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Abstract

Understanding distribution and bioavailability of microplastics is vital for conducting ecological risk assessments (ERA) and
developing mitigation strategies in marine environments. This study couples in situ data from Lizard Island (Great Barrier
Reef) and numerical modelling and simulations to determine microplastic abundances in abiotic (water and sediment) and
biotic (planktivorous fish, sea squirts, sponges, corals, and sea cucumbers) compartments and predict their trajectories within
this ecosystem. Results show microplastics predominantly (75%) originate from beached plastics from nearby islands and
coastal areas, dispersing northward without local entrapment and settlement likely occurring on northern beaches (>50%),
including Papua New Guinea. Concentrations increased by three orders of magnitude with depth, with distinct profiles: sur-
face waters contained more fragments and low-density polymers at concentrations of < 1 microplastics m~>, and deeper layers
more fibres and high-density polymers, with concentrations peaking at the seafloor at> 100 microplastics m~>. Reflecting
ecological and physiological traits of each taxon, fish exhibited microplastic contamination levels nearly twice that observed
in invertebrates, and while polymers and colours had no stronger evidences on influencing bioavailability, shape and size
did, with fish more susceptible to contamination by microplastic fibres and all taxa to smaller-sized microplastic particles.

Keywords Marine debris - Abundance - Numerical model - Marine organisms - Consumption

Introduction microplastics and empirical data is urgently needed to estab-

lish effective microplastic-specific ecological risk assess-

Contamination of marine ecosystems by plastics and micro-
plastics (1 um to 5 mm in size) is considered an environ-
mental priority of global importance (United Nations
Environment Programme 2021). While there is a plethora
of knowledge regarding larger plastics (United Nations
Environment Programme 2021), there is less known about
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ments (ERA) (Environmental Protection Agency 1992)
to support environmental management and mitigation
strategies. ERAs are a vital tool to evaluate the likelihood
and consequences of exposure to a stressor, and requires
the systematic examination of the scientific literature to
establish (1) which risk factors are important and (2) the
relationship(s) between stressor exposure and observed (i.e.
measured) ecological impacts (Environmental Protection
Agency 1992, GESAMP 2016). In essence, ERAs are used
to describe how, when, and where exposure occurs and at
what point the risk is realised. As such, the framework for an
ERA includes two key phases: detailed characterisation and
profiling of the exposure and evaluation of the ecological
effects resulting from said exposure.

For microplastics, comprehensive and robust exposure
characterisation data that links stressor exposure to eco-
logical impacts is challenging on a global scale given that,
locally, microplastic contamination across abiotic matrices
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(i.e. surface waters, mid-water columns, and seafloor sedi-
ments) can exhibit considerable variation in concentration
and characteristics due to the heterogeneity and diversity of
polymers (and their additives) that enter the marine envi-
ronment (Rochman et al. 2019) as well as the environmen-
tal factors (Amenabar et al. 2024; Gunaalan et al. 2024;
Manullang et al. 2024) and biological interactions (Kvale
et al. 2020; Miller et al. 2022a; Sacco et al. 2024). Thus, to
define the global threat, it is first necessary to conduct com-
prehensive local-scale assessments to determine presence
and distribution of microplastics and reveal microplastic
transport pathways and environmental fates. Combining
local field data with hydrodynamic numerical simulations
thereafter enhances the sensitivity and accuracy of these
assessments, providing critical insights into microplastic
spatial and temporal dynamics at both regional (Jensen et al.
2019; Vega-Moreno et al. 2024) and global (Everaert et al.
2020; Ourmieres et al. 2023; van Sebille et al. 2015) scales.

Establishing the link between exposure and ecological
impacts (Environmental Protection Agency 1992) requires
assessment of microplastic contamination in biotic matrices
to understand the extent and pathways of contact and confirm
field bioavailability. Comparative analyses between abiotic and
biotic contamination locally can refine our understanding of
bioavailability, classify microplastic characteristics according
to the specific risks they pose to organisms, and help identify
effective bioindicator species (Pastorino and Barcel6 2024).
Differences among biotic matrices can also reveal species-spe-
cific contamination patterns related to an organism’s ecological
traits and physiology, with many studies having already high-
lighted the complexity of microplastic contamination in marine
organisms (Sacco et al. 2024). Yet, despite global interest, the
full extent and level of the ecological risk remain uncertain,
mostly due to inconsistent and incomplete data at local scales
(Jung et al. 2021; Wootton et al. 2024).

Due to the deficit of microplastics data, current ERAs
rely on studies that are focused on isolated compartments
(e.g. abiotic or biotic compartments) (Everaert et al. 2020;
Fraissinet et al. 2024; Gao et al. 2024; Lefebvre et al. 2024)
and which lack comprehensive coverage across different
compartments and organisms. Furthermore, works integrat-
ing field-derived microplastics data with numerical simula-
tions are limited, even though this information is crucial
to validate and refine modelling exercises (Moodley et al.
2024). Similarly scarce, although now a point of focus for
the microplastics field, is the application of standardised
methods for sample collection, processing, and data report-
ing (Hartmann et al. 2019; Lusher et al. 2020; Prata et al.
2020; Wootton et al. 2024). Thus, intense research effort is
needed to address these deficiencies, with holistic localised
studies key to understanding and predicting what is occur-
ring at the regional and global scales.
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Given their extraordinary diversity, ecological impor-
tance, and high sensitivity to anthropogenic stressors (Sobha
et al. 2023), tropical coral reefs are an exemplar ecosystem
for understanding the status of ocean and planet health. In
this context, and the fact that microplastics have been iden-
tified globally as a contaminant of concern, understanding
their impacts on coral reefs is considered of critical impor-
tance (Biswas et al. 2024; Huang et al. 2021; Rahman et al.
2023). Existing studies have documented the presence of
microplastics in coral reef waters (Nie et al. 2019; Tan et al.
2020), sediments (Lin et al. 2024; Patti et al. 2020; Portz
et al. 2020), and biota (La Beur et al. 2019; Rotjan et al.
2019), yet these are not representative of the global spatial
coverage of this ecosystem type (approximate 284,300 km?
across more than 20 countries, Global Coral Reef Monitor-
ing Network, GCRMN), nor of its entire biodiversity (being
the most biodiverse ecosystem in the world). Even so, coral
reef ecosystems are now considered microplastic sinks (Mar-
tin et al. 2019; Reichert et al. 2022; Soares et al. 2023) and
therefore at risk. In recent critical literature reviews (Huang
et al. 2021; Rahman et al. 2023), less than 30 field studies on
microplastics in coral reef ecosystems were considered for
analysis, with more recent reviews identifying similar limita-
tions (Lin et al. 2024; Shaw et al. 2024). The scant knowledge
of microplastic trajectories in coral reef systems (Critchell
etal. 2015; Jensen et al. 2019) similarly reflects the paucity of
hydrodynamical modelling studies. This scarcity of literature
regarding microplastic abundance and distribution in coral
reefs (Huang et al. 2021; Rahman et al. 2023), and the knowl-
edge that microplastics distribution can be highly variable in
coral reefs systems due to local reef dynamics (Rahman et al.
2023), continues to hamper the ecological analyses required
to establish microplastic distribution patterns and exposure
thresholds above which adverse effects intensify (Environ-
mental Protection Agency 1992).

This study addresses fundamental questions related to the
ecological risks that microplastics pose to coral reef eco-
systems by testing the hypothesis that microplastics accu-
mulate within coral reef ecosystems, increasing ecologi-
cal risks through ingestion by biota. To investigate this, a
comprehensive field-based dataset was generated, and used
to develop numerical models to assess microplastics pres-
ence, distribution and (dis-)similarities among abiotic and
biotic compartments of a tropical coral reef. Abiotic (surface
and mid-column waters and seafloor sediment) and biotic
(planktivorous fish, sea squirt, sponge, hard coral, and sea
cucumber) matrices were sampled from two unique coral
reefs at Lizard Island, within the Great Barrier Reef World
Heritage Area (GBRWHA), Australia, to establish a baseline
of microplastic contamination at Lizard Island. Thereafter,
data was used in numerical hindcast and forecast simulations
to predict the trajectories of microplastics within a 2-week
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period of the sampling time. Bayesian regression modeling
was used to analyse the relationship between microplastic
characteristics and levels of contamination across taxa and
their surrounding abiotic compartment, and determine the
extent of exposure to and bioavailability of microplastics.
Notably, this is the first study to investigate the full vertical
profile of microplastic contamination, from the seasurface
to the mid-column and seafloor sediment, within a coral reef
ecosystem (Huang et al. 2021; Rahman et al. 2023) while
also contextualising the risk for inhabiting species.

