking into account the most likely mode of microplastics uptake

by the studied organisms (e.g., selective active or non-selective passive uptake).

3.2. Methods

3.2.1. Lizard Island and sampling sites

Lizard Island (14°40'08"S 145°27'34"E) is located approximately 30 km northeast of the
Australian continent, in the Northern Great Barrier Reef (Figure 3.1). This coral reef system is

250 km north of the largest city in the region (Cairns; population ~151,000) and 200 km from

the nearest agricultural industry (Douglas Shire) (https://gldglobe.information.qld.gov.au/).
Because of its ecological and economical importance, it is protected within a Marine National
Park and Conservation Park zone, which regulates and restricts extractive and recreational uses.
In recent years, microplastic contamination has been reported for coral reef fish collected from
Lizard Island reefs (Kroon et al., 2018b) (Chapter 4), and beach clean-up surveys have
identified  substantial ~marine  debris  contaminating the island’s  coastline

(http://amdi.tangaroablue.org/), a high proportion (> 70 %) of which is plastic remnants.
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Figure 3.1: Location of Lizard Island, in the Northern Great Barrier Reef (Australia); closest urban
centre and agricultural industry; and sampling sites (Granite Bluff and Blue Lagoon).

The Lizard Island group consists of three islands: Lizard, Palfrey and South Islands. Narrow
fringing reefs surround most of the main island, while between Palfrey and South Islands the
reef forms an enclosed lagoon (~90 m wide and ~10 m deep, with a 3 m tidal range and fast
flowing currents (Hamylton et al., 2014)). The hydrodynamics around the Lizard Island group
are strongly influenced by wind (Frith et al., 1986), which occurs predominantly from the
southeast (referred to as the Southeast Trade wind) during March to September. This trade
wind reaches speeds of up to 30 m.s™! (Hamylton et al., 2014) and circulates to the northwest
(Frith et al., 1986). From October to February the wind direction is unpredictable, as are
circulation patterns, which present more frequent current reversals and cross-shelf motion
(Frith et al., 1986). Northwest winds are the second most common Lizard Island wind feature,
with maximum speeds of 20 m.s”' (Hamylton et al., 2014). Lizard Island is also susceptible to
cyclones during summer months, which increases wind speed and may disrupt shallow coral
reefs (Lassig, 1983).
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3.2.2. Sample collection

Sample collection was conducted at Lizard Island from 1 to 12" October 2018, including
abiotic (surface seawater, mid-column seawater, and seafloor sediment) and biotic
(planktivorous fish, hard coral, sponge, sea squirt and sea cucumber) samples. All collections
were conducted in accordance with ethics permit A2506 (James Cook University) and national
regulation (Great Barrier Reef Marine Park Authority permit G12/35236.1). Samples were
obtained from two different coral reefs: Granite Bluff and Blue Lagoon (Figure 3.1). Five
replicates of each abiotic sample were collected per site (total N = 30). For each biotic sample,
ten individuals were collected per taxon per site (total N = 100) to enable method validation
for these taxa which are not well represented in the microplastic literature. Collections were
conducted using neuston tows (surface seawater), a submersed pump sampler (mid-column
seawater) and SCUBA (seafloor sediment and organisms). Species sampled were Pomacentrus
amboinensis (fish — pelagic planktivore), Holothuria edulis (sea cucumber — mobile benthic
deposit feeder), Polycarpa pigmentata (sedentary benthic sea squirt — filter feeder),
Dipsastraea lizardensis (sedentary benthic hard coral — suspension feeder) and Neopetrosia
chaliniformis (sedentary benthic sponge — filter feeder). Relevant Lizard Island environmental
information (e.g., weather and sea conditions) at the time of field sampling was obtained from

the Australian Bureau of Meteorology (BOM; http://www.bom.gov.au/) and the Australian

Institute of Marine Science (AIMS;

https://www.aims.gov.au/docs/research/monitoring/weather/weather.html) weather stations.
Observations of wind (speed and direction), swell and depth were also documented for each

site during seawater sampling.

3.2.2.1.Seawater

Surface tows (10 min) and mid-column pumping (20 min) were conducted at both sites in
waters immediately adjacent to the coral reefs to avoid reef disturbance. Following Kroon et
al. (2018a), surface tows were conducted at boat speeds < 4 knots, with a 355 pm plankton net
(254 cm length) attached to a neuston frame (74.5 diameter x 30.0 cm height) positioned on

the port side of the boat such that the net was half immersed in the water. GPS coordinates
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(Garmin GPS76) were recorded to establish the tow distance from which the volume of
seawater filtered was calculated. After each tow, captured material was rinsed into a 750 mL
cod end which was sealed with a lid and stored in a nally bin for transport to Lizard Island

Research Station (LIRS).

Mid-column seawater sampling was conducted using a custom-built submersible pump
sampler. The pump sampling protocol was adapted from previous environmental studies
(Lusher et al., 2014, Setila et al, 2016, Bannick et al, 2019) for application at various depths.
Briefly, the pumping device consisted of a battery driven impeller pump (MEI standard 2.2 kW
motor, 3phase @ 400 V) connected to a hose (PVC, 18 mm internal diameter x 7 m length),
through which seawater was pumped at a flowrate of 45 L min™'. Diving weights (4 kg total)
were attached to ensure the pump and hose remained vertical at each sampling depth. Prior to
each sampling event, the pump was operated in situ for 2 min to flush the device and avoid
cross contamination between samples (i.e., seawater was not sampled at this time). Mid-column
sampling was conducted at five different depths per sampling site, with seawater pumped into
stacked 263 and 37 um mesh sieves. After each sampling event, the pair of stacked mesh sieves
was fully covered with aluminium foil and stored upright in nally bins for transport to LIRS.
As mesh sieves on the deck are exposed to potential airborne contamination while conducting
the mid-column seawater sampling, Milli-Q blanks were placed adjacent to sampling sieves

and covered contemporaneously with sampling sieves (see item 2.5 for more information).

3.2.2.2.Sediment

Sediment samples were collected on SCUBA, using 0.5 m?> PVC quadrats from five
different locations on both Granite Bluff and Blue Lagoon reefs, respectively. Quadrats were
placed on relatively flat areas of the seafloor (i.e., absence of sand banks or ripples) in the
vicinity of sea cucumber sightings. The top 3 cm of sediment was carefully scraped, using a
stainless-steel trowel and placed into a 15 L polyethylene (PE) plastic bag laid flat against the
quadrat edge, with the bag opening folded shut. With each trowel load of sediment collected
the bag was lifted upright and sediment was allowed to settle for ~1 min. The bag was gently

squeezed to push out excess water and the opening sealed with a knot and rubber band. Once
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sediment had been collected for any given quadrat, samples were transferred to nally bins on

the boat for transport to LIRS.

3.2.2.3.0rganisms

All sampled organisms were collected from different locations along the Granite Bluff and
Blue Lagoon reefs using SCUBA. Fish were exposed to diluted natural clove oil (1:3:3 parts
clove oil:ethanol:seawater), corralled into a fencing net then captured by hand net (Kroon,
2015). Individual fish were subsequently placed into PE ziplock bags, whereafter they were
immediately and humanely euthanized by adding a lethal overdose of clove oil (100% clove
oil and > 80% ethanol (EtOH) in a final ratio of 1:3.5) to the bag. Fragments of coral and
sponge colonies, and whole sea squirt individuals were collected using hammer and chisel. Sea
cucumbers were collected by hand. Each invertebrate sample was immediately placed in its
own PE ziplock bag, sealed and transferred to the boat for euthanasia on ice. Storage in
individual bags prevented microplastic cross-contamination between samples and preserved
any faeces or regurgitated material for subsequent microplastic analysis if and when these
events occurred. All sampled organisms were stored on ice in a cool box and transported to

LIRS where they were immediately pre-processed and preserved.

3.2.3. Sample processing

At LIRS, surface tow samples were filtered into stacked 263 and 37 um mesh sieves, the
retained items transferred to 50 mL jars (polypropylene (PP) cup, high density polyethylene
(HDPE) screw cap; Sarstedt) and preserved in 70% EtOH (to a final volume of 50 mL) for
processing and analysis at the Australian Institute of Marine Science (AIMS) in Townsville
(Kroon et al., 2018a). Similarly, contents of mid-column samples retained on stacked 263 and
37 um mesh sieves (i.e., already concentrated during field collection) were also transferred into
50 mL jars. Sediment samples were frozen at -20°C for transportation and processing at AIMS.
Organisms were measured (standard and fork length, 0.1 cm, Kincrome, 1/1000 in), weighed
(0.01 g, AND EK-4101) and the gastrointestinal tracts (GIT) of fish and sea cucumbers and the

tunic and pharynx of sea squirts were respectively removed by dissection. GIT contents and
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sea squirt innards were transferred to 50 mL PP jars sealed with HDPE lids. Whole coral and
sponge samples were transferred into 600 mL PP jars. All biological material was preserved in

70% EtOH for transport and storage prior to processing and analysis at AIMS laboratories.

3.2.3.1.Seawater

Surface seawater samples were processed using a density separation method adapted from
(Kroon et al., 2018a). Briefly, samples were transferred to 400 mL glass beakers and topped
up with 300 mL of 1.2 g cm™ sodium chloride (NaCl; AR, Fisher Chemical, CAS No. 7647-
14-5) brine solution, manually stirred for 3 min using a glass stirring rod and subsequently left
overnight (~18 hr) to settle. Approximately 100 mL of the surface supernatant was then
decanted into a second glass beaker and an additional 100 mL NaCl brine solution added to the
remaining 200 mL of sample. The sample was again stirred for 3 min, left to settle for 1 hr, and
a second 100 mL of surface supernatant syphoned into the aforementioned 2" glass beaker.
This process was repeated once more. The combined decanted supernatant (total ~3 x 100 mL)
was filtered through a customized filtration apparatus consisting of tiered 263 and 26 pum
stainless steel filters (Schlawinsky, 2020). A similar protocol was used to process mid-column
seawater samples, but instead using 1.7 g cm™ potassium iodide (KI; AR, Univar, CAS No.
7681-11-0), based on the assumption that denser microplastics would likely be present in this
abiotic compartment (Cheang et al., 2018; Uddin et al., 2021; Woodall et al., 2014)). In
addition, supernatant of mid-column seawater samples was syphoned into the second beaker

using a silicone tube rather than decanted to avoid disturbing settled material.

3.2.3.2.Sediment

Frozen sediment samples were freeze-dried (~2 days) and processed using 1.7 g cm™ KI
density separation as per mid-column seawater samples. An additional 547 um stainless-steel
filter was added to the top of the z-stacked filtration apparatus to capture larger items, e.g. shell

fragments, fine sand particles and organic matter.

43



3.2.3.3.0rganisms

Each fish GIT was cut open using dissecting scissors and gut content scraped into a
Bogorov counting chamber for exhaustive visual inspection under stereomicroscope (Leica
M165C, 0.73x - 12.0x magnification) (Kroon et al., 2018b). Putative microplastics identified
in each fish GIT were picked from the chamber using a glass pipette and transferred to 26 pm
stainless steel filters for further physical and chemical characterization. Each fish GIT wall was
inspected in a petri dish containing Milli-Q water. All invertebrates were processed following
Chapter 2 with some slight modification. Briefly, corals were digested using 70% nitric acid
(HNO3; AR, Univar, CAS No. 7697-37-2) for 6 hours. Sponges were digested using a step-
wise protocol, in which samples were first digested using 70% HNO3 for 6 hours and residual
material density separated using an overnight 1.7 g cm™ KI procedure. Sea squirt innards were
digested using 70% HNOs for 24 hours. Lastly, each dissected sea cucumber GIT was excised
and gut content removed and processed using 1.7g cm™ KI. All clarified invertebrate samples
were subsequently filtered through the filtration apparatus onto stainless steel filters, as

described above (2.3.1 Seawater).

3.2.4. Microplastic identification and characterization

Microplastic identification, based on physical and chemical characterization, was done
following Kroon et al. (2018a) with some modifications. First, all putative microplastics were
visually identified using stereomicroscopy (Leica MZ16A) and microphotographed (Leica
DFC 500, Leica Application Suite LAS 4.4.0). All putative microplastics were then
characterized based on size, shape, and colour (Hidalgo-Ruz et al., 2012; Norén, 2007, Chapter
2). Size (maximum length) was acquired using Fiji (Image J software), and items were grouped
into one of five size classes (class 1: <500 pum, class 2: > 500 pm and < 1mm, class 3: > 1 and
<2.5mm, class 4: > 2.5 and <5 mm, class 5: > 5 mm). Class 5 was included to capture plastics
larger than the micro scale). Shape and colour of all examined items were categorized based
on Chapter 2. Polymer composition of every putative microplastic was chemically confirmed
by Fourier-transform infrared spectroscopy (FTIR). Only putative microplastics not found in

the filter after microscopy analysis were not chemically analysed (refer to results for
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information on total number of putative microplastics, as well as number of items analysed and
not analysed by FTIR). FTIR spectra were obtained using either PerkinElmer Spectrum 100
FTIR [1 mm ATR window, pressure gauge = 150, 16 scans at 4 cm™' resolution, wavenumber
range 4000 - 600 cm™!, atmospheric (CO2/H,0) suppression, atmospheric vapor compensation,
and background scans acquired every 10 acquired spectra] or PerkinElmer Spotlight 200i FTIR
microscope [100 pm ATR aperture, pressure gauge = 5%, 32 scans at 4 cm! resolution,
wavenumber range 4000 - 600 cm™, atmospheric (CO2/H,0) suppression, atmospheric vapor
compensation, and background scans acquired for every spectrum], affording 10 pm size limit
of detection. Spectra were processed using PerkinElmer Data Tune-up and searched against
NICDOCOM 1R spectral libraries (Polymers and Additives, Coatings, Fibers, Dyes and
Pigments, Petrochemicals; NICODOM Ltd., Czechia, excluding CO, and H,O ranges) for final
chemical assignment, as per Kroon et al. (2018a). All items were categorized as either (i)
synthetic or semi-synthetic items (i.e., items manufactured by chemical synthesis, e.g., plastics,
or synthetically modified from natural materials, e.g., rayon, cellophane), (ii) naturally derived
(i.e., items manufactured from natural materials, e.g., cotton), and (iii) natural (i.e., not
manufactured). Items categorized as synthetic and semi-synthetic were deemed microplastics
and grouped based on their primary assignment obtained by FTIR and following Kroon et al.
(2018a). Semi-synthetic items comprising natural fibres and plastic polymers were grouped
based on their synthetic composition (e.g., mixture of rayon and polyester was assigned into
the polyester group). Synthetic items made of more than one synthetic polymer were grouped
based on their main synthetic compound when possible (e.g., mixture of 30% polypropylene
and 70% polyester was assigned into the polyester group; and polyvinylchloride, polyvinyl
alcohol and polyvinyl benzyl chloride were assigned into the polyvinyl-based polymer group).

3.2.5. Quality assurance and quality control (QA/QC)

3.2.5.1. Recovery Rates

All separation methods described above were validated using spike-recovery tests prior to
final use in the study. Spike-recovery tests consisted of three replicates of each seawater,
sediment (~ 3 g, d.w.) and organism (~ 3 g of tissue, d.w.) samples that were spiked by adding

15 microplastic particles, including irregular particles (< 1.0 mm) of yellow PE (N = 5);
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transparent polystyrene (PS, N = 5), and monofilament fibres (approx. 2 mm) of black rayon
(N = 5). Spiked samples were then processed as described for field samples and recovered
spiked microplastics were visually identified and counted using a stereomicroscope (Leica

MZ16A).

3.2.5.2.Microplastic contamination control

Prevention and monitoring of extraneous microplastic contamination followed protocols
described in Kroon et al. (2018a) and Chapter 4. The unavoidable use of plastic-based utensils
during sample collection and processing was recognised, and a representative sample of each
was collected and added into a project-specific plastic contaminant library (Appendix B —
Table S1) (Kroon et al., 2018a). Airborne contamination was monitored and also added in the
contaminant library. Airborne contamination was monitored using Milli-Q blanks for those
collection and processing steps where samples were exposed to air. Thus, during field
collection, Milli-Q blanks were collected concurrently with mid-column seawater sampling
only as this was the only sampling technique during which midwater samples were exposed to
air. Laboratory procedures from all sample types included Milli-Q blanks, i.e., sample pre-
processing at LIRS, and sample processing (including during dissections, Bogorov sorting,
sample clarification and filtration) at AIMS. Milli-Q blanks were treated as samples were and
exposed to air whenever samples were also exposed to air. These blanks were then filtered onto
26 pum stainless steel filters for verification under microscopy and FTIR. To establish and
correct for unintentional contamination, all microplastics found in samples were compared with
those in the contaminant library (Kroon et al., 2018a). Specifically, if the spectral match to an
item in the spectral library was >90%, and both shape and colour also matched, the
microplastic in the sample was considered to be a result of extraneous contamination and was
excluded from further analysis. Measures to reduce the likelihood of extraneous microplastic
contamination were applied during all lab-based processing conducted, including wearing
cotton clothes and delinting lab coats prior to sample handling. Furthermore, equipment, tools
and working area were cleaned prior to use as per Chapter 4. For sample processing, both NaCl
and KI brine solutions were filtered to 0.45 pum (Millipore® HA filters); 70% HNO3; was not

filtered for safety reasons. Instead, to assess HNOj as a potential source of extraneous
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microplastic contamination, 15 mL of the acid was neutralized using 0.45 um pre-filtered 10%
potassium hydroxide (KOH) solution and filtered onto 26 um stainless steel filters for
verification under microscopy and, if necessary, FTIR. No microplastics were found in HNO3
samples neutralized in this manner. Density separations and acid digestions were conducted in

a fume hood.

3.2.6. Data analysis of field collected samples

All statistical data analysis was conducted using RStudio, version 1.2.5042. Best fitted
models were chosen using an Akaike Information Criterion (AIC) test and DHARMa residual
diagnostics. Differences in microplastic concentration within abiotic (microplastics m™) or
biotic (microplastics g™ of tissue processed) (equation 1) compartments and the influence of
sampling site were investigated by general linear models (GLM, p <0.05). To account for skew
and overdispersion of data, models were fitted using Poisson distribution for the logarithmic
transformation of the abiotic compartment, while a negative binomial distribution was used for

the biotic compartment.

concentration of microplastics = matrix + sampling site + constant (Eq. 1)
where,

matrix = surface seawater, mid-column seawater and sediment (i.e., abiotic compartment);
or fish, sea squirt, sponge, coral and sea cucumber (i.e., biotic compartment) analyses, sampling

site = Granite Bluff or Blue Lagoon.

To compare the level of microplastic contamination between abiotic and biotic
compartments based on shape (fragments vs fibres), size (size-class 1 to 5), colour and
polymer, Chi-squared (p < 0.05) and Fisher’s Exact tests (p < 0.05) were performed.
Microplastic contamination in fish, corals, sea squirts and sponges were compared to levels
found in the mid-column seawater, while that in sea cucumbers was compared to contamination

found in the sediment.
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3.3. Results

3.3.1. General environmental conditions during field sampling

Maximum temperatures throughout the field collection varied from 29.2 to 31.1°C. No rain
events occurred during this sampling period. Wind speed at the Granite Bluff and Blue Lagoon
sampling sites varied from 0 to 20 knots and O to 5 knots, respectively. Wind direction was
predominantly south-easterly and swell at both sites varied little, from 0 to 0.5 m. Detailed
environmental conditions corresponding to specific sample collection times are reported in
Table S2 (Appendix B). GPS coordinates for surface and mid-column seawater sampling sites

are reported in Table S3 (Appendix B).

3.3.2. QA/QC

3.3.2.1.Spiked microplastic recovery rates

Overall, recovery rates of > 70% were achieved for spiked microplastics across all matrices
and sample processing activities with the exception of rayon fibres recovered from sponges,
which was slightly lower at 66.67 £ 9.43 % (mean + standard deviation [SE]). Complete
recovery was achieved for spiked PE recovered from all matrices except sponges, and for rayon
monofilament fibres recovered from sea cucumber GIT contents treated with 1.7 g cm™ KI.
Recovery rates of spiked PS varied between 80.00 + 16.33 % (sea cucumber GIT contents) and
93.33 £+ 9.43% (for surface seawater, mid-column seawater and sponge samples). Recovery
rates of spiked microplastics from each sample matrix and respective separation method are

reported in Table S4 (Appendix B).

3.3.2.2.Microplastic presence and abundance in abiotic and biotic samples

This study isolated a total of 2,137 putative microplastics from samples. Of these, 318 were
excluded from final analysis, either because the chemical composition could not be confirmed
(i.e., poor quality of acquired FTIR spectra, N = 100), or because an item matched physically

and chemically with an item from the contaminant library (N = 221). Another 1,115 items were
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further excluded based on being assigned to either a natural item or a naturally-derived polymer
(e.g., cotton). The remaining 701 (32.8%) putative microplastics were confirmed to be
synthetic (N = 535) and semi-synthetic (N = 169) polymers. Total numbers of putative
microplastics, excluded items, and final plastic counts per matrix are reported in Table S5
(Appendix B). Items categorized as synthetic and semi-synthetic were deemed microplastics

and grouped as per Table S6 (Appendix B).

3.3.3. Microplastic contamination of coral reefs

3.3.3.1.Presence and abundance in abiotic and biotic compartments

Microplastics were found in all abiotic compartments sampled from Granite Bluff and Blue
Lagoon. Combining results from both sampling sites, mean concentration (+ SD) of
microplastics (expressed as microplastics m™ matrix ™) varied one thousand-fold, with 0.15 +
0.12 microplastics m™ in surface seawater, 39.78 + 12.85 microplastics m> in mid-column
seawater, and 909.91 =+ 463.67 microplastics m™ in seafloor sediment. Microplastic
concentrations differed significantly amongst abiotic compartments (p < 0.05, Figure 3.2a,
Appendix B —Table S7a). Per sampling site, microplastic concentrations were significantly
greater in the Granite Bluff water and sediment than these same matrices in the Blue Lagoon
(p <0.05, Appendix B —Table S7b), with the exception of the coral community, where this was
apparently inverted. Mean microplastic concentration per sampling site and matrix is detailed

in Table 3.1.

Microplastic concentrations did not differ significantly amongst the four taxa (p > 0.05,
Figure 3.2b, Appendix B — Table S7b). Considering both sampling sites together, mean
concentration of microplastics per taxon was 1.49 + 1.70 microplastics g”' fish GIT, 1.04 + 1.37
microplastics g! sea squirt, 0.18 = 0.15 microplastics g"' sponge, 0.09 =+ 0.08 microplastics g”!
coral, and 0.02 + 0.01 microplastics g' sea cucumber GIT. However, microplastic
contamination was not present in every biotic replicate, except for fish where the number of
items found per fish GIT ranged from 1 to 14. In contrast, for all taxa, microplastic
concentrations were significantly greater in specimens collected from Granite Bluff compared

to those from Blue Lagoon (p < 0.05, Appendix B — Table S7b), trend that seems to be driven
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by fish and sea quirt, although not indicated by the statistical analysis. Mean microplastic

concentration per sampling site and taxon is detailed in Table 3.1.

Table 3.1: Mean concentration (+ standard deviation; SD) of microplastics per abiotic (microplastic m’
%) and biotic compartment (microplastic g™') from Granite Bluff and Blue Lagoon sampling sites (n =5
replicates per sampling site). Concentration reported as number of microplastics m™ (surface seawater,
mid-column seawater, sediment) and number of microplastics g of animal tissue processed (fish GIT,
sea squirt innards, whole sponge, whole coral, and sea cucumber GIT).

Abiotic Biotic

Sampling Mid- Sea
: Surface . . Sea cucumber

site column Sediment  Fish . Sponge  Coral

seawater squirt GIT

seawater
contents

Granite 0.23 43.56 1127.77 2.31 1.68 0.26 0.04 0.02
Bluff +0.12 +15.06 +439.48 +£2 +0.40 +0.10 +0.04 +0.02
Blue 0.06 36 692.04 0.67 0.01 0.14 1.55 0.01

Lagoon +0.01 + 8.65 +376.70  £0.63 +0.01 + 0.08 +0.73 +0.01
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Figure 3.2: Microplastic counts m™ (A) of abiotic surface, mid-column and sediment compartments;
and microplastic counts g™ (B) in fish, sea squirt, coral, sponge, and sea cucumber. Colour key insets
for panel A compartmental sample representation and for panel B organismal sample representation.
Horizontal axis represents the two sampling sites: Granite Bluff and Blue Lagoon. Symbols and vertical
lines represent estimated marginal means and 95% confidence intervals. Letters (a, b, c) represent
significant differences (p < 0.05) within the abiotic (A) and biotic (B) compartments for each sampling
site. Horizontal bars represent differences (p < 0.05) between the two Lizard Island sampling sites
examined for each compartment analysed.
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3.3.3.2.Physical and chemical characteristics in the abiotic compartment

The abiotic compartments of Lizard Island presented a similar ratio of microplastic fibres
to fragments (N =270 and 298, respectively). Most microplastics were < 500 um in maximum
length (size class 1, N = 205), followed by those between 1.0 and 2.5 mm (size class 3, N =
141). The other sizes classes, including those considered to be macroplastics (> 5 mm), were
present in similar but lesser numbers (size class 2, N = 74; size class 4, N = 72; size class 5, N
= 73). Blue (n = 202) and transparent (n = 104) microplastics were the most common colours
found, followed by white (N = 50), pink (N = 45) and red (N = 41), with other colours (e.g.,
brown, green and orange) being less common. PP (N = 154) and PET (N = 113) were the most
common polymers detected, followed by rayon (N = 83), polyacrylate (N = 48) and PE (N =
46). Other polymers such as polyvinyl, polysiloxane, nylon and PS were observed, but in much
lesser numbers. Total number of microplastics sampled per compartment (surface seawater,
mid-column seawater and sediment) and shape, size, colour and polymer characteristics is

presented in Table S8 (Appendix B).

3.3.3.2.1. Surface seawater compartment

Surface seawater samples contained more fragments (79%) than fibres (21%) (Appendix B
— Table S8, Figure S1). Microplastic size varied from 72.3 um to 11.2 mm, with size classes 1
(40%) and 3 (32%) most abundant, followed by size classes 2 (14%), 4 (11%), and 5 (3%). The
most abundant microplastic colours were blue (27%) and pink (25%), followed by white
(19%), transparent (12%), black (8%). Other microplastics colours such as green, grey and
yellow collectively represented less than 10%. The most abundant microplastics polymer types
were PP (40%) and PE (25%), followed by polyacrylate (14%), PET (9%), and rayon (6%).
Other microplastics polymer types, such as polyvinyl and nylon were rare and made up a

combined 6 % of the total.

3.3.3.2.2. Mid-column seawater compartment

Mid-column seawater samples contained similar numbers of microplastic fragments and

fibres (47 and 53%, respectively) (Appendix B —Table S8, Figure S1). Microplastic size varied
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from 10.5 pm to 13.3mm, with the majority in the smallest size class 1 (56%), followed by
those in classes 2 (22%), 3 (17%), 4 (3%), and 5 (< 1%). 1.4% of microplastics (5 fibres) could
not be measured for being tangled. Blue (39%) and transparent (20%) microplastics were the
most abundant colours, followed by black (10%), red (8%) and white (6%), with other colours
combined representing less than 20%. PP (26%), PET (22%), and rayon (17%) polymers were
the most abundant polymer types, followed by polyacrylate (7%) and polyvinyl (6%), with
others such as nylon, PE and PS making up a combined 22%.

3.3.3.2.3. Sediment compartment

Sediment samples contained more fibres (72%) than fragments (28%) (Appendix B — Table
S8, Figure S1). Microplastic size varied from 33.0 um to 2.9 mm and, as for the other two
abiotic compartments, the smallest microplastic size class 1 was most abundant (47%), with
microplastic numbers decreasing as item size increased, i.e., 2 (30%), 3 (20%) and 4 (3%),
respectively. Size class 5 microplastics were not present in sediments. Blue (35%) and
transparent (23%) microplastics were the most abundant colour, followed by red (13%) and
green (9%), with other colours making up only 20%. PET (32%) and rayon (18%) polymers
were the most abundant polymer types, followed by nylon (9%), acrylonitrile (7%), acrylate
(6%) and PP (6%), with others such as polyvinyl, epoxy and PE making up a combined 22%.

3.3.3.3. Physical and chemical characteristics in the biotic compartment and
comparison of microplastic distribution with the abiotic compartment

In the Lizard Island biotic compartment microplastics fibres (n=77) were moderately higher
in number than fragments (n=59). An inverse relationship between microplastic size and
number was observed. The majority of microplastics measured < 500 um in maximum length
(size class 1, N =71), followed by microplastics between 500 um and 1.0 mm (size class 2, N
=19), and between 1.0 and 2.5 mm (size class 3, N = 30). Plastic items >2.5 mm, including
those in the macroplastic category, were still present but in much lower numbers (size class 4,
N = 2, and size class 5, N = 4). Transparent (N = 55), blue (N = 23) and white (N = 23)
microplastics were the most common colours found, followed by black (N = 16) and red (N =

8). The most common microplastic types were PP (N = 154) and PET polymers (N = 46),
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followed by rayon (N = 24), PP (N = 15), polyacrylate (N = 11), and polyglycol (N = 10). Other
polymers such as polyvinyl, polysiloxane, nylon and PS were also observed but in lesser
numbers. Total number of microplastics sampled per compartment (surface seawater, mid-
column seawater and sediment) and shape, size, colour and polymer characteristics is presented
in Table S8 (Appendix B). Detailed characterization of microplastic contamination per taxon,

including influence of the abiotic compartment (sampling site) is provided below.

3.3.3.3.1. Fish

Fish GITs contained more fibres (72%) than fragments (28%) (Appendix B — Table S8,
Figure S2). Only microplastics in the smaller size classes 1 (42%), 2 (26%) and 3 (32%) were
present. Minimum and maximum microplastic sizes were 33.6 um and 1.7 mm, respectively.
Transparent (44%) and blue (28%) microplastics were the most abundant colour, followed by
black (7%), red (7%), orange (5%), yellow (5%), pink (2%) and white (2%). PET polymer
(63%) was the most abundant polymer type, followed by rayon (14%) and PP (7%), with others
such as PS and polysiloxane making up a combined 12%. Microplastics recovered from fish
GITs differed from those found in the seawater column according to shape (X-squared = 5.614,
p < 0.05) and polymer type (Fisher's p < 0.001) distribution, while microplastic sizes and
colours were similarly distributed between these two compartments (Fisher's p > 0.05) (Figure

3.3a).
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Figure 3.3: Relative number of microplastics found in abiotic (seawater column (A) and sediment (B))
and biotic (fish gastrointestinal tract (GIT), sea squirt, sponge, coral and sea cucumber GIT)
compartments from Lizard Island coral reefs. Each row represents the distribution of a microplastic
characteristic (shape, size, colour and polymer) within each abiotic compartment and associated taxa. *
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Represents significant differences in microplastic physical and/or chemical characteristic between
abiotic and biotic compartments (p < 0.05, Chi-square or Fisher test).

3.3.3.3.2. Sea squirt

Sea squirt GIT samples contained similar numbers of microplastic fragments and fibres (48
and 52%, respectively) (Appendix B —Table S8, Figure S2). Microplastic size varied from 73.6
um to 1.5 mm, with most from size class 1 (60%), followed by size classes 2 and 3 with similar
numbers (16% and 24%, respectively). Microplastics in size classes 4 and 5 were absent.
Transparent (56%) microplastics were the most abundant colour, followed by black (20%) and
white (16%), brown and yellow (4% each), while only one blue item was found. PET polymer
(32%) was the most abundant polymer type, followed by polyglycol (24%), rayon (20%) and
PP (8%), with others such as PS and polyvinyl contributing a combined 16%. Microplastics
recovered from sea squirt GITs differed from those obtained from the seawater column in
relation to microplastic colour (Fisher’s p < 0.001), unlike microplastic shape (X-squared =
0.010793, p > 0.05), size (Fisher’s p > 0.05) and polymer type (Fisher's p > 0.05) which were

comparable between their GITs and the seawater column (Figure 3.3a).

3.3.3.3.3. Sponge

Sponge samples contained similar numbers of microplastic fragments and fibres (56 and
44%, respectively) (Appendix B — Table S8, Figure S2). Microplastics in size class 1 (72%)
were highly abundant. Size classes 2 (22%) and 4 (6%) comprised the remaining microplastics,
with none found in size classes 3 and 5. Minimum and maximum microplastic sizes were 20.0
pm and 3.7 mm, respectively. Transparent microplastics (39%) were the most abundant colour,
followed by white (28%), blue (17%), green (11%) and black (6%). PP (28%), rayon (22%),
PET (11%), polyvinyl (11%), and nylon (11%) polymers were the most abundant polymer
types, with others such as acrylate and polysiloxane contributing a combined 17%.
Microplastics recovered from sponges were similar to that of the seawater column in relation
to all characteristics, including shape (X-squared = 0.5118, p > 0.05), size (Fisher's p > 0.05),
colour (Fisher's p > 0.05) and polymer (Fisher's p > 0.05) (Figure 3.3a).
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3.3.3.3.4. Coral

Coral samples contained more microplastic fragments (67%) than fibres (33%) (Appendix
B — Table S8, Figure S2). Microplastic size varied from 139.5 um to 2.7 mm and, as for the
other sessile benthic taxa, microplastics in size class 1 (< 500 um, 72%) were most abundant,
with size classes 2 (11%), 3 (11%) and 4 (6%) representing the remaining items. Microplastics
in size class 5 were absent. White (44%) and transparent (39%) microplastics were the most
abundant colours, followed by black (11%), and red (6%). Polysulfone polymers (39%) were
the most abundant polymer type, followed by PP (17%), PET (11%), rayon (11%), and
polyglycol (11%) polymers, with polytetrafluoroethylene (PTFE) and melamine contributing
a combined 11%. Microplastics recovered from corals differed from those recovered from the
seawater column in relation to colour (Fisher's p <0.001) and polymer type (Fisher's p <0.001),

but not shape (X-squared = 2.6759, p > 0.05) or size (Fisher’s p > 0.05) (Figure 3.3a).

3.3.3.3.5. Sea cucumber

Sea cucumber GIT contents contained more microplastic fibres (60%) than fragments
(40%) (Appendix B — Table S8, Figure S2). As for the other taxa microplastics in size class 1
(41%) were most abundant. Those in size classes 2 and 3 were present in similar numbers (25%
and 31%, respectively), with 3% belonging to size class 4. Microplastics in size class 5 were
absent. Minimum and maximum microplastic sizes were 149.2 pm and 4.9 mm, respectively.
Transparent (25%) and blue (25%) microplastics were the most abundant colours, followed by
white (16%), black (16%), red (12%) and brown (6%). Polyacrylate (28%), PET (22%) and
rayon (22%) polymers were the most abundant polymer types recovered, followed by PS (9%)
and PP (6%), with others such as nylon and polyvinyl contributing a combined 13%.
Microplastics recovered from sea cucumber GIT contents differed from those recovered from
the sediment with respect to polymer type (Fisher's p < 0.05), but not polymer shape (X-squared
=1.5718, p > 0.05), size (Fisher's p > 0.05) or colour (Fisher's p > 0.05) (Figure 3.3b).
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3.4. Discussion

3.4.1. Presence and abundance of marine microplastics in abiotic and biotic
compartments

Microplastic contamination was prevalent at Lizard Island, with 88% of all compartments
(abiotic and biotic) containing microplastics despite the remote location of this coral reef. Sea
surface, mid-column and sediment samples collected from both Granite Bluft and Blue Lagoon
reefs all contained microplastics. Similarly, microplastics contamination was revealed in at
least 70% of individuals of each species examined, except for fishes, which exhibited
microplastics contamination in every individual sampled. These findings in a remote and
relatively pristine environment not only highlight the ubiquitous nature of microplastics
contamination but also the current lack of robust and broad scale baseline data for such
environments (Tan et al., 2020). Similar observations have been reported in other studies
conducted in remote areas, including coral reef ecosystems (Huang et al., 2021). For mid-shelf
reefs in the central GBR, a recent biophysical modelling study reported that most of the
microplastic contamination found was unlikely to have originated from continental sources
(Jensen et al., 2019). Whether this holds true for Lizard Island remains to be determined. The
highly dynamic oceanographic features associated with GBR coral reef ecosystems
(Monismith, 2007; Taebi et al., 2011), including Lizard Island, likely contribute to microplastic
dispersion and highlights the need for further investigation.