Methods
Lizard Island group

The Lizard Island group (14°40'08"S 145°27'34"E) consists
of three islands: Lizard, Palfrey, and South Islands, which
are located in the northern GBRWHA, approximately 30 km
northeast of the Australian continent (Fig. 1). Despite its
relatively remote location, previous studies have reported
microplastic contamination in resident fish (Santana et al.
2021) and regionally (Kroon et al. 2018b). Yet there exists
no direct evidence linking the surrounding anthropogenic

LIZARD |
ISLAND

Fig. 1 Location of the Lizard Island group, and sampling sites Gran-
ite Bluff (1) and Blue Lagoon (2), in the northern Great Barrier
Reef World Heritage Area, Australia with areas of mining industries
(blue box) and farming and residential infrastructure (yellow boxes)

activities, whether from the islands or the mainland, to
microplastic pollution levels in the abiotic and biotic com-
partments of the Lizard Island group. The Lizard Island
group is 250 km north of the largest city in the region
(Cairns; population ~167,000) and located within a desig-
nated shipping area within the GBR Marine Park (amsa.gov.
au). Industries on the adjacent mainland are classified as
“residential and farm infrastructure” and “intensive uses”,
which includes mining (qld.gov.au). Most of the surround-
ing marine environment of Lizard Island is zoned as Marine
National Park restricting extractive and recreational uses,
with Lizard Island itself hosting a tourist resort, a research
station, and a camp site. Beach clean-up surveys have iden-
tified substantial marine debris contaminating the Lizard
Island group coastlines (tangaroablue.org), with plastic rem-
nants representing more than 70% of the debris collected on
the beaches.

The coral reef ecosystem of the Lizard Island group com-
prises narrow fringing reefs surrounding most of the main
island. Samples were obtained from two distinct locations:
the more exposed Blue Lagoon and the sheltered Granite
Bluff. This sampling approach captures coral reef systems
under contrasting hydrodynamic conditions, providing a more
comprehensive understanding of microplastics dynamics.

Examples of industries on
the adjacent mainland

(] Mining (intensive use)

Farming and residential
infrastructure

Lizard Isand

Sampling sites 1 and 2
1. Granite Bluff
2. Blue Lagoon

<4 Palfrey Island
©®) South Island

shown on the adjacent mainland. This figure was adapted from a map
extracted from the Queensland State-Wide Land Use Map (www.qld.
gov.au) on November 30, 2022
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The Blue Lagoon reef (~2 km X2 km X 10 m deep) is posi-
tioned between Palfrey and South Islands, with a 3-m tidal
range and fast-flowing currents (Hamylton et al. 2014). Gran-
ite Bluff (~ 1 kmx 1 kmXx 10 m deep) is a sheltered northwest
facing reef adjacent to Watson’s Bay (Fig. 1). The hydrody-
namics of the Lizard Island group are strongly influenced by
winds (Frith et al. 1986) predominantly emanating from the
southeast (referred to as the Southeast Trade wind) between
March and September. These trade winds reach speeds of
up to 30 m s~ (Hamylton et al. 2014) and circulate 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; Philipps and Bellwood 2024).
Northwest winds are the second most common Lizard Island
wind feature, with maximum speeds of 20 m s~! (Hamylton
et al. 2014). The Lizard Island group is also susceptible to
tropical cyclones during the summer months, and can experi-
ence increased wind speeds and disturbance of shallow coral
reefs (Lassig 1983; Madin et al. 2018).

Sample collection

Samples were collected from the Lizard Island group from
1 to 12 October 2018, a period that coincides with the onset
of the monsoon winds. Sampling of biota was in accordance
with animal ethics (James Cook University permit A2506)
and collection regulations (Great Barrier Reef Marine Park
Authority permit G12/35236.1). For each abiotic sample
(surface and mid-column waters, and seafloor sediment), five
replicates were collected per site (N=10 samples per abi-
otic sample). For each biotic taxon (planktivorous fish, hard
coral and sea cucumber, and, for the first-time, sea squirt
and sponge, ten individuals were collected per site (N =20
per taxon). Collections were conducted by neuston tows
(surface water), a submersed pump sampler (mid-column
water), and SCUBA (seafloor sediment and organisms); spe-
cific collection details are described in the Supplementary
information. Wherever possible, sampling locations were
evenly distributed across each site, with the caveat that
organismal sampling was also guided by the availability of
target species. Species sampled were Pomacentrus amboin-
ensis (fish — pelagic planktivore), Polycarpa pigmentata
(sedentary benthic sea squirt — filter feeder), Neopetrosia
chaliniformis (sedentary benthic sponge — filter feeder),
Dipsastraea lizardensis (sedentary benthic hard coral —
suspension feeder), and Holothuria edulis (sea cucumber
— mobile benthic deposit feeder). Relevant weather condi-
tions at the time of field sampling were obtained from the
Australian Bureau of Meteorology (BOM; http://www.bom.
gov.au/, Cape Flattery weather station). Information on wind
(i.e. speed and direction) was sourced from the Lizard Island
weather station, which forms part of Australia’s Integrated
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Marine Observing System (IMOS, www.imos.org.au). Envi-
ronmental conditions were used to contextualise the sam-
pling period, with wind incorporated into numerical simula-
tions to model microplastic trajectories.

Sample processing

At LIRS, surface tow samples were filtered into stacked
263- and 37-um mesh sieves. The retained items on each
sieve were transferred to 50-mL jars (polypropylene (PP)
container, 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. Similarly, con-
tents 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 as per
above. Sediment samples were frozen at — 20 °C for trans-
portation and processing at AIMS. All individual organisms
were measured (0.1 cm, Kincrome calliper, 1/1000 in) and
weighed (0.01 g, AND EK Balance—410i), with dry weight
of organisms used for estimations of microplastic concen-
tration and data analysis (Table S2). Individual coral and
sponge samples were transferred into 600-mL PP jars. The
gastrointestinal tracts (GIT) of fish and sea cucumbers and
the tunic and pharynx of sea squirts were removed by dis-
section, and individual GIT contents and sea squirt innards
were transferred to 50-mL PP jars and sealed with HDPE
lids. All biological material was preserved in 70% EtOH
for transport and storage prior to processing and analysis at
AIMS laboratories.

Water samples

Surface water samples were processed using a density
separation method adapted from Kroon et al. (2018a).
Briefly, samples were transferred to 400-mL glass beak-
ers and 300 mL of 1.2 g¢ cm™ sodium chloride (NaCl;
AR, Fisher Chemical, CAS No. 7647—-14-5) solution was
added. Using a handheld glass stirring rod, the solution
was gently stirred for 3 min to achieve uniform contact
of particulates with the brine solution, thereby enhancing
microplastic recovery while also minimising the potential
for further fragmentation especially of weathered plastics
(Pramanik et al. 2021). The sample was then left over-
night (~ 18 h) to settle. Approximately 100 mL of the sur-
face supernatant was then decanted into a second glass
beaker and an additional 100 mL NaCl solution added to
the remaining 200 mL of sample. The sample was again
stirred for 3 min, left to settle for 1 h, and a second 100 mL
of surface supernatant syphoned into the aforementioned
2nd glass beaker. This process was repeated once more.
The combined decanted supernatant (total ~3 x 100 mL)
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was filtered through a customised filtration apparatus
consisting of tiered 263- and 26-um stainless steel filters
(Schlawinsky et al. 2022).

To process mid-column water samples, a similar pro-
tocol was used as described above, replacing NaCl with
1.7¢g cm™3 potassium iodide (KI; AR, Univar, CAS No.
7681-11-0) (Santana et al. 2022b) based on the assump-
tion that denser microplastics would likely be present in this
abiotic matrix (Uddin et al. 2021; Woodall et al. 2014). In
addition, to avoid disturbing settled material, the top 100 mL
of supernatant was syphoned rather than decanted into a
second beaker using a silicone tube.

Seafloor sediment samples

Frozen sediment samples were lyophilised (~2 days; Dyna-
vac Freeze-drier) and processed using 1.7 g cm™> KI density
separation as per mid-column water 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.

Organisms

A total of ten organisms per species were used for analy-
sis. Each fish GIT was cut open using dissecting scissors
and contents scraped into a Bogorov counting chamber for
exhaustive visual inspection under stereomicroscope (Leica
M165C, x0.73—x 12.0 magnification) (Jensen et al. 2019;
Kroon et al. 2018b). Putative microplastics identified in
each fish GIT were picked from the chamber using a glass
pipette and transferred to 26-um stainless steel filters for
further physical and chemical characterisation. Each fish
GIT wall was inspected in a petri dish containing Milli-Q
water. All invertebrates were processed following Santana
et al. (2022b)) with some slight modification, noting that
the processing methods had only minimal impact of the
gross characteristics of spiked microplastics (Santana et al.
(2022b)— also see “Recovery rates”). Briefly, corals were
digested in 70% nitric acid (HNO;; AR, Univar, CAS No.
7697-37-2) for 6 h. Sponges were digested following a
stepwise protocol, in which samples were first digested in
70% HNO; for 6 h and residual material density separated
using an overnight 1.7 g cm™ KI procedure. Sea squirt
innards were digested in 70% HNOj; for 24 h. Lastly, each
dissected sea cucumber GIT was excised, and contents
removed and processed using 1.7 g cm™> KI. All clarified
invertebrate samples were subsequently filtered through the
stainless steel filtration apparatus onto stainless steel filters,
as described above (Schlawinsky et al. 2022).

Microplastic identification and characterisation

Microplastic physical and chemical characterisation was
done following (Kroon et al. 2018a) with some modifica-
tions. First, all putative microplastics were visually identi-
fied using stereomicroscopy (Leica MZ16A) and micropho-
tographed (Leica DFC 500, Leica Application Suite LAS
4.4.0). All putative microplastics were then characterised
based on size, shape, and colour (Hidalgo-Ruz et al. 2012,
Santana et al. 2022a). Size (maximum length) was measured
using Fiji (Image J software), and items were grouped into
one of five size classes (class 1,>5 mm,; class 2,<5 mm
and>2.5 mm; class 3,<2.5 mm and > 1 mm; class 4, <1 mm
and > 500 pum; and class 5, <500 um). Class 1 was included
to capture any plastics larger than the micro scale. Shape
(irregular fragment, or fragment, and fibre) and colour
(black, blue, brown, green, grey, orange, pink, purple, red,
transparent, white, yellow, and mix (i.e. mixture of more
than one colour) of all examined items were adapted from
Santana et al. (2022a). Polymer composition of every puta-
tive microplastic was chemically confirmed by Fourier-trans-
form infrared spectroscopy (FTIR), with spectral quality
confirmed using the PerkinElmer polystyrene (PS) reference
sample. Spectrum collection and treatment are described in
Supplementary information. Collected spectra were searched
against NICDOCOM IR spectral libraries (Polymers and
Additives, Coatings, Fibers, Dyes and Pigments, Petrochem-
icals; NICODOM Ltd., Czechia, excluding CO, and H,O
ranges) for final chemical assignment. A similarity threshold
of 70% to a reference spectrum was required to establish the
plastic nature of an item (Kroon et al. 2018a). Items with
similarity rates between 60 and 70% were further assessed
and if spectral quality was deemed good, these items were
retained in the dataset (Kroon et al. 2018a).

All items were subsequently categorised based on Kroon
et al. (2018b) (Table S3) with some modifications as either
(1) synthetic (i.e. manufactured by chemical synthesis) or
semi-synthetic items (i.e. composite synthetic-natural items,
or synthetically modified natural materials, e.g. rayon, cel-
lophane), (ii) naturally derived (i.e. items manufactured
from natural materials, e.g. cotton), and (iii) natural (i.e.
not manufactured). Items categorised as semi-synthetic
were assigned based on their synthetic component. Syn-
thetic items comprising more than one synthetic polymer
were grouped based on their primary synthetic polymer type.

Quality assurance and quality control
Recovery rates

All separation methods applied were validated using spike-
recovery tests prior to use. Spike-recovery tests consisted of
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three replicates each of surface and mid-column water, sedi-
ment (~3 g, d.w.) and organism (~3 g of tissue, d.w.). All
samples were spiked with 15 environmentally and ecologi-
cally relevant microplastic particles globally and regionally
(Jensen et al. 2019; Kuhn et al. 2018; Miller et al. 2022a,
2022b, Santana et al. 2022b), including irregular shaped par-
ticles (< 1.0 mm) of yellow PE (N=5); transparent polysty-
rene (PS, N=5), and monofilament fibres (approx. 2 mm) of
black rayon (N=5). Spiked samples were then processed as
described above for field samples and recovered microplas-
tics were visually identified and counted using a stereomi-
croscope (Leica MZ16A).

Microplastic contamination control

Prevention and monitoring of extraneous microplastic con-
tamination followed protocols described in Kroon et al.
(2018a) and Santana et al. (2021). Plastic-based field and
laboratory gears were avoided where possible and clean-
ing procedures and airborne blanks were applied to record
extraneous contamination (details provided in Supplemen-
tary information).

The unavoidable use of plastic-based utensils during sam-
ple collection and processing was acknowledged, and a rep-
resentative sample of each utensil was collected and added
into a project-specific plastic contaminant library (Table S4)
(Kroon et al. 2018a). In addition, any microplastics captured
during monitoring for airborne contamination were added to
the customised contaminant library. To establish and correct
for unintentional contamination, all microplastics found in
samples were compared against those in the contaminant
library (Kroon et al. 2018a). Specifically, if an item returned
a>90% spectral match to the contaminant library, and also
matched in shape and colour, it was considered to be extra-
neous contamination and excluded from further analysis
(Dawson et al. 2023; Kroon et al. 2018a).

Microplastic tracking through numerical modelling

Predicting the pathways of plastic debris in general and
microplastic specifically can be challenging (Griffin et al.
2016, Potemra 2012). Here, numerical simulations were used
to hindcast and forecast the distribution of the microplastics
collected around the Lizard Island group. Two-dimensional
high-resolution hydrodynamic numerical simulations were
conducted using the Delft3D integrated modelling suite
(Deltares 2016) (with 500 x 500 m resolution) and the Gen-
eral NOAA Operational Modelling Environment (GNOME;
with 4 X4 km resolution) (Zelenke et al. 2012). Delft3D was
centred at the Lizard Island group, covering a spatial domain
approximately 600 km along the coast and 100 km cross-
shore (Figure S1), and forced on its open boundaries by the
eReefs output (Herzfeld et al. 2016; Schiller et al. 2014) to
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improve model stability. The model was then simulated for
the period from September 2018 to October 2018. Trajecto-
ries of virtual particles, as proxies for floating microplastics,
were computed by GNOME. Those trajectories extending
beyond the pre-established 500 X 500 m Delft3D domain
were modelled based on global currents (with 4 X4 km
resolution), applying the coarser spatial and temporal res-
olution used by GNOME. Wind input data in the models
(sourced from the Lizard Island wind station, with IMOS
data reduced to 10 m height) was collated hourly by calculat-
ing a moving average of 6 X 10 min measurements and found
to have a 10% directional uncertainty (assigned in both Car-
tesian axes, x and y). In our modelling exercise, the influence
of wind on the deflection (windage) of the virtual particles
was modelled within a windage range from 0 to 4% (calcu-
lated in 1% increments), covering the windage range usually
used in the literature (van Utenhove 2019, Zelenke et al.
2012) (Table S5) for non-extreme weather events. Using the
numerical model, hydrodynamic currents were calculated at
1-h intervals and, as for wind, a 10% uncertainty for both
Cartesian x and y components was considered in the particle
tracking exercise.

The model parameters included sampling site (Granite
Bluff and Blue Lagoon), event date (4—7 October 2018)
and time (0900 h—1200 h) as the reference (#;). The rela-
tive abundances of microplastics found in surface and mid-
column water samples per sampling site were combined,
and the ratio of total microplastics per sampling site (63%
for Granite Bluff and 37% for Blue Lagoon) was used to
determine the number of virtual particles seeded for each
simulation. To ensure robust outputs, for every 1 microplas-
tic found, 10 virtual particles were seeded (Table S5), and
uncertainties of 10% assumed, as described above. Numeri-
cal simulations were conducted over one lunar month, cen-
tred on the sampling event date, to hindcast (reverse track-
ing) and forecast (forward tracking) microplastic trajectories
at both sampling sites. The predicted locations of microplas-
tics 14 days prior to (i.e. hindcasting) and after (i.e. forecast-
ing) collection were recorded, and categorised as follows:
(1) beached — best guess, (2) beached — uncertain, (3) float-
ing — best guess, and (4) floating — uncertain. “Best guess”
categories are based on hydrodynamic and wind fields but
do not consider the uncertainty associated with their vecto-
rial fields (i.e. numerical simulation used current and wind
fields as they were entered into the model). “Uncertain” cat-
egories considered the 10% of uncertainty associated with
such fields (independently or simultaneously) (Williams and
Esteves 2017).

Statistical analyses

All statistical data analyses were conducted using RStudio
version 2023.12.0. Differences in microplastic concentration
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within abiotic (microplastics m~) (Eq. 1) or biotic (micro-
plastics g_l of tissue processed) (Eq. 2) matrices were inves-
tigated by linear models (LM, p <0.05).

concentration of microplastics = matrix + sampling site + constant
(H

concentration of microplastics = matrix + constant )

where, matrix = surface water, mid-column water, or sedi-
ment (i.e. abiotic matrix, Eq. 1); or fish, sea squirt, sponge,
hard coral, or sea cucumber (i.e. biotic matrix, Eq. 2), sam-
pling site = Granite Bluff or Blue Lagoon (Eq. 1).