At Lizard Island, microplastic contamination in surface seawater was within the range
reported for other coral reefs (Huang et al., 2021), but lower than concentrations reported for
the central GBR (Jensen et al., 2019) and higher than for the remote Nansha Islands atoll reefs
(Tan et al., 2020). To date, only one other study has assessed microplastic contamination in the
mid-column waters of coral reefs (Xisha Islands coral reefs) (Ding et al., 2019) and reported
concentrations lower than those found at Lizard Island. This difference could be due to a
multitude of local environmental factors including microplastic sources, hydrodynamics, and
weather conditions during sampling (Kane et al., 2020; van Sebille et al., 2015), extent of
biological interactions such as biofouling (Kooi et al., 2017; Liu et al., 2020a), and
methodological differences in sample collection, processing and analysis (e.g., this study

sampled 900 L of water per replicate while Ding et al. (2019) sampled only 5 L). Microplastic
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concentrations in Lizard Island sediment samples were similar to or lower than those recently
reported in the sediment beds of other coral reefs (Huang et al., 2021). In sampled species,
microplastics contamination was also lower (Fallon and Freeman, 2021; Wicaksono et al.,

2021) or similar (Ding et al., 2019; Vered et al., 2019) to those found in other reef systems.

Microplastic contamination at Lizard Island increased with increasing water depth, and
sediment samples were the most contaminated. Similar vertical distributions have been
described for other shallow coastal marine environments (Liu et al., 2020a; Song et al., 2018)
and are influenced by physical oceanographic parameters (e.g., wind, currents and tides),
microplastic features (e.g., shape and polymer) (Liu et al., 2020a), and/or biological activities
(e.g., biofouling) (Liu et al., 2020a; Song et al., 2018). However, the positive correlation
between microplastic concentration and depth does not hold true for every marine environment.
For example, deep ocean studies have reported non-linear vertical distribution patterns for
microplastics relative to the vertical thermohaline (Zobkov et al., 2019). These differences in
distribution highlight the complexity surrounding vertical transport of microplastics from
surface seawater to sediment beds and the need for compartmentalised sampling across a depth

gradient to permit robust data comparisons and inferences on patterns of distribution.

Sediment samples were collected within a 0.5 m wide x 0.5 m long x 0.03 m deep transect,
with microplastic concentrations reported m=. Thus, this sampling design represents a broad
spatial coverage of the sediment surface layer, and while a high microplastic loading was
estimated from replicate samples, this does not necessarily indicate higher bioavailability for
organisms that live in or feed on the sediment bed. Accordingly, sea cucumbers, which are
benthic deposit feeders, did not exhibit higher microplastics contamination than the other
species sampled, all of which feed from the water column. In fact, no significant difference in
microplastic contamination was observed amongst the different biota examined, which is
possibly promoted by variable microplastics contamination within the same species suggesting
biotic contamination is not homogeneous. Such variability also highlights the complexity
inherent in identifying species that are vulnerable to microplastic contamination and supports

arguments for long-term spatial and temporal biological microplastic monitoring.

Granite Bluff was found to be more contaminated than Blue Lagoon, irrespective of sample
type (both abiotic and biotic) apart from corals. This was somewhat surprising, considering the

low number of plastic debris, including microplastics, found on the beaches surrounding
58



Granite Bluff compared to beaches surrounding Blue Lagoon (http://amdi.tangaroablue.org/).
Blue Lagoon is, however, less protected from the south-easterly winds than Granite Bluff and
these predominant winds (from March to September) drive stronger water currents which may
have assisted in dispersal (and therefore dilution) of any microplastic debris present at the time
of sampling. Microplastic input from local land and sea-based activities could have also played
an important role in the observed differences in microplastic contamination levels; Lizard
Island Resort and a public mooring are both located in the vicinity of Granite Bluff, while Blue
Lagoon is largely sanctioned for research with minimal tourism. A positive relationship
between environmental exposure concentration and uptake by resident organisms (i.e., levels
of biotic microplastic contamination reflect levels of abiotic microplastic contamination) was
observed, with species from Blue Lagoon having lower microplastic loadings than their
counterparts from Granite Bluff. This relationship between abiotic and biotic contamination is
commonly reported in aquarium-based studies, including of P. amboinensis collected from
Lizard Island and exposed to environmentally relevant microplastics and concentration
(Chapter 4). Together, these studies support the hypothesis that an increase in marine abiotic
microplastic concentrations can cause concomitant increases in marine biotic microplastic
contamination; hence increasing the risks of ecological effects. If proven, this hypothesis is of
clear concern given that marine microplastic concentrations are predicted to increase up to 10-
fold by 2100 if no major changes are enacted to reduce plastic use and disposal practices

(Everaert et al., 2020).

3.4.2. Physical and chemical microplastic characteristics across abiotic and
biotic compartments

Microplastic contamination in all tiers of the seawater column and in sediments provided a
baseline against which microplastics contamination in the inhabiting species could be assessed.
Significantly different distributions of microplastic shapes, sizes, colour, and polymers were
found between environmental exposure and uptake by resident organisms (i.e., types of biotic
microplastic contamination do not reflect types of abiotic microplastic contamination). These
differences appear to result from various and potentially synergistic environmental and/or

biological factors.
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Microplastics found in fish differed from those found in the mid-column seawater samples
in shape and polymer type. Fish had ingested more fibres than fragments, which corroborates
with other field studies (Filgueiras et al., 2020; Jensen et al., 2019; Kroon et al., 2018b; Xu et
al., 2020a). This suggests active (i.e., selective) uptake of microplastic fibres, possibly due to
their similar appearance to natural food sources (e.g., filamentous algae) (Peters et al., 2017;
Roch et al., 2020). Alternatively, this finding may result from the longer depuration rates of
microplastic fibres compared to fragments (Xiong et al., 2019) (Chapter 4). Only microplastics
< 2.5 mm were present in fish samples, with the majority being < 500 um. High presence of
small microplastics (generally < 1 mm) versus larger ones is commonly reported in field (Avio
et al., 2015b; Ding et al., 2019; Garnier et al., 2019; Su et al., 2019) and laboratory (Critchell
and Hoogenboom, 2018; Xiong et al., 2019) fish studies, with this size being more readily
swallowed (Xiong et al., 2019), or having slower depuration rates (Liu et al., 2021), or both.
Here, microplastic sizes in fish were not statistically different from those found in the water
column, fish displayed high susceptibility to take up the most abundant microplastic sizes
present in the water column of Lizard Island. While colour has been suggested to influence
microplastic uptake by fish (Ory et al., 2017; Sa et al., 2015; Santos et al., 2016), this is not
evident here suggesting that for P. amboinensis microplastic uptake might be better correlated
with other microplastic characteristics, such as shape. Lastly, differences in polymer types
present in fish compared to the mid-water column are likely to be intrinsically related to the
prevalence of microplastic fibres over fragments observed in fish samples. PET and rayon, the
main polymer types found in fish GIT contents, were also predominantly found as fibres in
mid-column seawater samples. However, the direct influence of polymer type on uptake by
fish cannot be excluded, especially because of associated biofouling (Savoca et al., 2017),
which can vary based on polymer type (Agostini et al., 2021; Feng et al., 2020; Kirstein et al.,
2019) and produce chemical cues that mimic natural food, making them more bioavailable to
a range of marine organisms (Corona et al., 2020; Procter et al., 2019; Savoca et al., 2017).
Regardless of the mechanism of uptake, findings here suggest that microplastic fibres made of
PET or rayon, and of <2.5 mm (especially < 500um) in size may pose greater risks to fish than
other microplastics (primarily fragments and/or larger microplastics) present in the abiotic

compartment.
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Microplastics found in sea squirts, sponges, and corals were similar in shape and size to
those found in the mid-column. As discussed for fish, these either suggest lack of influence of
microplastic characteristic on uptake, or high susceptibility to take up the most abundant
microplastics present at the water column of Lizard Island. The feeding strategy and
mechanisms of these organisms suggest that shape should not influence microplastic uptake.
For size, however, sea squirts are filter feeders that trap filtered food and other particulate
matter in a mucus net within the pharynx which is subsequently transported into the esophagus.
Undesirable items are selectively expelled from the pharynx with the filtered water. Through
this feeding process sea squirts have been observed to take up < 1.3 mm long particles (Tatianan
et al., 2004), as well as abundant amounts of microplastics < 400 pm (Vered et al., 2019),
aligning with the microplastic sizes observed in this study. Sponges also filter the water column
for food via ostia, mainly drawing in items smaller than 100 pm, i.e., within the morphological
size range of their pore structure (Reiswig, 1971; Simpson, 2012). However, larger
microplastics may have been endocytosed by the sampled sponges, a mechanism suggested to
explain microplastic uptake by various sponge species at Bocas del Toro, Panama (Fallon and
Freeman, 2021). In corals, the majority of microplastics resembled the size of their prey items
such as zooplankton (Fabricius et al., 1995; Ferrier-Pages et al., 2010), although, plastic fibres
> 2 mm were also present. As coral samples were digested whole, it is not known whether
larger fibres were actively ingested or representative of passive contamination through tissue
overgrowth (Ferrier-Pages et al., 2010; Martin et al., 2019; Reichert et al., 2018). Thus, as for
fish, is likely that the invertebrates tested in this study are highly susceptible to take up the
most abundant microplastic sizes present at the water column of Lizard Island. Microplastics
found in sea squirts and corals differed in colour from those found in the mid-column.
Considering that these taxa are only capable of light sensing (Picciani et al., 2021; Rivera et
al., 2012) and not colour detection, it is likely that these organisms were selectively ingesting
microplastics with other specific characteristics, i.e. shape, size and polymer, that so happen to
be mainly transparent or white. However, for sea squirts, the variety in shape and polymer type
of recovered microplastics suggest uptake is driven by size. For corals, 40% of the white items
were also polysulfone fragments potentially indicating uptake of white microplastics driven by
polymer type. Similarly, sea cucumbers seemingly selectively ingested specific polymer types

from the sediment. In fact, polymer type was the only microplastic characteristic with different

61



distributions between sea cucumber and the sediment. It is possible that polymer chemistry is
driving this process in corals and sea cucumbers given these two taxa rely on chemosensation
for feeding. Furthermore, microplastic biofouling can result in increased uptake by corals
(Corona et al., 2020), although this has not been confirmed for sea cucumbers. Overall, findings
suggest that sea squirts, sponges, and corals take up microplastics of similar size of what was
found in the water column of Lizard Island, and specially microplastics < 500um in size,
regardless of other physical and chemical characteristics. This microplastic size range may
pose a higher risk to a multitude of invertebrate taxa than microplastics of other sizes, a trend
that corroborates laboratory studies on other invertebrate taxa (Lehtiniemi et al., 2018; Wang

et al., 2021b). The impacts of colour and polymer type deserve further assessment.

3.5. Conclusion

With growing concerns around environmental microplastic contamination, extensive
baseline information on both abiotic and biotic compartments is paramount. Similarly, it is also
important to understand microplastic bioavailability, and decouple interactions between
available microplastics in abiotic compartments and exposed organisms that encounter and
feed on these, to elucidate risks of microplastic bioavailability and effects to reef ecosystems.
The abiotic and biotic compartments of Lizard Island coral reefs analysed in this study were
all found to be contaminated with microplastics. As in other shallow water systems,
microplastic concentrations increased with depth, while the levels of microplastics
contamination in the study species were consistent regardless of their position in the habitat or
feeding regime. Levels of microplastic contamination between marine abiotic and biotic
compartments were shown to be mostly positively correlated, indicating that microplastic
contamination in marine organisms is likely to increase with the predicted increase in marine
microplastic concentrations. Yet, physical and chemical characteristics of microplastics found
in organisms did not always reflect what was present in the abiotic compartment in which they
live and/or feed on. In fish GITs specifically, fibres were more abundant than fragments.
Across the five taxa assessed, microplastics < 500 um were consistently most prevalent.
Together with the high abundance of these items in the water column and sediment, these

results suggest more attention should be given to the abundance, distribution, and effects of

62



microplastics <500 um at Lizard Island. Overall, these findings suggest greater biological risks

of some microplastics in relation to others, based primarily on shape and most likely size.
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Chapter 4: Ingestion and depuration of microplastics by a
planktivorous coral reef fish, Pomacentrus amboinensis

Abstract

Microplastics are ubiquitous contaminants in marine environments and organisms.
Concerns about potential impacts on marine organisms are usually associated with uptake of
microplastics, especially via ingestion. This study used environmentally relevant exposure
conditions to investigate microplastic ingestion and depuration kinetics of the planktivorous
damselfish, Pomacentrus amboinensis. Irregular shaped blue polypropylene (PP) particles
(longest length 125 to 250 um), and regular shaped blue polyester (PET) fibers (length 600 to
700 um) were selected based on physical and chemical characteristics of microplastics
commonly reported in the marine environment, including in coral reef ecosystems. Individual
adult damselfish were exposed to a single dose of PP particles and PET fibers at concentrations
reported for waters of the Great Barrier Reef (i.e., environmentally relevant concentrations,
ERC), or future projected higher concentrations (10x ERC, 100x ERC). Measured microplastic
concentrations were similar to their nominal values, confirming that PP particles and PET
fibers were present at the desired concentrations and available for ingestion by individual
damselfish. Throughout the 128-h depuration period, the 88 experimental fish were sampled 2,
4, 8, 16, 32, 64 and 128-h post microplastic exposure and their gastrointestinal tracts (GIT)
analyzed for ingested microplastics. While damselfish ingested both experimental
microplastics at all concentrations, body burden and depuration rates of PET fibres were
significantly larger and longer, respectively, compared to PP particles. For both microplastic
types, exposure to higher concentrations led to an increase in body burden and lower depuration
rates. These findings confirm ingestion of PP particles and PET fibers by P. amboinensis and
demonstrate for the first time the influence of microplastic characteristics and concentrations
on body burden and depuration rates. Finally, despite measures put in place to prevent
contamination, extraneous microplastics were recovered from experimental fish, highlighting
the challenge to completely eliminate contamination in microplastic exposure studies. These

results are critical to inform and continuously improve protocols for future microplastics
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research, and to elucidate patterns of microplastic contamination and associated risks in marine

organisms.

Key words: polypropylene, polyester, particle, fiber, marine environment, uptake, impacts,
damselfish.
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4.1. Introduction

Contamination of the marine environment with microplastics (plastic items 1 uym - 5 mm
in length) is prevalent, with up to 51 trillion floating microplastics estimated to occur in this
environment globally (van Sebille et al., 2015). This staggering amount is also predicted to
significantly increase if the global community does not address plastic production, use, reuse
and disposal management (Everaert et al., 2020; Jambeck et al., 2015b). Under a “business as
usual scenario”, concentrations of marine microplastic contamination are estimated to increase

up to 10 times by 2100 (Everaert et al., 2020).

Microplastics are frequently found contaminating marine organisms (Halstead et al., 2018;
Kroon et al., 2018b; Qu et al., 2018), and may disrupt physiological processes resulting in, for
example, cellular stress (Espinosa et al., 2017; Jeong et al., 2016), and energy (Lo and Chan,
2018; Welden and Cowie, 2016) and hormonal (Zhao et al., 2020) imbalances. As a
consequence, microplastics and their associated impacts could ultimately affect marine
organisms by changing growth, reproduction and/or mortality of individuals (Liu et al., 2020c).
Reports of microplastic-related risks for marine organisms have, for the most part, been
associated with their uptake, and specifically direct ingestion of microplastic items (GESAMP,
2019). Other pathways, however, such as passive uptake through the gills (Bour et al., 2020a)
or via trophic transfer from prey items (Miller et al., 2020; Santana et al., 2017) have been
demonstrated in controlled laboratory experiments. Thus, similar to other contaminants
(Amoroso et al., 2020; Blanco et al., 2018; Hassell et al., 2020), depuration is a major factor
influencing the potential effects of microplastics following ingestion. Microplastic depuration
alters the amount of contamination present within the gastrointestinal tract (GIT) of organisms
over time, thereby influencing toxicity, vectorization of additives and sorbed chemicals, and
the likelihood of trophic transfer (Bour et al., 2020b; Dawson et al., 2018). Hence, a better
understanding of microplastic ingestion and depuration kinetics of marine organisms may help
elucidate risks posed by this contaminant.

Microplastic ingestion and depuration kinetics have not been rigorously evaluated in marine
organisms under controlled exposures, and rarely reflect environmentally relevant exposure
characteristics, such as microplastic polymer composition, shape, size, color, and concentration

(Cong et al., 2019; Lu et al., 2016) (Table 4.1). For example, polystyrene (PS) beads represent
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the most common microplastic evaluated in controlled ingestion and depuration studies, yet
microfibers and irregular microparticles comprising of other polymers, such as polyester
(PET), polyethylene (PE), and polypropylene (PP) are more abundant in marine environments
(Coyle et al., 2020). Furthermore, experimental microplastic concentrations are generally much
higher than reported environmental concentrations (Xu et al., 2020a). In terms of suitable
species, controlled exposure studies specifically examining ingestion and depuration kinetics
rarely consider organisms likely exposed to and contaminated with microplastics in the marine
environment. For example, ingestion and depuration studies have mainly focused on aquatic
invertebrates (Chae and An, 2020; Ehlers et al., 2020; Wang et al., 2019a), and freshwater fish
(Grigorakis et al., 2017; Hoang and Felix-Kim, 2020; Xiong et al., 2019). In contrast, only four
ingestion and depuration studies have been conducted on brackish/marine fish (Bour et al.,
2020b; Cong et al., 2019; Manabe et al., 2011) despite these being some of the most frequently
reported organisms contaminated with microplastics (Jensen et al., 2019; Kroon et al., 2018b;
Lusher, 2015). Hence, there is a major shortcoming in the current literature limiting the
understanding of microplastic ingestion and depuration kinetics in marine organisms. A more
comprehensive exploration of environmentally relevant exposure conditions on a broader

range of organisms in the marine environment is warranted (Bour et al., 2020b).
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Table 4.1: Summary of microplastic ingestion and depuration studies conducted on aquatic species. PE = polyethylene, PS = polystyrene, PET = polyethylene
terephthalate (also polyester), PP = polypropylene, HDPE = high density polyethylene. S = sphere, Fg = fragment, Fb = fiber, F1 = film. Sizes reported as one
unique size, and as a size range (either min. and max., or average + standard deviation). Only laboratory studies reporting on microplastic ingestion and
depuration kinetics were considered. Note that the number of rows in this table does not correspond to the total number of studies published on the topic because
studies reporting on more than one species are included multiple times.

Taxa  Species Life stage =~ Environment  Polymer Shape Size Color Concentration Reference
25 mg L and 50 mg
mps L' (145,343 mps
Pimephales 63-75 pm L' and 290,686 mps  Hoang and
romglas larval freshwater PE S and 125- green L' for 63-75 mm mps  Felix-Kim
P 150 um or 18,367 mps L™ and  (2020)
36,734 mps L' for
125-150 mm mps)
3-5mm, 2- white, .
Carassius auratus n/a PE Fg, Fb, 3 mm, and transparent, 100 mps L™ Xiong et al.
Fl (2019)
< 0.5-2mm  and cyan
= 50-500 pm Grigorakis et
adult PE, PET S, Fb and > 63 n/a 50 mps food pellet™! &
al. (2017)
pum
Oryzias larval and : 1x10° mps L' (each Cong et al.
melastigma adults brackish PS S 10 pm green 30 larvae) (2019)
. . embryos 50 and 500 10 mg L' in embryo Manabe et al.
Oryzias latipes and larvae latex S nm n/a culture medium (2011)
Gasterosteus freshwater and 27-32and  blue and 100,000 mps L' (1:1 Bour et al.
aculeatus n/a marine PE, PET S, Fb 500 pm black per plastic type) (2020b)
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1.2+0.2
mm

black, blue,
Seriolella violacea juvenile marine nylon tubular (length), translucent, 10. food pe} letsand 2 Ory et al.
1.0+0.1 microplastics (2018)
and yellow
mm
(width)
Pomacentrus larval PS S 200-300 transparent 167 mps L' (each 10 McCormick et
amboinensis arva um anspare larvae) al. (2020)
1257.8 pm 0.01-0.71 g kg™ (dry
. . “growing . (length) soil) (6.4% of Song et al.
Achatina fulica period” terrestrial PET Fb and 76.3 na fodder/lettuce mass (2019)
T;" pm (width) rate)
95 0
PS, up to 200 15% (fragmc?nt or
. . . blue and fiber) of available Ehlers et al.
Radix balthica adult freshwater polyacrylic ~ Fg, Fb pm; 30 and .
green biofilm (4.24g (2020)
wool 2,000 um .
mps/biofilm)
o0 L 1 and 10 Hu et al.
@] 3 -1
= Xenopus tropicalis  tadpole freshwater PS S um green 10° mps mL (2016)
:‘§ 1027 um 0-10* mps mL"!
B 3
& Hyalellaazteca  adult freshwater  PE, PP Fg,Fb  and20-75  blue (acute) and 0-20x10° -~ Au et al.
o, mps mL™ (chronic); 0- (2015)
g wm 90 L
S mps m
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10-106 pm

Daphnia magna adult freshwater PE S, Fg and 10-75 white and 10*-10 g L Frydkjaer et al.
um black (2017)
juvenile freshwater PS S % O%r?lfgld n/a 1 mgL’! legt] % al.
Artemia sp larval marine PS S 10 um 10° mps mL"! Wang et al.
, (2019b)
: . 15 and 30 50-200 microplastics Elizalde-
various various PS S, Fg m green L Velazquez et
H al. (2020)
n/a (gives nominal
o concentration of
g Carcinus maenas  n/a marine PS S 8-10 um n/a mussel exposure but Wats et al.
&) . (2014)
not concentration in
contaminated mussels)
180-212
: um 10 mg L' (2x10° Chae and An
adult marine PE S (203.84+ M2 particles L™) (2020)
© | 13.76 pm)
= Mytilus
N Lo . 2,6and 10 yellow- .1 Goncalves et
> 5 1
3 galloprovincialis adult marine PS S um areen, red 10 and 1000 mps mL al. (2019)
up to 22 Fernandez and
adult marine HDPE Fg um, mean  n/a 3 mg L! Albentosa
of 4-6 um (2019a)
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up to 22

Fernandez and

adult marine HDPE Fg um, mean  n/a 3mgL’ Albentosa
of 4-6 pm (2019b)
up to 30 mps mL"!
adult marine PET Fb flfn9 =225 ik (0.374% of available ggfg; ctal.
Mytilus edulis seston)
. 49.1+13 5mps L' and 100 mps  Rist et al.
adult marine PS S um black L (2019)
100, 250 g
Magallana gigas adult marine PS Fg and 500 orange 60 mps L™ (30 mps Graham et al.
um per size) (2019)
8 £ Tripneustes . 10-45 pum, aprox. 500 spheres Kaposi et al.
% S gratilla larval marine PE S majority green mL~ (for retention (2014)
5 9 25-32 pm study)
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In this controlled exposure study, microplastic ingestion, body burden and depuration
kinetics of the planktivorous damselfish Pomacentrus amboinensis were investigated. Adults
of this species, common to shallow Indo-Pacific coral reefs, actively feed on food particles
carried on water currents (McCormick and Weaver, 2012), playing a key role in transferring
energy from plankton up the food web (Emslie et al., 2019). Microplastic contamination in
adult P. amboinensis was common among individuals collected on reefs in the central Great
Barrier Reef, Australia (Jensen et al., 2019), making this a relevant species for studies on
microplastic impacts resulting from ingestion. Here, adult ambon damselfish were exposed
once to environmentally relevant types (irregular shaped blue PP particles and regular shaped
blue PET fibers) and concentrations (ERC) of microplastics, based on characteristics or
estimations of microplastics found in sea surface waters (Abayomi et al., 2017; Cole et al.,
2014; Cozar et al., 2014; Kanhai et al., 2017; Syakti et al., 2017), including at the Great Barrier
Reef (Everaert et al., 2020; Jensen et al., 2019) and Lizard Island (Chapter 3). Dose response
was also assessed by exposing the damselfish to a range of microplastic concentrations
(Critchell and Hoogenboom, 2018), including future scenarios of marine microplastic
contamination, i.e., 10X ERC and 100X ERC - extending concentrations beyond 2100
predictions (Everaert et al., 2020). To elucidate ingestion and depuration kinetics, ambon
damselfish were sampled incrementally at 2, 4, 8, 16, 32, 64 and 128-h post microplastic
exposure and GITs analyzed for ingested microplastic body burden. Finally, unintended sample
contamination with extraneous microplastics, generally not monitored or reported in the current
literature, was determined during the controlled exposure and/or sample processing. The
presented findings on the residence time of these items within a marine fish and under different
exposure scenarios of exposure contribute to improved understanding of the potential

ecological risks posed by microplastic contamination in marine environments.

4.2. Material and methods

4.2.1. Study Area

Fish collection and the controlled exposure experiment were conducted at the Australian

Museum’s Lizard Island Research Station (LIRS). Lizard Island (14°40°08°’S 145°27°34”°E)

72



is a mid-shelf reef located in the northern area of the Great Barrier Reef World Heritage Area
(GBR WHA). The reef system is situated approximately 30 km northeast from the Australian
continent and 250 km north from the largest city in the region (Cairns; population ~151,000).
Despite its relatively remote location, there is potential for microplastic contamination coral
reefs and in reef fish of Lizard Island based on recent studies reporting microplastic
contamination from surface waters nearby (Hall et al., 2015; Jensen et al., 2019; Reisser et al.,

2013b) and from reef fish collected at Lizard Island(Jensen et al., 2019; Kroon et al., 2018b).

4.2.2. Fish Collection and Husbandry

The fish collection and experiment were performed in accordance with relevant institutional
and national guidelines and regulations (Great Barrier Reef Marine Park Authority permit
G12/35236.1 and James Cook University Animal Ethics Committee Approval Number
A2635). In total, 92 adult P. amboinensis were captured on SCUBA using fence and dip nets,
and temporarily immobilized using a diluted solution containing clove oil (Kroon, 2015).
Immediately following collection, four of the 92 fish were individually placed in resealable zip
lock plastic bags and euthanized with an overdose of clove oil to establish the background level
of microplastics in the study species. These four fish were processed as per laboratory fish
(refer to ‘Quantification of Ingested Microplastics’) and GITs analyzed for putative
microplastics (refer to ‘Preventing and Monitoring Contamination’). A sample of these plastic
bags was included in the customized contaminant library to monitor unintended sample
contamination with extraneous microplastics (refer to ‘Preventing and Monitoring
Contamination’). The remaining 88 fish were transported to LIRS, placed in individual 12 L
transparent polystyrene (PS) tanks (34 cm x 20 cm x 21 cm) with PP lids, and given 3 to 6 days
to recover and acclimate prior to microplastic exposure. The use of plastic tanks and lids was
due to logistical, financial and safety risks of shipping glass aquaria via road and sea for

experimental use.

The 88 experimental tanks were located in two enclosed and inter-connected laboratory
rooms at LIRS, with restricted access throughout the duration of the study. Both rooms and all
tanks were thoroughly cleaned with fresh bore water prior the experiment. After cleaning, tanks
were air dried overnight, subsequently filled with filtered (50 pm; Puretec®, PP Series Pleated
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Sediment Cartridge) natural seawater from the Lizard Island lagoon and left in flow-through
mode for 48 h prior to introducing the fish. Once individual fish were introduced, tanks were
operated in flow-through mode with a complete tank turnover of 1.5 L h™! to ensure good water
quality and adequate aeration. The room temperature was maintained at 24°C and fish were
subjected to a 12:12 h artificial light:dark cycle. Basic seawater physical (temperature, T; pH,
dissolved oxygen, DO) and chemical (ammonia, NH3; nitrate, NO3) parameters were monitored
with a HACH 40 portable multi-parameter meter (T, 0.1°C; DO, 0.01 mg L), Fisherbrand™
strips (pH, 0.1) and Aquasonic test kits (NHjz, 0.1 ppm; NOs3, 5 ppm), respectively.
Measurements were taken either directly from the tank (T and DO) or from a subsample taken
with a syringe (pH and chemical parameters) every second day during the acclimation,
exposure and depuration periods in at least 30% of tanks using a random number generator
each time. During the 128 h depuration period, the random number generator was only applied

to those tanks that still contained fish.

Throughout the study, fish were fed with an equivalent of 1.25% of the average adult P.
amboinensis biomass, adapted from Critchell and Hoogenboom (2018). Food comprised of 125
to 250 pum irregular shaped commercial food pellets (INVE Aquaculture; proteins min. 55%,
lipids min. 9% and natural fibrous materials max. 1.9%), and post-hatched artemia (500-800
um) reared from a frozen artemia culture at LIRS. Food items were of similar size dimensions
to experimental microplastics (Figure 4.1). Individual fish were considered acclimated when

observed consuming the food pellets and artemia.
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Figure 4.1: Comparable shapes and sizes of food and experimental microplastics given to adult
damselfish Pomacentrus amboinensis in a controlled laboratory experiment. Food included orange post-
hatched artemia (far left) and orange food pellet (second right). Experimental microplastics included
blue polyester fiber (2nd left) and blue polypropylene particle (far right), with photo taken before
biofouling of microplastics.

4.2.3. Experimental Microplastics

The following two experimental microplastics were used: irregular shaped blue secondary
PP particles (longest length 125 to 250 um), and regular shaped blue secondary PET fibers
(length 600 to 700 pum) (Figure 4.1). Both microplastics were artificially produced at the
Australian Institute of Marine Science (AIMS) laboratories in Townsville, Australia. The PP
particles were sourced from 15 mL falcon tube lids (Greiner), milled with a commercial blender
(up to 10 000 RPM), and dry sieved through two stainless steel laboratory test sieves
(Endecotts) of 125 and 250 um aperture sizes. The PET fibers were sourced from sewing thread
(Giitermann, CA 02776), cut with sterile surgical blades (Paramount, BS EN 27740), and sized
using calipers (Kincrome, 1/1000 in). The chemical composition of both PP particles and PET
fibers were confirmed by Fourier transform infrared spectroscopy (FTIR) (Appendix C —
Figure S1).

To simulate microplastics found in the marine environment, PP particles and PET fibers
were biofouled at AIMS using a method modified from Kulcsar (2019). Briefly, both
experimental microplastics were loosely packed into 85 mL opaque cartridges (Telos-Kinesis)
(one polymer type per cartridge) each capped with a 263 pm stainless steel mesh on the
outflow. Both cartridges were then connected to an overflow from a 2500 L flow-through

seawater system inhabited by coral reef organisms including invertebrates (e.g. corals, sea
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urchins and sea stars) and fish. To facilitate biofouling of experimental microplastics,
cartridges were exposed to natural day:night conditions and ambient temperature for seven
days. Ambient seawater temperature in the cartridges was maintained by immersing both
cartridges in a 13 L seawater tank connected to the same flow-through seawater system used
to supply seawater for the cartridges. After seven days, biofouled PP particles and PET fibers
were hand picked and individually transferred into 20 mL scintillation vials containing 15 mL
filtered (0.45um) natural seawater and individual doses of the three concentrations (i.e., ERC,
10x ERC and 100x ERC) were prepared. ERC was based on monitored (0.04 to 0.48 m™)
(Jensen et al., 2019) and modeled (0.01 — 0.02 microplastic/m?) (Everaert et al., 2020)
microplastic concentrations in sea surface of the Great Barrier Reef Region. Nominal
microplastic concentrations were manually prepared at 1 PP particle and 1 PET fiber per 12 L
(37 (h) x 22 (d) cm) tank (ERC), 10xERCs at 10 PP particles and 10 PET fibers per 12 L tank,
and 100xERCs at 100 PP particles and 100 PET fibers per 12 L tank (Table 4.2). Prepared
microplastic doses were kept at room temperature and exposed to an artificial 12:12 light:dark
cycle for a maximum of 15 days prior to use. On the day of the exposure, standard
concentrations of food pellets and cultured artemia (see “Fish Collection and Husbandry’) were
added to each vial, and to four control vials containing 15 mL filtered (0.45um) natural
seawater. Each vial was shaken and their entire contents transferred to the designated tank. The

vials were rinsed liberally with filtered natural seawater to ensure all contents were transferred.

Table 4.2: Nominal (1, 10 or 100 particles or fibers 12 L) and measured (mean + standard deviation)
concentrations of microplastics in three treatment groups during single exposure of adult damselfish
Pomacentrus amboinensis to blue polypropylene (PP) particles and polyester (PET) fibers in this
controlled laboratory experiment. ERC = environmentally relevant concentration. Control treatment
was not included as no microplastics were added. Microplastic concentrations were measured in nine
12 L control tanks (n = 3 tanks per ERC treatment; seawater without damselfish).

PP (particle 12 L1 PET (fiber 12 L)
Treatment  Nominal Measured Nominal Measured
concentration concentration concentration concentration
ERC 1.0 1.0£0.0 1.0 0.7£0.5
10x ERC  10.0 93+0.5 10.0 9.0+£0.8
]lg(f):)é 100.0 95.0+2.5 100.0 943+1.3
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4.2.4. Experimental Design and Conduct

Individual fish were acclimated for 3 to 6 days and fed twice daily as described above.
Following acclimation, each of the 88 tanks were assigned randomly to one of four treatment
groups and seven sampling periods (customized random generator script, RStudio version
1.1.463). Pre-prepared microplastic doses were added to the three exposure treatments: ERC
(n = 28 tanks), 10x ERC (n = 28) and 100x ERC (n = 28) (Table 4.2). No experimental
microplastics were added to the control group (n =4). Space restrictions within the laboratory
influenced the design of the experiment and the number of controls, precluding an equivalent
number of fish for the control replicates, and the use of tanks without fish to monitor for

airborne and seawater contaminants.

Prior to exposure with the experimental microplastics, all fish were starved for 24 h.
Starvation was imposed to 1) ensure clear GITs prior to experimental procedure, thereby
reducing any uncontrolled variability within and between treatments, and 2) increase the
likelihood of microplastic ingestion by increasing the desire/need to feed (Grigorakis et al.,
2017; Song et al., 2019). On the day of exposure, individual fish received their normal food as
well as their randomly assigned and pre-prepared doses of PP particles and PET fibers
simultaneously, as described above. During the first 30 seconds of microplastic exposure, tanks
continued to operate in flow-through mode to abet microplastic and food dispersion in the water
column. After 30 seconds, all tanks were switched from flow-through to circulation mode to
increase the likelihood of the fish encountering the microplastics. After 2 h exposure, flow-
through mode was resumed, and fish were left to depurate for up to a total of 128 h. During
depuration, fish were fed as usual - without additional microplastics - twice daily. Excess food
and excretions were removed by siphon daily to avoid reingestion of depurated microplastics.
Filters were applied to the seawater outflow to prevent the discharge of microplastics

(experimental and extraneous) into the Lizard Island coral reef environment.