Best-fit models were chosen using an Akaike Information
Criterion (AIC) test and validated using residual diagnostics
(Figures S2 and S3). Based on that, the influence of sam-
pling site was included when assessing differences in micro-
plastic concentration within abiotic (Eq. 1) but not biotic
matrices (Eq. 2). To account for skew and overdispersion of
data, models were fitted using Poisson distribution for the
logarithmic transformation of the abiotic matrices, while a
square root transformation was used for the biotic matrices.

To assess (dis-)similarities in profile of microplastics
(shape, size class, colour, and polymer type) contaminating
the abiotic and biotic compartments, Bayesian regression
analyses were conducted with categorial distribution and
logit link (Eq. 3).

microplastic characteristic ~ 0 + Intercept + matrix  (3)

where, microplastic characteristic = shape, size class, colour,
or polymer type, and matrix = mid-column water and fish,
sea squirts, sponges, or seafloor sediment and sea cucumber.
Microplastic characteristics from the surface waters were
not included in this analysis as none of the organisms col-
lected inhabits this abiotic compartment. Bayesian numeri-
cal simulations were conducted using four chains, one core,
and 2000 iterations. Model validation and analyses were
conducted using the brms package (version 2.16.3). Influ-
ence of priors in the posterior distribution, as well as chain
convergence and residuals, was assessed for each model
to validate whether these were an adequate fit to the data
(data not shown). Posterior predictive checks were used to
investigate how well the models replicate the overall dis-
tribution of the data (Figures S4-S7). Differences between
abiotic and biotic matrixes were assessed using the R pack-
age “emmeans” (version 1.7.2) and posterior distribution
of differences expressed as difference between abiotic and
biotic samples. Thus, differences between both treatments
were expected to be centred around 0, representing no differ-
ence between control and sample treatments. Yet, for this to
be strong evidence, the 95% credible intervals were expected
to overlap O; otherwise, the difference observed was con-
sidered unreliable. Susceptibility of taxa to risks associated
with environmental microplastics was inferred based on

the (dis-)similarities of microplastics. For example, similar
microplastic profiles in both biotic and abiotic compartments
indicate high susceptibility, although other environmental
factors can influence the presence of the microplastics in
the environment in the first place. Conversely, differences in
microplastic profiles suggest that selectivity or physiological
processes play a more significant role for susceptibility than
the presence of the microplastic in the environment.

Results
Environmental conditions

From 1 to 12 October 2018, the maximum air temperature
at the Lizard Island group ranged from 29.2 to 31.1 °C
(Table S6). No rain was recorded. As expected for this
time of year (Frith et al. 1986), 81% of the winds were
from the east-southeast- southeast (Figure S8, Table S5).
Overall, wind intensity varied between 4 and 10 m s~! for
65% of the time and was <4 m s~ for the remaining time;
Granite Bluff and Blue Lagoon wind speeds ranged from
0 to 5 knots and 0 to 20 knots, respectively. Both wind
direction and speed influenced microplastic distributions
at each site (refer below). Swell at both sites varied little,
from 0 to 0.5 m.

Quality assurance and quality control (QA/QC)

Overall, microplastic recovery rates of >70% were achieved
from spiked abiotic and biotic matrices treated with the rel-
evant separation method, i.e. NaCl and KI density separa-
tion and 70% HNO; digestion. Rayon monofilament fibres
were the exception, having generally lower recovery rates,
especially from sponge tissue (66. 7 +9.4%) (mean + standard
deviation (SD)) (Table S7). For this reason and given there
remains no consensus as to whether rayon and other modified
natural fibres should be classified as microplastics (Hartmann
et al. 2019; Rathinamoorthy and Balasaraswathi 2024; Stark
2019), all natural-based/derived anthropogenic items (e.g. tex-
tile cotton, including rayon, or wool) were excluded from the
final dataset. Blended items having natural-based polymers
as a co-component with a synthetic plastic polymer (e.g. fibre
blend of cotton with nylon) were identified based on the syn-
thetic polymer (e.g. nylon) (Table S3). Recovery rates for the
yellow irregular particles of PE were 100% from all matrices,
except sponges (93.3 +£9.4%). Recovery rates of transparent
PS fragments ranged from 80.0+ 16.3% (sea cucumber) to
93.3+9.4% (for surface and mid-column waters and sponge
samples).

In total, 2137 putative microplastics were isolated
across all abiotic and biotic samples (Table S8). Of these,
324 were excluded because the chemical composition
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could not be confirmed (i.e. poor quality of acquired FTIR
spectra, N=103 or 4.8% of the total number of items ana-
lysed), or because an item matched physically and chemi-
cally with an item in the contaminant library (N=221 or
10.4%). Another 1277 items were further excluded based
on being assigned as either natural debris or an anthropo-
genic item derived from a natural polymer (e.g. cellulose
and wool), including rayon. The remaining 536 (25.1%)
putative microplastics were confirmed by FTIR to be syn-
thetic (N=481, 90%) and semi-synthetic (N=55, 10%)
polymers (Table S8).

Microplastic presence and abundance in abiotic
and biotic matrices

Microplastic contamination was prevalent at the two Lizard
Island sampling locations, with all abiotic (i.e. surface and
mid-column waters and sediment) and biotic (i.e. fish, sea
squirt, coral, sponge, and sea cucumber) matrices contain-
ing microplastics. At each sampling site, mean concentra-
tions (+SD) in abiotic compartments increased by three
orders of magnitude with depth, i.e. surface < mid-col-
umn < seafloor sediment (all p < 0.05, Fig. 2A, Tables S9,
S10a). Furthermore, the abiotic compartments of Granite
Bluff were significantly more contaminated with micro-
plastics compared to Blue Lagoon (p <0.05). For the biotic
matrices, the model exploratory analysis (AIC) indicated
best fit if sampling site was not considered a factor in the
analysis; therefore, differences between sites were not
investigated here. Microplastics were detected in 70 to 80%
of all taxa, except for sea squirts, in which 50% of individu-
als showed contamination. Overall, contamination levels in
fish were 1.6 to 2 times higher than sponges, corals, and sea
cucumbers (p <0.05, Fig. 2B, Tables S9, S10b), but were
not significantly higher than those in sea squirt. Levels of
contamination amongst different invertebrate taxa were not
statistically different.

A
. (o
E
g 1000 matrix
g
& ¢ @ surface
S 500 @ column
E b @ sediment
9 ab
2 0 [oL-) [o1°]
Granitte Bluff Blue Lagoon

Fig.2 Microplastic counts m™ (A) in surface and mid-column
waters, and seafloor sediment at the two sampling sites (Granite Bluff
and Blue Lagoon, displayed separately); and total microplastic counts
g_] (B) in fish, sea squirt, sponge, coral, and sea cucumber (two sam-
pling sites combined). Colour key insets for (A) and (B) represent
individual matrices. Circles and vertical lines represent estimated
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Modelled microplastic trajectories based
on the hydrodynamics of Lizard Island

The outputs from the numerical hindcasting simulations
(reverse tracking) show that at least 75% of microplastics
found in surface and mid-column waters were likely to
have originated from nearby (or local) beaches. Under the
best-guess scenario, 39% of microplastics collected in the
waters of Granite Bluff were deemed to have come from
the coastal embayment (Fig. 3A, Table 1), while up to 34%
of those at the Blue Lagoon had trajectories identifying
the south coast of Lizard Island and nearby southern islets
as sources (Fig. 3B, Table 1). When considering only
the uncertainties in the numerical simulations, > 30% of
microplastics found at both sampling sites could also have
a continental source. The model predicted these micro-
plastics originated from the coastal region of northeast
Australia, spanning approximately 1000 km of coastline,
mostly between Mackay and Bowen (south) and from
between Cape Melville and Cooktown (north). Regard-
less of the scenario modelled, the trajectories of the virtual
particles indicated sampled microplastics were unlikely
to have been at sea 14 days prior to collection with only
22% and 35% floating in waters adjacent to Granite Bluff
and Blue Lagoon, respectively. For Granite Bluff, these
floating virtual particles are predicted to originate from
the eastern regions of Lizard Island. Conversely, for Blue
Lagoon, they are predicted to originate from the region
southeast of Lizard Island, at the edge of the Coral Sea.
The outputs for the numerical forecasting simulations
(forward tracking) indicated a general west-northwest
directional pattern for the movement of microplastics
collected at Lizard Island, aligning with the prevailing
winds during this period (Fig. 3C and D, Table 1). In the
best guess scenario, a portion of microplastics (34% and
40% from Granite Bluff and Blue Lagoon, respectively)
dispersed from Lizard Island and beached on islands and

B a
T 09 matrix
= Q fish
?:k 06 ab ® ssquirt
S b b © sponge
g 03 $ b © coral
X @ scucumber
2 o0 ‘L 6
fish ssquirt sponge coral scucumber

Matrix

marginal means and 95% confidence intervals, respectively. Lower-
case letters (a, b, c) represent significant differences (p <0.05) among
the (A) three abiotic and (B) five biotic matrices, respectively. Hori-
zontal bars represent differences (p <0.05) in microplastic contami-
nation between the two sampling sites for the abiotic compartment
specifically
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Fig.3 Results of the numerical simulation for the virtual particles
seeded at Granite Bluff (A, C) and Blue Lagoon (B, D). (A and B)
Hindcasting trajectories 14 days prior to collection. (C and D) Fore-
casting trajectories 14 days after collection. Panel insets show the

Table 1 Percentage of virtual particles beached and floating at the
end of the 28-day numerical simulation, including hindcast (7;, minus
14 days) and forecast (T}, plus 14 days) modelling, for Granite Bluff
and Blue Lagoon sites

Granite Bluff Blue Lagoon
Hindcast Forecast Hindcast Forecast

% Beached (best guess) 39 34 34 40

% Beached (uncertainty) 39 25 31 29

Total % beached 78 59 65 69

% Floating (best guess) 11 16 16 10

% Floating (uncertainty) 11 25 19 21

Total % floating 22 41 35 31

coastal areas of the Australian mainland, such as Cape
Melville National Park and Lockhart. Although less
likely, the beached uncertainty simulations predicted

respective result centred on Lizard Island. Shades of red represent
beached particles and shades of green floating particles. The “best
guess” results are represented by the more intense tones of red and
green, the “uncertain” results being pale in tone

microplastics could also travel as far as Cape York and
eventually Papua New Guinea (PNG). When considering
both the best guesses and the uncertainties, the likelihood
of microplastics ending up on shore, including as far as
PNG, are 59% and 69% for Granite Bluff and Blue Lagoon,
respectively.

Profile of microplastic contamination in abiotic
matrices

Within the abiotic matrices, the proportion of microplas-
tic shapes differed, with fragments being more common
in the surface waters (84% vs 16%), fragments and fibres
approximately equally common in mid-column waters (55%
vs 45%), and fibres most common in the seafloor sediment
(37% vs 63%) (Fig. 4, Table S11).

Microplastic size distribution was comparable between
surface and mid-column waters, with plastics of all size
ranges detected in both compartments. Microplastics in
size classes 3 (34% surface, 21% mid-column) and 5 (38%
surface, 36% mid-column) were highest in abundance.
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Fig.4 Relative number of microplastics found in the abiotic sea surface and mid-column waters and seafloor sediment compartments at Lizard

Island, in relation to shape, size class, colour, and polymer distribution

Average (+ SD) microplastic sizes were 1.23 +1.08 mm in
surface waters and 1.21 +1.23 mm in mid-column waters,
although, of note, plastics>5 mm in length (size class 1)
were also found, mostly in the mid-column. In contrast, the
average microplastic size in sediment samples was smaller,
at 0.72 +0.61 mm. No plastics were found belonging to size
class 1, with most belonging to size classes 4 and 5 (33%
and 46%, respectively).

Across all three matrices, the most abundant microplas-
tic colour was blue, followed by pink and white in surface
waters (26%, 25%, and 21%), transparent, black, and red in
mid-column waters (43%, 17%, 10%, and 8%), and trans-
parent and green in the sediment (37%, 21%, 10%). Other
colours such as brown and orange were less common and
usually represented less than 8% of colours within a matrix.

The occurrence of microplastic polymer type differed
somewhat, with the less dense PP (35%) and PE (27%) par-
ticles most abundant in surface waters, PP (32%) and PET
(29%) particles in mid-column waters, and the denser PET
(38%) and nylon (13%) particles in the sediment. Other poly-
mers such as acrylic, PS, and PVC were also recovered, but
in much smaller quantities and not necessarily in all three
abiotic matrices.

Profile of microplastic contamination in biotic
matrices and relationship to the environment

Overall, for all taxa, microplastic profiles in organisms
reflected the abiotic compartment they inhabit (Fig. 5,
Table S11). Bayesian logistic regression models exploring
the relationship between microplastic characteristics and
abiotic/biotic matrices did, however, reveal exceptions to
this. Of note, convergence diagnostics indicated satisfactory
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mixing and chain convergence for all models, ensuring reli-
able inference with adequate effective sample sizes.

Bayesian analysis revealed fish had a higher ratio of fibres
(76%) to fragments (24%) in comparison to the mid-column
water ratios of fibres and fragments (Fig. 5, Table S11), with
posterior mean differences of —0.31 for fibres and 0.31 for
fragments (95% HDCI, —0.46 to—0.16 and 0.16 to 0.46,
respectively) (Fig. 6, Table S12). For sea squirt, sponge, and
coral, considering Bayesian 50% credible intervals, the mean
difference of the posterior distributions indicated different
shape ratios between these organisms and the mid-column
water (Tables S13a, S14a, S15a). However, the overlapping
credible intervals including O suggested that these differ-
ences observed are not at 95% confidence; and therefore,
there is no evidence to support differences between profiles
found in sponge, coral, and sea squirt and their mid-column
environment (e.g. 95% HDCI for sea squirt — 0.20 to 0.30 for
fibres and — 0.30 to 0.20 for fragments, Tables S13b, S14b,
S15b). Similarly, no differences were observed between
microplastic shapes found in sea cucumbers and the seafloor
sediment (Table S16).

The average microplastic size recovered from
the examined organisms varied across all taxa, but
items were generally small (fish 0.76 +0.48 mm, sea
squirt 0.67 +0.60 mm, sponge 0.29 +0.25 mm, coral
0.41 £0.29 mm, sea cucumber 0.70 £ 0.48 mm). Plas-
tics>5 mm (size class 1) and large microplastics (5
— 2.5 mm, size class 2) were absent from all taxa except
for corals (class 1, 15%) (Fig. 5, Table S11) despite being
present in the water column (class 1, 21%; class 2, 14%).
In contrast, microplastics < 500 um were abundant in all
species (fish 40%, sea squirt 58%, sponge 77%, coral 64%,
sea cucumber 48%) while representing 36% and 46% of
what were found in the mid-column water and sediment,
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Fig.5 Relative number of microplastics found in biota from Lizard
Island in comparison to their habitat. (A) The microplastic profiles of
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umn environment. (B) The microplastic profiles of sea cucumber in
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distribution of a microplastic characteristic (shape, size, colour, and
polymer) within each abiotic matrix and associated taxa
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Fig.6 Bayesian posterior distributions illustrate the relationships
between microplastic shape (fibre and fragment) in the mid-column
water and fish (A), sea squirt (B), sponge (C), and coral (D), and in
the seafloor sediment and sea cucumber (E). Black point represents

the mean difference. Horizontal error bars are Bayesian 50% (thick)
and 90% (thin) credible intervals. Absolute differences between abi-
otic and biotic compartments were expected to be centred around 0,
which is indicated by the vertical dashed line
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respectively. Bayesian logistic regression models revealed
the size distribution in organisms differed from the abi-
otic compartment they inhabit, with organisms having
fewer microplastics from size classes 1 (>5 mm) and 2 (5
— 2.5 mm), but similar (i.e. mean difference of the poste-
rior distributions centred at O and/or overlapping credible
intervals that included 0) or higher microplastic contents
from size classes 3, 4, and 5 (Figure S9, Tables S17-S21).

Most microplastic colours were similarly represented in
both abiotic and biotic compartments; however, there were
exceptions. Fish and sea squirts contained more transpar-
ent microplastics (52% and 72%, respectively) compared
to their mid-column environment (Fig. 5, Table S11), with
posterior mean differences of —0.35 for fish and — 0.54
for sea squirts (95% HDCI—0.52 to—0.17 and - 0.75
to —0.28, respectively, Figure S10, Tables S22-23).
Sponges and corals showed predominance of white items
(38% and 57%, respectively) relative to their availability
(7% in the mid-column) (Tables S24-25). There was a
notable difference between the profiles of these four taxa
and the mid-column, with respect to blue microplastics,
with all four taxa containing fewer or no blue microplas-
tics (fish 27%, sea squirt none, sponge 16%, coral none),
despite a prevalence of blue items in the mid-column water
(43%). Likewise, sponges did not contain any black or red
items, yet these were present in the mid-column (10% and
8%, respectively). A higher percentage of white micro-
plastics was present in sea cucumbers compared to the
seafloor sediment (20% vs 2%), yet no green microplastics
were found despite these being fivefold more abundant
than white microplastics in the seafloor sediment (10%)
(Table S26).