4.2.5. Quantification of Ingested Microplastics

At 2,4, 8, 16,32, 64 and 128-h post exposure, four individual fish randomly chosen from

each treatment were removed from their tanks and humanely euthanized using ice slurry. Fish
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were measured (standard and fork length, 0.1 cm, Kincrome, 1/1000 in), weighed (0.01 g, AND
EK-4101), and preserved in 70% ethanol (EtOH) for transport and storage. All control fish (n
= 4) were sampled at the first sampling time (2 h) to accurately demonstrate if, during the
exposure period, fish were exposed to microplastics other than those intentionally offered (i.e.

other than the experimental microplastics).

Individual fish were dissected to remove the entire GIT from the top of the esophagus to
the rectum. Individual GITs were weighed (wet weight, w.w., Sartorius TE31025, max 3100g,
d 0.01 g) and subjected to alkaline digestion using a method adapted from Karami et al. (2017b)
to recover PP particles and PET fibers. Briefly, GIT digestion was conducted with 10%
potassium hydroxide (KOH; AR, Fisher, CAS No. 1310-58) at 40°C for 48 h in a ratio of 1:20
of GIT wet weight (g) to volume of KOH (mL). Digested GIT solutions were filtered through
77 and 26 pum stainless steel mesh filters (19 mm diameter) (Schlawinsky, 2020), and rinsed
with 70% EtOH to remove fat vestiges (Dawson et al., 2020). Microplastics retained on mesh
filters were visually identified, counted and photographed using stereomicroscopy (Leica
MZ16A, Leica DFC 500, Leica Application Suite LAS 4.4.0). PP particles and PET fibers were
readily distinguishable from other particulates based on the combinations of shape, size and

color.

4.2.6. Microplastic Exposure Validation and Spike-Recovery Tests

To validate the nominal concentrations of experimental microplastics, nine individual 12 L
tanks without fish were dosed with biofouled and pre-prepared experimental PP and PET doses
(ERC n=3, 10x ERC n=3 and 100x ERC n=3) and left for 30 seconds in flow-through mode.
Each tank was then emptied via a drain over a 40 um nylon mesh to capture microplastics.
Experimental microplastics (PP and PET) retained on mesh filters were visually identified and

counted using stereomicroscopy (Zeiss SteREO Discovery.V8).

A spike-recovery test was conducted, to (1) account for impacts of the adapted KOH
method on the experimental microplastics, and (2) establish recovery rates for spiked PP
particles and PET fibers after the KOH digestion. Specifically, biofouled PP particles and PET
fibers at the three concentrations of exposure (ERC, 10x ERC and 100x ERC) were exposed to

1.5 mL of 10% KOH and processed as above. Three replicates were spiked for each treatment
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(ERC n=3, 10X ERC n=3, 100X ERC n=3). Following digestion at 40°C for 48 h, samples
were filtered, rinsed and the 77 and 26 um stainless steel mesh filters visually assessed using
stereomicroscopy. Recovered spiked microplastics were counted to estimate recovery rates for

experimental PP particles and PET fibres after the KOH digestion.

4.2.7. Preventing and Monitoring Contamination

A range of measures were implemented to minimize potential microplastic contamination
during room preparation, experimental procedure, and sample processing including fish
dissection, and GIT digestion and filtration. As previously stated, all experimental tanks were
placed in a closed room and isolated from potential air and waterborne microplastic
contaminants (as much as possible) using lids and filters. Throughout the study, and whenever
used, equipment and tools were sequentially cleaned with reverse osmosis H>O, Milli-Q H>O,
70% EtOH, or a combination of these. Cellulose-based cloths were used to wipe surfaces with
70% EtOH. Prior to use, 10% KOH and 70% EtOH solutions were filtered to 0.45 pm
(Millipore® HA filters). Clothing and lab coats worn during microplastic preparation, dosing
and sample processing were made from naturally-derived materials (e.g. cotton) to eliminate
introducing synthetic fibers and specifically non-experimental PETs. All clothing was also
delinted using a lint roller (Scotch-Brite®, 3M) prior to sample handling. Nevertheless, the use
of plastic material was unavoidable as described above, including consumables such as zip lock
bags for fish collection, and plastic gloves and parafilm during sample processing. To control
for these sources of plastic items that could be unintentionally introduced into the experiment,
a customized contaminant library was developed following Kroon et al. (2018a) to enable
detection of such extraneous microplastic contamination from either the environment, the
experimental procedure, or during sample processing. Briefly, samples of plastic gear used
during fish collection (e.g. fish net and zip lock bag), experimental procedures (e.g. exposure
tanks and lids, seawater pipeline) and sample processing (e.g. spray bottle and gloves) were
included in a customized contaminant library (Appendix C —Table S1), along with any airborne
putative microplastic identified from filtered blank processing controls (i.e. Petri dishes with
20 mL of Milli-Q H20). Materials from other equipment, such as probes from the HACH 40

portable multi-parameter meter and the cartridge from the Puretec® filter, were not included
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to avoid damage to expensive and delicate instruments. All items in the contaminant library
were photographed for shape and color characterization and analyzed by FTIR for chemical

composition.

To determine the occurrence and potential sources of microplastic contamination
throughout the study, all putative microplastics (i.e. non-test PP and PET microplastics)
identified in fish GITs (including field, control and exposed fish) and blank processing controls
were physically and chemically characterized following Kroon et al. (2018a); Kroon et al.
(2018b). Items were tentatively identified as microplastics based on key physical parameters
(i.e. size, shape, color) commonly used in the literature (Hidalgo-Ruz et al., 2012; Norén,
2007). All putative microplastics were then analyzed by FTIR to confirm polymer composition
using either PerkinElmer Spectrum 100 FTIR (I mm ATR window, pressure gauge = 150, 8
scans at 4 cm™! resolution, wavenumber range between 4000 and 600 cm™, atmospheric
(CO2/H20) suppression, atmospheric vapor compensation, and background scans acquired
every 10 acquired spectra) or PerkinElmer Spotlight 2001 FT-IR microscope (100um ATR
aperture, pressure gauge = 5%, 32 scans at 4 cm™! resolution, wavenumber range between 4000
and 600 cm™, atmospheric (CO2/H20) suppression, atmospheric vapor compensation, and
background scans acquired for every acquired spectrum). FTIR spectra were searched against
the NICDOCOM IR spectral libraries (Polymers and Additives, Coatings, Fibers, Dyes and
Pigments, Petrochemicals; NICODOM Ltd., Czech Republic) and the matching polymer type
assigned. FTIR spectra of microplastics retrieved from fish GITs were then compared with
those in the custom-built contaminant library to identify potential microplastic contamination
throughout the study, and infer possible sources of contamination (i.e. due to being
inadvertently introduced from the environment, the experimental procedure, or during sample

processing.

4.2.8. Data Analyses

Based on the size range of the two experimental microplastics and the limited evidence of
microplastic translocation into fish tissue after uptake (Cong et al., 2019; Lu et al., 2016),

microplastic body burden was defined as the amount of microplastics present in the fish GIT.
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Microplastics body burden was quantified for PP particles and PET fibers separately and per
individual fish GIT analyzed.

To determine whether microplastic body burden over time was affected by microplastic

type or concentration, a general linear model (GLM, p <0.05) was used following the equation:

body burden = type + concentration + time + weight + constant (Eq. 1)
where,
type = PP particles or PET fibers
concentration = ERC, 10x ERC, or 100x ERC
time = time of collection (or depuration time)

weight = fish weight (in g)

Fish weight was included as a covariant in the GLM because body weight is a common
variable to be considered in toxicokinetic studies (Hendriks and Heikens, 2001; Lebrun et al.,
2014; Miller et al., 2016). Based on the GLM model, effects of microplastic type, concentration

of exposure and depuration period were calculated as:

Plastic type:

emtercept estlmate/e(mtercept estimate — PETvsPP intercept) (Eq. 2)

Concentration of exposure:

e(interc:ept estimate+ERCvs10XERC intercept)/e(intercept estimate) (Eq 3)

e(intercept estimate+ERCvs100xERC intercept)/e(intercept estimate) (Eq 4)

Depuration period:

(1 _ (logtlog (depuration) intercept)/logzlog (depuration) intercept)) (Eq. 5)
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where t = depuration period, ranging from 4 to 128-h).

Although fish had been randomly assigned to the four different treatments and seven
sampling periods, fish weight was included in the model to account for potential variation in
the amount of microplastics ingested and depurated due to fish size. To accommodate
overdispersion resulting from high numbers of zero’s in the data set, the model followed a
negative binomial distribution linked with log function. This data analysis was conducted with
RStudio, version 1.1.463. The four control fish were not included in the GLM as these fish

were never exposed to the experimental microplastics (see “Results™).

The microplastics body burden as a function of time was used to estimate the depuration
rates and elimination half-life of PP particles and PET fibers at the different exposure
concentrations. Depuration rate constants were calculated based on the following first-order
kinetics model, assuming that the ratio of microplastic elimination is directly proportional to

microplastics concentration in the fish (Newman, 2012):

C, = CpeKet (Eq. 6)
where,
Ci= amount of microplastics in the fish GIT at a particular time
Co = initial amount of microplastics in the fish GIT
ke = elimination rate constant as number of microplastics per h

t = time of measured concentration (Cy)

From this model, microplastic elimination half-life was calculated following:

ty2 = In(2) ke (Eq. 7)
where,
t12 = microplastic elimination half-life

ke = elimination rate constant as number of microplastics per h
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Microplastic depuration rates and elimination half-life were calculated using GraphPad,
version 8.4.1. Significant differences among depuration rates were compared using one-way
ANOVA and Tukey’s multiple comparisons tests. Interaction between experimental

microplastics and concentration was considered a factor (with 6 levels; p < 0.05).

4.3. Results

4.3.1. Basic Water Quality and Fish Condition

Water quality was measured on acclimation days 1, 2, 3, 4 and 5; on the day prior
microplastic exposure (starvation day) and on two depuration days (2 and 4), totaling 132 times
in randomly assigned tanks. Variability in seawater T (24.6°C £ 0.7), pH (8.0), and DO (8.19
mg L'+ 0.1) was negligible. Further, concentrations of NH3 (0 ppm) and NO; (< 5 ppm) were

consistently below limits considered harmful to marine fish.

Throughout the study, none of the fish presented any signs of stress and no mortality was
recorded. Following establishment in their individual tanks, all 88 fish commenced feeding on
the first day of the acclimation period and continued to do so throughout the experiment.
Following microplastic exposure, no changes in fish behavior were observed across any of the

four treatments.

4.3.2. Microplastic Exposure Validation and Spike-Recovery Tests

Measured concentrations of experimental microplastics in seawater across the three
experimental treatments were similar to their nominal values (Table 4.2). This confirmed that
irregular shaped blue PP particles and regular shaped blue PET fibers were present in the water

at the desired concentrations and available for ingestion by individual damselfish.

No discernible changes in the blue color of spiked particles and fibres were observed by
stereomicroscopy. Results from the spike-recovery test showed high efficiency for recovering
both experimental microplastics after exposure to 10% KOH at 40°C for 48 h (Table 4.3).
Specifically, the mean recovery rates for both PP particles and PET fibers were > 85% (SD <
10) in all treatments, except for PP particles in the ERC treatment (67% =+ 47).
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Table 4.3: Percentage (mean + standard deviation) of microplastic recovery rates of from spike-recovery
test in three treatment groups during single exposure of adult damselfish Pomacentrus amboinensis to
blue polypropylene (PP) particles and polyethylene (PET) fibers in this controlled laboratory
experiment. Control treatment was not included as no microplastics were added. Spike-recovery test
was done in triplicate per treatment group. ERC = environmentally relevant concentration. Spike-
recovery test was conducted with experimental microplastics and KOH only but following the protocol
used for sample processing.

Treatment PP (% of particle 12 L") PET (% of fiber 12 L)
ERC (n=3) 66.7 £ 47.1 100.0+ 0.0

10x ERC (n=3) 93.3+9.3 96.7 £ 4.7

100x ERC (n=3) 88.7 + 4.9 88.7 + 5.4

4.3.3. Microplastic Body Burden

Both PP particles and PET fibers were observed in the GITs of exposed fish, confirming
ingestion of experimental microplastics by P. amboinensis (Table 4.4, Appendix C — Table
S2). PET fibers from the 100x ERC treatment were occasionally found entangled, sometimes

with other organic materials (Figure 4.2).
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Table 4.4: Mean microplastic body burden fish” (absolute number + standard deviation; n = 4 fish per
treatment and depuration time) in three treatment groups (n = 84 tanks) during a single exposure of
adult damselfish Pomacentrus amboinensis to blue polypropylene (PP) particles and polyester (PET)
fibers in a controlled laboratory experiment. Proportional decline in microplastic body burden over the
128 h-depuration period, relative to body burden at 2 h depuration. Proportional decline was estimated
across the three treatment groups and two experimental microplastic (n = 84 tanks) following the same
microplastic exposure as described above. ERC = environmentally relevant concentrations. Control fish
treatment was not included as no microplastics were added. Refer to Appendix C — Table S2 for raw
data.

Depuration times (h) 2 4 8 16 32 64 128
Treatment  Microplastic type
PP varticle 08+ 08+ 00+ 00+ 00+ 00+ 00z
ERC P 0.5 0.5 00 00 00 00 00
. 05+ 08+ 00+ 00+ 00+ 00+ 00z
Z - PET fiber 06 05 00 00 00 00 00
g -2 . 6.8+ 35+ 00+ 0.0+ 0.0+ 0.0+ 00z
T g PP particle 1.3 13 00 00 00 00 00
2 5 |10xERC
= PET fiber 75+ 68+ 00+ 03+ 00+ 00+ 00z
2 3 2.4 1.0 00 05 00 00 00
2 § PP particle 558+ 395+ 13+ 00+ 00+ 00+ 00+
8 & P 15.0 10.8 25 00 00 00 00
= 2 | 100x ERC
S 5 PET fiber 585+ 655+ 105 33+ 1.0+ 25+ 08=
g E 38.5 18.8 +7.1 2.1 20 44 10

Microplastic depuration in relation to first

sampling time (2 h) (%) n/a 67.0 83.0 89.0 92.0 94.0 96.0

Figure 4.2: Polyester (PET) fibers, entangled with other ingested materials, recovered from an adult
damselfish Pomacentrus amboinensis. Gut contents presented were recovered after 2 h of depuration
following a single exposure to polypropylene particles and PET fibers at 100x environmentally relevant
concentration.
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At the 2-h depuration period, all fish exposed to the future projected concentrations of 10x
ERC and 100x ERC contained both experimental microplastic types in their GIT (Figure 4.3).
The microplastic body burden for these fish represented 25 - 98% of the total microplastics
offered in these treatments. Of fish exposed to the ERC treatment, two contained both
microplastic types, one contained a single microplastic type, and one did not contain either of
the microplastics offered. Similar trends were observed at the 4-h depuration time point. Both
microplastic types offered were present in all fish exposed to the 10x ERC and 100x ERC
concentrations, while fish from the ERC treatment contained only one microplastic type each
(one a PET fiber; the other a PP particle). While microplastic body burden was similar at the 2
and 4 h depuration periods, it decreased dramatically following 8 h of depuration. At this time,
the experimental microplastics were only observed in individuals exposed to the 100x ERC
treatment, at a maximum of 5% of the PP particle dose and 20% of the PET fiber dose. In
addition, PP were only isolated from one fish, while PET fibers were still present in all four
fish sampled at 8 h depuration. After 16 h, PP particles were completely depurated from all fish
across all treatments. In contrast, PET fibers were still detected in two individual fish from the
100x ERC treatment up to and including 128 h, albeit at low abundances (< 2% of the body
burden at 2 h depuration). Based on the fitted GLM (R? = 0.86), mean microplastic body burden
was influenced by the type of microplastic offered, the exposure concentration and the
depuration period (p < 0.001), but not by fish weight (p = 0.49) (Table 4.5). Overall, mean
body burden for PET fibers was 2.2 times higher than for PP particles (Figure 4.3). Within
individual treatments, body burden increased as concentration of exposure increased. Fish
exposed to the 10x and 100x ERC treatments contained 8.5 and 91.8 times more experimental
microplastics than ERC, respectively. Finally, the most significant change in body burden over
time occurred within 8 h, when, considering all concentrations of exposure, the number of
experimental microplastics in the GIT dropped 83% from the first sampling time (2 h) (Table
4.4).
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Figure 4.3: Mean microplastic body burden fish-1 (+ standard deviation) in three treatment groups (n =
84 tanks) during a single exposure of adult damselfish Pomacentrus amboinensis to polypropylene (PP)
particles and polyethylene (PET) fibers in a controlled laboratory experiment. Mean body burden is
presented for four damselfish collected at each of the seven depuration times (2, 4, 8, 16, 32, 64 and
128 h). ERC = environmentally relevant concentrations. Each graph corresponds to a combination of
experimental microplastic and concentration of exposure. (A) PP-ERC (B) PP-10x ERC (C) PP-100x
ERC (D) PET-ERC (E) PET- 10x ERC (F) PET- 100x ERC.

Table 4.5: Differences in body burden over time due to microplastic type, microplastic concentration
or fish weight, following a single exposure of adult damselfish Pomacentrus amboinensis to blue
polypropylene (PP) particles and polyester (PET) fibers in a controlled laboratory experiment.
Estimated regression parameters, standard errors (Std. error), z-values and p-values for the general
linear model presented in Eq 1.

Estimate Std. error z-value p-value
Intercept 1.32094 0.42367 3.11800 0.00182
PP -0.78655 0.22393 -3.51200 0.00044
10x ERC 2.14352 0.40928 5.23700 1.63e-07
100x ERC 4.51990 0.39654 11.39800 <2e-16
Log(depuration) -1.59942 0.11341 -14.10300 <2e-16
Weight 0.02199 0.03213 0.68400 0.49371

4.3.4. Microplastic Depuration Rates and Elimination Half-life

Depuration rates varied from 0.13 microplastics h™' (PET 100x ERC) to 0.52 microplastics
h' (PP ERC) (Table 4.6), and were significantly influenced by microplastic type and
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concentration offered (Welch's ANOVA W (5, 72.49) = 41.48 , p < 0.0001) (Figure 4.3). PP
depuration rates were significantly faster than those of PET at all concentrations tested (p <
0.05) (Appendix C -Table S3). However, regardless of microplastic type encountered,
depuration rates decreased with increasing concentration. Fish from the 100x ERC treatment
had significantly slower depuration rates than fish from the two lower ERC treatments (p <
0.0001). The shortest elimination half-life was observed for PP particles at the lowest ERC
(1.34 h); the longest was for PET fibers at 100x ERC (5.41 h) (Table 4.6).

Table 4.6: Microplastics depuration rate (in items h™') with 95% confidence interval (CI), and
elimination half-life (h) of polypropylene (PP) particles and polyester (PET) fibers in three treatment
groups (n = 84 tanks) following a single exposure of adult damselfish Pomacentrus amboinensis in a
controlled laboratory experiment. ERC = environmentally relevant concentrations.

PP particles PET fibers

ERC 10x ERC 100x ERC | ERC 10x ERC 100x ERC
Depuration rate | 5, 0.42 0.25 0.33 0.29 0.13
(item h'")
95% CI 0.26to 1.14 | 0.21t00.87 | 0.12t0 0.49 8'52 to 0.10t0 0.72  0.05 to 0.26
Elimination 1.34 1.64 2.77 2.12 2.4 5.41
Half-life (h) : : ' ' ' '

4.3.5. Monitoring Contamination

No experimental microplastics (PP particles and PET fibers) were found in the GITs of the
four control fish, nor in blank processing controls collected during fish dissection, GIT
digestion and filtration, confirming that (cross-)contamination over the course of the study was
not evident. On the other hand, extraneous putative microplastics were visually identified in
the GITs of all field control, experimental control and experimental fish (n = 92) and likewise
in all blank processing controls (n = 7, one per sampling time) despite best efforts to minimize
such contamination. In total, 374 putative microplastics were visually identified across all 92
fish. Forty-four putative microplastics were excluded from further analysis as polymer
composition could not be determined due to the poor quality of acquired FTIR spectra. Of the
remaining 330 extraneous putative microplastics, 67 matched physical and chemical
characteristics of items from the contaminant library (i.e. same shape, color and = 90% spectral

match) and were deemed to have originated from sample processing activities (Figure 4.4a).
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From these items, the majority was airborne contamination (n= 56), the rest originated from
clothing, including the lab coat, and was comprised of cellulose-based items (n = 11). No
microplastic contamination from the experimental set up was observed (e.g. tanks, pipelines
and filtration system). The other 263 items did not match physical and chemical characteristics
of items from the contaminant library, including equipment such as fish tanks and tank lids,
and were deemed to come from experimental procedures (i.e. experimental air, water or fish
food). While it is possible that some of these items came with the fish from the environment,

the pre-depuration time of 3-6 days should preclude this.

Physical and chemical characterization of these 263 extraneous putative microplastics
revealed that 57 were synthetic plastics, 26 were semi-synthetic plastics (Figure 4.4b) and 100
were naturally derived anthropogenic polymers. For example, many fibers were identified as
being cellulose-based but were highly colored with uniform shape and/or were intertwined (i.e.
anthropogenic but naturally derived). The remaining 80 items were determined to be naturally-
derived and a natural origin could not be discounted. Three of the four field control fish
contained microplastics in their GITs including both synthetic (e.g. 2 PP, 1 PE, and 1 with both
PE and PP) and semi-synthetic (e.g. 2 rayon:PET) items. In contrast, none of the four laboratory
acclimated control fish contained any synthetic items and only one contained a semi-synthetic
item (cotton:rayon fiber). Similarly, the majority of laboratory exposed fish were not
contaminated with microplastics (n = 56 of 84; 67%). Most of those that were contaminated
with extraneous microplastics contained either one (n = 14 fish) or two (n =9 fish) items, which
were predominantly polyacrylate, polyester and nylon-based synthetic fibers (e.g. cotton:PET,
rayon:PET, and rayon:nylon) (Figure 4.4c). Nine synthetic items were isolated from a single
treated fish, and semi-synthetic items were found in 16 treated fish. Overall, contamination of
field, control and treated fish with synthetic and semi-synthetic extraneous items comprised

predominantly of fibers (n = 64) rather than particles (n = 19).
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Figure 4.4: Quantification and potential sources of extranecous microplastic contamination throughout a
single exposure study of adult damselfish Pomacentrus amboinensis to polypropylene (PP) particles
and polyethylene (PET) fibers in a controlled laboratory experiment. (A) Total number of putative
microplastics visually identified in the fishes’ gastrointestinal tracts (GIT), with 67 items likely
originating from sample processing procedures, and 263 items deemed to come from experimental
system and procedures. (B) Assignment of 263 putative microplastics to natural, and anthropogenic —
naturally-derived, semi-synthetic, or synthetic items. (C) Percentage of field control, experimental
control and experimental treated fish contaminated with extraneous microplastics. (D) Polymer type
and number of extraneous microplastics found in field control, experimental control and experimental
treated fish.

4.4. Discussion

Ours is one of the first studies to investigate and confirm microplastic ingestion using
environmentally relevant exposure conditions in a controlled laboratory experiment (Rochman
et al., 2019), and provide strong support for microplastic contamination trends observed in
marine organisms collected in the field. Specifically, microplastic ingestion by adult P.
amboinensis, a planktivorous coral reef fish, occurred regardless of the microplastic polymer
type (PP, PET), shape (irregular fragments, regular fibers), size (125 to 250 pm, 600 to 700
um) or exposure concentration (ERC, 10x ERC, 100x ERC). Importantly, the measured

microplastic concentrations in this experiment were similar to their nominal values, confirming
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that PP particles and PET fibers were present at the desired concentrations and available for
ingestion by individual damselfish. Both body burdens and depuration rates differed between
the two experimental microplastics, with body burden of PET fibers being 2.2 times greater,
and depuration rates of PET fibers being significantly lower than that for PP particles. For both
microplastic types, exposure to higher concentrations led to an increase in microplastic body
burden and lower depuration rates. These findings confirm ingestion of environmentally
relevant PP particles and PET fibers by P. amboinensis and demonstrate for the first time the
influence of microplastic characteristics and concentration on depuration rates of coral reef

fish.

Ingestion of microplastic fragments and fibers has been reported for a variety of marine
planktivorous fish species, both in the field (Compa et al., 2018; Jensen et al., 2019; Tanaka
and Takada, 2016) and in the laboratory (Cong et al., 2019; Critchell and Hoogenboom, 2018;
Xiong et al., 2019). Based on the literature, two mechanisms could explain the pattern of
microplastic ingestion observed in this study: 1) fish selectively or non-randomly ingesting
microplastics (Bour et al., 2020b; Jensen et al., 2019; Mizraji et al., 2017; Ory et al., 2018), or
2) fish passively or inadvertently ingesting microplastics while feeding (Roch et al., 2020). In
this study, selective feeding cannot be ruled out as the experimental fish were pre-starved and
the biofouled experimental microplastics, likely emitting dimethyl sulfide, may have acted as
an attractant as has been reported for seabirds (Savoca et al., 2016), fish (Savoca et al., 2017)
and copepods (Procter et al., 2019). Conversely, passive or inadvertent ingestion may have
occurred given that exposures were conducted concurrently with normal feeding, and
microplastic body burden appeared proportional to the exposure concentration. Passive or
inadvertent microplastic ingestion could also explain the observed variabilities in body burden
within the same exposure treatments, such as those ranging from 0 to 100% in the ERC
treatment. Highly variable microdebris ingestion, including microplastic ingestion, is
commonly reported for fish, both in field (Compa et al., 2018; Garnier et al., 2019; Jensen et
al., 2019; Kroon et al., 2018b) and in experimental (Hoang and Felix-Kim, 2020; Lu et al.,
2016; Xiong et al., 2019) studies. For example, adult P. amboinensis collected in the central
GBR WHA contained an average of four microdebris items per individual fish, with a range
from zero to 131 items (Jensen et al., 2019). In the laboratory, larvae of the same species also
showed high variability in microplastic intake (McCormick et al., 2020). Together, these results
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and those of previous studies indicate likely but inconsistent ingestion of microplastics by fish,
particularly at environmentally relevant levels of exposure. With increasing exposure
concentrations, however, variability in microplastic ingestion decreased suggesting that it may
become more difficult for fish like P. amboinensis to avoid ingesting microplastics

inadvertently while feeding.

The depuration rate of experimental microplastics ingested by P. amboinensis was
relatively short, with most being eliminated within 8 h. At this timepoint, PP particles and PET
fibers were only observed in the GITs of fish exposed to the 100x ERC treatment. After 16 h,
PP particles were no longer observed in any of the fish, and after 128 h only two fish contained
a small number of PET fibers. The observed residence time of microplastics in fish GITs
suggests temporary microplastic contamination and a low likelihood of accumulation after
ingestion. Although microplastics are commonly reported in coastal and marine fish collected
in the field, when these studies are more closely evaluated, as in Kroon et al. (2018b), the
majority of individual fish examined (i.e. >80%) do not appear to be contaminated. This may
indicate that microplastics are transitory in wild fish and may not accumulate at current or
future ERCs (Santana et al., 2017). Nonetheless, compared with natural food, which is
depurated by P. amboinensis typically within 3-5 h and at the most <10 h after ingestion
(Marnane and Bellwood, 1997), PP and PET microplastics were substantially slower to traverse
the GIT. Whether these differences in depuration rates between natural food and microplastics
affect energy acquisition for this species is unknown, but possible in theory. For example, the
longer residency time of microplastics compared to natural food items could support the
hypothesis that microplastic ingestion can impact organism fitness (Besseling et al., 2013; Cole

et al., 2015; Lo and Chan, 2018).

Similar or even shorter microplastic depuration periods have been reported for various
aquatic organisms, including fish (Dawson et al., 2018; Mazurais et al., 2015; Xiong et al.,
2019). The subtle differences in depuration periods among studies could be related to variations
in experimental design, including characteristics of microplastics used, such as polymer type,
shape, size, color, and concentration (Xiong et al., 2019). Furthermore, characteristics of the
species being investigated (such as feeding habits, trophic levels, morphology, and life stage)
may also influence ingestion and depuration rates (Bour et al., 2018a; Xu et al., 2020b). For

example, P. amboinensis larvae were reported to take up to 14 hours to depurate transparent
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PS microspheres (200-300pum, 167 microsphere L!) ingested during a one hour exposure
experiment (McCormick et al., 2020). In turn, microplastic exposure (i.e. 50 PET fibers of 50
to 500 um in length, and 50 PE irregular fragments > 63um per food pellet, with no color
specification) of planktivorous adult goldfish Carassius auratus resulted in similar
microplastic retention as the fish used in the present study (up to 3 of 50 beads and fibers
ingested after six days), but in slower depuration rate (Grigorakis et al., 2017). To better
elucidate patterns of microplastic contamination and associated risks in marine organisms,
future depuration studies should compare and investigate the role of physical and chemical
properties of different microplastics, as well as biological and ecological characteristics of the

species under investigation.

This study showes that fish body burden and depuration rates were significantly affected
by the experimental microplastic they were exposed to. At all doses, body burdens were lower
and depuration rates faster for PP particles compared to PET fibers. Considering that the tested
microplastics differed in (i) polymer composition, (ii) size, and (ii) shape, any or all of these
factors could potentially influence the observed results. To be best of my knowledge, studies
comparing microplastic uptake and depuration rates across different polymer compositions are
still missing (Grigorakis et al., 2017). In contrast, larger microplastics have been observed to
be depurated more quickly (Xiong et al., 2019), suggesting that the shape and size of the
experimental microplastics used here may be likely explanations for the observed patterns. The
slower depuration of PET fibers observed here corroborates studies that report the prevalence
of fibers in wild organisms, including fish, from coastal and marine environments (Filgueiras
et al., 2020; Jensen et al., 2019; Kroon et al., 2018b; Xu et al., 2020a). Moreover, it supports
the hypothesis that microplastic fibers may pose a greater risk to marine organisms than
microplastic particles (Au et al., 2015; Song et al., 2019), although few studies to date have
examined potential biological effects of microplastic fibers. Accumulation and entanglement
of fibers in the GIT has been observed in fish (Jensen et al., 2019) and may impact the gut
passage time of microplastics in fish and other marine organisms (Welden and Cowie, 2016;
Xiong et al., 2019). Xiong et al. (2019) also suggested that the presence of food along with
microplastics in the GIT can increase microplastic retention. In the present study, clumps of
PET fibers entangled with gut contents were occasionally found in the GIT of exposed fish
(Figure 4.2), however, they were not observed consistently enough to confidently state that
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they contributed to the differences in depuration rates. Another hypothesis is that the GIT
morphology may contribute to retention of fibers, potentially influencing fiber gut passage time

(Welden and Cowie, 2016); whether this is true for P. amboinensis remains to be determined.

For both experimental microplastics, body burdens and depuration rates increased with
increasing exposure concentrations. This is opposite to patterns for natural food which moves
faster through fish GITs with increasing concentration (German, 2011). This suggests that
microplastic ingestion, and potential effects on planktivorous fish like P. amboinensis, are
strongly influenced by the amount of microplastics present in their environment (Ding et al.,
2018; Roch et al., 2020). Thus, higher risk of biological contamination and subsequent effects
are likely associated with environments that are more contaminated (Everaert et al., 2020), such
as accumulation zones (e.g. gyres (Eriksen et al., 2013) and benthic habitats (Barrett et al.,
2020; Ogata et al., 2009), as well as areas adjacent to highly populated regions or areas of
industrial (Li et al., 2020a) and commercial fishery (Xue et al., 2020) interest. Similarly, the
presented findings are consistent with predictions that microplastic body burdens will increase
in marine fish along with projected increases in marine microplastic contamination (Everaert
et al., 2020; Geyer et al., 2017; Jambeck et al., 2015b), driven by the estimated 400% rise in
annual plastic production by 2100 (Everaert et al., 2020).

Complete elimination of contamination with extraneous microplastics is challenging (Prata
et al., 2021) and efforts to do so are rarely quantified and reported on in microplastic exposure
studies (e.g. Nanninga et al., 2020; Zhao et al., 2020). Ours is the first to quantify extraneous
microplastics in the GITs of individual fish and link them to potential sources (i.e. field,
experimental system or sample processing procedures) to discuss potential elimination
strategies. Control fish collected and euthanized in the field contained both synthetic and semi-
synthetic extraneous items different to those found in experimental control and exposed fish.
This corroborates that experimental fish had depurated any microplastics brought in from the
field during acclimation. Despite measures put in place to prevent contamination, 67
extraneous putative microplastics were retrieved from experimental control and exposed fish,
with 20% of these putative microplastics linked with items used and recovered during sample
processing procedures, specifically airborne items and clothing. All clothing, including lab
coats, worn during this study were cellulose-based, thus were not considered further.

Nevertheless, monitoring it highlighted how important is to avoid synthetic and semi-synthetic
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clothing while conducting microplastic studies, including experimental procedures. The
remaining 80%, primarily polyacrylate and semi-synthetics fibers, could not be linked to
specific items and is assumed to have originated from the experimental air, water or fish food.
Whether these extraneous microplastics influenced the ingestion and depuration rates of
experimental microplastics remains unknown. This exposure study was conducted in a general
use laboratory at a remote field research station, and access to sophisticated filtration systems
to clarify incoming air and seawater, was not available. Similar limitations could be faced by
many experimental researchers, however, these are not frequently considered or discussed in
the microplastic literature (Prata et al., 2021). Results from this study highlight the need for
elimination of contamination sources where possible, and importantly for enhanced data
quality control through robust study design with relevant experimental controls and stringent
monitoring of background contamination. This is particularly important for microplastic

studies using exposure conditions that reflect ERCs.