At least 50% of the polymer distribution in the abi-
otic matrices was similarly represented across the biotic
compartments (Fig. 5, Table S11). Nonetheless, compared
to their mid-column environment, higher levels of PET
were recovered from fish (79% vs 29%) and sea squirt
(57% vs 29%), PSU in corals (50% vs < 1%), and nylon
in sponges (15% vs 3%) (Figure S11, Tables S27-30).
Furthermore, the most prevalent polymers in the mid-
column PP (32%) and PET (29%) were recovered in lesser
quantities in three taxa (PP 3% in fish, 15% in sea squirts;
PET 15% in sponges, 14% in corals), while other poly-
mers were absent altogether (no acrylic in fish and coral).
Conversely, sea cucumbers presented with higher levels
of acrylic (36%) and PS (12%) than the seafloor sedi-
ment (8% and none, respectively) (acrylic posterior mean
difference, — 0.29 and 95% HDCI, — 0.49 to—0.10; PS
posterior mean difference, — 0.12 and 95% HDCI, — 0.28
to—0.02) (Table S31).
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Discussion

Microplastic contamination of a coral reef
ecosystem

The presence of plastics, including microplastics, in coral
reef environments is of widespread concern although under-
investigated (Biswas et al. 2024; Huang et al. 2021). Using
published methodologies for sample processing and micro-
plastic identification and characterisation, microplastics were
found in all three abiotic matrices (i.e. surface and mid-col-
umn waters, and seafloor sediment) and in all five taxa (i.e.
fish, sea squirt, sponge, coral, and sea cucumber) sampled
from two fringing coral reefs at Lizard Island in Australia.
This study extends the findings of previous microplastic
studies conducted in the Great Barrier Reef World Heritage
Area (GBRWHA) (Hall et al. 2015; Jensen et al. 2019; Kroon
et al. 2018b; Miller et al. 2022a), and not only corroborates
the ubiquitous nature of this suite of contaminants in marine
environments but also reveals that microplastic contamina-
tion is prevalent and widespread in one of the more remote
areas of the largest coral reef system in the world.
Microplastic concentrations in surface waters at Lizard
Island (average of 0.21 microplastics m~ at Granite Bluff
and 0.06 microplastics m~> at Blue Lagoon) were simi-
lar to those reported in other areas within the GBRWHA
(Table S32) and at the Faafu atoll in the Indian Ocean (0.03
to 0.65 microplastics m~>) (Saliu et al. 2018). Globally, these
concentrations are considered low as higher numbers (up to
five orders of magnitude greater) of microplastics are found
in places such as the Tuticorin and Vembar Island groups in
the Gulf of Mannar, India (60,000 to 126,600 microplastics
m~?) (Patterson et al. 2020), and in the Nansha Islands in
the South China Sea (1250 to 3200 microplastics m~>) (Nie
et al. 2019). This discrepancy in concentrations is likely
due to differences in local factors, with Tuticorin and Vem-
bar Island groups and the Nansha Islands being closer to
higher levels of continental industrialisation, urbanisation,
and other anthropogenic activities such as fishing (Nie et al.
2019; Patterson et al. 2020). Furthermore, environmental
variables at the time of collection (e.g. local hydrodynamics,
wind patterns, and weather events such as monsoons) could
have also influenced the results (Cheung and Not 2023;
Critchell et al. 2015; Mendrik et al. 2024; Nie et al. 2019;
Zhang 2017); however, the studies did not report sufficient
information to validate this influence. In contrast, the few
studies that do report on microplastic contamination in mid-
column waters and sediments in coral reefs as reviewed by
Huang et al. (2021) vary significantly in the methodology
applied, limiting any inter-study comparisons. For exam-
ple, comparison with Gao et al. (2023) is not feasible due
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to differences in the mid-column collection method (this
study: pump filtering at specific depths vs Gao et al. 2023:
vertical tow net filtering along the water column), neither
with Patti et al. (2020) as reporting units differ (this study:
microplastics m~> vs Patti et al. 2020: microplastics kg™
sediment) and limited supporting information is available
to allow for data transformation. Direct comparison was
possible, however, with a Central GBRWHA study (Miller
et al. 2022a) as similar collection, processing, and com-
prehensive data reporting methods were used. This com-
parison revealed higher concentrations in the mid-column
water at Lizard Island (1.47 to 12.74 microplastics m™ in
central GBRWHA vs 34.67 microplastics m~ at Granite
Bluff and 22.67 at Blue Lagoon) but similar levels in the
seafloor sediment, likely as a function of local hydrodynam-
ics (Critchell et al. 2015; Mendrik et al. 2024) and vertical
transport of particulate matter, which is often coupled with
biological processes such as biofouling and marine snow
(Kaiser et al. 2017; Li et al. 2023a; Meng et al. 2024). Liz-
ard Island region might have stronger mid-column water
currents, more sediment resuspension, and lower sinking
rates for microplastics than the coral reefs of the Central
GBRWHA examined by (Miller et al. 2022a). However,
environmental data to confirm these hypotheses is currently
lacking for this region. To gain a deeper understanding of
the factors influencing vertical microplastic distribution in
coral reef systems, including Lizard Island, the GBRWHA,
and coral reefs globally, additional baseline studies focusing
on mid-column waters and seafloor sediments are essential.
These studies should include detailed investigations of local
oceanographic conditions in the water column (e.g. currents
and water stratification), sediment resuspension dynamics,
and microplastic sinking rates to substantiate findings on
vertical distribution.

The level of microplastic contamination detected in fish
from Lizard Island (ranging from 1.47 microplastics g~ at
Granite Bluff to 0.44 at Blue Lagoon, with an average of 3.3
microplastics individual ~') was comparable to global levels
(3.5 microplastics individual~!) (Wootton et al. 2021) and
specifically that reported in other planktivorous fish (e.g.
1.22 microplastics individual ') (Kalaiselvan et al. 2022),
including for the same species from the central GBRWHA (4
microplastics individual ™) (Jensen et al. 2019). On the other
hand, microplastic levels found in coral and sea cucumber
(the first to be reported for the GBRWHA) differed from
global levels. In corals, microplastic concentrations (0.03
to 0.11 microplastics g~') were within the lower levels of
those reported at Xisha Island (South China Sea, 0.02-1.3
microplastics g™, Ding et al. 2019), while sea cucumbers
had significantly lower contamination levels (0.01 to 0.02
microplastics g~!) than previously reported from Rambut
Island (Indonesia, 2.34 microplastics g~') (Wicaksono et al.
2021). The microplastic levels found in sea squirt and sponge

provide the one of the first confirmed baseline information
of microplastic contamination in these coral reef species;
considering most studies that previously reported microplas-
tic contamination in coral reef sponges did not use chemi-
cal techniques to validate microplastic assignment (Fallon
and Freeman 2021; Girard et al. 2021; Krikech et al. 2023),
apart from one (Soares et al. 2022). To our knowledge, no
studies confirming wild microplastic contamination in sea
squirts have been published. As filter feeders, sea squirts
and sponges are highly susceptible to incidental ingestion
of particulates present in the water, including microplas-
tics, yet it is unclear as to the long-term health effects. The
scarcity of studies on microplastic contamination in the
four invertebrate taxa examined here, combined with their
ubiquitous presence in coral reef systems and prevalence of
microplastics in all of them, underscores the need for fur-
ther research to uncover potential biological effects on these
organisms and predict broader impacts on the coral reef eco-
systems, both locally and globally. Findings here establish
an important baseline for corals, sponges, sea squirts, and
sea cucumbers of the GBRWHA and will inform and support
comparisons with future studies.

Overall, these findings highlight the ubiquitous presence
of microplastics in both abiotic and biotic components of
the GBRWHA and provide a baseline for further studies
addressing this environmental issue. However, there remains
limited knowledge about the factors that influence micro-
plastic distribution in reef waters and sediments, as well
as their ecological impacts on reef organisms. Address-
ing these knowledge gaps is critical for informing future
conservation strategies and environmental policies aimed
at mitigating plastic pollution (Beaumont et al. 2019) and
its impact on the provision of marine ecosystem services,
particularly in globally significant coral reef ecosystems like
the GBRWHA.

Source, fate, and distribution of microplastics
in the reef ecosystem

The 14-day hind- and forecast numerical simulations gen-
erated credible trajectories for the microplastics found at
Lizard Island. Within the 100 x 600 km? spatial domain
modelled herein, microplastics’ sources and fates were
primarily associated with northeast Australian marine and
coastal environments, suggesting a temporary retention of
microplastics in Lizard Island waters with minimal accumu-
lation. However, more long-term field monitoring is needed
to assess input rates of microplastics to Lizard Island and to
identify whether the observed contamination is sporadic or
chronically present in the region.

Hindcast models suggest that over 50% of microplastics
at Lizard Island originate from nearby islands and the Aus-
tralian mainland, with the Coral Sea contributing only 15%.
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These results align with previous findings indicating land-
masses (e.g. islands) and complex hydrodynamics partially
retain microplastics in coral reef ecosystems (Mantovanelli
and Heron 2012; Roman et al. 2021). Furthermore, predicted
microplastic origins from northeastern coastal regions of
Australia imply wind patterns also drive these trajectories,
particularly from October to March when the south-east-
erly trade winds relax and monsoon winds become active,
increasing the likelihood of cross-shelf water displacement
in the GBRWHA (Benthuysen et al. 2016; Schiller et al.
2015). This could explain why the Coral Sea and Pacific
Ocean, major input sources of microplastics into the mid-
shelf GBRWHA between April and July (Jensen et al. 2019),
contribute minimally to Lizard Island’s microplastic load
in October. Yet further seasonal sampling at Lizard Island
and other regions of the GBRWHA is needed to quantify
the impact of wind-driven water movements on microplastic
distribution, including when extreme weather events such as
storms occur, and the influence of local and diffuse sources.
Regardless, microplastics originating from oceanic waters
could also be derived from the South Equatorial Current and
its jets, another transport pathway for floating items to the
eastern and south-eastern regions of the Lizard Island group.
Overall, microplastic contamination in the region seems
to arise from local and international sources, highlight-
ing the need for broader spatial and temporal monitoring
coupled with environmental parameter correlations (Miller
et al. 2022b) to comprehensively understand contamination
sources.

The 14-day forecast models predicted west-northwest
directional trajectories for microplastics sampled at Liz-
ard Island, with > 50% of the items stranding on islands
and coastal areas of the Australian mainland or (although
less likely) PNG, rather than persisting in the Lizard Island
region. This finding revealed that in the GBRWHA there is
a strong influence of wind superimposed on the local hydro-
dynamic recirculation (Critchell et al. 2015; Critchell and
Lambrechts 2016), lending further support to the hypothesis
that wind conditions have a major influence on the transport
(Critchell et al. 2019) and abundance (Miller et al. 2022b)
of microplastics throughout this coral reef ecosystem. The
forecast modelling also corroborates previous studies con-
ducted in the southern and central GBRWHA that suggest
microplastics predominately travel northwards (Jensen
et al. 2019; Mantovanelli and Heron 2012). Results here
further highlight the importance of monitoring microplastics
alongside physicochemical parameters (Miller et al. 2022b),
which in combination are both crucial to understanding con-
tamination patterns and improving the accuracy of model
predictions.

Here, higher levels of microplastics were found con-
taminating abiotic compartments at Granite Bluff and rein-
force previous reports of high variability in microplastic
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contamination between coral reefs (Huang et al. 2021),
even at localised scales. Granite Bluff is sheltered from the
Southeast Trade wind between March and September, and
this buffer might have contributed to the microplastic con-
centrations observed in October 2018, further corroborating
the notion that wind conditions have a strong influence on
the distribution of microplastics in marine environments.
Other localised oceanographic processes such as the for-
mation of island wakes (Wolanski and Spagnol 2000) or
slicks (Gallardo et al. 2021) could also be influencing the
results. These oceanographic features can entrap particles
that will only be transported out and dispersed when at the
edge of the system (Sandulescu et al. 2006) or when the
feature dissipates. However, as wind is also a driving factor
of such processes, this further reinforces the extent of influ-
ence wind has on the distribution of microplastics at each
site. Although less likely, input from local human activities
may have also contributed to the differences found between
the two sites (Li et al. 2024b; Lin et al. 2024). Granite Bluff
is located adjacent to Watson’s Bay which hosts a resort, a
camp site, and anchorages for numerous recreational and
commercial vessels, while Blue Lagoon is largely sanctioned
for scientific research with minimal tourism. However, as
beaches surrounding Granite Bluff generally contained lower
amounts of plastic debris compared to those surrounding
Blue Lagoon (http://amdi.tangaroablue.org/), and numeri-
cal simulations predicting only a temporary retention, Liz-
ard Island itself is unlikely to be the primary source of the
microplastics detected at these two sites.

Vertical profiling of microplastic contamination in the
field is under-investigated despite being essential for a
comprehensive understanding of microplastic distribu-
tion, fate, and ecological risks. At both Lizard Island sites,
microplastic contamination followed a depth gradient with
levels increasing with greater depth, i.e. surface < mid-col-
umn < sediment. This points to sediments on the seafloor
acting as a sink for denser microplastics that do not dis-
perse northward as predicted by the hydrodynamic model.
Regardless, the observed vertical distribution is consist-
ent with other shallow marine systems (Liu et al. 2020;
Song et al. 2018), including in the GBRWHA (Miller et al.
2022a), albeit not always (Zobkov et al. 2019). Differ-
ences in vertical distribution of microplastics are primar-
ily influenced by oceanographic processes (e.g. vertical
mixing) (Chevalier et al. 2023; Song et al. 2018; Zhang
et al. 2023), microplastic features (e.g. shape and polymer
density) (Liu et al. 2020), and/or biological mechanisms
(e.g. biofouling) (Liu et al. 2020; Song et al. 2018). Thus,
to better understand patterns and drivers of microplas-
tic depth distribution and the associated ecological risks
to inhabiting organisms, more comprehensive and com-
partmentalised field sampling across the depth gradient
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is essential (Lenaker et al. 2019), ideally alongside other
environmental parameters.

Bioavailability of microplastics to coral reef
organisms

In this study, despite the lack of evidence for the accumula-
tion of microplastics in reef waters, all five taxa (fish, sea
squirt, sponge, coral, and sea cucumber) were found to be
contaminated with microplastics. This suggests widespread
biological contamination might not exclusively occur in
accumulation zones. Of the five taxa analysed, the level of
microplastic contamination in fish was significantly higher
than in most invertebrates which, compared to each other,
were similarly contaminated. This difference is likely to be
influenced by the feeding habits and strategies of the dif-
ferent taxa and the associated mode of microplastics intake
(either inadvertently and unintentionally or intentionally).
Pomacentrus amboinensis is a highly mobile omnivorous
and opportunistic feeder (Bray 2018), consuming a diverse
range of food items in the mid-column water, primarily not
only plankton, algae, and small invertebrates, but also detri-
tus. This omnivorous diet allows them to exploit a variety
of food sources available in reef ecosystems, potentially
contributing to the relatively high diversity (e.g. wider size
range) of microplastics types they ingest (Ceylan et al. 2024).
In contrast, the four invertebrate species have more special-
ised diets, tailored to their respective ecological niches,
feeding mechanisms, and anatomies (Fallon and Freeman
2021; Iwalaye et al. 2020; Reichert et al. 2024; Vered et al.
2019), i.e. they are either filter feeders or rely on tentacles to
capture passing prey. Furthermore, organism mobility posi-
tively impacts feeding rates as mobile taxa (e.g. fish) can
move towards food and potentially microplastics (Li et al.
2024a; Savoca et al. 2021) while sedentary or sessile feed-
ers (e.g. invertebrates tested here) are highly dependent on
what is available in their immediate surroundings. Unfortu-
nately, the scarcity of experimental and field-based studies
that explicitly test these hypotheses means there is a critical
need to validate these assumptions and establish the rela-
tionship between feeding behaviour and ingestion of micro-
plastics. Assumptions should be also made with caution as
the physical and chemical characteristics of the microplastic
contamination can influence intake, i.e. some microplastics
are actively ingested or avoided (Ory et al. 2017; Reichert
et al. 2024; Roch et al. 2020), and depuration (Santana et al.
2021, refs). Thus, when assessing bioavailability, it is critical
to report on all aspects of the contaminating microplastics.

The shape profile of microplastics ingested by fish did not
mirror that of their surrounding environment. Even though
both microplastic fibres and fragments were more or less
equally present (45% vs 55%, respectively) in the mid-col-
umn, fish gastrointestinal tracts (GIT) contained more fibres

(76%) and fewer fragments (24%), potentially indicating
selective ingestion. Invertebrates, on the other hand, had a
similar profile to the abiotic compartments they inhabited,
indicative of random or accidental intake. The prevalence of
fibre contamination in fish has been previously reported in
other field studies (Filgueiras et al. 2020; Jensen et al. 2019;
Kroon et al. 2018b; Lim et al. 2022), and specifically for P.
amboinensis (Jensen et al. 2019) where >99% of items found
were fibres. Jensen et al. (2019) postulated fish were actively
(i.e. selectively) ingesting microplastic fibres based on their
similar appearance to natural food sources such as filamen-
tous algae (Peters et al. 2017; Roch et al. 2020). However,
recent studies (Santana et al. 2021; Xiong et al. 2019) have
shown fish, including P. amboinensis (Santana et al. 2021),
take longer to depurate microplastic fibres compared to frag-
ments, and this may lead to fibre retention and a higher fibre
loading. Establishing whether ingestion is selective, or if
depuration is the major factor determining the nature of the
microplastic contamination in fish, is therefore critical for
accurate microplastics bioavailability and risk assessments.