4.5. Conclusion

In summary, this study confirmed that the planktivorous damselfish P. amboinensis ingests
environmentally relevant types (specifically irregular shaped blue PP particles and PET fibers)
and concentrations of microplastics. After a single exposure to experimental microplastics, the
majority of PP particles and PET fibers were eliminated from the GIT within 8 h, with most
items completely purged by 128 h. Damselfish ingested both experimental microplastics at all
concentrations, with body burden of PET fibers being 2.2 times greater, and depuration rates
of PET fibers significantly lower than that for PP particles. For both microplastic types,
exposure to higher concentrations led to an increase in body burden and lower depuration rates.
These results corroborate the higher abundance of microplastic fibers versus particles reported
in many wild-caught marine organisms, and highlight the need for more research on the impacts
of microplastic fibers on marine organisms. The presented findings also support the hypothesis
that environments with higher levels of microplastic contamination (e.g. current “hotspots”)
pose a greater risk to marine organisms due to increased microplastic ingestion and prolonged
depuration rates, and that sporadic exposure to microplastics might have lower microplastic-

associated risks. Finally, despite measures put in place to prevent contamination, extraneous
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microplastics were recovered from experimental fish, highlighting the challenge to completely
eliminate contamination in microplastic exposure studies. This is of particular concern for
experiments examining the impacts of environmentally relevant microplastic exposure. Thus,
it is strongly recommended that controlled exposure studies quantify and report on
contamination with extraneous microplastics to inform and continuously improve protocols for

future microplastics research.
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Chapter 5: Elevated seasonal temperatures increase the risk profile
of microplastic fibres for juvenile Acanthochromis polyacanthus

Abstract

Effect studies using environmentally relevant microplastic exposure levels, under various
warming scenarios, are relevant to ecological risk assessments and environmental
management. Yet scenario of exposure in laboratory studies are often not aligned with field
conditions. To assess the concurrent effects that microplastics and temperature exposure have
on the health and fitness of juvenile Acanthochromis polyacanthus, this study, conducted
during the austral winter, used environmentally relevant predicted concentrations of polyester
(PET) fibres (0, 1.1 and 11 PET L) and predicted elevated winter seawater temperatures
experienced on the central Great Barrier Reef (GBR) (2020 23.7, 2050 25.2 and 2100 26.7°C).
An 8-week chronic microplastic exposure was simulated using a custom-built automated
dosing system, developed specifically for this experiment. During this period, the system was
maintained at seawater temperatures representing a 5-year averaged July daily temperature
based on observations from Davis Reef, central GBR (ambient), or predicted future
temperatures. Multiple physiological endpoints were examined to comprehensively assess
effects of concurrently increasing microplastics and temperature on key molecular and
phenotypic health and fitness parameters such as cortisol, total lipids, growth and condition
factor were measured under the conditions evaluated. Microplastic uptake by A. polyacanthus
only occurred via ingestion and was influenced solely by microplastic concentration. Increased
daily winter temperature correlated to elevated levels of cortisol, but this was significantly
decreased by concomitant exposure to the highest tested PET concentration. However, no
measurable effects on growth, body condition and total lipid content were observed, suggesting
that the impact of continued unabated microplastic contamination whilst mean GBR winter

seawater temperatures increase, will be subtle.

Key words: effects, damselfish, microplastic fibre, PET, climate change
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5.1. Introduction

Marine ecosystems are increasingly affected by anthropogenic factors, such as climate
change and pollution. Microplastics (1 pm to Smm in length) are ubiquitous and, based on their
various shapes, sizes, colours and chemical composition (Rochman et al., 2019), are considered
a complex pollutant (Everaert et al., 2020; Huang et al., 2021) (Horton and Barnes, 2020).
Under laboratory conditions, microplastic exposure and uptake (via either passive or selective
ingestion) has been shown to cause adverse health effects in organisms at molecular and
individual levels of organization (Tort, 2011). For marine fishes, such effects include DNA
damage and other oxidative stress (Avio et al., 2015b; Espinosa et al., 2017; Pannetier et al.,
2020), disruption in feeding, body weight and reproduction (Naidoo and Glassom, 2019; Yin
et al., 2018), along with behavioural disturbances that alter predator-prey dynamics including
shoaling, boldness and distance from shelter (Barboza et al., 2018; McCormick et al., 2020;
Yin et al., 2018). Consequently, there is widespread concern that such effects on organisms
may lead to broader ecological changes and a decline in overall ecosystem health (DAWE,

2021; Karasaki et al., 2020; SAM, 2019).

To elucidate the nature and extent of microplastic effects in the marine environment, and
the immediate and long-term impacts of microplastic presence on the overall health of
ecosystems, experimental studies should apply environmentally relevant parameters and
exposure concentrations (Horton, 2021) (GESAMP, 2016; Rochman et al.,, 2019).
Environmentally relevant parameters can include the physical and chemical characteristics
resembling those found in the environment, as well as realistic concentration (Horton, 2021;
Rochman et al., 2019) and exposure regimes (Horton, 2021). Thus far, in studies of
microplastic impacts on fish, only polymer type has been extensively explored in terms of
environmental relevance (Besseling et al., 2013; Jeong et al., 2016; Santana et al., 2018). In
contrast, the size of microplastics generally used in experiments is often much smaller than that
reported in the field (McCormick et al., 2020) (Fonte et al., 2016; Jensen et al., 2019; Yin et
al., 2018) (Chapter 3), although some argue that this may be due to logistical constraints of
field studies resulting in under sampling of smaller items. Similarly, spheres (i.e., perfectly
round manufactured microplastics) are the most frequently used microplastic shape (Cole and

Galloway, 2015; Guven et al., 2018), whereas irregular or fibrous microplastics are far more
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commonly reported in the marine environment and within organisms (Horton, 2021) (Chapter
3, Chapter 4). Frequently, microplastic colours are either not reported (Guven et al., 2018;
Jeong et al., 2016; Naidoo and Glassom, 2019) or not justified based on field observations
(Brun et al., 2019; Fonte et al., 2016), although colour can play an important role in
microplastic uptake for fish that rely on visual cues when foraging (Ory et al., 2017; Sa et al.,
2015; Xiong et al., 2019). Unrealistic nominal concentrations are also often used and can
represent many orders of magnitude or more than what is found in the field (Santana and Turra,
2020; Yin et al., 2018). Lastly, constant exposures throughout time are not well explored,
largely due to logistical constraints. Such studies are usually conducted with one or two
intermittent exposure events per day in parallel with a feeding regime (Critchell and
Hoogenboom, 2018; Rochman et al., 2014). However chronic exposures to microplastics might

better represent what is occurring in the field (Horton, 2021).

As marine microplastics do not occur in isolation from other anthropogenic pressures, the
inclusion of multiple stressors should also be explored to reveal environmentally relevant
outcomes (Horton and Barnes, 2020). In coral reef ecosystems, for example, climate change
and associated warming seawater temperatures represent imminent threats to organisms due to
their naturally low tolerance to temperature fluctuations (Johansen and Jones, 2011; Stuart-
Smith et al., 2017). When reef fishes are exposed to predicted increased summer seawater
temperatures, changes in physiological traits are observed, for example reduced growth rates
and lower reproductive success (Donelson et al., 2010; Munday et al., 2008). Similarly, fish
behaviour has been reported to be affected by extreme seawater temperatures (Hoegh-Guldberg
and Bruno, 2010), with potential adverse impacts on population structure (Johansen and Jones,
2011). Although underexplored for reef fishes, thresholds of stress and effects might change
seasonally for other coral reef organisms, such as corals (Berkelmans and Willis, 1999),
highlighting the importance of undertaking seasonal investigations to understand the full extent
of climate change effects due to deviations from mean temperatures throughout the year.
Regarding tropical coral reef fishes, only one study has investigated the effects of increasing
winter seawater temperatures on health (Donelson et al., 2011) and observed an elevation in
resting metabolism rates, which could potentially lead to changes in energy allocation and
altered ecologically relevant traits, such as growth, reproduction, and behaviour. In other
environments, such as temperate waters, warmer winter temperatures lead to smaller egg sizes
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of Arctic char fish, as well as decreased hatching success and smaller larvae (Farmer et al.,
2015). Hence, microplastic exposure and increased seasonal seawater temperatures are likely
to occur simultaneously and potentially act synergistically. Despite this threat, only two studies
have assessed cumulative effects of these two stressors on marine fishes within a multifactorial
experiment. Synergistic influences of microplastics and temperature on temperate estuarine
gobies have been demonstrated through changes in metabolic activity (i.e., ethoxyresorufin O-
deethylase and glutathione S-transferase) (Ferreira et al., 2016; Fonte et al., 2016), changes in
behaviour (Fonte et al., 2016), and increased mortality rate (Ferreira et al., 2016). Together,
these studies also highlight the need to further explore synergistic effects of microplastics and
changes in seawater temperature due to climate change. Furthermore, these studies also stress
the importance to measure multiple endpoints from different levels of biological organization
to establish comprehensive and relevant impacts on organisms (Ankley et al., 2010; USEPA,

1998).

This study assessed the combined effects of predicted (i.e. elevated) microplastic
concentrations and austral winter temperatures on important health and fitness parameters in a
coral reef fish at ecologically relevant levels. Spiny chromis (Acanthochromis polyacanthus)
is a model species (Fakan and McCormick, 2019; Hannan et al., 2020; Hilder and Pankhurst,
2003; Laubenstein et al., 2019) which experiences both microplastic and seawater warming
pressures throughout the Great Barrier Reef (Hall et al., 2015; Jensen et al., 2019; Kroon et al.,
2018b) (Chapter 4). Juveniles represent an important developmental life stage, which includes
post-brooding dispersal, establishment of new territory (Kavanagh, 1996) and have been used
in microplastic ingestion laboratory experiments (Critchell and Hoogenboom, 2018). Here,
juvenile A. polyacanthus were exposed to both microplastic contamination and elevated winter
seawater temperatures, to test the hypothesis that combined increase in stressors would increase
chronic fish stress (bound cortisol in tissues) and decrease energy reserves (total lipids),

causing detrimental effects in fish growth and condition factor (Tort, 2011).
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5.2. Materials and Methods

5.2.1. Experimental animals and husbandry

Animal collection and experimentation were conducted in accordance with ethics permit
A2678 (James Cook University). Juvenile fish were sourced from the Northern regions of the
Great Barrier Reef (Upolu Reef and Vlasoff Cay) by Cairns Marine, a commercial supplier of
wild caught fishes (n = 240), and from reared stock held at James Cook University’s Marine
and Aquaculture Research Facilities Unit (MARFU, n = 84). Wild caught fish were kept in
holding tanks (24°C) at Cairns Marine facility for 4 days between collection and transportation
to the experimental facility. Fish from MARFU were kept in outdoor holding tanks (ambient
temperature) from hatching (summer) to the time of transportation to the experimental facility
(late autumn). All fish were transported to the Australian Institute of Marine Science (AIMS,
Townsville, Australia) National Sea Simulator. Upon arrival at AIMS, fish were homogenously
distributed with 12 individuals per a tank (110 L; acrylic) based on fork length and weight.
After four days of the acclimation period, fish were weighed (AND EK-4101, d=0.01g), sized
(fork length) (SPI 2000, 1/1000 in) and tagged with elastomer (VIE, 20g x 1.5 TERUMO

needle).

Experimental tanks were supplied with temperature controlled filtered seawater (FSW; 0.5
um) and operated in flow-through mode with a complete water exchange of 0.8 L h! to
maintain water quality and provide adequate aeration. The room temperature was maintained
at 23.0°C and seawater temperature was monitored in each tank (probe RTD-Pt100) to maintain
treatment conditions (Section 2.3). Fish were subjected to a 10:14 h artificial light:dark cycle,
using panel lights (300W LED full spectrum lights) controlled by a PAR sensor (Kye, SKL
26250). The light profile started at 7:00 (i.e., dawn) emitting 50 PAR and was slowly increased
to 130 PAR at 12:30 (i.e., midday), then gradually returned to 50 PAR by 18:30 (i.e., dusk)
after which fish were maintained in darkness. Dissolved oxygen (DO), ammonia (NH3) and
nitrate (NOs3) concentrations were monitored twice weekly in three randomly chosen tanks per
treatment. DO was measured with a HQ40d portable multi-parameter meter (DO, 0.01 mg L~
") and maintained at an average DO of 8.44 mg/L +0.19 (& 0.19). NH3 and NO3 were measured

using Aquasonic test kits (NHs, 0.1 ppm; NOs, 5 ppm) and maintained at concentrations of 0
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ppm and <Sppm, respectively. Tanks were cleaned twice weekly on non-sampling days to limit

algae growth (e.g., crustose coralline algae).

Throughout the 21-day acclimation and the experimental period, fish were fed twice daily
at an equivalent of 1.25% of their average initial weight following Critchell and Hoogenboom
(2018). After four weeks, the food provided was doubled to account for fish growth. The first
daily feeding comprised of post-hatched enriched artemia (500—-800 pm) reared from a live
artemia culture. The second feed comprised of ~ 800 um irregularly shaped commercial food
pellets (THERA +A; proteins min. 39%, fat min. 9%, and fibre max. 8%). Both food items

were chosen based on having similar dimensions to experimental microplastics.

5.2.2. Experimental microplastics

Secondary (i.e., fragmented from primary plastics) blue polyester (polyethylene
terephthalate; PET) textile fibres were chosen as experimental microplastics due to their
ubiquitous presence in marine environments (Rebelein et al., 2021), including in coral reef
ecosystems of the Great Barrier Reef and in resident fish (Jensen et al., 2019; Kroon et al.,
2018b) (Chapter 3 and 4). PET fibres (500 to 750 um in length) were artificially produced at
AIMS from sewing thread (Giitermann, CA 02776) cut using sterile surgical blades
(Paramount, BS EN 27740) and callipers (Kincrome, 1/1000 in). The chemical composition of
PET fibres was confirmed by Fourier transform infrared spectroscopy (FTIR) (Appendix D).
Stock solutions of virgin PET (58500 [MPjow] and 1350000 [MPhign] fibres in 20 ml of FSW
[0.45 um, Millipore® PTFE filters]) were prepared every 2 days. FSW was used as control
(MPcontrol).

5.2.3. Experimental design

Fish were continuously exposed to the microplastics, via a custom-built automated dosing
system that periodically released known concentrations of PET fibres from a header tank into
experimental tanks. The use of the automated dosing system compensated for the loss of PET
fibres due to the flowthrough experimental set-up and kept the concentration of exposure

consistent over time. The system was designed, constructed, and validated to facilitate studying
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the impacts of chronic exposure of juvenile A. polyacanthus to environmentally relevant
concentrations of textile PET fibres on the Grreat Barrier Reef. Details of the design and
validation of the automated dosing system are provided in the Appendix D. PET concentrations
in tanks prior to exposing fish, and after the experiment, were measured and reported as the

expected concentration in experimental tanks throughout the 8 weeks of exposure.

Fish (n = 12 fish per tank, and three tanks per treatment) were exposed to nine treatments
over eight weeks, representing a factorial combination of three nominal microplastic
concentrations (MPcontrot — 0 PET L!; MPiow — approx. 1.1 PET L'; and MPhign — approx. 11
PET L) and three different seawater temperatures: T23 7— ambient (at 23.7°C); Tas.2 — ambient
+ 1.5°C (at 25.2°C); and Tz7 — ambient + 3.0°C (at 26.7°C). Environmentally relevant
concentrations of microplastic were extrapolated from monitored (Jensen et al., 2019, Chapter
3) and modelled (Everaert et al., 2020) microplastic concentrations in surface seawaters of the
Great Barrier Reef. Future scenarios used here goes beyond concentrations predicted to 2100

(Everaert et al., 2020).

Ambient temperature was based on a 5-year averaged July daily temperature at Davis Reef,
central GBR (Appendix D — Table S1). The elevated temperatures reflect future predicted
values (IPCC, 2018). Three microplastic controls were used, one for each temperature
treatment: MPcontrol: T23.7, MPcontrotl: T252 and MPeontol: T26.7. During the acclimation period,
tank temperatures were slowly increased by 0.5°C per day (0.25°C twice daily, over 3 days for
T2s52 and over 5 days for T2s.7). All fish were acclimated at the designated treatment temperature
for another four days prior to commencing MP exposure treatments, including fish exposed to

ambient temperature to ensure same start of the experimental exposure for all treatments.

To validate microplastic uptake, two fish per tank were randomly sacrificed using ice slurry
after 1 week of exposure. Fish were then rinsed using Milli-Q water to remove any PET fibres
that may have adhered to their skin. Fish were dissected to assess presence and quantity of PET
in their gills and gastrointestinal tracts (GIT). This data was excluded from the final statistical
analysis. The remaining fish (n=10 fish per tank) were exposed for a further seven weeks, after
which they were euthanised using ice slurry, rinsed, weighed, sized and dissected to quantify
microplastic uptake and evaluate health and fitness parameters (described in section 2.5,

below).
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5.2.4. Microplastics isolation from fish

Dissected fish gills and GIT were air dried, weighed (wet weight, w.w., Sartorius TE31025,
max 3100 g, d 0.01 g) and subjected to alkaline digestion as per Chapter 4 to recover PET
fibres. Briefly, fish tissues were treated with 10% potassium hydroxide (KOH, AR, Fisher,
CAS No. 1310-58) at 40°C for 48 h using a ratio of 1:20 of GIT wet weight (g) to volume of
KOH (mL). Digested samples were filtered through tiered 77 and 26 um stainless-steel filters
(19 mm diameter)(Schlawinsky, 2020), and rinsed with 70% EtOH to remove fat vestiges
(Dawson et al., 2020). Retained experimental PET and other potential extraneous microplastic
contamination were visually identified, counted and photographed using stereomicroscopy
(Leica MZ16A, Leica DFC 500, Leica Application Suite LAS 4.4.0). PET fibres were readily

distinguishable from other particulates based on the combination of shape, size and colour.

5.2.5. Health and fitness parameters

5.2.5.1. Cortisol and total lipids

Fish tissues (muscle, skin, scale and bones) (Sadoul and Geffroy, 2019) were lyophilized
(LabConco, Free Zone 1) for 24 hours and weighed (Sartorius TE31025, max 3100 g, d 0.01
g). Dried tissue was ground using pestle and mortar, to which 10 mL of cold (4°C) 1x PBS
solution (Phosphate buffered saline, Sigma-Aldrich) was added and homogenized for 3 min

using a bead beater (Biospec Products, Mini Beadbeater TM; 4 and 8 mm stainless-steel beads).

To estimate the bound cortisol and total lipids per gram of dry sample (i.e., dry weight or
d.w.) an aliquot of fish homogenate (4 ml) was transferred to a borosilicate glass vial (40 ml)
and extracted with ethyl acetate (35 ml, approx. 1:9 ratio). The homogenate was vortexed (Lab-
Line Instruments, Super-Mixer 1291, 3x speed, 1 min), centrifuged (Beckman Coutler, Allegra
X-15R, 1000 rpm, 2 min, 4 °C) and the ethyl acetate phase transferred to a pre-weighed glass
vial for total lipid analysis. This was repeated once more and the combined ethyl acetate extract
evaporated to dryness under a constant stream of N> (Techne Dri-Block DB.3D Sample
Concentrator, 40°C) and weighed for total lipids.
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For cortisol analysis, a second aliquot (1 mL) of the homogenate was reconstituted by
shaking (BioSan, PSU-20i shaker| 250 rpm, 90min) in 1 mL of ELISA buffer and analysed by
Enzyme-linked Immunoassay (ELISA, Cayman Chemical Kit, Kit N° 500360). The cortisol
analysis was validated using steps suggested in Metcalfe et al. (2018), including tests for
parallelism (optimum dilution), extraction efficiency, and accuracy (spiking test). The results

of the protocol validation are detailed in the Appendix D.

5.2.5.2. Growth and condition factor

Growth was calculated based on the initial and final wet weight (w.w.) of fish after eight
weeks exposure, following the Specific Growth Rate equation (SGR, eq. 1) (Houde and
Schekter, 1981; Lugert et al., 2016).

SGR = {[log(size) — log (size;)]/t} * 100 (Eq. 1)
where size; and Sizer are the initial and final w.w., respectively, and t is the time of the

experiment in days. Condition factor was calculated based on Fulton’s somatic condition factor

equation (Scr, eq. 2) adapted from Illing et al. (2018):

Scg = 10%(w.w./LP) (Eq. 2)
where w.w. is the fish wet weight (g), L the fish fork length (mm), and b is the slope of the

linear regression of log(w.w.).

5.2.6. Extraneous microplastic contamination control

Prior to the experiment, tanks were thoroughly washed using fresh water, soaked with 0.1%
H>O: solution for 4 h and again thoroughly washed using fresh water. Cleaned tanks were filled
with FSW (1 pm; Waterco polyester thread bags, and 0.5 pm; HPF Water quality
polypropylene sediment cartridge GT2-0K) in flow-through configuration (complete water
exchange of 0.8 L h™!). Seawater supplying the automated dosing system was similarly filtered

(1 um; Davey polyspun microlene filter). To prevent extraneous airborne microplastics
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contaminating the system during the experiment, all experimental procedures were conducted
in an enclosed room with restricted access. Prior to entering the room, clothes were delinted
using a lint roller (Scotch-Brite®, 3M). The header tank and experimental tanks were covered
with lids, except when stock solutions were replenished (header tank) or during cleaning
(experimental tanks). Experimental tanks were cleaned using cellulose-based cloths and
abrasive synthetic (mixture of polyester and viscose, transparent colour) sponges. Clothes and
cotton laboratory coats were also delinted prior to sample collection, dissection and
microplastic separation and characterisation. All equipment and tools used in these procedures
were sequentially cleaned with reverse osmosis H>O water, Milli-Q H>O, 70% EtOH, or a
combination of these. Cellulose-based cloths were used to wipe surfaces with filtered 70%
EtOH. For sample processing, 10% KOH and 70% EtOH solutions were filtered to 0.45 pm
(Millipore® PTFE filters).

5.2.7. Data analysis

Statistical data analysis was conducted using RStudio, version 1.3.1093. Best fitted models
were chosen using an Akaike Information Criterion (AIC) test and DHARMa residual
diagnostics. Differences in PET uptake within treatments were investigated by general linear

models (GLM) with random effects (glmmTMB, p < 0.05). The model followed equation 3:

Number of PET = mp * temperature + size + (1 |tank) + constant (Eq. 3)

Where “mp” corresponds to the microplastic treatments excluding control (MPj.w and
MPhigh), and “temperature” corresponds to all seawater temperature treatments (T23.7, T25.2 and
T26.7). Fish size (fork length, mm) was included as a covariate in the GLM to account for its
potential influence on microplastics uptake. Experimental tank was included in the model as a
random factor since the experimental design included multiple fish per tank and three tanks per
treatment. The model was fitted using a negative binomial distribution. Post-hoc comparisons
were conducted using the package ‘emmeans’ (version 1.6.0), based on marginal means and

predictive test distributions.
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Similarly, differences in cortisol, total lipids, growth and condition factor between

treatments were assessed following either equations 4, 5 or 6, respectively:

cortisol = mp * temperature + size + (1 |tank) + constant (Eq. 4)
total lipis = mp + temperature + size + (1 |tank) + constant (Eq. 5)
growth or condition factor = mp + temperature + (1 |tank) + constant (Eq. 6)

In these models, the factor “mp” included the microplastic control as well as exposed
treatments (MPcontrol, MPiow, and MPhign) while “temperature” was considered as above. Factors
“size” and “tank” were included in the model as per PET uptake analysis. Growth and condition
factor models were fitted using gaussian distributions. Total lipids used beta distribution. For
the analysis of cortisol, data were log transformed and models fitted using gaussian

distributions. Post-hoc comparisons were conducted as described above.

5.3. Results

5.3.1. Validation and estimation of microplastic uptake

No PET fibres were found in MPconrot A. polyacanthus throughout the experiment. PET
fibres were recovered from the GIT after both one and eight weeks of exposure confirming
ingestion by A. polyacanthus; gills were clear of microplastics at both timepoints. However,
microplastics were not isolated from every individual in the low exposure treatment at both
timepoints. Despite the low replication, overall PET uptake after one week of exposure
increased with increasing microplastic concentration, especially at the highest temperature
(Appendix E — Table S1). The fitted glmmTBM confirmed microplastic uptake after 8-weeks
exposure was only influenced by the exposure concentration (p <0.01, Appendix E —Table S2,
Figure 5.1). Overall, fish exposed to the highest concentration had 9.6 times more PET in their
GIT than fish exposed to the lower concentration (Table 5.1). Temperature and fish size did

not influence mean PET uptake (p > 0.05).

Table 5.1: Impacts of increasing microplastic (MP) exposure and elevated sea water temperature (T) on
fish cortisol levels, total lipids, growth and condition factor. Control = MP o1, low PET exposure at
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1.1 fibres L' = MPiow and high PET exposure at 11 fibres L™ of filtered seawater = MPhigh. Values
reported as mean = SE. Polyethylene terephthalate = PET, dry weight = d.w., wet weight = w.w.

Treatment Stress and fitness parameters
MP T PET uptake Cortisol levels Total lipids Growth l(:?;);(ilrtlon
T- -1 -1 0 -1
(Tec) | (PET fish) (pgg!dw.) (gd.w.) (mm % day™) (@ w.w. mm™)
MPeontror  T237 0£0 555.59 £76.10 0.048£0.006 1.79+0.08 0.91+£0.03
MPigw T2 6.97+1.05 559.69 £170.92 0.038£0.005 1.98+0.09 0.88+£0.02
MPhigh T2 70.07£33.94 622.52 +£81.90 0.048+0.004 1.66+0.10 0.92+0.02
MPeontror  Tas2 0£0 564.29 £ 78.05 0.035+£0.004 1.75+0.08 0.85+0.01
MPigw Tasz 9.20 +3.07 468.47 £89.14 0.038£0.003 1.65+0.10 0.90+0.01
MPhign Tosa 329430 + 603.67 £ 69.39 0.039+£0.005 1.96+0.09 0.92£0.02
MPeontrot ~ T267 0£0 1017.74 £237.67 0.043+£0.005 1.97+0.07 0.92+0.02
MPiow T267 13.23 £3.37 649.20 £ 66.90 0.035+£0.005 1.83+0.07 0.90+0.02
MPhigh Ta67 88.60 £34.19  434.81 £ 68.37 0.044£0.005 198+ 0.09 0.91+0.01
300
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Figure 5.1: Number of ingested microplastic fibres in Spiny chromis (Acanthochromis polyacanthus)
juveniles after an 8-week exposure to combined treatments of three microplastic concentrations (0, 1.1
and 11 PET L) and three winter seawater temperatures (23.7, 25.2, and 26.7°C). Symbols and error
bars represent estimated marginal means and 95% confidence intervals. Letters indicate significant
differences across the treatments with elevated microplastic concentrations (glmmTMB, Tukey post-
hoc tests, p<0.05). Polyethylene terephthalate = PET.
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5.3.2. Cortisol and total lipids

Visual observations of fish indicated no signs of stress, and feeding behaviour was normal
throughout the experiment. Bound cortisol in the control group (MPcontro:T23.7) averaged
555.59 + 76.10 pg g' (mean + SE) (Table 5.1) and increased to 1017.74 + 237.67 pg g’
(MPcontro: T26.7) when exposed to the highest temperature. The introduction of low levels of
microplastics (1.1 PET L) followed the same trend (559.69 + 170.92 to 649.20 + 66.90 PET
fibres per fish), but not significantly, whereas this trend was significantly reversed in fish
exposed to the highest microplastics level (11 PET L ). Fitted glmmTBM and post hoc tests
revealed significant interactions between microplastic concentration and seawater temperature
resulting in a large reduction of cortisol at the highest temperature (T26.7) as microplastic levels
increased (622.52 + 89.14 pg g'! at T2;7 to 434.81 + 68.37 pg g™ at Ta7) (p < 0.05, Appendix
E — Table S3, Figure 5.2a). At ambient and intermediate temperatures there was a negligible
increase in cortisol as microplastic concentrations increased. Fish size, even in the control

group, influenced cortisol (p > 0.05), which decreased with increasing weight.

Total lipid content in the control group (MPeontoi:T237) averaged 0.048 + 0.006 g d.w.™!
(mean * SE) (Table 5.1). Regardless of microplastic concentration (0, 1.1 or 11 PET L), lipid
content showed a non-significant inverse relationship with increasing temperature. The fitted
glmmTBM revealed that microplastic concentration and seawater temperature did not
influence mean total lipid content (p > 0.05, Appendix E — Table S4, Figure 5.2b). Fish size
also inversely influenced total lipid content (p < 0.05), with decreasing total lipids at increasing

wet weights.
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Figure 5.2: (A) Bound cortisol and (B) total lipids in whole body tissues of Spiny chromis
(Acanthrochromis polyacanthus) after an 8-week exposure to combined treatments of three microplastic
concentrations (0, 1.1. and 11 PET L") and three winter seawater temperatures (23.7, 25.2, and 26.7°C).
Symbols and error bars represent estimated marginal means and 95% confidence intervals. Letters
indicate significant differences across the treatments with elevated microplastic concentrations
(glmmTMB, Tukey post-hoc tests, p<0.05). Polyethylene terephthalate = PET.

5.3.3. Growth and Condition factor

Fish growth in the control group (MPcontro1:T23.7) averaged 1.79 = 0.08% day™! (mean + SE)
(Table 5.1). Growth rates increased slightly with increasing temperature from 1.79 + 0.08%
day! (MPeonrol: T237) to 1.97 = 0.07% day! (MPcontol:T26.7). Fish exposed to the low
microplastic concentrations and increased temperatures showed no change in growth rate,
while fish exposed to the high microplastic treatment were marginally larger (1.66 = 0.10 %
day! at MPhigh:T237). However, the fitted glmmTBM indicates that microplastic exposure and
seawater temperature did not significantly affect fish growth (p > 0.05, Appendix E — Table
S5) (Figure 5.3a).

Fish condition factor in the control group (MPcontro1:T23.7) averaged 0.91 + 0.03 (mean + SE)
(Table 5.1), and did not significantly vary (glmmTMB, p > 0.05) across treatments (p > 0.05,
Appendix E — Table S6, Figure 5.3b).

110



>
@

o 0.8 -

|: E

3 E o093

£ 2

E 07 s

9

S 8 0.90

< c

3 ° temperature

=) -

2 06 £ 087 | - 237°C

o g 25.2°C
9 —— 267°C

0 1.1 11 0 1.1 11
MP concentration (PET L) MP concentration (PET L)

Figure 5.3: (A) Growth and (B) condition factor of Spiny chromis (Acanthrochromis polyacanthus)
after an 8-week exposure to combined treatments of three microplastic concentrations (0, 1.1. and 11
PET L") and three winter seawater temperatures (23.7, 25.2, and 26.7°C). Symbols and error bars
represent estimated marginal means and 95% confidence intervals. Polyethylene terephthalate = PET.

5.4. Discussion

Concerns about the effects of microplastics on marine organisms have resulted in numerous
studies examining biological exposure and effects. However, exposure effect studies often
employ unrealistic (or environmentally irrelevant) microplastic concentrations and physical
characteristics (GESAMP, 2016; Horton, 2021; Rochman et al., 2019), and do not consider the
impacts of other co-occurring environmental stressors, such as climate change associated
warming (Horton and Barnes, 2020). As a result, findings do not readily translate to the
environment and are therefore not suited to informing ecological risk assessments. To address
this, the present study simulated environmentally relevant conditions of microplastic exposure
in combination with elevated winter seawater temperatures and assessed key phenotypic and
molecular health and fitness parameters of exposed fish to identify any associated ecological
risks. By developing and using a “fit for purpose” microplastic automated dosing system, this
study was able to gain novel insights into what effects future predicted microplastic
contamination alone and in combination with seasonal temperature stress due to climate change

have on the model coral reef fish, A. polyacanthus.
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In fishes, uptake of microplastics can occur through ingestion and/or retention by gill rakers
(Bour et al., 2020a; Yin et al., 2018; Zitouni et al., 2021). Here, PET fibres were solely ingested,
with no microplastics found in gills of A. polyacanthus after one or eight weeks of exposure.
Considering the highly elevated exposure concentrations employed in previous studies (e.g.,
100,000 microplastics L™!, Yin et al. (2018) and Bour et al. (2020a)), compared to the maximum
11 microplastics L™! in this study), the findings presented suggest the route of microplastic
uptake by fish is dose dependant, with predominantly passive uptake through the gills occurring
with unrealistically high microplastic concentrations. This should, however, be validated by
further studies, including with fish of different feeding strategies (e.g., carnivorous). Ingestion,
on the other hand, occurred throughout the chronic exposure (8 weeks) to 1.1 and 11 PET fibres
L', irrespective of the seawater temperature, supporting ingestion as a major pathway of
microplastic uptake (GESAMP, 2019; Roch et al., 2020). Irrespective of fish size, increased
PET exposure resulted in increased ingestion, a relationship supported by previous studies
reporting uptake of PET fragments by juvenile A. polyacanthus (Critchell and Hoogenboom,
2018) and of PET fibres and polypropylene (PP) fragments by adult Pomacentrus amboinensis,
another planktivorous coral reef damselfish (Chapter 4). Together, these findings support the
hypothesis that there is an increased risk to fish health resulting from ingestion of ever
increasing microplastic contamination in marine environments (Everaert et al., 2020).
Nonetheless, influences of seawater temperature, and in particular winter temperatures, on
microplastics ingestion is poorly explored in the scientific literature, with no definitive
relationship between temperature and microplastic uptake reported (Ferreira et al., 2016; Fonte
et al., 2016). In this study, increased winter seawater temperature had no effect on microplastic
uptake. This suggests that higher mean winter seawater temperatures, predicted to occur in the
RCP 8.5 climate change scenarios (IPCC, 2018), are unlikely to increase juvenile A.
polyachantus susceptibility to microplastic ingestion. The observed results could be related to
the optimal thermal conditions of this fish species (Zarco-Perello et al., 2012), which are close
to the exposed increased seawater temperatures, and could be maintaining similar fish activity
across temperature treatments, including feeding and susceptibility of microplastic uptake
through ingestion. Further studies, however, should assess whether this holds true for fish

using other feeding strategies (e.g., carnivorous) or for predicted higher summer seawater
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temperatures, when fish are more likely to exceed their thermal tolerance and have altered

feeding habits (Scott et al., 2017).

The four phenotypic health and fitness parameters measured revealed that microplastic
uptake significantly inhibits or downregulates tissue bound cortisol at the highest seawater
temperature examined. This confirms that microplastic contamination is a significant
environmental stressor acting in combination with forecasted warming temperatures. Cortisol
was affected by both microplastic exposure and elevated winter seawater temperature, and was
also influenced by fish size. Cortisol is important in the vertebrate response to acute and chronic
stress and acts by mediating the immune response - including immunosuppression - depending
on the stressor (Rohonczy et al., 2021). Fish cortisol is known to increase when seawater
temperature increases (Goikoetxea et al., 2021; Planas et al., 1990). This relationship was
exhibited by control fish exposed to the highest tested temperatures, albeit non-significant.
However, fish exposed to increased microplastic at the highest temperature tested displayed an
antagonistic effect, with significant reduction in bound cortisol levels, which dropped below
basal (i.e. MPcontrol) levels. Such downregulation (i.e., depletion) of cortisol may result from
either dose-dependent PET toxicity, or associated PET additives (Gayathri et al., 2004; Singh
and Bhalla, 2017), or due to a chronic stress response mechanism whereby cortisol is
downregulated in fish tissues (Barton, 2002; Pickering and Pottinger, 1987; Pottinger, 1990,

Shrimpton and Randall, 1994) or, a combination of the abovementioned scenarios.

Little information is available regarding specific toxicity pathways of PET and PET-
associated chemical additives on cortisol in coral reef fishes. However, related literature reports
toxicity of PET and PET-associated chemical additives to other aquatic and non-aquatic life,
including humans (Mathieu-Denoncourt et al., 2015; Rodrigues et al., 2019). Toxic monomers
such as phytoestrogens can leach from PET and act as endocrine disrupters (Singh and Bhalla,
2017). Similarly, low doses of di (2-ethyl hexyl) phthalate (DEHP), a plastic additive
commonly used as a carrier in the textile dying process (Schonberger and Graf, 2018), was
shown to decrease levels of cortisol in rats after 14 days of exposure. This was attributed to the
toxic effect DEHP has on the adrenal gland (Gayathri et al., 2004). Generally, plastic
monomers and additives are known to leach from plastic polymers under temperatures well in
excess of the highest winter temperature treatment used here (26.7°C) (Saido and Taguichi,

2004). Yet, for some polymers, such as polystyrene (PS), monomer leachate into the
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environment was reported at 30°C, and is prevalent in various marine ecosystems, potentially
at higher concentrations than the polymers themselves (Saido et al., 2020). Here, fish were
chronically exposed to virgin PET textile fibres, thus leachates (monomers and chemical
additives) may have supressed the high cortisol levels induced by the highest temperature
tested, considering the temperature dependence of the leaching process. Nevertheless, further
investigation of leachates associated with PET fibres used here, and the leaching rate as a
function of moderate increase in temperature, is warranted to establish whether this process

underlies the observations reported here.