Microplastics < 500 um were highly abundant across
all taxa while large microplastics (class 2, 2.5-5 mm)
and plastics (class 1,>5 mm) were almost absent. In fact,
corals were the only taxon found contaminated with plas-
tics >5 mm and no organism was found to contain micro-
plastics between 5 and 2.5 mm in length. This suggests
smaller microplastics are highly bioavailable to these taxa,
possibly mimicking their preferred food size and abil-
ity to be readily ingested by different anatomical feeding
structures and modes. The prevalence of microplastics
from size class 3 (2.5-1 mm) to 5 (<500 pm) in the GIT
of fish, and especially microplastics < 1 mm (64%), is sup-
ported by previous field (Avio et al. 2015; Su et al. 2019)
and laboratory assessments (Critchell and Hoogenboom
2018; Xiong et al. 2019), with small-sized microplastics
being more readily swallowed (Xiong et al. 2019) or hav-
ing slower depuration rates (Liu et al. 2021), or both. For
sea squirts, sponges, and corals, the majority of microplas-
tics ingested were <500 um (58%, 77% and 64%, respec-
tively). Sea squirts actively take in food and also micro-
plastics <400 um (Vered et al. 2019) and selectively expel
larger undesirable items > 1.3 mm (Tatian et al. 2004), while
sponges are known to preferentially intake items < 100 pm
via oscula (Reiswig 1971; Simpson 2012), although larger
particles, including of microplastics, can be sporadically
captured and engulfed via endocytosis (Fallon and Free-
man 2021). Microplastics < 500 um also fall within the size
range of coral prey, which is usually captured via tentacles,
and while this size range of microplastics is often reported
contaminating corals (Hall et al. 2015; Hankins et al. 2018,
2022), they were also found to contain large microplastics
and plastics. These could have been assimilated through
tissue overgrowth mechanisms (Martin et al. 2019; Reichert
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et al. 2018). Lastly, and as previously reported, the micro-
plastic size range in sea cucumbers most closely mimicked
that of their surroundings and mainly comprised items up
to 2.5 mm (Graham and Thompson 2009; Mohsen et al.
2019). Yet, microplastic size is likely to be dictated by the
diameter of the mouth opening of these organisms (Mohsen
et al. 2019). In agreement with the literature, our results
emphasise the increased risk of contamination in biota with
decreasing microplastics size, likely related to organismal
food size, anatomy, and physiology.

The impact of colour on the bioavailability of microplas-
tics is challenging to accurately assess given the limited
research conducted in this area. Pomacentrus amboinensis
is the only taxon examined that relies on vision (luminance
UV) to discriminate form and texture, including when
hunting (Siebeck 2016) and preference for certain micro-
plastic colours has been suggested (Jensen et al. 2019), in
line with that known for other fish species (Carlos de Sa
et al. 2015; Ory et al. 2017; Santos et al. 2016). The high
levels of transparent microplastics found in P. amboinen-
sis also suggest a preference for translucent or transparent
planktonic prey; however, this is contradictory to Jensen
et al. (2019) who observed a higher intake of blue micro-
plastics. Controlled laboratory exposures are needed to
validate field observations and enable robust inferences on
the role, if any, of P. amboinensis vision in microplastics
intake, especially considering the influence of UV wave-
lengths on damselfish vision and food perception (among
other things) (Siebeck 2016). Among the invertebrate taxa,
sea squirts, sponges, and corals contained high levels of
transparent and/or white microplastics compared to the
mid-column and sea cucumber contained more white items
than the sediment. These trends are likely due to character-
istics other than colour given the lack of colour perception
in these organisms (Picciani et al. 2021; Rivera et al. 2012).

The influence of polymer type on microplastics bioavail-
ability is a topic of current debate (Li et al. 2023b) with
only incipient and often conflicting information available.
Because some organisms, such as fish and sea cucumber, are
capable of selective ingestion based on olfaction (or chem-
osensation) (Kasumyan and Marusov 2016; van Dam-Bates
et al. 2016), it is suspected that this could reduce the unin-
tentional ingestion of microplastics (Roch et al. 2020). Yet,
studies to confirm the influence of polymer chemistry on
microplastic bioavailability face significant challenges, more
so for field studies, due to the difficulty in controlling for the
other characteristics (e.g. shape, size, colour, and density)
and environmental factors influencing exposure (e.g. bio-
fouling). For instance, while previous correlation between
plastic abundance in water and contamination in fish implied
incidental intake as a primary ingestion route (Savoca et al.
2021), here it fails to account for disparities observed, i.e.
the higher prevalence of PET microplastics in Lizard Island
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fish compared to mid-column water (79% vs. 29%) and lower
levels of PP (3% vs 32%, respectively). As for colour, it is
likely that microplastic characteristics other than polymer
type play a major role in the intake of microplastics. Here,
the predominant shape of the PET found in fish was fibre
(Figure S12), noting that fibres overall were more prevalent
in fish in comparison to fragments. Similarly, sea squirt,
coral, and sponges do not rely on vision or chemosensation
for feeding indicating that shape and size are likely more
important factors. Still, in field studies, environmental fac-
tors such as the formation of biofilms on microplastics can
also influence the chemical signature of debris, and the
chemistry emitted from their surface, with biofilm compo-
sition and rate of formation being a function of polymer
type and time immersed (Agostini et al. 2021; Feng et al.
2020; Kirstein et al. 2019). Unfortunately, the sampling and
processing methodologies used here (and commonly applied
across similar studies) (Monteiro and Pinto da Costa 2022,
Santana et al. 2022b, Sharma et al. 2024) are unsuited to
preserving biofilms; hence, it is not appropriate to infer any
influence. Furthermore, the absence of data on how polymer
type affects retention and degradation rates of microplastics
in digestive gut systems complicates the separation of these
effects from physiological factors that may also affect the
observed results. This lack of knowledge underscores the
necessity for further research to elucidate the role of polymer
type in microplastic-biological interactions.

Conclusion

As global concerns about environmental microplastic con-
tamination grow, establishing comprehensive baseline data
on microplastic abundance and characteristics in abiotic
and biotic matrices, coupled with numerical simulations to
assess distribution and ecological risks, is essential for sup-
porting environmental risk assessments (ERAs). This study
provides valuable insights into microplastic contamination
in the coral reefs of Lizard Island, GBRWHA. By revealing
contamination across all examined matrices, it establishes
key data to guide ERA development for this region.
Numerical hindcast modelling indicated that micro-
plastics in Lizard Island predominantly originated locally,
from plastics beached on nearby islands and the continent,
influenced by seasonal winds. Numerical forecasting indi-
cated northward transport, not only reaching the Austral-
ian coastline back but also travelling as far as Papua New
Guinea. This suggests that the waters of Lizard Island
are not accumulation zones but rather areas of temporary
microplastic retention with continuous influx. To determine
if this pattern is seasonal or persistent, further hydrody-
namical modelling using field data across different seasons
is recommended. Understanding these transport pathways
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is crucial not only for local contamination management
but also for regional and global contaminant dynamics.
In contrast, increased microplastic concentrations with
depth suggest seafloor of coral reefs as a potential sink
for microplastics, warranting targeted research on sinking
rates, mid-column hydrodynamics, and vertical transport.
Techniques such as sediment traps and particle tracking
models in different reef systems globally could facilitate
this investigation.

Statistical simulations revealed higher microplastic con-
tamination in fish compared to invertebrates, reflecting taxa
variability, and, potentially, influences of ecological traits
such as feeding habits and mechanisms. Of the microplastics
ingested, items in the smaller size range (<500 um) were
particularly abundant for all taxa and fibres (~ 75%) for fish,
reflecting their high ingestion potential or potential retention
in organisms. These findings underline the need for urgent
assessments of fish-microplastic interactions particularly,
including the ecological risks of ingested microplastics of
environmental relevance. Additionally, dissimilarities in
shape, colour, and polymer type between abiotic and biotic
compartments warrant laboratory-based studies to elucidate
bioavailability mechanisms, such as visual and chemical
ingestion cues, in both vertebrates and invertebrates.

Overall, this study has significantly expanded the limited
in-field and numerical modelling research on microplastics
in coral reef ecosystems, particularly in the GBRWHA. By
integrating baseline data, transport dynamics, and taxa-spe-
cific vulnerabilities, this research advances microplastic-
specific ERAs for coral reef ecosystems and highlights key
directions for future investigations.
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