Cortisol has been reported to be downregulated due to negative feedback. Cortisol in fish
tissues, such as gills and liver, is mediated by corticoid-associated receptors (Barton, 2002;
Pickering and Pottinger, 1987; Pottinger, 1990; Shrimpton and Randall, 1994), and the more
receptors that are available in the target organ, the more cortisol it may contain (Danielsen and
Stallcup, 1985). However, under conditions of chronic, repeated or multiple stressors, elevated
levels of free or plasma-bound cortisol in fish downregulate corticoid-associated receptors in
tissues and reduce cortisol responsiveness (Barton, 2002; Pickering and Pottinger, 1987,
Pottinger, 1990; Shrimpton and Randall, 1994). In this study, the stress induced by increased
microplastic exposure could be acting to suppress the bound cortisol in the thermally stressed
fish, attenuating the effects of increased temperature. To verify this hypothesis, potential
biomarkers including cortisol pathway metabolites, free and bound cortisol, and corticoid

receptors in target tissues should be investigated.

Regardless of the mechanisms driving the cortisol downregulation, findings reported here
suggest juvenile A. polyacanthus can cope with chronic exposure to realistic increases in
marine microplastic contamination and winter seawater temperatures, likely because the
combination of both stressors resulted in an antagonistic response in the fish. However,
additional studies using other biomarkers responsive to heat stress in coral reef fishes (Madeira
et al, 2017, Johansen et al, 2021) and/or exposures under predicted future summer temperatures
are needed to determine whether microplastic uptake by this coral reef fish further exacerbates
any stress associated with extreme future ocean temperatures forecasted for the Great Barrier
Reef throughout the year. Likewise, it has been shown that predicted future temperatures affect
many metabolic pathways in transgenerational juvenile A. polyacanthus raised at predicted

future summer seawater temperatures (Veilleux et al., 2015), the altered metabolic pathways
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thought to be associated with observed shifts in energy production in support of the
maintenance of fish performance (Veilleux et al., 2015). It remains to be seen whether
increased microplastic exposure alters this response in thermally adapted transgenerational

fish.

In the present study, a correlation between levels of bound cortisol and fish size was
observed, with smaller fish having significantly more cortisol than larger ones. Basal levels of
cortisol underpin regular metabolic and behavioural functions (Mommsen et al., 1999), with
natural changes in cortisol expected with growth (Barcellos et al., 2012). The relationship
observed here has been reported previously and it was theorised that smaller sized fish have a
stronger response to stressors (Kortet et al., 2019). Here, fish size was evenly distributed across
treatment tanks thus smaller fish may have also been distressed by the presence of larger
dominant individuals (Barlow et al., 1986), resulting in increased cortisol levels due to
hierarchy/social interaction (Fox et al., 1997; Zhang et al., 2021). Regardless, effects of fish
size on cortisol were overshadowed by both increasing microplastic concentration and elevated
winter seawater temperature, highlighting the synergistic impact of both pervasive stressors on

juveniles.

Fish exposed to chronic stress may regulate their energetic metabolism to cope with the
new demands, a process often involving energy allocation to stress-related functions at the
expense of primary functions, such as growth (Tort, 2011). However, total lipid content,
growth and condition factor were not affected by the experimental treatments, suggesting the
observed changes in cortisol did not require a significant energy allocation. These results
contrast with a previous study where ingestion of PET fragments in the absence of food resulted
in decreased growth in juvenile A. polyacanthus (Critchell and Hoogenboom, 2018), and differs
from other studies reporting changes in total fish lipid content, growth or condition factor.
However, in the aforementioned studies elevated microplastic concentrations were used, which
were substantially higher (Lu et al., 2016; Naidoo and Glassom, 2019; Yin et al., 2018) than in
this present study. A. polyacanthus fed ad libitum and exposed to environmentally relevant
microplastic concentrations represents a more realistic microplastic exposure scenario.
Findings also indicate that even with chronic microplastic exposure, the predicted elevated
winter seawater temperatures for the central GBR are not detrimental to the fitness of juvenile

A. polyacanthus, likely because these future seawater temperatures still fall close to the
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optimum thermal range of this species (Zarco-Perello et al., 2012). Cortisol, however, is also
known to affect other fish traits, such as behaviour (Brun et al., 2019; Tang et al., 2021), and
changes in behaviour have been shown to be directly influenced by microplastics (Critchell
and Hoogenboom, 2018) (Ferreira et al., 2016) and by increased seawater temperature (Kua et
al., 2020; Warren et al., 2016; Wen et al., 2018). Thus, assessing additional ecologically-related
endpoints may provide further insights into the ecological risks associated with these two

pervasive stressors when applied independently or concurrently.

5.5. Conclusion

Establishing fish response to cumulative stress exposure is of high relevance to ecological
risk assessments. This study suggests that during the austral winter, juveniles of the
planktivorous A. polyacanthus from the Great Barrier Reef will increasingly ingest PET fibres
in a dose-dependent manner, irrespective of seawater temperature. Furthermore, concurrent
exposure to environmentally relevant estimates of future microplastic contamination and
winter seawater temperatures induced stress but did not detrimentally affect energy reserves or
overall fitness of juvenile A. polyacanthus. This suggests that predicted increases in
microplastic contamination levels on the GBR and warmer upper seawater mean temperatures
during winter will have minimal impacts on energy metabolism in juvenile A. polyacanthus.
However, given cortisol levels were altered, further investigation into the underlying metabolic
processes, including the identification of additional biomarkers to assess toxicity of
microplastic polymers, such as PET, are required. In addition, the effects of cortisol level
changes along with the cumulative impacts of these pervasive stressors on fish behaviour and
on other individual ecologically relevant traits, should be assessed. Similarly, further research
should investigate the effects of chronic microplastic exposure at average summer conditions,

predicted for 2050 and 2100, that could exceed optimal thermal conditions for coral reef fishes.
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Chapter 6: General Discussion

Microplastics are of immediate concern due to their increasing abundance, bioavailability,
and potential biological effects (Santana and Turra, 2020), and given their persistence in the
environment, they are predicted to have long-lasting dire consequences on the health of marine
ecosystems (Adam et al., 2021; Everaert et al., 2020; Jung et al., 2021), including the Great
Barrier Reef (GBR) off the tropical east coast of Australia (GBRMPA, 2019). Risk and
uncertainty regarding microplastic presence, abundance and impacts in marine ecosystems has
motivated the need for ecological risk assessments (ERAs), but implementation has suffered
from a lack of consistent and comprehensive scientific information. Research over the past two
decades has focussed on addressing these knowledge gaps and led to a better understanding of
the potential impacts of microplastic contamination. However, the lack of realistic
environmental data on the biological effects resulting from microplastic contamination means
it is still not possible to accurately evaluate the likelihood of adverse effects on ecological
entities. Similarly, not enough information is available to determine how these effects may
change with varying microplastic exposure levels or whether they compound the impacts of

other stressors, such as elevated future temperature due to climate change (USEPA, 1998).

This PhD thesis examined the extent and effects of microplastic contamination on a GBR
coral reef ecosystem (Lizard Island) following ERA principles for the formulation of
hypotheses and experimental designs to better inform effective and realistic policies that
address growing concerns of microplastic impacts on marine ecosystems. Specifically,
validated field and laboratory-based methodologies were either tailored or developed to
accurately assess: (1) microplastic contamination levels in - and relationships between - coral
reef abiotic and biotic compartments (Chapters 2 and 3) and (ii) the effects of environmentally
relevant conditions of present and predicted future microplastic exposure on microplastic
uptake, depuration kinetics, and fish health and fitness (Chapters 4 and 5). Lizard Island was
chosen as the study site given its remote location, ecological relevance (GBRMPA, 2019) and
existing evidence of microplastics contamination (Kroon et al., 2018b). Following ERA
principles, the microplastic concentrations recorded at Lizard Island (Chapter 3) were used as
the baseline for subsequent laboratory microplastic exposure experiments that assessed dose

responsiveness in two damselfish species (Pomacentrus amboinensis and Acanthochromis
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polyacanthus) (Chapters 4 and 5). Furthermore, as microplastics represent but one
environmental stressor, potential health effects of such contamination in fish were investigated
under environmentally relevant present and predicted future climate change scenarios (winter
temperatures ranging from ambient 23.7 °C to moderate 25.2 °C and extreme 26.7°C; Chapter

5) (IPCC, 2018).

The outcomes of these interdependent studies address three topics critical to microplastic
ERAs: (1) data quality assurance and quality control (QA/QC), (2) microplastic exposure
thresholds, and (3) effect on coral reef fish health resulting from microplastic exposure.
Findings and their implications are discussed here and the potential ecological risks identified

to better inform effective environmental management.

6.1. Quality assurance and quality control (QA/QC): a microplastics
perspective

ERAs require reliable data to inform subsequent environmental management decisions
(SAM, 2019) and as such rely on stringent QA/QC measures (USEPA, 1998). Unfortunately,
unrealistic estimates of microplastic concentrations reported in marine ecosystems remains a
concern (Kroon et al., 2018a) and limits the suitability of much of the data in the microplastic
literature for inclusion in an ERA (USEPA, 1998). As such, validation of methods used to
estimate environmental microplastic concentrations is crucial to ensure data accuracy and
robustness. Hence, improving the efficiency and reducing the limitations of microplastic
methods (i.e., field collection, separation from a multitude of sample matrices, identification,
quantification, and characterization) have recently become important research topics (Lusher
et al., 2020; Miller et al., 2017; Rochman et al., 2019). Efforts to establish a single universal
microplastic separation method have fallen short when applied to vastly different sample
matrices, i.e., abiotic (surface water vs sediment) vs biotic (whole organism vs dissected
organs) (Lusher et al., 2020), primarily due to a focus on methods that work with ‘model’
sample types, i.e., seawater, sediment, fish, and bivalves (Avio et al., 2015b; Bellasi et al.,
2021; Jaafar et al., 2020; Karlsson et al., 2017). Findings reported here (Chapter 2) corroborate
this and confirm that methods need to be tailored to the specific sample matrix, especially for

those that are understudied (i.e., sea squirt, sponge, coral and sea cucumber). Here, taxon-
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specific microplastic separation methods were determined using a criteria-guided workflow
that assessed three main factors: (i) efficiency of matrix clarification, (ii) physical and chemical
impacts of the method on target polymers, and (iii) microplastic recovery rates from the sample
matrix. Although these factors are important for efficient and accurate estimations of
environmental microplastic contamination (Lusher et al., 2020) (Lusher et al., 2020; Miller et
al., 2017; Rochman et al., 2019) they are not always considered prior to or reported in
microplastic field studies (Alfaro-Nunez et al., 2021; Fathoniah and Patria, 2021; Wang et al.,
2021a).

Using the criteria-guided workflow developed here, the limitations of each separation
method with respect to each of the targeted organisms (sea squirt, sponge, coral and sea
cucumber) and polymer types examined (polyethylene, polystyrene, polyethylene
terephthalate, polyvinyl chloride, and rayon) were exposed. For example, digestion with
potassium hydroxide (KOH) proved totally ineffectual for all taxa. Testing of the separation
methods found coral, sponge and sea squirt tissues required 70% nitric acid (HNO3) digestion
(3, 6, and 24 h), while potassium iodide (KI) density flotation (24 h) performed best for sea
cucumber gastrointestinal tract (GIT) contents. Accurate estimates of nearly all polymer types
were achieved using these two methods, however, rayon fibres proved the exception. Although
rayon was chemically identifiable, its recovery was complicated by its tendency to discolour
and disintegrate into multiple monofilament fibres. Other studies have reported similar physical
and chemical deterioration of rayon due to processing reagents (Dawson et al., 2020; Thiele et
al., 2019), and combined with results from this thesis, further highlight the need to develop
tailored methods to ensure effective separation and quantification of microplastic fibres,
especially as interest is now focussing on their impacts, including of semi-synthetic ones such

as rayon (Rebelein et al., 2021).

The application of the tailored methods to closely related, field-caught taxa (only certain
species could be collected from Lizard Island) resulted in unexpectedly low clarification rates,
with each method having to be modified accordingly (Chapter 3). This finding highlights the
diversity in anatomy and body composition even within genera which precludes the use of a
universal microplastic separation technique. To ensure accurate reporting of microplastic
contamination it is imperative to validate separation methods prior to conducting ERAs on each

new species and to not rely on methods tailored to the higher taxa level (e.g., genus and family).
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Prevention and monitoring of contamination from extraneous sources is also paramount to
achieving accurate microplastic estimations. As such, field studies usually include procedural
blanks (i.e., controls) in their sample processing protocols (e.g., airborne contamination) (Prata
et al., 2020); and account for the unavoidable use of plastic instruments and gear by building
contaminant libraries against which samples are compared (Kroon et al., 2018a). However,
often overlooked, is the need to control and monitor for extraneous microplastic contamination
in laboratory-based studies which aim to determine the biological effects of deliberately
introduced (i.e., spiked) microplastics. Experimental microplastic exposures often rely on
experimental systems that, to some extent, are constructed with plastic materials or which may
introduce plastics. Furthermore, the use of raw seawater, which can potentially be contaminated
with microplastics, is often described, but many studies do not explicitly report whether or not
the seawater was filtered and verified as contamination-free for experimental use (Brun et al.,
2019; Naidoo and Glassom, 2019; Zitouni et al., 2021), which is a required standard procedure
for testing uptake and effects of chemicals in fish (OECD, 2012). Similarly, the food provided
to test organisms (Thiele et al., 2021) and the air in the experimental environment (Prata et al.,
2020) represent potential sources of extraneous microplastic contamination and should also be
accounted for. For data accuracy and use in ERAs, reducing extraneous microplastic
contamination from experimental sources is as important as monitoring and reporting its
occurrence. This is especially relevant for future research investigating environmentally
relevant microplastic exposure concentrations (usually less than 1 microplastic L! of surface
seawater) (Everaert et al., 2020, Chapter 3) as improper accounting of extraneous microplastics

contamination could generate false estimates of effects and dose-responses.

Chapter 4 represents the first microplastic exposure study to also assess spiked experimental
organisms for extraneous microplastic contamination and link the observations to potential
sources (e.g., field, experimental system, or sample processing procedures). Despite the
implementation of preventative measures, putative extraneous microplastics were still retrieved
from experimental control and exposed fish. Twenty percent were from cellulose-based
clothing worn throughout the experiment and sample processing with the remaining 80% most
likely originating from the air, filtered seawater, or fish food as they differed from microplastics
found in field samples and from plastic instruments and gear. This finding reveals the
challenges associated with the complete elimination of all potential contamination sources in
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microplastic exposure studies. As such, future studies should quantify and report background
contamination in all experiments, strive to eliminate the use of plastics were possible, develop
plastic-free sampling and processing methods, and implement stringent use of controls.
Implementing these QA/QC measures during the design phase and throughout the study will

generate data that is reliable and accurate, and therefore more informative for ERAs.

6.2. Microplastic exposure thresholds: a survey of Lizard Island coral reefs

While microplastic contamination is considered prevalent and ubiquitous in marine
environments, not every marine ecosystem type has been comprehensively assessed. Coral reef
ecosystems, for example, are estimated to cover 249,713 km? of the global oceans and are
recognized by their ecological and social importance, yet remain understudied for microplastic
contamination (Huang et al., 2021); only 21 microplastic field studies have been conducted in
coral reefs globally. Of these, most focussed on surface seawater, while less than ten analysed
sediment and organisms. These studies revealed coral reef ecosystems in Southeast Asia and
India have the potential to be microplastic contamination hotspots given the high microplastic
concentrations reported, such as 45,200 items m™ in reef lagoons of the Xisha Islands (South
China Sea) (Ding et al., 2019) and 126,000 items m™ on reefs of Tuticorin and Vembar Islands
(India) (Patterson et al., 2020). Conversely, surface seawater samples from the Central GBR
were estimated to be between 0.04 and 0.48 items m™ (Jensen et al., 2019), and the pristine
waters on atoll reefs surrounding the Nansha Islands had 0.01 - 0.15 items m™ (Tan et al.,
2020). The low microplastic concentrations in the sea surface waters of Lizard Island (0.15 +
0.12 microplastics m™, Chapter 3) corroborates the findings of Jensen et al.(2019) and indicates

microplastics do not pose a significant risk to the GBR in comparison to other coral reefs.

Nevertheless, microplastic concentration was observed to increase with depth at Lizard
Island, as previously observed in other shallow environments (Liu et al., 2020b; Song et al.,
2018), and suggests that coral reef organisms living and feeding in the water column (e.g., fish)
and on the sea floor (e.g., sea squirts, sponges, corals, and sea cucumbers) might be exposed to
higher microplastic concentrations than are currently postulated in the literature. In Chapter 3,
the concentration of microplastics isolated from the target species was consistent amongst taxa
regardless of their feeding regime or vertical distribution throughout the habitat. Yet, fish were
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the only organism found to be 100% contaminated with microplastics, suggesting they are at
higher risk than invertebrate species inhabiting the same environment. Reasons for that could
include fish taking up and/or retaining microplastics more frequently than invertebrates, and
should be investigated. Overall, polymer composition and concentration of microplastics
isolated from within each organism reflected those found in the immediate surrounding
environment, and suggests that environments with higher microplastic loads (e.g., “hotspots™)
pose a greater risk than less contaminated environments. As such, future predicted increases in
microplastic concentrations (Everaert et al., 2020; Jambeck et al., 2015b) could potentially lead
to an overall increase in organismal contamination and, thus, an increase in the potential for

adverse health effects associated with microplastic contamination.

Microplastic concentrations in biotic compartments of Lizard Island coral reefs positively
correlated to those in the abiotic compartments; however, sampled compartments did not
exhibit similar distributions of microplastic shapes, sizes, colours, or polymer types. These
results support the hypothesis that microplastic bioavailability, and thus ecological risk, not
only depends on presence in the environment but also on the susceptibility of organisms to take
up these microplastics. Uptake can occur through passive (unintentional) or active (intentional)
ingestion (Roch et al., 2020) as well as be influenced by various biological factors such as
species-specific morphology (Kumkar et al., 2021; Welden and Cowie, 2016) and feeding
mechanism (Li et al., 2021; Scherer et al., 2017). For example, it was observed that there were
more fibres than fragments in the GIT of damselfish, which agrees with the findings reported
for the same damselfish species previously collected from other reefs on the GBR (Jensen et
al., 2019), and for many non-coral reef fish species (Rebelein et al., 2021). Furthermore, across
the five taxa assessed, small microplastics (< 500 pm) were consistently observed to be the
most abundant, which agrees well with previous field studies that also surveyed a variety of
marine organisms (Lehtiniemi et al., 2018; Wang et al., 2021b). The relatively high abundance
of specific microplastic shapes and size classes found in the organisms may be attributed to
their (visual/chemical/shape/colour) similarity to natural food/prey items, or to variation in
depuration rates as a function of these same two features (Xiong et al., 2019). For some
organisms there were marked differences in colour and polymer type as compared to their
immediate abiotic environment suggesting selective uptake. Future studies should explore this
observation and aim to elucidate the influence of visual and chemical cues, including the role
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of biofouling, on the uptake of specific microplastics across a range of marine organisms.
Overall, findings indicate there is greater risk of uptake of microplastic fibres - for fish

specifically - and < 500 um in length - for all target species.

6.3. Effects of microplastic exposure: a case study of the coral reef damselfish

Laboratory experiments based on environmentally relevant exposures highlight the real and
present risks facing natural ecosystems. Microplastic features that are associated with higher
risk need to be incorporated into laboratory experiments (Katsnelson, 2015; Rochman et al.,
2019), including those investigating future predicted exposure scenarios. Features to consider
include: (i) ubiquitous presence of microplastic fibres and irregular fragments, (ii) varying
microplastic sizes, colours, and polymer types, (iii) realistic concentrations representing
present and future estimates, (iv) persistence in the environment leading to chronic exposure,
and (v) potential to compound the impacts caused by other anthropogenic stressors such as

thermal stress due to climate change (Horton, 2021; Rochman et al., 2019).

Water column samples from Lizard Island were found to be commonly contaminated with
600 - 700 um blue polyester (PET) fibres and 125 - 250 um blue polypropylene (PP) irregular
fragments (Chapter 3). To investigate the ingestion and depuration kinetics of these two
microplastics, adult damselfish were exposed to simulated environmentally relevant
concentrations (ERC; Chapter 4) using baseline contamination estimates from Lizard Island
(Chapter 2; one fragment or fibre per fish per 12 L tank). Fish were also exposed to 10x and
100x ERC to establish a dose-response relationship. Exposed fish ingested both PP fragments
and PET fibres at all three concentrations, with most ingested microplastics depurated within
8 hours. Microplastic presence in organisms increased for both polymers with increasing
concentration, while depuration rates slowed. PET fibres were found in higher numbers in
organisms and had a slower depuration rate than PP fragments at all exposure concentrations,
including ERC, which possibly explains the higher abundance of microplastic fibres found in
this, and other, fish species collected from various marine environments (Jensen et al., 2019;
Rebelein et al., 2021) (Chapter 3). Overall, this supports the hypothesis that intermittent
exposure to microplastics may have lower associated risks as compared to chronic exposure

(Horton, 2021), as most ingested microplastics will be depurated within 8 hours. In addition,
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this supports the idea that current microplastic “hotspots” and predicted increases in
microplastic loads pose greater risks to marine organisms (Everaert et al., 2020) due to
increased ingestion and slower depuration rates. Lastly, the higher quantities of PET fibres in
the GIT of fish highlights the need to understand the health impacts such exposure may have

on marine organisms.

Chronic exposure to microplastic PET fibres over 8 weeks (Chapter 5) revealed juvenile
damselfish ingested fibres in an exclusively dose-dependent manner, as observed in adults in
Chapter 4, independent of seawater temperature. However, at elevated temperatures,
representing their upper winter thermal tolerance limit, the bound cortisol levels decreased
significantly as microplastic concentration (and thus uptake) increased. Meanwhile, no effects
were observed at the phenotypic levels on fish health and fitness. This suggests an underlying
relationship between microplastic ingestion and heat stress manifesting itself at the molecular
level. At molecular and phenotypic levels, synergistic effects between microplastic ingestion
and thermal stress have been reported in a temperate estuarine fish species (Ferreira et al., 2016;
Fonte et al., 2016). Given many tropical species are already experiencing temperatures nearing
their upper thermal tolerance limit, with elevated temperatures known to affect the health and
performance of damselfish (Munday et al., 2008; Nilsson et al., 2009), this relationship
between microplastic ingestion and temperature warrants further investigation at elevated
summer temperatures. In addition, as cortisol response has been linked with changes in
behaviour, this endpoint should also be investigated under summer scenarios (Brun et al., 2019)

(Tang et al., 2021).

6.4. Ecological risks posed by microplastics

Criteria-guided workflows to assess microplastic separation methods are critical to ensure
data accuracy and reliability suited to an ERA. This is evident for microplastics research based
on the findings presented in this thesis. Validation of species-specific microplastic separation
methods using the workflow developed here (Chapter 2) proved critical during the field survey
of previously underexplored species (Chapter 3) and its adoption in future field studies is
recommended to continuously improve the quality of microplastics data for ERAs. Establishing
the baseline information on microplastic contamination in both abiotic and biotic matrices at

124



Lizard Island revealed the prevalence of microplastics in the water, sediment and organisms of
this coral reef system and the risks the inhabiting organism face from specific microplastics in
the environment. It also highlighted the need for more research into the mechanisms that
influence active microplastic uptake, including the physical and chemical characteristics of
microplastics and biofouling, and why microplastic uptake varies amongst even closely related

species, to more accurately determine ecological risk.

Adoption of the baseline level of microplastic contamination at Lizard Island as the ambient
experimental exposure concentration, and the use of PET fibres, ensured experiments
conducted here were relevant to an ERA and addressed the demand for research on the
biological effects of microplastic fibres. An increase in microplastic concentration correlated
to an increase in microplastic quantities and lower depuration rates, while fibres were also
found to cause higher loads in the fish and be retained for longer than fragments (Chapter 4).
In addition, high concentrations of microplastic fibres in combination with increased winter
seawater temperatures induced a stress response in fish, indicating these two stressors act
synergistically and may be exacerbated under future summer conditions (Chapter 5). These
findings should be considered in any future microplastics exposure study to ensure

environmental relevance.

6.5. Concluding remarks

By advancing the technical approaches used to conduct accurate microplastics research,
their application in the four independent studies that comprise this thesis has contributed to the
understanding of the key environmental and ecological factors that influences the risk
microplastics pose in the marine environment (Figure 6.1). These include microplastic
contamination in abiotic and biotic compartments of coral reefs, microplastic ingestion and
depuration kinetics by coral reef fish, and synergistic effects of microplastics and future
predicted climate change temperatures. This thesis has delivered best practices for revealing
the risks associated with microplastic exposure in the marine environment and contributes to
sound microplastic ERAs (Adam et al., 2021; Everaert et al., 2020; Li et al., 2020b) through
provision of the most current and relevant QA/QC data, ultimately providing certainty to reef
managers and improving environmental decision making.
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Figure 6.1: Goals of each data chapter in the context of Ecological Risk Assessment (ERA). Chapter 2
validated methods of sample processing for microplastic (MP) separation, further providing data
accuracy to Chapter 3, in which baseline information on MP contamination was generated for abiotic
and biotic compartments of Lizard Island to understand risks of biological uptake. Based on data
generated in Chapter 3, Chapters 4 and 5 analysed MP effects of environmental and ecological
relevance. The four studies are expected to contribute to sound ERAs on marine MP contamination and
to informed environmental policy and decision making encompassing this issue. Icons sourced from:
ProSymbols, Iconsdb, and Flaticon.
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1. Supplementary Methods

Table S1: Chemical and physical characteristics of laboratory prepared microplastics. Polymer type was confirmed using infrared spectroscopy. PE =
polyethylene, PS = polystyrene, PET = polyester, PVC = polyvinylchloride. SD = standard deviation.

Average size (+

Experiment Polymer Size range (mm) SD. mm) Shape Colour
PE 1.6-4.3 yellow, opaque, vivid
PS 1.4-3.5 7406 Irregular fragment, clear, transparent

Effects of reagents and separation methods on PET 23-45 S non-film, rough clear, transparent

polymer physical and chemical characteristics PVC Y arey, opaque, vivid

Regular fibre, non- ..
Rayon thread Approx. 4 Approx. 4 film, rough black, opaque, vivid
PE <0.5 yellow, opaque, vivid
PS <05 <05 Irregular fragment, clear, transparent
- non-film, rough

Microplastic recovery rates PET <0.5 g clear, transparent
PVC <0.5 grey, opaque, vivid
Rayon Regular fibre, non- ..
monofilament® Approx. 2 Approx. 2 film, rough black, opaque, vivid
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Table S2: Spectral match (percentage) of control microplastics to reference spectra in the NICDOCOM IR spectral libraries. Control
microplastics include polyethylene (PE), polystyrene (PS), polyester (PET), polyvinylchloride (PVC), and rayon (n = 5 replicates per

microplastic; #).

Plastic Spectrum search

PE #1 98.68 | PAD0151.SPC POLYETHYLENE, HOSTALEN GM 7040;9002-88-4;(C2H4)N, NICODOM,;
PE#2 97.68 | PAD0153.SPC POLYETHYLENE, LUPOLEN 6021 D;9002-88-4;(C2H4)N, NICODOM; LY
PE#3 97.67 | PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
PE # 4 97.57 | PAD2543.SPC DIOCTADECYL SULFIDE;1844-09-3;C36H74S, COPYRIGHT NICODOM; H
PE#5 97.50 | CO1121.SP POLYETHYLENE;9002-88-4;(C)NICODOM 2009 IR-SPECTRA.COM

PS#1 98.71 | PAD0207.SPC POLYSTYRENE, MONOCARBOXY TERMINATED;9003-70-7,9003-53-6;(C8
PS#2 98.16 | PAD0208.SPC POLYSTYRENE, NOPE PS-NETSARK 336M;9003-70-7,9003-53-6;(C8H8
PS#3 97.74 | PEC0349.SPC POLYSTYRENE, 9003-70-7, COPYRIGHT NICODOM 2012

PS#4 97.74 | PAD0004.SPC POLYSTYRENE;9003-70-7;(C8H8)N,WWW.IR-SPECTRA.COM, COPYRIGHT
PS#5 97.71 | CO1126.SP POLYSTYRENE;9003-70-7;(C)NICODOM 2009 IR-SPECTRA.COM

PET # 1 99.20 | FB001.SP FB001, COMFORTREL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007
PET #2 99.14 | FB450.SP FB450, DACRON, POLYESTER, DUPONT, COPYRIGHT NICODOM 2007 IR-SP
PET #3 99.13 | FB443.SP FB443, AVLIN, POLYESTER, AVTEX, COPYRIGHT NICODOM 2007 IR-SPEC
PET # 4 99.13 | FB451.SP FB451, DIOLEN, POLYESTER, DIOLEN INDUSTRIAL FIBERS, COP. NICOD
PET#35 98.99 | FB440.SP FB440, MICRODENIER SENSURA, POLYESTER, WELLMAN, COPYRIGHT NICO
PVC#1 87.06 | PAD3433.SPC POLYVINYLCHLORIDE - HARD, NICODOM

PVC#2 87.03 | CO1129.SP POLYVINYLCHLORIDE - HARD;(C)NICODOM 2009 IR-SPECTRA.COM
PVC#3 75.75 | FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
PVC#4 75.60 | PAD0412.SPC POLYVINYLCHLORIDE #2;9002-86-2;(C2H3CL)N,WWW.IR-SPECTRA.COM
PVC#5 74.61 | PAD3886.SPC VINYL CHLORIDE/VINYL ACETATE/VINYL TERPOLYMER, NICODOM
Rayon#1 | 92.58 | FB286.SP FB286, FIBRO, RAYON, COURTAULDS, COPYRIGHT NICODOM 2007 IR-SPE
Rayon#2 | 92.36 | FB349.SP FB349, CREPE WELNETTE, MIXED YARN, WONOCO, COPYRIGHT NICODOM 2
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Rayon#3 | 91.80 | FB374.SP FB374, BERMUDA TWEED, MIXED YARN, WONOCO, COPYRIGHT NICODOM 20
Rayon#4 | 91.30 | FB267.SP FB267, COTTON 33%, RAYON 49%, NYLON 16%, ELASTAN 2%, COTTON NY
Rayon#35 | 91.30 | FB252.SP FB252, BAMBOO FIBER, NATURAL, BAMBUS ELEGANG, COPYRIGHT NICODO
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Table S3: Initial experimental parameters (technical information and step-by-step procedural
description) of each of the four microplastic separation methods tested, namely alkaline (potassium
hydroxide; KOH) and acid (nitric acid; HNO3) digestions, and sodium chloride (NaCl) and potassium
iodide (KI) density flotations, to determine suitability for microplastic recovery from coral, sponge and
sea squirt tissues and sea cucumber GIT content.

(a) Experimental parameters
Separation method Chemical digestion Density separation
Reagent HNO; " KOH * NaCl * KI”
. 5.6% (1 M) and 3 3
0,
Concentration 70% (15.9 M) 10% (1.8 M) 1.2 g.cm 1.7 g.cm
Ratio of
reagent:biological . ) ) )
matrix 4:1 4:1 4:1 4:1
(v:d.win ml:g)
Processing time (hr) | 24,6 and 3 24 and 48 24 24
Temperature 22+ 1°C 22+1°C 22+ 1°C 22+1°C
(b) Step-by-step procedural description
Separation method Chemical digestion Density separation
Reagent HNO; " KOH * NaCl * KI”
step 1 dry, dissect " and weigh
step 2 transfer into 150 ml beaker
step 3 add reagent
step 4 n/a manually stir 5 min
step 5 digest24,3,or6h | digest24 or48h settle for 24 h
step 6 filter processed sample!
step 7 dry in fume hood for minimum of 2 days

: Reagent details: NaCl (AR, Fisher Chemical, CAS No. 7647-14-5); KI (AR, Univar, CAS No. 7681-
11-0); HNO; (70% AR, Univar, CAS No. 7697-37-2); KOH (AR, Fisher, CAS No. 1310-58). All
reagent solutions were prepared with Milli-Q water except HNOs, which was used neat.

™ Only sea cucumber and sea squirt specimens were dissected. Coral and sponge specimens were
digested entirely as detailed in section 2.1.
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1.1. Shape chart

The shape descriptors proposed here systematically organize microplastic shapes reported
in the scientific literature to improve consistency in microplastic characterization across
studies. The descriptors consider shape categories already used in the microplastic literature
3 grouped according to shape definitions commonly applied in other fields of research, such as
geology and polymer production. Microplastic shapes are organized in three defining
attributes: (i) surface shape, (ii) thickness, and (iii) texture. Surface shape (SFigure 2) relates
to the two-dimensional outline of microplastics and includes regular and irregular items.
Regular microplastics are symmetric in shape, with fibers, threads and lines being longer than
it is wide, and round items having the same radius from any perimeter point. Irregular
microplastics embraces all asymmetric items, regardless of roundness and sphericity (see
Vepraskas and Cassel * for concepts of sphericity and roundness for sediment grains).
Thickness divides microplastics between film (< 254 pm height when measured perpendicular
to the horizontal plane of the item) (modified from Headley Pratt °) and non-film which are
any microplastic that is thicker than film (Supplementary Figure 1). Texture indicates if the
microplastic is rough or smooth. The proposed descriptors are suggestions of how
standardizing terminology can assist the scientific community for more accurate microplastic

characterization.
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Figure S1: Microplastic shape descriptors based on (1) surface shape (regular and irregular), (2)
thickness (film or non-film) and (3) texture (rough or smooth). Image created by the first author with
microplastics recovered from beach sediment samples and prepared from larger plastic items sourced in
the laboratory.
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1.2. Colour chart

This colour chart systematically organizes microplastic colour descriptions reported in the
scientific literature to improve consistency in microplastic characterization across studies. In
this colour chart, microplastic colours are described by three different and complementary
elements: (i) colour value, (ii) clarity, and (iii) chroma. Colour value is the combination
between hue (i.e., colour) and lightness/darkness (i.e., value). Hue (x axis, Supplementary
Figure 2) is the main colour descriptor that corresponds to what is considered basic colours:
primary (red, yellow, blue), secondary (orange, green, purple), tertiary (brown) and shades
(black, white and gray). Value (y axis, Supplementary Figure 2) is the descriptor of hue
lightness/darkness. Value changes the hue scale in a vertical axis, with pure white being 6 and
pure black the opposite extreme (-6). Colour and value were divided into 11 and 12 increments,
respectively, although they could in theory be divided into infinite steps within. Every colour
and value step has a number that together corresponds to a colour value and ultimately
represents different shades of a hue. Clarity is an additional category for colour description that
concerns transparency of microplastic particles, being either clear or opaque (Supplementary
Figure 2). Of note is that clear white items can be considered transparent. Chroma indicates
how faded the colour appears. In the proposed chart, chroma is considered either faded or vivid.
The use of hue, value and chroma to systematize the proposed characterization is based on

Munsell’s colour scale (https://munsell.com/). The proposed colour chart is an illustration of

how subjective descriptions as “light yellow” and “beige” can be replaced for more accurate

and reproducible methods of characterization.
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Figure S2: Microplastics colour description and colour chart based on (1) colour value defined by the
combination of hue (x axis of graph; 1: blue, 2: blue-purple, 3: purple, 4: purple-red or pink, 5: red, 6:
red-yellow or orange, 7: yellow, 8: yellow-green, 9: green, 10: green-blue, 11: grey), (2) transparency
(clear or opaque) and (3) chroma (faded or vivid).
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1.3. Matrix clarification efficiency
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Figure S3: Visual ranking of clarification efficiency (sub-criterion 2), with examples representing each
of the five scores. Score 1 (intact) shows a coral fragment, no change (photograph by Andrew Negri).
Score 2 (partially intact) shows a coral fragment following alkaline (1M KOH) digestion for 24 h, the
organic matter has been digested but the calcium carbonate-based skeleton remains intact. Score 3
(partially digested) shows a dissected sea squirt following alkaline (1M KOH) digestion for 24 h, with
the undigested pharynx covering >50% of the surface area of the larger 263 um mesh and little material
present on the smaller 26 um mesh. Score 4 (mostly digested) shows a sponge following acid (70%
HNO:s) digestion for 24 h, in which the retentate occupies <50% of the surface area of both mesh, and
does not hamper visual and spectral assessment of microplastics. Score 5 (digested) shows retentate
from density flotation of sea cucumber gastro-intestinal tract contents with 1.7 g/cm® KI for 24 h, a
clear visual and spectral assessment of microplastics is possible.
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1.4. Carbonyl Index (Cl) calculation and statistical analysis

After exposure to treatments, rayon was the only polymer to return a correlation factor
lower than 0.9 (see the results section in the main manuscript for more info). Hence, only rayon
spectra were analysed for changes in the carbonyl index (CI). CI was determined for two
regions of the rayon spectrum (CI; and Cl;). Both regions are noted to be affected by
degradation processes®® and were noted to have changed as a result of exposure to treatments.
As per Dawson, et al. ?, absorbances at 1420 and 1346 cm™ (1518-1210 cm™ region) and 893
cm! (917-868 cm! region) were used to calculate CI; (CI; = Agos/A1420+1346). Clo was calculated
using absorbances at 1640 cm™ (1720-1518 cm! region) and 893 cm™ (917-868 cm™! region)
(Cl2 = Agos/Aiea0). Significant changes in CI (p-value < 0.05) were assessed between pre-
treated and positive control microplastics, and between pre-treated control and treated
microplastics. Data analysis was conducted with R (version 1.2.5042), applying general linear

models (glm) with Gamma distribution and pairwise hypothesis testing.
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2. Supplementary Results
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Figure S4: Comparison of maximum length of microplastic fragments (mm, y-axis) before (control)
and following 24 h exposure to Milli-Q water (positive control) and separation method (i.e., either 70%
HNO;3, 1.2 g em™ NaCl or 1.7 g cm™ KI, x-axis) (n = 50 microplastics measured per treatment). (a)
Polyethylene, (b) polystyrene, (c) polyester, and (d) polyvinylchloride. Each boxplot displays: sample
median (bold line within box), interquartile range (box), minimum and maximum lengths with
exception of outliers (whiskers), and likely outliers (circles). No significant differences were detected
in sizes of microplastics across the control, positive control and separation method.
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Table S4: Summary of statistical analyses revealing differences in maximum length of microplastic
irregular fragments pre- (control) and post-treatment, including positive control (Milli-Q water), and
24-hour exposure to nitric acid (70% HNO3), 1.2 g/cm3 sodium chloride (NaCl), and 1.7g/cm3
potassium iodide (KI). Control corresponds to the intercept of the model. No significant differences (p
< 0.05) were found. Polyethylene = PE, polystyrene = PS, polyester = PET, and polyvinylchloride =

PVC.

Polymer type and treatment  Statistical analyses

PE estimate  std.error statistic p-value conf.low conf.high
control 241 0.02 116.57 3.52¢3% 237 2.45
control vs positive control 0.09 0.06 1.51 0.13 -0.02 0.20
control vs HNO; 0.02 0.06 0.37 0.71 -0.09 0.13
control vs NaCl 0.04 0.06 0.79 0.43 -0.06 0.15
control vs KI 0.02 0.07 0.26 0.79 -0.12 0.16

PS estimate  std.error  statistic p.value conf.low conf.high
control 2.20 0.02 90.60 2,677 2.15 2.25
control vs positive control 0.12 0.07 1.74 0.08 -0.01 0.25
control vs HNO3 0.07 0.07 1.10 0.27 -0.05 0.21
control vs NaCl 0.06 0.07 0.84 0.40 -0.07 0.19
control vs KI -0.02 0.05 -0.41 0.68 -0.11 0.07

PET estimate  std.error  statistic p.value conf.low conf high
control 4.28 0.06 69.85 2.59¢8 416 4.40
control vs positive control 0.13 0.11 1.12 0.26 -0.09 0.35
control vs HNO; -0.08 0.11 -0.74 0.46 -0.29 0.14
control vs NaCl -0.06 0.10 -0.63 0.53 -0.25 0.13
control vs KI -0.13 0.08 -1.63 0.11 -0.28 0.03
PVC estimate  std.error  statistic p.value conf.low conf.high
control 2.75 0.02 117.81 2.27e2 270 2.80
control vs positive control -0.00 0.05 -0.07 0.94 -0.09 0.09
control vs HNO; 0.05 0.05 1.03 0.30 -0.04 0.14
control vs NaCl -0.01 0.05 -0.29 0.77 -0.11 0.08
control vs KI 0.01 0.04 0.21 0.835 -0.08 0.10
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Figure S5: Black rayon fibres prepared from a textile thread and cut into 4 mm lengths, (a) before
treatment (control), and (b) after 24 h exposure to Milli-Q water (positive control).

Table S5: Infrared spectral changes detected in rayon after exposure to positive control (i.e., Milli-
Q water) for 24 hr, nitric acid (70% HNO3) for 3, 6 or 24 hr, and 1.2 g/cm3 sodium chloride (NaCl)
and 1.7 g/cm3 potassium iodide (KI) for 24 hr. * denotes changes observed after acid exposure for

24 hr.
Peak wavenumber .
Treatment B Bond stretching Absorbance
(cm™)
. 3600 — 3000 OH stretching broadened
Positive Control .
2900 and 2890 CH and/or CH, stretching broadened
3600 - 3000* OH stretching broadened
2900 and 2890 CH and/or CH, stretching broadened
1640 — 1635 HOH bending and/or NO, asymmetric stretching  intensified
1370%* symmetric CH3 deformation broadened
70% HNO3 . . . . .
1280 CH bending and/or NO, symmetric stretching intensified
855 NO; bending and/or O-NO; stretching new
825%* NO; bending and/or O-NO; stretching new
755% O-NO; asymmetric bending new
684* 0-NO; symmetric bending broadened
3600-3000 OH stretching broadened
NaCl 2900 and 2890 cm™  CH stretching broadened
1370-1260 cm'! symmetric CH3 deformation, C-H bending broadened
KI 3600-3000 OH stretching broadened
2900 and 2890 cm™ CH stretching broadened
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Table S6: Summary of statistical analyses revealing differences in the rayon carbonyl index (CI) pre- and post-exposure to the positive control (i.e., Milli-
Q water) for 24 hr, nitric acid (70% HNO3) for 3, 6 or 24 hr, and 1.2 g/cm3 sodium chloride (NaCl) and 1.7 g/cm3 potassium iodide (KI) for 24 hr.
Significant differences (p < 0.05) are marked in bold.

Cli = Asgos/A1420+1346

Cl, = Asos/Aisao

Rayon estimate std.error statistic p.value conflow confhigh | estimate std.error statistic p.value conflow confhigh
control 5.88 0.64 9.22 5.54¢' 479 7.33 1.78 0.188 9.51 2.90e™  1.46 7.33
control vs  positive | 0.69 0.71 0.97 3.4¢! -0.87 1.98 -0.42 0.20 2,11 4.4¢” -0.86 -0.07
control

control 5.88 1.37 4.30 1.87¢* 3.85 9.63 1.78 0.58 3.10 441e*  1.01 3.62
control vs 24 hr-HNO; 5.76 1.83 3.16 3.81e®  1.01 3.62 1.82 0.78 2.35 2.62¢*  -0.17 3.34
control 5.88 0.35 16.9 3.16e' 5.25 6.62 1.78 0.11 15.8 1.72¢"° 1.8 2.02
control vs 6 hr-HNO3 -0.84 0.37 -2.24 3.30e*  -1.61 -0.15 0.67 0.13 5.06 235¢° 0.4 0.92
control 5.88 0.51 11.5 3.78¢"*  4.98 7.00 1.78 0.12 14.9 7.29¢°  1.57 2.04
control vs 3 hr-HNO3 -0.83 0.55 -1.53 1.38¢"  -2.01 0.15 0.52 0.14 3.78 7.50e*  0.24 0.78
control 5.88 0.53 11 1.10e""  4.95 7.06 1.78 0.16 11.4 4.70¢*  -0.71 -0.05
control vs NaCl 5.70 0.71 8.01 1.01e®  4.24 7.06 -0.35 0.17 -2.08 4.71e*  -0.705 -0.05
control 5.88 0.34 17.2 2.16e"° 5.25 6.60 1.78 0.09 19.7 6.31e™  1.62 1.97
control vs KI -0.09 0.37 -0.23 8.17¢'  -0.87 0.61 -0.14 0.10 -1.44 1.61e'  -0.34 0.04
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Table S7: Spectrum similarity (correlation) of control (non-treated) microplastics (n = 3 replicates per microplastic) to those recovered from spiked coral tissues exposed
to nitric acid (70% HNO3) for 24 and 3 hr. Correlation threshold is set at 0.9. Correlations in bold indicate they were lower than the threshold. Spectral match (percentage)
to the NICDOCOM IR spectral libraries and polymer standard is also reported. Match threshold is set at > 70%.

Replicate . and Plastic | Replicate S.p eptrqm Spectrum search
exposure time similarity
PE 1 0.98 91.56 PADO0145.SPC POLYETHYLENE PLASTICIZED #2;9002-88-4;(C2H4)N,WWW.IR-SPECTR
2 0.99 96.28 PADO0141.SPC POLYETHYLENE LOW DENSITY;9002-88-4;(C2H4)N,WWW.IR-SPECTRA.C
3 0.99 91.15 PADO0145.SPC POLYETHYLENE PLASTICIZED #2;9002-88-4;(C2H4)N,WWW.IR-SPECTR
PS 1 0.89 77.35 C0O0892.SP COPOLYMER SAN TYPE;9003-54-7;(C)NICODOM 2009 IR-SPECTRA.COM
2 0.99 99.14 CO1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
. 3 0.90 60.05 PADO0203.SPC POLYSTYRENE HIGH IMPACT #1;9003-70-7,9003-53-6;(CSH8)N,WWW.
; PET 1 0.97 99.41 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
ft 2 0.97 99.43 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
§ 3 0.92 98.86 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
PVC 1 0.81 89.55 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
2 0.71 82.61 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
3 0.78 79.85 FB243.SP FB243, PVC BASED FIBER #1, PVC, PEPE, COPYRIGHT NICODOM 2007 I
Rayon | 1 0.69 82.81 FB157.SP FB157, DIAMANTE, 80% RAYON, 20% POLYESTER, KARABELLA, COP. NIC
2 0.71 80.27 FB413.SP FB413, T-45, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICODOM 20
3 0.81 78.74 PAD0441.SPC CELLULOSE MODIFIED, NICODOM
S PE 1 0.99 97.76 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
%ﬁ = 2 0.99 97.74 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
S 3 0.99 96.61 PECO0149.SPC LINEAR ALPHA OLEFIN C 24-28, CRUDE OIL OTHER, COPYRIGHT NIC
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PS 1 0.99 91.82 PADO0203.SPC POLYSTYRENE HIGH IMPACT #1;9003-70-7,9003-53-6;(CS8H8)N,WWW.
2 0.99 99.21 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
3 0.99 99.28 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
PET 1 0.92 99.15 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
2 0.94 99.01 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
3 0.92 99.22 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
PVC 1 0.81 92.52 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
2 0.79 80.52 FB243.SP FB243, PVC BASED FIBER #1, PVC, PEPE, COPYRIGHT NICODOM 2007 I
3 0.74 84.20 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
Rayon | 1 0.81 66.02 PAD3271.SPC NITRATE LITHIUM;7790-69-4;LINO3,WWW.IR-SPECTRA.COM, COPYRIG
2 0.95 96.74 FB374.SP FB374, BERMUDA TWEED, MIXED YARN, WONOCO, COPYRIGHT NICODOM 20
3 0.95 97.44 FB413.SP FB413, T-45, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICODOM 20
PE 1 0.98 88.07 PADO0145.SPC POLYETHYLENE PLASTICIZED #2;9002-88-4;(C2H4)N,WWW.IR-SPECTR
2 0.99 90.62 PADO0145.SPC POLYETHYLENE PLASTICIZED #2;9002-88-4;(C2H4)N,WWW.IR-SPECTR
3 0.98 97.91 PADO0145.SPC POLYETHYLENE PLASTICIZED #2;9002-88-4;(C2H4)N,WWW.IR-SPECTR
i PS 1 0.98 98.12 g?gg%78.SPC POLY(STYRENE:ETHYLACRYLATE);57516-68-4;NICODOM,WWW.IR-
& 2 0.99 98.52 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
g 3 0.98 97.70 PADO0270.SPC POLY(ACRYLONITRILE:ETHYLENE:PROPYLENE:STYRENE) #1, NICODOM
PET 1 0.95 99.31 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
2 0.95 99.24 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
3 0.93 98.93 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
PVC 1 0.72 83.75 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
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2 0.90 90.87 CO1129.SP POLYVINYLCHLORIDE - HARD;(C)NICODOM 2009 IR-SPECTRA.COM

3 0.88 92.28 PAD3433.SPC POLYVINYLCHLORIDE - HARD, NICODOM

Rayon | 1 0.72 71.60 PAD3271.SPC NITRATE LITHIUM;7790-69-4;LINO3, WWW.IR-SPECTRA.COM, COPYRIG

2 0.76 67.45 FB306.SP FB306, EDITA GLAMOUR, COTTON 55%, RAYON 45%, TOPTEX, COP. NICO

3 0.75 69.82 FB306.SP FB306, EDITA GLAMOUR, COTTON 55%, RAYON 45%, TOPTEX, COP. NICO
- Rayon | 1 0.82 89.20 FB413.SP FB413, T-45, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICODOM 20
;*; 2 0.83 89.05 FB374.SP FB374, BERMUDA TWEED, MIXED YARN, WONOCO, COPYRIGHT NICODOM 20
S 3 0.83 89.01 FB413.SP FB413, T-45, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICODOM 20
S Rayon | 1 0.81 88.31 FB413.SP FB413, T-45, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICODOM 20
c% 2 0.70 96.20 PAD0011.SPC CELLULOSE MICROCRYSTALLINE (VIVAPUR 105);9004-34-6;(C6H1005
3 3 0.85 95.43 FB374.SP FB374, BERMUDA TWEED, MIXED YARN, WONOCO, COPYRIGHT NICODOM 20
S Rayon | 1 0.82 88.66 FB413.SP FB413, T-45, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICODOM 20
g 2 0.81 88.35 FB413.SP FB413, T-45, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICODOM 20
S 3 0.83 88.56 FB413.SP FB413, T-45, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICODOM 20
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Table S8: Spectrum similarity (correlation) of control (non-treated) microplastics (n = 3 replicates per microplastic) to those recovered from spiked sponge tissues exposed
to nitric acid (70% HNO3) for 24 and 6 hr. Correlation threshold is set at 0.9. Correlations in bold indicate they were lower than the threshold. Spectral match (percentage)
to the NICDOCOM IR spectral libraries and polymer standard is also reported. Match threshold is set at > 70%. (-) indicates data not available because less than 3 items
were recovered.

Replicate | Plastic | Replicate jiif 101‘[;11; Spectrum search
PE 1 0.99 95.66 PADO0148.SPC POLYETHYLENE, ENGAGE 8180;9002-88-4;(C2H4)N,WWW.IR-SPECTRA.
2 0.98 97.17 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
3 0.99 96.65 PAD2539.SPC DI-N-OCTADECYL DISULFIDE;2500-88-1;C36H74S2,WWW.IR-SPECTRA.
PS 1 1.00 99.18 CO1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
2 0.99 98.23 PEC0317.SPC POLY(STYRENE:ETHYLACRYLATE), 57516-68-4, COPYRIGHT NICODOM
= 3 1.00 99.32 CO1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
S PET 1 0.99 99.19 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
% 2 0.98 99.12 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
%: 3 0.99 99.19 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
“ PVC 1 0.85 92.24 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
2 0.84 94.34 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
3 0.83 95.35 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
Rayon |1 0.96 82.81 FB402.SP FB402, BEAU GRIP, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICOD
2 0.70 80.27 FB306.SP FB306, EDITA GLAMOUR, COTTON 55%, RAYON 45%, TOPTEX, COP. NICO
3 0.94 78.74 FB374.SP FB374, BERMUDA TWEED, MIXED YARN, WONOCO, COPYRIGHT NICODOM 20
{ PE 1 0.99 97.12 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
gg)” § 2 0.99 97.17 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
o 3 0.99 87.46 PECO0149.SPC LINEAR ALPHA OLEFIN C 24-28, CRUDE OIL OTHER, COPYRIGHT NIC
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PS 1 0.98 94.73 PADO0203.SPC POLYSTYRENE HIGH IMPACT #1;9003-70-7,9003-53-6;(CS8H8)N,WWW.
2 0.99 98.57 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
3 0.99 99.32 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
PET 1 0.98 99.33 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
2 0.98 99.07 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
3 0.98 99.21 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
PVC 1 0.82 91.96 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
2 0.84 94.70 FB243.SP FB243, PVC BASED FIBER #1, PVC, PEPE, COPYRIGHT NICODOM 2007 I
3 0.84 94.53 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
Rayon 1 0.75 69.24 PAD3271.SPC NITRATE LITHIUM;7790-69-4;LINO3,WWW.IR-SPECTRA.COM, COPYRIG
2 0.76 81.01 FB374.SP FB374, BERMUDA TWEED, MIXED YARN, WONOCO, COPYRIGHT NICODOM 20
3 0.72 82.48 FB413.SP FB413, T-45, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICODOM 20
PE 1 0.98 97.30 PAD2539.SPC DI-N-OCTADECYL DISULFIDE;2500-88-1;C36H74S2, WWW.IR-SPECTRA.

2 0.99 96.73 PAD2539.SPC DI-N-OCTADECYL DISULFIDE;2500-88-1;C36H74S2, WWW.IR-SPECTRA.

3 0.99 97.89 PADO0141.SPC POLYETHYLENE LOW DENSITY;9002-88-4;(C2H4)N,WWW.IR-SPECTRA.C
= PS 1 0.99 99.28 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
S 2 1.00 99.19 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
% 3 0.99 98.23 PEC0317.SPC POLY(STYRENE:ETHYLACRYLATE), 57516-68-4, COPYRIGHT NICODOM
g PET 1 0.99 99.29 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
& 2 0.99 99.29 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR

3 0.99 99.17 FB451.SP FB451, DIOLEN, POLYESTER, DIOLEN INDUSTRIAL FIBERS, COP. NICOD

PVC 1 0.85 92.67 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S

2 0.85 93.28 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
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Rayon 1 0.95 71.60 FB374.SP FB374, BERMUDA TWEED, MIXED YARN, WONOCO, COPYRIGHT NICODOM 20

2 0.70 67.48 PADO0433.SPC CELLULOSE #1;9004-34-6;(C6H1005)N,WWW.IR-SPECTRA.COM, COPYR
3 0.96 69.82 FB374.SP FB374, BERMUDA TWEED, MIXED YARN, WONOCO, COPYRIGHT NICODOM 20

oy Rayon 1 0.68 89.20 FB413.SP FB413, T-45, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICODOM 20

‘é}) —g 2 0.64 89.05 FB413.SP FB413, T-45, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICODOM 20

r% 3 0.67 89.01 FB413.SP FB413, T-45, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICODOM 20

§ Rayon 1 0.67 85.39 FB413.SP FB413, T-45, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICODOM 20

gén = 2 0.66 85.45 FB413.SP FB413, T-45, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICODOM 20

o)

= 3 0.64 83.15 FB413.SP FB413, T-45, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICODOM 20

5 Rayon 1 0.72 71.13 FB234.SP FB234, COTTON 80%, NATURAL, C&A, COPYRIGHT NICODOM 2007 IR-SPE

En = 2 0.65 83.94 FB413.SP FB413, T-45, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICODOM 20

o)

> 3 0.65 85.08 FB413.SP FB413, T-45, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICODOM 20
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Table S9: Spectrum similarity (correlation) of control (non-treated) microplastics (n = 3 replicates per microplastic) to those recovered from spiked sea squirt tissues
exposed to nitric acid (70% HNO3) for 24 hr. Correlation threshold is set at 0.9. Correlations in bold indicate they were lower than the threshold. Spectral match
(percentage) to the NICDOCOM IR spectral libraries and polymer standard is also reported. Match threshold is set at > 70%. (-) indicates data not available because less
than 3 items were recovered.

Replicate | Plastic | Replicate jiif 101‘[;11; Spectrum search
PE 1 0.96 98.28 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
2 0.98 97.95 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
3 0.95 92.24 PADO0145.SPC POLYETHYLENE PLASTICIZED #2;9002-88-4;(C2H4)N,WWW.IR-SPECTR
PS 1 0.98 97.46 CO1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
2 0.91 91.60 PADO0204.SPC POLYSTYRENE HIGH IMPACT #2;9003-70-7,9003-53-6;(C8H8)N,WWW.
3 0.92 91.40 PADO0204.SPC POLYSTYRENE HIGH IMPACT #2;9003-70-7,9003-53-6;(C8H8)N,WWW.
% PET 1 0.99 98.94 FB451.SP FB451, DIOLEN, POLYESTER, DIOLEN INDUSTRIAL FIBERS, COP. NICOD
% 2 0.99 98.64 PEC0304.SPC POLY(ETHYLENE TEREPHTHALATE), 25038-59-9, COPYRIGHT NICODOM
Uﬂ? 3 0.99 99.04 PAD1516.SPC FABRIC POLY(ETHYLENE TEREPHTHALATE), NICODOM
PVC 1 0.66 87.51 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
2 0.58 77.68 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
3 0.82 89.36 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
Rayon |1 0.67 82.81 FB413.SP FB413, T-45, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICODOM 20
2 0.65 80.27 FB187.SP FB187, FUR OSTRICH, ANIMAL, NA, COPYRIGHT NICODOM 2007 IR-SPEC
3 - - -
A= PE 1 0.95 94.67 PADO0141.SPC POLYETHYLENE LOW DENSITY;9002-88-4;(C2H4)N,WWW.IR-SPECTRA.C
% 2 0.98 97.68 PADO0141.SPC POLYETHYLENE LOW DENSITY;9002-88-4;(C2H4)N,WWW.IR-SPECTRA.C
]
7 Q 3 0.98 98.09 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
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PS 1 0.98 97.72 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
2 0.95 88.31 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
3 0.98 98.42 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
PET 1 0.99 98.80 FB451.SP FB451, DIOLEN, POLYESTER, DIOLEN INDUSTRIAL FIBERS, COP. NICOD
2 0.99 99.09 FB451.SP FB451, DIOLEN, POLYESTER, DIOLEN INDUSTRIAL FIBERS, COP. NICOD
3 0.99 98.95 FB451.SP FB451, DIOLEN, POLYESTER, DIOLEN INDUSTRIAL FIBERS, COP. NICOD
PVC 1 0.72 87.57 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
2 0.76 92.57 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
3 0.59 80.80 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
Rayon |1 0.67 83.48 FB413.SP FB413, T-45, RAYON, NORTH AMERICAN RAYON, COPYRIGHT NICODOM 20
2 0.64 82.87 FB374.SP FB374, BERMUDA TWEED, MIXED YARN, WONOCO, COPYRIGHT NICODOM 20
3 0.60 71.59 FB158.SP FB158, SINSATION, 80% RAYON, 20% WOOL, PLYMOUTH BRAND, NICODOM
PE 1 0.96 97.82 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
2 0.95 97.85 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
3 0.97 98.50 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
PS 1 0.97 95.72 PADO0278.SPC POLY(STYRENE:ETHYLACRYLATE);57516-68-4;NICODOM,WWW.IR-SPECT
% 2 0.96 89.58 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
% 3 0.98 95.57 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
cqn‘? PET 1 0.99 99.03 FB451.SP FB451, DIOLEN, POLYESTER, DIOLEN INDUSTRIAL FIBERS, COP. NICOD
2 0.98 98.74 FB451.SP FB451, DIOLEN, POLYESTER, DIOLEN INDUSTRIAL FIBERS, COP. NICOD
3 0.99 99.10 FB451.SP FB451, DIOLEN, POLYESTER, DIOLEN INDUSTRIAL FIBERS, COP. NICOD
PVC 1 0.75 90.71 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
2 0.61 80.09 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
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0.75 89.78 FB317.SP FB317, RHOVYL, PVC, RHONE-POULENC, COPYRIGHT NICODOM 2007 IR-S
Rayon 0.54 69.67 FB367.SP FB367, SILKEN SHETLAND, MIXED YARN, WONOCO, COPYRIGHT NICODOM

0.91 97.10 FB374.SP FB374, BERMUDA TWEED, MIXED YARN, WONOCO, COPYRIGHT NICODOM 20

0.85 95.38 FB374.SP FB374, BERMUDA TWEED, MIXED YARN, WONOCO, COPYRIGHT NICODOM 20
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Table S10: Summary of infrared spectral changes observed for polyvinylchloride (PVC) and
rayon recovered from spiked coral, sponge and sea squirt tissues exposed to nitric acid (70%
HNO3).

Polymer type aeiaavkenumber Bond stretching Absorbance
(em™)
1640 cm’! CO stretching vibrations or bridging nitrates  new peak
1462 cm’! CH, bands new peak

PVC 1355 cm’! CO; formation new peak
1278 cm’! CO formation new peak
1184 cm’! COC stretching vibrations or C—N stretching new peak
1738 cm’! C=0 stretching new peak

Rayon

1370-1260 cm™  symmetric CH; deformation, C-H bending broadened




Table S11: Spectrum similarity (correlation) of control (non-treated) microplastics (n = 3 replicates per microplastic) to those recovered from spiked sea cucumber GIT
content exposed to 1.2 gem-3 sodium chloride (NaCl) for 24 hr. Correlation threshold is set at 0.9. Correlations in bold indicate they were lower than the threshold.
Spectral match (percentage) to the NICDOCOM IR spectral libraries and polymer standard is also reported. Match threshold is set at > 70%. (-) indicates data not available
because less than 3 items were recovered.

Replicate | Plastic | Replicate jiif 101‘[;11; Spectrum search
PE 1 0.98 98.16 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
2 0.99 98.46 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
3 0.98 97.82 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
PS 1 0.99 98.46 CO1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
2 1.00 99.32 CO1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
= 3 0.99 99.36 CO1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
_eg PET 1 0.99 98.79 PEC0304.SPC POLY(ETHYLENE TEREPHTHALATE), 25038-59-9, COPYRIGHT NICODOM
% 2 0.94 97.54 PAD1509.SPC COTTON+POLYESTER (65:35), NICODOM
« PVC |1 0.94 94.30 CO1129.SP POLYVINYLCHLORIDE - HARD;(C)NICODOM 2009 IR-SPECTRA.COM
2 0.96 90.33 CO1129.SP POLYVINYLCHLORIDE - HARD;(C)NICODOM 2009 IR-SPECTRA.COM
3 0.97 83.72 CO1129.SP POLYVINYLCHLORIDE - HARD;(C)NICODOM 2009 IR-SPECTRA.COM
Rayon | 1 0.97 97.71 FB158.SP FB158, SINSATION, 80% RAYON, 20% WOOL, PLYMOUTH BRAND, NICODOM
2 0.97 97.20 FB158.SP FB158, SINSATION, 80% RAYON, 20% WOOL, PLYMOUTH BRAND, NICODOM
3 0.98 97.98 FB158.SP FB158, SINSATION, 80% RAYON, 20% WOOL, PLYMOUTH BRAND, NICODOM
% PE 1 0.99 98.60 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
cqn“j g N 2 0.99 97.59 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
5
3 3 0.99 97.90 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
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PS 1 1.00 99.41 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
2 0.99 98.57 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
3 0.99 97.09 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
PET 1 1.00 98.90 FB443.SP FB443, AVLIN, POLYESTER, AVTEX, COPYRIGHT NICODOM 2007 IR-SPEC
2 0.97 97.42 PAD1509.SPC COTTON+POLYESTER (65:35), NICODOM
3 0.97 98.47 PAD1509.SPC COTTON+POLYESTER (65:35), NICODOM
PVC 1 0.96 94.45 CO1129.SP POLYVINYLCHLORIDE - HARD;(C)NICODOM 2009 IR-SPECTRA.COM
2 0.93 91.83 CO1129.SP POLYVINYLCHLORIDE - HARD;(C)NICODOM 2009 IR-SPECTRA.COM
3 0.95 92.15 CO1129.SP POLYVINYLCHLORIDE - HARD;(C)NICODOM 2009 IR-SPECTRA.COM
Rayon | 1 0.97 95.08 FB158.SP FB158, SINSATION, 80% RAYON, 20% WOOL, PLYMOUTH BRAND, NICODOM
2 0.97 96.83 FB396.SP FB396, ABSORBIT, RAYON, ENKA, COPYRIGHT NICODOM 2007 IR-SPECTR
3 0.97 97.79 FB396.SP FB396, ABSORBIT, RAYON, ENKA, COPYRIGHT NICODOM 2007 IR-SPECTR
PE 1 0.99 97.09 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
2 0.99 97.93 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
3 0.99 97.40 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
o PS 1 0.99 97.68 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
_ﬂg 2 0.98 89.83 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
% 3 0.99 99.24 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
§ PET 1 0.97 98.37 PAD1509.SPC COTTON+POLYESTER (65:35), NICODOM
Z 2 0.99 98.87 PEC0304.SPC POLY(ETHYLENE TEREPHTHALATE), 25038-59-9, COPYRIGHT NICODOM
3 - - -
PVC 1 0.92 79.76 PAD3433.SPC POLYVINYLCHLORIDE - HARD, NICODOM
2 0.94 89.83 PAD3433.SPC POLYVINYLCHLORIDE - HARD, NICODOM
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Rayon 0.98 97.17 FB158.SP FB158, SINSATION, 80% RAYON, 20% WOOL, PLYMOUTH BRAND, NICODOM
0.98 97.48 FB158.SP FB158, SINSATION, 80% RAYON, 20% WOOL, PLYMOUTH BRAND, NICODOM
0.98 97.61 FB158.SP FB158, SINSATION, 80% RAYON, 20% WOOL, PLYMOUTH BRAND, NICODOM
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Table S12: Spectrum similarity (correlation) of control (non-treated) microplastics (n = 3 replicates per microplastic) to those recovered from spiked sea cucumber GIT
content exposed to 1.7 gecm-3 potassium iodide (KI) for 24 hr. Correlation threshold is set at 0.9. Correlations in bold indicate they were lower than the threshold. Spectral
match (percentage) to the NICDOCOM IR spectral libraries and polymer standard is also reported. Match threshold is set at > 70%. (-) indicates data not available
because less than 3 items were recovered.

Replicate | Plastic | Replicate jiif 101‘[;11; Spectrum search
PE 1 1.00 98.61 PADO151.SPC POLYETHYLENE, HOSTALEN GM 7040;9002-88-4;(C2H4)N, NICODOM,;
2 1.00 98.31 PADO151.SPC POLYETHYLENE, HOSTALEN GM 7040;9002-88-4;(C2H4)N, NICODOM,;
3 1.00 98.04 PADO151.SPC POLYETHYLENE, HOSTALEN GM 7040;9002-88-4;(C2H4)N, NICODOM,;
PS | 1.00 98.46 PADO0278.SPC POLY(STYRENE:ETHYLACRYLATE);57516-68-4;NICODOM,WWW.IR-
SPECT
2 1.00 99.32 CO1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
% 3 1.00 99.36 CO1126.SP POLYSTYRENE;9003-70-7;(C)NICODOM 2009 IR-SPECTRA.COM
% PET 1 1.00 98.99 FB451.SP FB451, DIOLEN, POLYESTER, DIOLEN INDUSTRIAL FIBERS, COP. NICOD
§ 2 1.00 98.88 FB443.SP FB443, AVLIN, POLYESTER, AVTEX, COPYRIGHT NICODOM 2007 IR-SPEC
2 3 0.98 98.53 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
PVC |1 0.98 94.30 CO1129.SP POLYVINYLCHLORIDE - HARD;(C)NICODOM 2009 IR-SPECTRA.COM
2 0.99 90.33 CO1129.SP POLYVINYLCHLORIDE - HARD;(C)NICODOM 2009 IR-SPECTRA.COM
3 0.98 83.72 CO1129.SP POLYVINYLCHLORIDE - HARD;(C)NICODOM 2009 IR-SPECTRA.COM
Rayon | 1 0.90 96.56 FB286.SP FB286, FIBRO, RAYON, COURTAULDS, COPYRIGHT NICODOM 2007 IR-SPE
2 0.87 96.12 PAD1514.SPC FABRIC CELLOPHANE BASED, NICODOM
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3 0.85 95.58 FB401.SP FB401, DURVIL RAYON, RAYON, AVTEX, COPYRIGHT NICODOM 2007 IR-S
PE 1 0.96 96.54 PADO0151.SPC POLYETHYLENE, HOSTALEN GM 7040;9002-88-4;(C2H4)N, NICODOM,;
2 0.99 89.37 PAD3075.SPC LUWAX AF 32, NICODOM, MICRONIZED POLYETHYLENE WAXES; BASF
3 1.00 98.25 PADO151.SPC POLYETHYLENE, HOSTALEN GM 7040;9002-88-4;(C2H4)N, NICODOM,;
PS 1 1.00 98.75 CO1126.SP POLYSTYRENE;9003-70-7;(C)NICODOM 2009 IR-SPECTRA.COM
2 1.00 98.71 PECO0317.SPC POLY(STYRENE:ETHYLACRYLATE), 57516-68-4, COPYRIGHT NICODOM
« 3 1.00 98.68 CO1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
_“E PET 1 0.99 98.79 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
g 2 0.99 98.93 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
§ 3 0.99 99.09 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
n
PVC 1 0.99 85.87 CO1129.SP POLYVINYLCHLORIDE - HARD;(C)NICODOM 2009 IR-SPECTRA.COM
2 0.98 85.71 CO1129.SP POLYVINYLCHLORIDE - HARD;(C)NICODOM 2009 IR-SPECTRA.COM
3 0.99 85.00 CO1129.SP POLYVINYLCHLORIDE - HARD;(C)NICODOM 2009 IR-SPECTRA.COM
Rayon | 1 0.92 96.09 FB252.SP FB252, BAMBOO FIBER, NATURAL, BAMBUS ELEGANG, COPYRIGHT NICODO
2 0.91 97.19 FB401.SP FB401, DURVIL RAYON, RAYON, AVTEX, COPYRIGHT NICODOM 2007 IR-S
3 0.88 95.187 PAD1514.SPC FABRIC CELLOPHANE BASED, NICODOM
E PE 1 1.00 98.98 PADO151.SPC POLYETHYLENE, HOSTALEN GM 7040;9002-88-4;(C2H4)N, NICODOM,;
g 2 1.00 98.17 PADO151.SPC POLYETHYLENE, HOSTALEN GM 7040;9002-88-4;(C2H4)N, NICODOM,;
3]
B 3 1.00 98.83 PADO151.SPC POLYETHYLENE, HOSTALEN GM 7040;9002-88-4;(C2H4)N, NICODOM,;
c%cg PS 1 1.00 98.83 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
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2 1.00 98.85 COI1111.SP POLY(STYRENE:ETHYLACRYLATE);57516-68-4;(C)NICODOM 2009 IR-SPE
3 - -
PET 1 0.99 98.67 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
2 0.98 98.41 FB443.SP FB443, AVLIN, POLYESTER, AVTEX, COPYRIGHT NICODOM 2007 IR-SPEC
3 0.99 98.93 FB439.SP FB439, FILLWELL, POLYESTER, WELLMAN, COPYRIGHT NICODOM 2007 IR
PVC 1 0.99 85.41 CO1129.SP POLYVINYLCHLORIDE - HARD;(C)NICODOM 2009 IR-SPECTRA.COM
2 0.98 84.23 CO1129.SP POLYVINYLCHLORIDE - HARD;(C)NICODOM 2009 IR-SPECTRA.COM
3 0.98 89.36 PAD3433.SPC POLYVINYLCHLORIDE - HARD, NICODOM
Rayon | 1 0.91 95.37 FB252.SP FB252, BAMBOO FIBER, NATURAL, BAMBUS ELEGANG, COPYRIGHT NICODO
2 0.92 96.76 FB401.SP FB401, DURVIL RAYON, RAYON, AVTEX, COPYRIGHT NICODOM 2007 IR-S
3 0.90 94.81 FB252.SP FB252, BAMBOO FIBER, NATURAL, BAMBUS ELEGANG, COPYRIGHT NICODO
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Appendix B

Supplementary Information for Chapter 3 Distribution and compartmentalisation of microplastic
contamination in abiotic and biotic matrices of Lizard Island coral reef, Australia
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1. Supplementary Methods

Table S1: Contaminant library details for each abiotic and biotic sample analyzed: (a) surface
seawater, (b) mid-column seawater, (c) seafloor sediment, (d) fish gastrointestinal tract (GIT),
(e) sea squirt innards, (f) sponge, (g) coral, and (h) sea cucumber GIT contents. Items from the
contaminant library are described according to origin, material, shape and colour.

(a) Contaminant library for surface seawater samples

Contaminant item shape colour
Blank putative microplastic 1 transparent fragment
Blank putative microplastic 2 transparent fragment
Blank putative microplastic 3 transparent fragment
Blank putative microplastic 4 white fibre
Blank putative microplastic 5 white fibre
Blank putative microplastic 6 white fibre
Blank putative microplastic 7 black fragment
Blank putative microplastic 8 white fragment
Blank putative microplastic 9 transparent fibre
Blank putative microplastic 10 blue fibre
Blank putative microplastic 11 brown fragment
Blank putative microplastic 12 white fibre
Blank putative microplastic 13 brown fibre
Blank putative microplastic 14 black fibre
Blank putative microplastic 15 black fibre
Blank putative microplastic 16 transparent fibre
Blank putative microplastic 17 transparent fibre
Blank putative microplastic 18 brown fibre
Blank putative microplastic 19 brown fibre
Blank putative microplastic 20 brown fragment
Blank putative microplastic 21 brown fibre
Blank putative microplastic 22 transparent fibre
Blank putative microplastic 23 brown fibre
Blank putative microplastic 24 transparent fibre
Field Charcoal black fragment
Field Coal black fragment
Field Clear Flask PP sample container transparent fragment
Field EtOH Bottle Lid blue fragment
Field Kapok Fibre transparent fibre
Field Yellow Lid PE sample container yellow fragment
Field Yellow Paint yellow fragment
Field 40um Plankton Filter transparent fibre
Field 350um Plankton Filter transparent fibre
Field Black Paint black fragment
Field Carpet Blue transparent fibre
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Field Carpet Grey transparent fibre
Field Filament of yellow and grey rope grey filament transparent fibre
Field Filament of yellow and grey rope yellow filament transparent fibre
Field Filament of clear rope transparent fibre
General Green AIMS TShirt green fibre
General Green Chile TShirt green fibre
General Parafilm transparent fragment
General Spray Bottle Lid Red red fragment
General White TShirt transparent fibre
General Wine Shirt red fibre
Lab BlueSilicone O-ring blue fragment
Lab Cotton Lab Coat green fibre
Lab Gloves blue fragment
Lab Grill Filter transparent fibre
Lab Red Stopper red fragment
Lab Spray Bottle Lid Teflon white fragment
Lab White Stopper white fragment
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(b) Contaminant library for mid-column seawater samples

Contaminant item shape colour
Blank putative microplastic 1 transparent fibre
Blank putative microplastic 2 white fragment
Blank putative microplastic 3 white fragment
Blank putative microplastic 4 green fibre
Blank putative microplastic 5 transparent fibre
Blank putative microplastic 6 transparent fibre
Blank putative microplastic 7 transparent fibre
Blank putative microplastic 8 transparent fibre
Blank putative microplastic 9 transparent fibre
Blank putative microplastic 10 brown fibre
Blank putative microplastic 11 red fibre
Blank putative microplastic 12 transparent fibre
Blank putative microplastic 13 black fibre
Blank putative microplastic 14 yellow fragment
Blank putative microplastic 15 brown fragment
Blank putative microplastic 16 white fragment
Blank putative microplastic 17 blue fibre
Blank putative microplastic 18 transparent fibre
Blank putative microplastic 19 transparent fibre
Blank putative microplastic 20 transparent fibre
Blank putative microplastic 21 transparent fibre
Blank putative microplastic 22 brown fibre
Blank putative microplastic 23 brown fragment
Blank putative microplastic 24 brown fibre
Blank putative microplastic 25 transparent fibre
Blank putative microplastic 26 transparent fibre
Blank putative microplastic 27 brown fibre
Blank putative microplastic 28 transparent fibre
Blank putative microplastic 29 transparent fibre
Blank putative microplastic 30 white fragment
Blank putative microplastic 31 white fragment
Blank putative microplastic 32 white fragment
Blank putative microplastic 33 white fragment
Blank putative microplastic 34 white fragment
Blank putative microplastic 35 white fragment
Blank putative microplastic 36 white fragment
Blank putative microplastic 37 white fragment
Blank putative microplastic 38 white fragment
Blank putative microplastic 39 white fragment
Blank putative microplastic 40 white fragment
Blank putative microplastic 41 white fragment
Blank putative microplastic 42 white fragment
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Blank putative microplastic 43 white fragment
Blank putative microplastic 44 white fragment
Blank putative microplastic 45 transparent fibre
Field Charcoal black fragment
Field Coal black fragment
Field Clear Flask PP sample container transparent fragment
Field EtOH Bottle Lid blue fragment
Field Kapok Fibre transparent fibre
Field Yellow Lid PE sample container yellow fragment
Field Yellow Paint yellow fragment
Field 40um Plankton Filter transparent fibre
Field 350um Plankton Filter transparent fibre
Field Black Paint black fragment
Field Carpet Blue blue fibre
Field Carpet Grey white fibre
Field Filament of yellow and grey rope grey filament white fibre
Field Filament of yellow and grey rope yellow filament yellow fibre
Field Filament of clear rope transparent fibre
Field MPP plankton net canvas 17 03 2016 white fibre
Field MPP plankton net codend bottle 17 03 2016 transparent fragment
Field MPP plankton net nylon 17 03 2016 transparent fibre
General Green AIMS TShirt green fibre
General Green Chile TShirt green fibre
General Parafilm transparent fragment
General Spray Bottle Lid Red red fragment
General White TShirt transparent fibre
General Wine Shirt red fibre
Lab BlueSilicone O-ring blue fragment
Lab Cotton Lab Coat green fibre
Lab Gloves blue fragment
Lab Grill Filter transparent fibre
Lab Red Stopper red fragment
Lab Spray Bottle Lid Teflon white fragment
Lab_ White Stopper white fragment
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(c) Contaminant library for sediment samples

Contaminant item shape colour
Blank putative microplastic 1 white fragment
Blank putative microplastic 2 white fragment
Blank putative microplastic 3 white fragment
Blank putative microplastic 4 white fragment
Blank putative microplastic 5 white fragment
Blank putative microplastic 6 white fragment
Blank putative microplastic 7 white fragment
Blank putative microplastic 8 white fragment
Blank putative microplastic 9 white fragment
Blank putative microplastic 10 white fragment
Blank putative microplastic 11 white fragment
Blank putative microplastic 12 white fragment
Blank putative microplastic 13 transparent fragment
Blank putative microplastic 14 white fibre
Blank putative microplastic 15 transparent fragment
Blank putative microplastic 16 transparent fibre
Blank putative microplastic 17 transparent fibre
Field Charcoal black fragment
Field Coal black fragment
Field PVC Quadrat white fragment
Field EtOH Bottle Lid blue fragment
Field Kapok Fibre transparent fibre
Field Sediment Plastic Bag transparent fragment
General Green AIMS TShirt green fibre
General Green Chile TShirt green fibre
General Parafilm transparent fragment
General Spray Bottle Lid Red red fragment
General White TShirt transparent fibre
General Wine Shirt red fibre
Lab BlueSilicone O-ring blue fragment
Lab Cotton Lab Coat green fibre
Lab Gloves blue fragment
Lab_Grill Filter transparent fibre
Lab Red Stopper red fragment
Lab_Spray Bottle Lid Teflon white fragment
Lab White Stopper white fragment

(d) Contaminant library for fish samples

Contaminant item shape colour
Blank putative microplastic 1 red fragment
Blank putative microplastic 2 pink fragment
Blank putative microplastic 3 transparent fibre
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Blank putative microplastic 4 black fragment
Blank putative microplastic 5 brown fibre
Blank putative microplastic 6 transparent fibre
Blank putative microplastic 7 transparent fibre
Blank putative microplastic 8 transparent fibre
Blank putative microplastic 9 transparent fragment
Blank putative microplastic 10 blue fragment
Blank putative microplastic 11 transparent fragment
Blank putative microplastic 12 transparent fragment
Blank putative microplastic 13 transparent fragment
Blank putative microplastic 14 orange fibre
Blank putative microplastic 15 transparent fragment
Blank putative microplastic 16 black fibre
Field Charcoal black fragment
Field Coal black fragment
Field Clear Flask PP sample container transparent fragment
Field EtOH Bottle Lid blue fragment
Field Kapok Fibre transparent fibre
Field Yellow Lid PE sample container yellow fragment
Field Zip Lock bag transparent fragment
Field Fishing Net green fibre
General Green AIMS TShirt green fibre
General Green Chile TShirt green fibre
General Parafilm transparent fragment
General Spray Bottle Lid Red red fragment
General White TShirt transparent fibre
General Wine Shirt red fibre
Lab BlueSilicone O-ring blue fragment
Lab Cotton Lab Coat green fibre
Lab Gloves blue fragment
Lab Grill Filter transparent fibre
Lab Red Stopper red fragment
Lab Spray Bottle Lid Teflon white fragment
Lab White Stopper white fragment
Lab_Glass pipette head red fragment
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(e) Contaminant library for sea squirt samples

Contaminant item shape colour
Blank putative microplastic 1 transparent fragment
Blank putative microplastic 2 transparent fragment
Blank putative microplastic 3 transparent fragment
Blank putative microplastic 4 white fibre
Blank putative microplastic 5 white fibre
Blank putative microplastic 6 white fibre
Blank putative microplastic 7 black fragment
Blank putative microplastic 8 white fragment
Blank putative microplastic 9 transparent fibre
Blank putative microplastic 10 blue fibre
Blank putative microplastic 11 brown fragment
Blank putative microplastic 12 white fibre
Blank putative microplastic 13 brown fibre
Blank putative microplastic 14 black fibre
Blank putative microplastic 15 brown fibre
Field Charcoal black fragment
Field Coal black fragment
Field Clear Flask PP sample container transparent fragment
Field EtOH Bottle Lid blue fragment
Field Kapok Fibre transparent fibre
Field Yellow Lid PE sample container yellow fragment
Field Zip Lock bag transparent fragment
General Green AIMS TShirt green fibre
General Green Chile TShirt green fibre
General Parafilm transparent fragment
General Spray Bottle Lid Red red fragment
General White TShirt transparent fibre
General Wine Shirt red fibre
Lab BlueSilicone O-ring blue fragment
Lab Cotton Lab Coat green fibre
Lab Gloves blue fragment
Lab Grill Filter transparent fibre
Lab Red Stopper red fragment
Lab_Spray Bottle Lid Teflon white fragment
Lab_White Stopper white fragment
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(f) Contaminant library for sponge samples

Contaminant item shape colour
Blank putative microplastic 1 transparent fragment
Blank putative microplastic 2 transparent fragment
Blank putative microplastic 3 white fragment
Blank putative microplastic 4 transparent fragment
Blank putative microplastic 5 transparent fibre
Blank putative microplastic 6 white fragment
Blank putative microplastic 7 transparent fibre
Blank putative microplastic 8 transparent fragment
Blank putative microplastic 9 transparent fibre
Blank putative microplastic 10 transparent fragment
Blank putative microplastic 11 white fragment
Blank putative microplastic 12 transparent fibre
Blank putative microplastic 13 black fragment
Blank putative microplastic 14 brown fibre
Blank putative microplastic 15 transparent fibre
Blank putative microplastic 16 transparent fibre
Blank putative microplastic 17 transparent fibre
Blank putative microplastic 18 transparent fibre
Blank putative microplastic 19 transparent fragment
Blank putative microplastic 20 transparent fibre
Blank putative microplastic 21 transparent fragment
Blank putative microplastic 22 black fibre
Blank putative microplastic 23 red fibre
Blank putative microplastic 24 white fragment
Blank putative microplastic 25 white fragment
Blank putative microplastic 26 white fragment
Blank putative microplastic 27 white fragment
Blank putative microplastic 28 white fragment
Blank putative microplastic 29 white fragment
Blank putative microplastic 30 white fragment
Blank putative microplastic 31 white fragment
Field Charcoal black fragment
Field Coal black fragment
Field Clear Flask PP sample container transparent fragment
Field EtOH Bottle Lid blue fragment
Field Kapok Fibre transparent fibre
Field Yellow Lid PE sample container yellow fragment
Field Zip Lock bag transparent fragment
General Green AIMS TShirt green fibre
General Green Chile TShirt green fibre
General Parafilm transparent fragment
General Spray Bottle Lid Red red fragment
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General White TShirt transparent fibre
General Wine Shirt red fibre
Lab BlueSilicone O-ring blue fragment
Lab_Cotton Lab Coat green fibre
Lab_Gloves blue fragment
Lab_Grill Filter transparent fibre
Lab Red Stopper red fragment
Lab Spray Bottle Lid Teflon white fragment
Lab_White Stopper white fragment
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(g) Contaminant library for coral samples

Contaminant item shape colour
Blank putative microplastic 1 transparent fragment
Blank putative microplastic 2 transparent fragment
Blank putative microplastic 3 white fragment
Blank putative microplastic 4 transparent fragment
Blank putative microplastic 5 transparent fibre
Blank putative microplastic 6 white fragment
Blank putative microplastic 7 transparent fibre
Blank putative microplastic 8 transparent fragment
Blank putative microplastic 9 transparent fibre
Blank putative microplastic 10 transparent fragment
Blank putative microplastic 11 white fragment
Blank putative microplastic 12 transparent fibre
Blank putative microplastic 13 black fragment
Blank putative microplastic 14 brown fibre
Blank putative microplastic 15 transparent fibre
Blank putative microplastic 16 transparent fibre
Blank putative microplastic 17 transparent fibre
Blank putative microplastic 18 white fragment
Blank putative microplastic 19 transparent fibre
Blank putative microplastic 20 transparent fibre
Blank putative microplastic 21 transparent fibre
Blank putative microplastic 22 transparent fibre
Blank putative microplastic 23 transparent fibre
Blank putative microplastic 24 transparent fibre
Blank putative microplastic 25 transparent fibre
Field Charcoal black fragment
Field Coal black fragment
Field Clear Flask PP sample container transparent fragment
Field EtOH Bottle Lid blue fragment
Field Kapok Fibre transparent fibre
Field Yellow Lid PE sample container yellow fragment
Field Zip Lock bag transparent fragment
General Green AIMS TShirt green fibre
General Green Chile TShirt green fibre
General Parafilm transparent fragment
General Spray Bottle Lid Red red fragment
General White TShirt transparent fibre
General Wine Shirt red fibre
Lab BlueSilicone O-ring blue fragment
Lab_Cotton Lab Coat green fibre
Lab_Gloves blue fragment
Lab_Grill Filter transparent fibre
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Lab Red Stopper red fragment
Lab_Spray Bottle Lid Teflon white fragment
Lab_ White Stopper white fragment
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(h) Contaminant library for sea cucumber samples

Contaminant item shape colour
Blank putative microplastic 1 transparent fibre
Blank putative microplastic 2 transparent fragment
Blank putative microplastic 3 brown fibre
Blank putative microplastic 4 red fibre
Blank putative microplastic 5 transparent fibre
Blank putative microplastic 6 black fibre
Blank putative microplastic 7 transparent fragment
Blank putative microplastic 8 brown fragment
Blank putative microplastic 9 white fragment
Blank putative microplastic 10 blue fibre
Blank putative microplastic 11 transparent fibre
Blank putative microplastic 12 transparent fibre
Blank putative microplastic 13 transparent fibre
Blank putative microplastic 14 transparent fibre
Blank putative microplastic 15 red fragment
Blank putative microplastic 16 pink fragment
Blank putative microplastic 17 transparent fragment
Blank putative microplastic 18 transparent fragment
Blank putative microplastic 19 white fragment
Blank putative microplastic 20 white fragment
Blank putative microplastic 21 transparent fibre
Field Charcoal black fragment
Field Coal black fragment
Field Clear Flask PP sample container transparent fragment
Field EtOH Bottle Lid blue fragment
Field Kapok Fibre transparent fibre
Field Yellow Lid PE sample container yellow fragment
Field Zip Lock bag transparent fragment
General Green AIMS TShirt green fibre
General Green Chile TShirt green fibre
General Parafilm transparent fragment
General Spray Bottle Lid Red red fragment
General White TShirt transparent fibre
General Wine Shirt red fibre
Lab BlueSilicone O-ring blue fragment
Lab Cotton Lab Coat green fibre
Lab_Gloves blue fragment
Lab_Grill Filter transparent fibre
Lab Red Stopper red fragment
Lab_Spray Bottle Lid Teflon white fragment
Lab_White Stopper white fragment
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1. Supplementary Results

Table S2: Environmental conditions during collection of surface and mid-column seawater samples. (a)
Rainfall and temperature parameters retrieved from BOM (Cape Flattery, located 36.5 km from Lizard
Island) and wind speed and direction parameters retrieved from AIMS (Lizard Island) weather station
datasets and (b) in situ observations of wind and sea conditions with specific depth measurements for
each sampling event.

(a) out sourced observations (BOM and AIMS weather station)

Date Rainfall Temperature Wind speed Wind direction
(October 2018) (mm) (®) (kn) (vector)
2 0 29.5 48.33 133.94
3 0 29.4 38.85 128.00
4 0 29.5 28.75 121.73
5 0 30.1 12.20 59.92

6 0 29.0 13.57 55.14

7 0 28.8 18.74 95.63

8 0 29.2 19.82 100.48
9 0 30.3 21.92 108.54
10 0 30.1 21.0003 115.41
11 0 30.1 19.3919 109.80
12 0 31.1 15.1008 116.94
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(b) in situ observations

. . Depth
Sample type S.ampllng Sa“?ple Wind speed Wind direction | Swell (start | end for
site replicate | (kn)
sea surface)
1 1015 SE 0-0.5 17.8]21.2
2 1015 SE 0-0.5 7.7]8.8
Granite
Bluff 3 0-5 SE 0-0.5 11.7]3.4
4 0-5 SE 0-0.5 4.2119.2
5 0-5 SE 0-0.5 14.2]3.8
Sea surface
1 0 n/a 0 9.3]16.8
2 0 n/a 0 9.88.6
Blue Lagoon | 3 0 n/a 0 9.517.6
4 0 n/a 0 5.7]18.6
5 0 n/a 0 9.516.9
1 15-20 SE 0-0.5 8.5
2 15-20 SE 0-0.5 6.8
Granite
Bluff 3 0-5 W-NW,0-NO |0-0.5 6.1
4 0-5 SE 0-0.5 8.8
Water 5 0-5 SE 0-0.5 6.3
column 1 0 n/a 0 10.8
2 0 n/a 0 6.6
Blue Lagoon | 3 0 n/a 0 8.2
4 0-5 E 0 8.4
5 0-5 E 0 7.8
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Table S3: GPS coordinates (latitude and longitude, Degrees Decimal Minutes - DDM) of surface and
mid-column seawater sampling. For surface seawater collections, GPS coordinates include the starting
and ending points of the 10 min tow. For mid-column seawater collections, only one GPS coordinate
was recorded as this sampling was conducted with the boat anchored.

Sample Sampling . Init%a.l (1) or final (2) . .
type site Replicate position (surface Latitude Longitude
seawater only)
X 1 14°39.222°S 145°26.907°E
2 14°38.773'S 145°26.980'E
5 1 14°38.801'S 145°27.031'E
2 14°39.265'S 145°27.015'E
Granite 3 1 14°38.854'S 145°27.006'E
Bluff 2 14°39.327'S 145°27.040'E
A 1 14°39.352'S 145°27.024'E
2 14°38.916'S 145°27.004'E
1 14°38.792'S 145°27.026'E
> 2 14°39.328'S 145°27.036'E
Surface 1 14°41.739'S 145°27.128'E
: 2 14°41.420'S 145°27.312'E
5 1 14°41.401'S 145°27.430'E
2 14°41.679'S 145°27.241'E
Blue 3 1 14°41.744'S 145°27.130'E
Lagoon 2 14°41.480'S 145°27.278'E
A 1 14°41.330'S 145°27.357E
2 14°41.680'S 145°27.224'E
S 1 14°41.730'S 145°27.150'E
2 14°41.374'S 145°27.373'E
1 n/a 14°39.290°S 145°27.029°E
_ 2 n/a 14°38.907°S 145°27.003’E
g{i?f‘te 3 n/a 14°39.370°S 145°27.017°E
4 n/a 14°38.984°S 145°26.994°E
Mid- 5 n/a 14°39.136°S 145°27.028°E
column 1 n/a 14°41.729°S 145°27.139°E
2 n/a 14°41.358’S 145°27.366’E
E:g;on 3 n/a 14°41.519°S 145°27.285°E
4 n/a 14°41.530°S 145°27.263°E
5 n/a 14°41.473°S 145°27.285°E
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Table S4: Recovery rates (%, mean + standard deviation [sd]) from spike-recovery tests conducted for
each sample matrix and respective separation method. Microplastic polymers used in all spiking
experiments were PE, PS and rayon (n = 5 per replicate, n = 3 replicates per spiked-recovery test).

Sodium chloride = NaCl, potassium iodide = PI, gastrointestinal tract = GIT, nitric acid = HNO3.

Sample processing . . . Recovery rate (%,
Sample type method Spiked microplastic type mean + sd)
. ) PE 100.00 £ 0.00
S ¢ Density separation PS 9333 + 9.43
ea surface 33109,
(1.2 g/ecm3 NaCl)
Rayon 73.33+£9.43
Densit "y PE 100.00 £ 0.00
Water column - o Peraton PS 93.33+ 9.43
(1.7 g/cm3 KI)
Rayon 93.33+£9.43
Densit "y PE 100.00 £ 0.00
Sediment ehStLy separaion PS 86.67 +9.43
(1.2 g/cm3 NaCl)
Rayon 93.33+9.43
PE 100.00 £ 0.00
Fish GIT visual sort PS 86.67£9.43
Rayon 93.33+9.43
S PE 100.00 £ 0.00
S ” Acid digestion PS 86.67 + 9.43
ea squi 6719,
au (70% HNO3)
Rayon 73.33+9.43
Acid digestion (70% HNO3) PE 93.33+9.43
Sponge + Density separation PS 93.33+9.43
(1.7 g/em3 KI) Rayon 66.67 £9.43
S PE 100.00 £ 0.00
Coral Acid digestion PS 86.67 + 9.43
ora 6719,
(70% HNO3)
Rayon 80.00 + 16.33
Densi ) PE 100.00 £ 0.00
t t
Sea cucumber oS separation - ( PS 80.00 + 1633
1.7 g/em3 K1)
Rayon 100.00 £ 0.00
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Table S5: Total numbers of putative microplastics, excluded items (i.e., items of poor spectra quality,
flagged as contaminant, or of natural nature), and final plastic count (i.e., semi-synthetic and synthetic
items) per sample matrix per abiotic and biotic compartments, following Kroon et al. (2018).

Abiotic compartment

Biotic compartment

Mid- . Sea Sea
Surface . Fish .
seawater column  Sediment (GIT squirt Sponge Coral cucumber
seawater (innards) (GIT)
Total putative 335 965 235 169 114 87 80 149
microplastics
poor spectra | 13 60 5 6 4 3 4 5
Excluded | contaminant | 34 106 14 16 11 12 7 21
items:
natural 151 445 145 104 74 54 51 91
nature
. semi-
MICI‘.O- synthetic 14 97 21 12 6 7 2 10
plastics: )
synthetic 124 259 50 31 19 11 16 22
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Table S6: Microplastics final assignment based on primary composition, including semi-synthetic and

synthetic nature.

Synthetic or semi-synthetic
nature

Initial assignment

Final assignment/group

synthetic

chlorinated polyolefin chlorinated polyolefin
epoxy €poxy
alkyd polymer alkyd polymer

mineral oil hydrocarbon

mineral oil hydrocarbon

NFC:acrylonitrile
NFC:rayon:acrylonitrile
polyacrylonitrile:butadiene

polyacrylonitrile:butadiene:styrene

acrylonitrile

nylon
NFC:rayon:nylon:polyurethane
NFC:rayon:nylon

rayon:nylon

NFC:nylon

keratin:nylon

nylon

polyacrylate
methyl methacrylate
acrylic:alkyd polymer

polyacrylate

polyalcohol
poly(oxyalkylated) alcohol

polyalcohol

polyamine

melamine

polymelamine

polybutadiene rubber

polybutadiene rubber

polycarboxylic acid

polycarboxylic acid

polyethyleneterephthalate
polyester:nylon
polyester:polyalkyd
polyester:polypropylene:acrylic
polyester:polyurethane
epoxypolyester
NFC:polyester
rayon:polyester
NFC:rayon:polyester
NFC:polyester:polypropylene
rayon:nylon:polyester

keratin:polyester:nylon

PET

polyethylene

PE

polyglycol:polyhydrocarbons

isothiazolinone:glycol:formaldehyde

polyglycol
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polyoxymethylene polyoxymethylene
polypropylene

NFC:polypropylene PP
polypropylene:polyethylene

ethylene propylene diene

polysiloxane polysiloxane
polystyrene PS
polysulfone polysulfone
polytetrafluoroethylene PTFE
polyurethane

polyurethane:polyacrylate polyurethane
polyurethane rubber

rayon:polyurethane

polyvinylchloride

polyvinylacetate:vinylchloride

polyvinylalcohol polyvinyl

polyvinylbenzyl chloride
polyvinylacetate:polyethylene

soft copolymer

soft copolymer

semi-synthetic items

rayon
rayon
NFC:rayon
rayon:keratin
nitrocellulose nitrocellulose
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Table S7: Summary of general linear models (GLM) showing differences in microplastic
concentration between (a) abiotic and (b) biotic compartments of Lizard Island, and the
influence of sampling site. Abiotic compartments included surface seawater, mid-column
seawater and sediment. Biotic compartments included fish gastrointestinal tract (GIT), sea

squirt innards, sponge, coral and sea cucumber GIT.

(a) abiotic compartment: Adjusted R* =0.97, AIC = 63.83

estimate std. error statistic p-value
Intercept 6.9350 0.2233 31.059 <2e-16
water column -2.9765 0.2735 -10.885 3.53e-11
sea surface -8.8419 0.2735 -32.333 <2e-16
blue lagoon -0.6626 0.2233 -2.968 0.00636

(b) biotic compartment: McFadden’s Pseudo R?= 0.68, AIC = 62.87

term estimate std. error statistic p.value
Intercept 0.66086065 0.49325838 1.33978595 0.18031494
coral -25.112503 52322.7567 -4.80E-04 0.99961705
sea cucumber -25.112503 52322.7567 -4.80E-04 0.99961705
sponge -25.112503 52322.7567 -4.80E-04 0.99961705
sea squirt -0.2866708 0.67758608 -0.4230766 0.6722394
blue lagoon -2.134327 0.85123332 -2.5073349 0.01216454
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Table S8: Total number of microplastics per compartment sampled. Columns report numbers by abiotic:
seawater surface, seawater column, sediment; and biotic: fish, sea squirt, sponge, coral, and sea
cucumber compartments. Rows report total numbers per compartment sampled and per each
microplastic characteristic examined in each abiotic compartment: (a) shape, (b) size class, (c) colour,

and (d) polymer type. Please note that these are number of items and not concentration.

water

water

S€a

s€a

surface  column sediment  fish squirt sponge  coral cucumber
total 139 358 71 43 25 18 18 32
microplastic characteristic
(a) shape
fibre 29 190 51 31 13 8 6 19
fragment 110 168 20 12 12 10 12 13
(b) size
class 1 56 119 33 18 15 13 12 13
class 2 19 34 21 11 4 4 2 8
class 3 44 82 15 14 5 2 1 10
class 4 16 54 2 0 0 1 0 1
class 5 4 69 0 0 1 0 3 0
(¢) colour
black 11 35 7 3 5 1 2 5
blue 37 140 25 12 0 3 0 8
brown 1 17 1 0 1 0 0 2
green 1 12 6 0 0 2 0 0
grey 2 6 0 0 0 0 0
mix 1 2 1 0 0 0 0 0
orange 0 6 0 2 0 0 0 0
pink 35 8 2 1 0 0 0 0
purple 0 6 0 0 0 0 0 0
red 5 27 9 3 0 0 2 4
transparent 16 72 16 19 14 7 7 8
white 27 22 1 1 4 5 8 5
yellow 3 5 3 2 1 0 0 0
(d) polymer
polyacrylate 20 24 4 0 1 1 0 1
polyacrylonitrile 0 3 5 0 0 0 0 0
alkyd polymer 0 2 0 0 0 0 0 0
ligll‘y’g‘gid 1 0 0 0 0 0 0 0
epoxy 0 2 2 0 0 0 0 0
polymelamine 0 1 1 0 0 0 1 0
mineral oil
hydrocarbon 0 ! 0 0 0 0 0 0
nitrocellulose 0 0 1 0 0 0 0 0
nylon 1 10 7 0 0 2 0 0
PE 34 9 3 0 0 0 0 0
PET 12 78 23 27 8 2 2 8
Polyalcohol 3 1 1 0 0 0 0 0
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Figure S1: Number of microplastics per shape (1% column), size classes (2™ column), colour (3™
column), and polymer type (4" column) in the surface and mid-column sea water, and sediment (per
individual sample). Size class 1: < 500 pm, size class 2: * 500 pm and < Imm, size class 3: * 1 and <
2.5 mm, size class 4: * 2.5 and < 5 mm, size class 5: * 5 mm. Each boxplot displays: sample median
(bold line within box), interquartile range (box), minimum and maximum lengths with exception of
outliers (whiskers), and likely outliers (circles). No significant differences were detected in sizes of
microplastics across the control, positive control and separation method.
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Figure S2: Number of microplastics per shape (1st column), size classes (2nd column), colour (3rd
column), and polymer type (4th column) in fish, sea squirt, sponge, coral and sea cucumber (per
individual sample). Size class 1: < 500 pum, size class 2: * 500 um and < 1mm, size class 3: 3 1 and <
2.5 mm, size class 4: * 2.5 and < 5 mm, size class 5: * 5 mm. Each boxplot displays: sample median
(bold line within box), interquartile range (box), minimum and maximum lengths with exception of
outliers (whiskers), and likely outliers (circles). No significant differences were detected in sizes of
microplastics across the control, positive control and separation method.
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Appendix C

Supplementary Information for Chapter 4 Ingestion and depuration of microplastics by a planktivorous
coral reef fish, Pomacentrus amboinensis
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1 Supplementary Methods

1.1. Chemical composition of the two model microplastics

The chemical composition of both PP particles and PET fibers were confirmed using a
PerkinElmer Spectrum 100 FTIR spectrometer. Conditions of data acquisition were 1 mm ATR
window, pressure gauge = 150, 16 scans at 4 cm! resolution, wavenumber range between 4000

and 600 cm™!, atmospheric (CO2/H,0) suppression, and atmospheric vapor compensation.

A. PP B. PET
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Figure S1: FTIR spectra of microplastic models, namely (a) polypropylene (PP) particles, and (b)
polyester (PET) fibers, in comparison to reference spectra from commercially available Nicodom IR
spectral libraries (Polymers and Additives, Coatings, Fibers, Dyes and Pigments, Petrochemicals;
Nicodom Ltd., Czech Republic). Top spectra are of model microplastics; bottom spectra correspond to
polymer references. For both model microplastics similarities with Nicodom spectra were >98%.
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1.2. Contaminant library

Table S1: Contaminant library details, including item origin (field gear, clothing, experimental
equipment, laboratory materials, and sample processing blanks), chemical composition, shape and

colour.
Item origin Materials Shape Color
Filament of clear rope transparent
fiber
Fishing net black
Black vessel paint black
) Yellow vessel paint irregular  yellow
Field gear .
Ziplock bag fragment  (ransparent
Vessel carpet blue
Filament of yellow and grey rope_grey 1 fib grey
iber
Filament of yellow and grey rope 2 yellow
TShirt 1 dark green
TShirt 2 light green
Clothing TShirt 3 fiber white
TShirt 4 blue
Lab coat green
Filter case 1 blue
Fish tank 1 transparent
Fish_tank lid 1 pink
fragment
Fish_tank lid 2 blue
Fish_tank lid 3 green
Inflow_tubing_fish tank transparent
Experlmental Outflow_mesh_fish tank transparent
equipment - - =
Thread tape_fittings white
Visual Barrier 1.1 white
fibre
Visual Barrier 1.2 brown
Visual Barrier 2.1 green
Visual Barrier 2.2 black
Water pipeline fragment black
) Parafilm transparent
Laboratory materials _ fragment
Sample container transparent
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Sample container lid

white

Silicone_O-ring blue
Nitrile gloves blue
Grill Filter fibre transparent
Spray Bottle Lid_Teflon white
. fragment .

White Stopper white
putative microplastic 1 transparent
putative microplastic 2 transparent
putative microplastic 3 transparent

. . ) fibre
putative microplastic 4 transparent
putative microplastic 5 transparent
putative microplastic 6 transparent
putative microplastic 7 fragment transparent
putative microplastic 8 white

' . . fibre
putative microplastic 9 blue
putative_microplastic 10 fragment green
putative_microplastic 11 fibre transparent
putative_microplastic 12 transparent
putative_microplastic 13 fragment transparent
putative_microplastic 14 transparent
putative_microplastic 15 transparent

Sampl i . . .
bgﬂﬁ © processing putative_microplastic 16 fibre transparent

putative_microplastic 17 transparent
putative_microplastic 18 fragment red
putative _microplastic 19 transparent

_ _ _ fibre
putative_microplastic 20 blue
putative_microplastic 21 fragment white
putative _microplastic 22 green
putative microplastic 23 fibre transparent
putative microplastic 24 transparent
putative microplastic 25 green
putative microplastic 26 white

_ _ _ fragment
putative microplastic 27 brown
putative_microplastic 28 white
putative_microplastic 29 green

_ _ _ fibre
putative microplastic 30 transparent
putative_microplastic 31 fragment green
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putative microplastic 32 transparent
putative microplastic 33 fibre transparent

putative microplastic 34 transparent
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2 Supplementary Results

Table S2. Ingestion and depuration of microplastics by a planktivorous coral reef fish, Pomacentrus amboinensis. Fish basic information and microplastic
models body burden. Fish basic information includes weight (g), standard and fork lengths (cm), and sex. Microplastic models body burden is reported as
absolute numbers of PET fibres and PP particles.

Treatment Information

Fish Basic Information

Microplastic Models Body

Burden
Period gf Concentration of Replicate No Fish weight | Fish Standard Length| Fish Fork Length Fish Sex | PET fibres | PP particle
depuration exposure (2) (cm) (cm)
0 0 1 2.01 3.6 4 male - -
0 0 2 9.76 6 6.4 male - -
0 0 3 5.37 5.2 5.6 female | - -
0 0 4 8 5.5 6.5 female | - -
2 T1 1 2.77 3.9 43 imature | 1 1
2 T1 2 3.7 4.4 4.9 male 1 1
2 T1 3 2.69 3.9 4.5 male 0 0
2 T1 4 2.67 3.8 4.7 imature | O 1
2 T2 1 2.82 4 4.4 male 5 7
2 T2 2 10.55 6.5 7.2 female |9 8
2 T2 3 8.84 6 7 female | 6 5
2 T2 4 1.88 33 3.9 male 10 6
2 T3 1 14.4 6.6 7.9 female | 86 51
2 T3 2 9.53 5.9 7 female | 98 48
2 T3 3 34 4.3 5 imature | 26 79
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2 T3 4 6.14 5.1 5.8 imature | 25 54
4 T1 1 15.08 6.9 8.1 imature | 1 1
4 T1 2 8.62 5.8 7.2 female | 1 1
4 T1 3 5.12 4.8 5.8 male 0 1
4 T1 4 4.24 4.8 5.7 male 1 0
4 T2 1 10.53 6.5 7.8 female | 6 5
4 T2 2 5.99 5.2 6.3 female | 7 4
4 T2 3 1.79 34 4.1 male 7 3
4 T2 4 9.5 6.2 7.4 female | 8 5
4 T3 1 10.51 6.4 7.3 female | 77 28
4 T3 2 4.45 4.9 5.8 male 70 42
4 T3 3 4.36 43 5 male 38 56
4 T3 4 3.26 4.1 5 imature | 78 38
8 T1 1 8.55 5.8 6.7 male 0 0
8 T1 2 11.09 6.2 7 male 0 0
8 T1 3 2.75 3.8 4.2 male 0 0
8 T1 4 2.74 3.9 4.2 male 0 0
8 T2 1 3.07 4 4.6 imature | 0 0
8 T2 2 2.61 3.7 4.3 male 0 0
8 T2 3 8.44 5.5 6.5 male 0 0
8 T2 4 8.81 6.1 6.8 male 1 0
8 T3 1 5.94 4.9 5.7 female | 20 1
8 T3 2 3.46 4.1 4.8 male 1 5
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8 T3 3 9.2 5.8 6.5 female |9 0
8 T3 4 3.25 4 4.5 male 12 0
16 T1 1 5.22 5 5.7 imature | 0 0
16 T1 2 12.88 6.3 7.8 female |0 0
16 Tl 3 6.96 5.1 6 male 0 0
16 T1 4 8.7 5.9 6.6 male 0 0
16 T2 1 1.76 3.3 3.6 imature | O 0
16 T2 2 12.61 6.8 7.9 female |0 0
16 T2 3 2.17 3.8 4.2 imature | O 0
16 T2 4 2.28 3.7 4.2 imature | 1 0
16 T3 1 6.67 5.1 6.2 male 1 0
16 T3 2 5.34 5 5.6 imature | 5 0
16 T3 3 341 4.1 4.4 male 6 0
16 T3 4 2.21 3.7 4.1 imature | 2 0
32 T1 1 8.71 6.1 7.3 male 0 0
32 T1 2 2.15 3.5 4.4 male 0 0
32 T1 3 4.56 4.8 5.8 male 0 0
32 T1 4 2.85 4.11 5 male 0 0
32 T2 1 6.55 5.4 6.5 male 0 0
32 T2 2 1 2.9 3.5 imature | O 0
32 T2 3 2.74 4.1 5 male 0 0
32 T2 4 7.75 5.5 6.8 male 0 0
32 T3 1 6.26 53 6.4 male 4 0
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32 T3 2 7.55 5.6 6.6 male 0 0
32 T3 3 6.9 5.5 6.6 male 0 0
32 T3 4 11.31 6.6 7.9 female |0 0
64 T1 1 5.92 5.4 6.4 female | 0 0
64 T1 2 12.17 7 8.2 female | 0 0
64 T1 3 11.38 6.7 7.9 female |0 0
64 T1 4 6.41 5.2 6.4 male 0 0
64 T2 1 10.58 6.3 7.7 male 0 0
64 T2 2 5.72 53 6.3 male 0 0
64 T2 3 7.3 5.5 6.5 male 0 0
64 T2 4 5.65 5.2 6.2 male 0 0
64 T3 1 9.28 6.1 7.3 male 0 0
64 T3 2 6.45 5.6 6.7 male 9 0
64 T3 3 13.79 7 8.3 female |1 0
64 T3 4 6.19 5.2 6.3 male 0 0
128 T1 1 10.99 6.5 7.9 female | 0 0
128 T1 2 9.23 6.2 7.6 male 0 0
128 T1 3 2.55 4 4.8 male 0 0
128 T1 4 3.12 4.2 5.2 male 0 0
128 T1 5 6.28 5.3 6.4 male 0 0
128 T2 2 3.78 4.6 5.5 male 0 0
128 T2 3 9.81 6.1 7.5 female | 0 0
128 T2 4 2.77 4.1 5 male 0 0
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128 T3 1 7.73 5.7 6.9 male 0
128 T3 2 6.04 5.4 6.6 female 0
128 T3 3 6.37 5.2 6.5 male 0
128 T3 4 6.4 53 6.7 female 0
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Table S3. Dunnett’s post hoc test. Multiple comparisons of depuration rates amongst the different
model microplastics and concentrations of exposure. Rows marked in grey correspond to comparisons
of interest for the study. This table was adapted from the one generated by GraphPad. PP =
polypropylene, PET = polyester, ERC = environmentally relevant concentration, 10x = 10 times the
ERC, 100x = 100 times the ERC, CI = confidence level

Dunnett's T3 multiple Mean Diff.  95.00% CI of diff. Summary Adiusted
comparisons test p-value
PET ERC vs. PP ERC -0.1887 -0.3483 to -0.02916 *x 0.0039
PET ERC vs. PET 10x 0.0385 -0.1071 to 0.1841 ns 0.9989
PET ERC vs. PP 10x -0.09681 -0.2443 to 0.05063 ns 0.3893
PET ERC vs. PET 100x 0.1988 0.07552 to 0.3220 otk <0.0001
PET ERC vs. PP 100x 0.07641 -0.05523 to 0.2080 ns 0.5623
PP ERC vs. PET 10x 0.2272 0.08247 to 0.3720 otk <0.0001
PP ERC vs. PP 10x 0.09192 -0.05465 to 0.2385 ns 0.4596
PP ERC vs. PET 100x 0.3875 0.2657 to 0.5093 otk <0.0001
PP ERC vs. PP 100x 0.2651 0.1347 to 0.3956 otk <0.0001
PET 10x vs. PP 10x -0.1353 -0.2659 to -0.004670 * 0.0177
PET 10x vs. PET 100x 0.1603 0.05966 to 0.2609 otk <0.0001
PET 10x vs. PP 100x 0.03791 -0.07346 to 0.1493 ns 0.9849
PP 10x vs. PET 100x 0.2956 0.1922 to 0.3989 otk <0.0001
PP 10x vs. PP 100x 0.1732 0.05933 t0 0.2871 ok 0.0001
PET 100x vs. PP 100x -0.1224 -0.1961 to -0.04863 ok <0.0001
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Appendix D

Supplementary Information for Chapter 5 Microplastic fibre exposure and seawater warming
synergistically affect levels of stress but not fitness parameters of a juvenile coral reef fish
(Acanthochromis polyacanthus) under winter conditions
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1. Supplementary Methods

1.1. Chemical confirmation of PET fibres

Analysis by Fourier transform infrared spectroscopy (FTIR; PerkinElmer Spectrum 100)
confirmed the sewing thread (Giitermann, CA 02776) used as microplastic fibres was polyester
(PET), based on > 90% similarity to the PET reference spectrum (Nicodom IR spectral
libraries) (Figure S1).

%00 0 1500 1000 55 4000 &0 ) ol 2004 1500 1600
-1 -1

Figure S1: FTIR spectra of (A) Giitermann, CA 02776 polyester (PET) microfibres and (B) PET
reference spectrum (Nicodom IR spectral libraries).

1.2. Automated dosing of microplastic fibres

1.2.1. Design and construction of the automated microplastic dosing system

An automated dosing system was designed to deliver a constant known concentration of
PET microfibres to the experimental tank system. The dosing system comprised of three main
parts: (1) 70 L header tank into which the microplastic stock solution was dosed, (2) primary
distribution pipeline, and (3) tank-specific dosing device consisting of a solenoid valve and a
secondary pipeline to deliver the microplastic dose into individual experimental tanks (n = 27)
(Figure S2). The primary distribution pipeline is a closed system in which the seawater and
microplastics mixture is circulated by magnet pump (IWAKI, MX-400CVS5SE, 50 Hz)
throughout experimental room, ultimately returning to the 70 L header tank via (1) an
immersed T-shaped outlet located mid-height or (2) an o-ring shower located on the top of 70
L head tank. The T-shaped outlet ensures homogeneity of the stock microplastics solution; the
o-ring shower ensures minimal accumulation of microplastics on the walls of the 70 L header
tank resulting from water level fluctuations during system use. When a tank-specific solenoid
valve is opened that tank is dosed (via the secondary pipeline) for one second with an average

of 34.35 mL of stock microplastics solution from the pump-pressurized distribution pipeline.
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The secondary pipeline terminates below the water surface to avoid any loss of dosed

microplastics due to tank wall adhesion (e.g., splashing).

Solenoid valve

] Shower ring
Sea -
Water Header System
inflow tank pipeline
seawater
tap Header tank
(70 L)
Header tank
m
Header == pump
Experimental pipeline
— ——— tank (110L) ]
System L’ v’ I v
outflow tap — BE- Solenoid Tﬂi
valve

Figure S2: Illustrative scheme of the microplastic automated dosing system and its main parts,
including: 70 L header tank, primary distribution pipeline, and 110 L exposure tanks with pecific dosing
device (solenoid valve and a secondary pipeline). Seawater inflow is used to fill up header tank with 70
L of seawater. System outflow tap is used to clear the system of old stock solution every time a new

stock solution is created.

Due to the high density of PET (1.38 g cm™) which results in sinking in seawater, the

experimental tanks were designed to prevent PET deposit and accumulation at the bottom over

time. Each 110 L PVC experimental tank was conical in shape, with the tapered base connected

to an independent seawater recirculation system which generated a continuous upwelling

thereby ensuring dosed PET fibres are homogeneously mixed (Figure S3). Upwelling was
maintained in each experimental tank by individual pumps (SCORPION, MYT 631-2, 50 Hz)

with full seawater exchange set at 0.8 L h™".
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Figure S3: Exposure tank and modelled PET distribution in the tank. [llustrative scheme of the exposure
tank and tank circulation system, by which the flow-through water and dosed microplastics get
dispersed in the exposure tank.

1.2.2. Automation of the dosing system

The dosing system was controlled through a programmable logic controller (PLC, Siemens
SIMANTIC S7-1500), and managed through a supervisory control and data acquisition
(SCADA) system. SCADA permitted the adjustment of the duration (seconds) and frequency
of solenoid valve opening to accurately regulate the targeted dosing of microplastics into each
tank. The dosing system was tested in several pilot trials to optimize the solenoid valve’s
activation frequency, as the chemical and physical characteristics of the microplastic used (e.g.,
polymer, size, shape, and biofouling) are known to affect its distribution in seawater (Liu et
al., 2020) (see Sections 2.3). In addition to regulating microplastic dosing, the SCADA system
also permitted monitoring of the water level in the header tank and the automatic suspension

of microplastic dosing if it dropped below a defined threshold Supplementary Figure S2).

1.2.3. Development of the automated dosing system

The automated dosing of microplastics was designed to maintain consistent microplastic
concentrations in experimental tanks over time. Consistency depends on interactions between
(1) quantity of microplastic dosed into the experimental tank, (2) dosing rate (i.e. number of
dosings per unit of time), and (3) elimination rate (i.e., how many microplastics are flushed out

with the flow-through water system from the tanks over time). Elimination rate, in turn, is
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influenced by four factors: (3.1) how microplastics behave within the automated dosing system
(i.e., homogeneous vs heterogeneous dispersal) and the experimental tank (i.e., sinking or
floating), (3.2) tank seawater exchange rate, (3.3) microplastics stock solution concentration,

and (3.4) duration and frequency of solenoid valve activation.

The elimination rate was determined using a single concentration of stock solution (540
PET microfibres L), with seawater flow rate of 7.2 L min™!, and solenoid valves opened for 1
second every 21 seconds (to simulate constant microplastic input). Trials were run over four
days. Tanks (n = 1 to 3) were randomly chosen for sampling and assessed up to three times a
day. Prior to sampling, the microplastic automated dosing system was operated for at least 2.5
hours (to allow nominal microplastic concentration to stabilize in experimental tanks) and the
number of microplastics released by the solenoid valve, the number that were dispersed at the
bottom water column, and the number that were dispersed into the upper water column were
counted. The number of PET microfibres released by the solenoid valve was analysed by
sampling one the stock solution dosed from the end of the secondary pipeline (i.e., at the time
of entering into the experimental tank) with 50 mL graduated falcon tubes. The volume of stock
solution was recorded and filtered over 0.45 pm membrane filters (HA, Millipore). Retained
PET microfibres were counted with stereomicroscopy (Leica MZ6, 4.0x magnification) and
PET concentration stablished based on the volume of stock solution dosed. PET concentration
and dispersion in experimental tanks was assessed by syphoning water from both bottom and
upper water column (15 L each) over a 40 um plankton sieve (polyamide (PA) mesh,
polypropylene (PP) frame), which was backwashed into same type of filters described above.
PET count and concentration estimates also followed procedures above. All accessible surfaces
of the automated dosing system were visually inspected for potential areas of microplastic

accumulation.

Preliminary trials identified microplastic accumulation on the walls of the header tank and
experimental tanks, and at the base of the experimental tanks, resulting in modification of the
initial design, e.g., t-shaped outlet and o-ring shower added to the header tank and conical base
and circulation system added to experimental tanks. The seawater flow rate for the entire
system, including in each tank, was adjusted to 15 L min'; a compromise between keeping the
PET microfibres in suspension, maintaining water quality and not disturbing the fish. Based on
PET microfibre counts in each tank, the stock solution concentration was adjusted to deliver
the required nominal concentration into experimental tanks. The system was tested after every

adjustment.
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1.2.4. Validation of the automated dosing system

Once operational the dosing system was fully developed, it was validated in a pilot study by
adding a known concentration of stock PET microfibre solution (836 or 19286 PET microfibres
L) to the 70 L header tank and operated in automated mode over 2.5 days, during which
experimental tanks (n=3 per microplastic concentration chosen randomly each sampling time
point to avoid skewed results due to prior sampling) were sampled twice daily and
microplastics (recovered by filtration) counted (the expected nominal dosing being 1.1
microfibre L' or 11 microfibres L'). To test for cross contamination the system was also

operated in the absence of PET microfibres in the header tank.

Concomitantly, under same animal ethics approval as main experiment, A. polyacanthus
(sourced from the Marine Aquaculture and Research Facility Unit (MARFU) at James Cook
University) were transferred to the Australian Institute of Marine Science’s National Sea
Simulator, placed in six experimental tanks (n=12 fish per tank, ambient seawater temperature,
approx. 23.5°C) and fed live and enriched post-hatched artemia. After two-days acclimation
fish in three of the tanks were exposed to the highest supply of microplastics tested for the
nominal concentrations (100 PET fibres per fish per tank, equivalent to approx. 11 fibres L),
the other three tanks acting as controls. After two days exposure, treated and control fish were
euthanised, weighed, measured and dissected, and the gills and GIT inspected for microplastic
contamination. Refer to the main text for microplastic characterisation methods. The number
of contaminating PET microfibres was recorded for each individual fish.

This pilot study confirmed the automated dosing system is capable of providing consistent
microplastic exposure at different microplastic concentrations for 2.5 days. No PET
microfibres were observed in control tanks (MPconto1), While an average (£ SE) of 1.27 £ 0.21
and 10.7 *+ 0.89 PET microfibres L' were found in tanks exposed to low (MPiow) and high
(MPhign) microplastic concentratons. The PET microfibre concentration varied from 0.9 to 1.7
and 9.3 to 12.2 PET microfibres L™ across tanks and sampling times for each microplastic

treatment, respectively (Figure S4).
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Figure S4: PET microfibre measured concentration (average + SE) in experimental tanks of (A) MPjow
and (B) MPhig, treatments over 2.5 days. S1 and S2 represent sampling one and 2 along the day.
Expected nominal concentrations in experimental tanks were 1.1 PET L' for MPyy and 11 PET L™

fOI‘ MPhigh.

Inspection of gills and GIT dissected from control fish found no PET microfibres, while GIT

from fish exposed to 11 microplastic L' were found to be contaminated. Gills of exposed fish

were PET free. PET concentration in fish GIT varied from 1 to 98 per individual, with an

average of 25.26 + 20.09 PET fibres per fish. Fish size in tanks also varied quite significantly

(from 20.95 to 38.46 mm in length, and from 0.21 to 1.61 g in weight), which could have

influenced the levels of PET contamination thus, fish size was included as covariant in the glm

models utilised in the final study.
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1.3. Seawater temperature in fish tanks

Table S1: Seawater temperature (°C) in experimental tanks, reported per treatment and per day. Ambient
temperatures (T237, 23.7°C) are based on seawater temperatures logged daily at Davis Reef (Central
Great Barrier Reef) and at future predicted 2050 (T»s»; ambient +1.5°C) and 2100 (T267; ambient
+3.0°C) temperatures (IPCC, 2018).

Date | Ta7 | Tos2 | Taes | Date | Tag | Tosa | Ta7 | Date | Tazz | Taszo | Taer
8.07 23.6 | 25.1 | 26.6 | 5.08 233 | 248 | 26.3 | 2.09 23.8 | 253 | 26.8
9.07 23.6 | 25.1 | 26.6 | 6.08 233 | 248 | 26.3 | 3.09 23.8 | 253 | 26.8
10.07 | 23.6 | 25.1 | 26.6 | 7.08 233 | 248 | 26.3 | 4.09 23.8 | 253 | 26.8
11.07 | 23.5 | 25.0 | 26.5 | 8.08 233 | 248 | 26.3 | 5.09 239 | 254 | 26.9
12.07 | 23.5 | 25.0 | 26.5 | 9.08 233 | 248 | 26.3 | 6.09 239 | 254 | 26.9
13.07 | 23.5 | 250 | 26.5 | 10.08 | 23.2 | 247 | 26.2 | 7.09 24.0 | 25.5 | 27.0
14.07 | 23.5 | 250 | 26.5 | 11.08 | 23.2 | 247 | 26.2 | 8.09 24.0 | 25.5 | 27.0
15.07 | 23.5 | 250 | 26.5 | 12.08 | 23.2 | 247 | 26.2 | 9.09 24,1 | 25.6 | 27.1
16.07 | 23.5 | 250 | 26.5 | 13.08 | 23.2 | 247 | 26.2 | 10.09 | 242 | 25.7 | 27.2
17.07 | 234 | 249 | 264 | 14.08 | 23.2 | 247 | 262 | 11.09 | 242 | 25.7 | 27.2
18.07 | 234 | 249 | 264 | 15.08 | 23.3 | 248 | 26.3 | 12.09 | 242 | 25.7 | 27.2
19.07 | 234 | 249 | 264 | 16.08 | 23.3 | 248 | 26.3 | 13.09 | 242 | 25.7 | 27.2
20.07 | 234 | 249 | 264 | 17.08 | 23.4 | 249 | 264 | 14.09 | 242 | 257 | 27.2
21.07 | 234 | 249 | 264 | 18.08 | 23.4 | 249 | 264 | 15.09 | 243 | 25.8 | 27.3
22.07 | 233 | 248 | 26.3 | 19.08 | 23.5 | 25.0 | 26.5 | 16.09 | 243 | 25.8 | 27.3
23.07 | 233 | 24.8 | 26.3 | 20.08 | 23.5 | 25.0 | 26.5 | 17.09 | 243 | 25.8 | 27.3
24.07 | 233 | 248 | 263 | 21.08 | 234 | 249 | 264 | 18.09 | 243 | 25.8 | 27.3
25.07 | 233 | 248 | 263 | 22.08 | 234 | 249 | 264 | 19.09 | 244 | 259 | 27.4
26.07 | 233 | 248 | 263 | 23.08 | 23.5 | 250 | 26.5 | 20.09 | 244 | 259 | 27.4
27.07 | 233 | 248 | 263 | 24.08 | 23.6 | 25.1 | 26.6 | 21.09 | 245 | 26.0 | 27.5
28.07 | 233 | 24.8 | 263 | 25.08 | 23.6 | 25.1 | 26.6 | 22.09 | 245 | 26.0 | 27.5
29.07 | 233 | 24.8 | 263 | 26.08 | 23.6 | 25.1 | 26.6 | 23.09 | 245 | 26.0 | 27.5
30.07 | 233 | 248 | 263 | 27.08 | 23.6 | 25.1 | 26.6 | 24.09 | 24.6 | 26.1 | 27.6
31.07 | 232 | 247 | 262 | 28.08 | 23.6 | 25.1 | 26.6 | 25.09 | 24.6 | 26.1 | 27.6
1.08 232 | 2477 | 262 | 29.08 | 23.6 | 25.1 | 26.6 | 26.09 | 24.6 | 26.1 | 27.6
2.08 232 | 247 | 26.2 | 30.08 | 23.6 | 25.1 | 26.6 | 27.09 | 24.7 | 26.2 | 27.7
3.08 232 | 247 | 26.2 | 31.08 | 23.7 | 252 | 26.7 | 28.09 | 248 | 263 | 27.8
4.08 233 | 248 | 26.3 | 1.09 237 | 25.2 | 26.7
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1.4. Validation of cortisol extraction protocol

Parallelism, accuracy and precision of the cortisol ELISA kit for the extraction method
applied was validate following Guest et al. (2016) and (Metcalfe et al., 2018). Parallelism was
verified by visual assessment of the slopes of the standard curve and diluted samples (Figure
S5). Dilutions tested included 1:0, 1:3, 1:6, 1:12, 1:18, 1:24, 1:30, and 1:36. Dilution factor of
6 was observed at 50% relative maximum binding, with 20-80% B/By relative maximum
binding being considered as acceptable (Figure S5a). Method accuracy was assessed by spiking
samples with 800 pg cortisol mL™' and assessing recovery (n=3). For each sample,
homogenised fish was split into two, and either spiked with cortisol or assay buffer. Samples

were then processed following the stablished protocol and cortisol recovery calculated as:

[(cortisolsp/cortisolns)/cortisolkn] x 100 (Eq. 1)

where Cortisols, is the concentration of cortisol in spiked samples, Cortisolss is the
concentration of cortisol in non-spiked samples (buffer added), and Cortisol, is the known

concentration of cortisol spiked in samples (800 pg ml™").

To calculate final concentration of cortisol in experimental samples, the mean recovery of
the spiking test (94.3%, n=3) was used as a correction factor (Figure S5b). Coefficient of

variation (CV) within samples was determined to be 10.67 £+ 6.45 (mean + s.d., n=162).
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Figure S5: Validation steps for ELISA cortisol analysis of whole-body homogenates of
Acanthochromis polyacanthus. (A) The optimal sample dilution (50% B/Bo) was determined for three
individual fish (S1-3) and compared against the cortisol standard curve (i.e., cortisol without any fish
tissue; fine black line). An optimal dilution factor of 6 was determined to be suitable for analysis of fish
tissue homogenates based on the concentration of cortisol at which 50% is bound (dashed grey line).
(B) Parallelism between fish whole-body homogenates was confirmed by visually assessing the slopes
of the standard curve and the diluted samples. Extraction efficiency of cortisol from the fish tissues was
94.4 % (n=3).
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Appendix E

Supplementary Information for Chapter 5 Microplastic fibre exposure and seawater warming
synergistically affect levels of stress but not fitness parameters of a juvenile coral reef fish
(Acanthochromis polyacanthus) under winter conditions
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1. Supplementary results

1.1. Validation and estimation of microplastic uptake

1.1.1. Microplastic uptake after one week of exposure

Table S1: Microplastic (MP) uptake per treatment (increasing microplastic concentration and seawater
temperature) after one week of exposure. Values reported as mean + SE. Polyethylene terephthalate =
PET, control = MPconor, low PET exposure at 1.1 fibres L' = MPjoy and high PET exposure at 11
fibres L™ of filtered seawater = MPhpign.

Treatment PET fibres fish!
MP concentration Temperature (Tec)

MPcontrol T2s7 0£0

MPiow T2s7 12.50 + 16.88
MPhigh Ta7 22.00 +18.79
MPcontrol Tasa 0+ 0

MPiow Tasa 1.67+1.80
MPhign Taso 51.67 +44.14
MPcontrol Ta67 0+0

MPiow Ta67 3.83+6.36
MPhign Ta6.7 42.0 +40.17
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1.1.2. Differences in microplastic uptake

Table S2: Influence of microplastic concentration (MPcontrol, MPiow, and MPrign), seawater temperature
(Ta37 = 23.7°C, Tas, = 25.2°C and Ta7 = 26.7°C on average) and fish size (fork length, cm) on
microplastic uptake by Acanthochromis polyacanthus. (a) Summary of the regression model, (b) Post-
hoc contrasts.

(a) Summary of the regression model used to estimate differences in uptake rates of polyester (PET)
microfibres under different exposure conditions and influence on fish fork length (in mm). MPpien =
11 PET microfibres fish™', Tyso = 25.2 °C and Tas7 = 26.7 °C on average. Incidence Rate Ratios,
confidence intervals (CI) and p-values (p) are reported, as well as the number of observations and R-
squared values. p-values < 0.05 indicate significant differences and are highlighted in bold.

MP count
. Incidence
Predictors Rate Ratios Cl p
Intercept 8.82 1.19-65.14 0.033
fork length 0.99 0.95-1.03 0.757
MPhigh 9.56 2.90-31.56 <0.001
Tas2 0.98 0.30-3.24 0.980
Ta6.7 1.44 0.44 —-4.72 0.545
MPhign: Tas2 3.63 0.68 —19.34 0.130
MPhigh: Ta67 0.80 0.15-4.29 0.798
Random Effects
o’ 0.79
T00 tank 0.41
ICC 0.34
N tank 18
Observations 179
Marginal R?/ 0.615/0.747
Conditional R?
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(b) Post-hoc contrasts of uptake rates of polyester (PET) microfibres by fish exposed to different
microplastic concentrations (1 PET microfibre fish! = MPiow, and 11 PET microfibres fish" = MPhigh)
and seawater temperatures (T27=23.7 °C, Tas,=25.2 °C and T2s7 = 26.7 °C on average). Estimated
ratio, standard error (SE), degrees of freedom (df), t.ratio and p-values are reported. p-values < 0.05

indicate significant differences and are highlighted in bold.

Constant Contrasts ratio SE df t.ratio p-value
T2 MPiow / MPhigh 0.1046 0.0637 170 -3.708 0.0003
Tasa MPiow / MPhign 0.0288 0.0174 170 -5.863 <.0001
Ta67 MPiow / MPhigh 0.1302 0.0782 170 -3.393 0.0009
MPiow Tas7/ Tasa 1.016 0.618 170 0.026 0.9996
Tas.7/ Tass 0.693 0.419 170 -0.606 0.8173
Tas2/ Tasr 0.683 0.415 170 -0.628 0.8048
MPhign Tas7/ Tasa 0.280 0.168 170 -2.127 0.0874
Ta71/ Tasr 0.863 0.522 170 -0.243 0.9679
Tas2/ Tasr 3.088 1.841 170 1.891 0.1443
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1.2. Fish health and fitness

1.2.1. Differences in cortisol levels

Table S3: Influence of microplastic (MP) concentration (MPcontrot, MPiow, and MPrien), seawater
temperature (T237=23.7 °C, T2s2=25.2 °C and T267 = 26.7 °C on average) and fish size (w.w., g) on
cortisol levels in Acanthochromis polyacanthus. (a) Summary of the regression model, (b) Post-hoc
contrasts.

(a) Summary of the regression model used to estimate differences in levels of bound cortisol as a
function of the treatment conditions. Estimates, confidence intervals (CI) and p-values (p) are reported,
as well as the number of observations and R-squared values. p-values < 0.05 indicate significant
differences and are highlighted in bold.

log(cortisol)

Predictors Estimates Cl p

Intercept 6.67 6.23-7.11  <0.001

MPiow -0.24 -0.70-0.22 0.303

MPhigh 0.11 -0.35-0.57 0.640

Tas2 0.03 -0.43-0.49 0.900

Ta6.7 0.39 -0.07-0.85 0.099

weight -0.16 -0.25 --0.07 <0.001

MPiow * Tas2 0.02 -0.63-0.67 0.954

MPhigh * Tas2 -0.02 -0.68 —0.63 0.942

MPiow * Tae7 0.10 -0.56 -0.75 0.773

MPhign * Tae7 -0.70 -1.35--0.05 0.036
Random Effects

c’ 0.43

T00 tank n 0.01

ICC 0.03

N tank n 27

Observations 162

Marginal R? / Conditional R*  0.152/0.175
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(b) Post-hoc contrasts of fish cortisol levels as a function of microplastic concentration (MP control,
MPiow, and MPhigy) and seawater temperature (Ta37 = 23.7°C, Tas2 = 25.2°C and Ta7 = 26.7°C on
average). Estimated ratio, standard error (SE), degrees of freedom (df), t.ratio and p-values are
reported. p-values < 0.05 indicate significant differences and are highlighted in bold.

contrasts ratio SE df t.ratio p.value
Sea water temperature = T1

MPcontrot / MPiow 1.274 0.299 150 1.030 0.5589
MPcontrot / MPhigh ~ 0.896 0.211 150 -0.467 0.8868
MPiow / MPhign 0.703 0.165 150 -1.498 0.2950
Sea water temperature = T2

MPcontrot / MPiow 1.250 0.295 150 0.944 0.6131
MPcontrot / MPhigh ~ 0.918 0.216 150 -0.363 0.9298
MPiow / MPhign 0.735 0.173 150 -1.309 0.3926
Sea water temperature = T3

MPcontrol / MPiow 1.157 0.272 150 0.622 0.8083
MPeontrot / MPhign ~ 1.799 0.423 150 2.498 0.0360
MPiow / MPhign 1.554 0.365 150 1.875 0.1494
PET exposure concentration = MP1

T237/ Tasz 0.971 0.228 150 -0.126 0.9913
T237/ Tass 0.678 0.159 150 -1.652 0.2275
Tas2/ Tasr 0.699 0.164 150 -1.525 0.2820
PET exposure concentration = MP2

Ta37/ Tasa 0.952 0.225 150 -0.207 0.9766
T237/ Tasr 0.616 0.145 150 -2.060 0.1019
Tas2/ Tasr 0.647 0.153 150 -1.846 0.1583
PET exposure concentration = MP3

Ta37/ Tasa 0.995 0.234 150 -0.022 0.9997
T237/ Tas7 1.362 0.320 150 1.313 0.3901
Tas2/ Tasr 1.369 0.322 150 1.335 0.3778
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1.2.2. Differences in total lipids

Table S4: Influence of microplastic (MP) concentration (MPcontrot, MPiow, and MPrien), seawater
temperature (T237= 23.7°C, Tas2= 25.2°C and Tz67 = 26.7°C on average) and fish size (w.w., g) on
total lipid content in Acanthochromis polyacanthus. Estimates, confidence intervals (CI) and p-values
(p) are reported, as well as the number of observations and R-squared values. p-values < 0.05 indicate
significant differences and are highlighted in bold.

Total Lipids

Predictors Estimates CIl p

Intercept 0.06 0.05-0.08 <0.001

MPiow 0.89 071 -1.12 0.328

MPhigh 1.06 0.85-1.32 0.592

Tasa 0.86 0.69-1.08 0.189

Tae.7 0.87 0.70-1.08 0.217

weight 0.93 0.87-0.99 0.029
Random Effects

o’ 0.22

T00 tank 0.02

ICC 0.07

N tank 27

Observations 162

Marginal R*/ Conditional R* 0.071/0.134
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1.2.3. Differences in growth

Table S5: Influence of microplastic (MP) concentration (MP control, MPlow, and MPhigh) and seawater
temperature (Ta37 = 23.7 °C, Taso = 25.2 °C and Tz7 = 26.7 °C on average) on growth of
Acanthochromis polyacanthus. Estimates, confidence intervals (CI) and p-values (p) are reported, as
well as the number of observations and R-squared values. p-values < 0.05 indicate significant
differences and are highlighted in bold.

Growth
Predictors Estimates CIl p
Intercept 0.66 0.58-0.74 <0.001
MPiow -0.01  -0.10-0.08 0.832
MPhigh 0.02 -0.06—-0.11 0.603
Tas2 -0.03  -0.12-0.06 0.484
Ta67 0.04 -0.04-0.13 0.332
Random Effects
o’ 0.00
T00 tank 0.01
ICC 0.13
N tank 27
Observations 267
Marginal R*/ Conditional R* 0.027/0.157
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1.2.4. Differences in condition factor

Table S6: Influence of microplastic (MP) concentration (MPcontrol, MPiow, and MPhrign) and seawater
temperature (T237 = 23.7°C, Tas, = 25.2°C and Taz7 = 26.7°C on average) on condition factor of
Acanthochromis polyacanthus. Estimates, confidence intervals (CI) and p-values (p) are reported, as
well as the number of observations and R-squared values. p-values < 0.05 indicate significant
differences and are highlighted in bold.

Condition Factor

Predictors Estimates CI p
Intercept 0.89 0.86 -0.93 <0.001
MPow -0.00 -0.03 -0.03 0.943
MPhigh 0.02 -0.01 - 0.05 0.216
Tasa -0.06 -0.05--0.02  0.422
Ta67 0.01 -0.02 -0.04 0.626
Random Effects
o’ 0.01
T00 tank 0.00
ICC 0.04

N tank 27
Observations 267
Marginal R*/ Conditional 0.050 / 0.057

RZ
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