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Abstract

Plastic pollution in the marine environment is a pervasive and increasing threat to global
biodiversity. Prioritising management actions that target marine plastic pollution require spatial
information on the dispersal and settlement of plastics from both local and external sources.
However, there is a mismatch between the scale of most plastic dispersal studies (regional, national
and global) and the scale relevant to management action (local). We use a fine-resolution
hydrodynamic model to predict the potential exposure of coastal habitats and species (mangroves,
coral reefs and marine turtles) to plastic pollution at the local scale of a management region (the
1,700km?* Whitsunday Islands, Queensland, Australia). We assessed the potential exposure of
mangroves, coral reefs and marine turtles to plastics during the two dominant wind conditions of
the region; the trade wind and monsoon wind seasons. We found that in the trade wind season
(April to September) all habitats and species had lower exposure than during the monsoon wind
season (October to March). In both wind seasons we found a small proportion of coral reef habitat
and large area of turtle habitat were in high potential exposure categories. Unlike coral reefs or
marine turtles, mangroves had consistent hotspots of high exposure across wind seasons. Local scale
management requires data at fine resolution to capture the variability that occurs at this scale. The
outputs of our study can inform the development of conservation resources and local scale
management action.

Keywords: dispersal modelling, macroplastics, microplastics, coral reefs, marine turtles, mangroves
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1. Introduction

The allocation of limited conservation resources is often dependent on information on the
spatial distributions of assets and threatening processes (Ban 2009; Halpern et al. 2015). Therefore,
spatially-explicit modelling is often used by scientists, and managers to predict the distributions of
species and threats (e.g. Grech et al. 2011; Grech and Marsh 2008; Halpern et al. 2015; Halpern et al.
2008; McPherson et al. 2008). Modelling is especially useful in the marine environment where data
is sparse and expensive to obtain, relative to many datasets collected in the terrestrial or freshwater
environments (Ban 2009; Brown et al. 2011). In particular, ecological niche based models and
species dispersal models are used to determine distribution of wide-ranging marine species such as
marine turtles and sharks (McKinney et al. 2012; Wildermann et al. 2017). Hydrodynamic modelling
is also used to predict how threats such as chemical pollutants are distributed and diluted away from
the source (Cucco and Daniel 2016; Li et al. 2000).

Plastic pollution is a threat of concern to the marine environment. The negative
consequences of exposure to plastic is only beginning to be understood for a variety of species
(Worm et al. 2017). For example, marine turtles ingest small plastic particles, causing disruption to
their gastrointestinal tract (Colferai et al. 2017; Di Bello et al. 2013), and the plastic particles have
the potential to leach adsorbed chemicals, negatively impacting animal health (Andrady 2011;
Rochman et al. 2014). Sensitive habitats, such as mangroves and coral reefs, can be damaged by
scouring or smothering by larger plastic items (e.g. Donohue et al. 2001; Smith 2012; Uneputty and
Evans 1997). The effects of plastic exposure to marine turtles, coral reefs and mangroves, both
evidenced and speculated are summarised in Table 1. However, the spatial location of where these
interactions occur, and the frequency of interactions, remains poorly understood (Nelms et al. 2016;
Titmus and Hyrenbach 2011), especially on small scales. Hydrodynamic modelling has been used to
assess the risk of plastic pollution (e.g. Wilcox et al. 2013; Wilcox et al. 2015), however, these studies
are conducted in large areas and at relatively course spatial resolution. Such a broad spatial
resolution is often inadequate to inform management of pollutants, such as plastics, at a fine spatial
scale (e.g. the Whitsundays Special Management Area [Great Barrier Reef Marine Park Authority]:
~1700 km?; Figure 1). Management of plastics in the current political climate is often conducted at
the small scales of local management authorities. These authorities have limited resources and
scope to manage the whole issue, and therefore must strategize to their manageable waste, i.e.
waste created in the management region, that is affecting their management region.

Predictions on where plastics are accumulating are important for forecasting the location of
potential interactions with environmental features. Hydrodynamic modelling has been used
previously to estimate the concentrations and distribution patterns of plastics over large areas, such
as global oceans and seas (Carson et al. 2013; Eriksen et al. 2014; Lebreton et al. 2012; Maximenko
et al. 2015). However, it is also important to understand the distribution of plastics in the coastal
zone and at smaller jurisdictional scales (Critchell and Lambrechts 2016) because it is at this scale
that interactions between plastics, coastal species and habitats occur, and it is a management scale
for which intervention action can be more readily implemented.

The goal of this study is to predict the spatial distribution of exposure of coral reefs,
mangrove habitats, and foraging flatback marine turtles to plastic pollution within the management
control of a small jurisdiction, the Whitsunday region, Queensland, Australia (Figure 1). To achieve
this, we used hydrodynamic modelling to estimate accumulation areas of plastics. From the
accumulation estimates, we created exposure categories, which were then compared with known
distributions of coral reefs, mangroves and turtles. The outputs of our approach provide a tool to
improve the management of plastic pollution in the coastal zone.
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2. Methods

2.1 Study area and species

Our study location was the Whitsunday region of the Great Barrier Reef World Heritage Area
(GBRWHA), on the central coast of Queensland, Australia (Figure 1). The region has an average
depth of approximately 30 metres, and is punctuated with 77 islands and reefs. The Whitsunday
region is towards the southerly extreme of the tropics (-20 degrees latitude), and is dominated by
the monsoonal and south-easterly trade wind circulations. During the monsoonal austral summer
months, the region receives run-off from three mainland catchments predominantly of agricultural
(grazing and crops) land-use (Figure 1). The region attracts a large transient tourist population
(~700,000 visitors per year; Tourism Research Australia, 2018).

Coral reefs are one of the key environmental values of the GBRWHA. The health of coral
reefs is important, in the Whitsunday region in particularly, due to the high tourism value to the
region. Mangrove habitats serve as important nursery grounds for many commercially important
species, as well as providing multiple ecosystem services in the coastal zone.

Flatback turtles (Natator depressus), endemic to Australia, are listed as “Vulnerable” under
the EPBC Act (1999) and are an important value of the GBRWHA. There is growing evidence that
marine turtles are at risk from plastic exposure (e.g. Schuyler et al. 2012, 2014), and plastic debris is
recognised as a threat to flatback turtles residing in the GBRWHA and elsewhere in Australia
(summarised in Table 1). Approximately 19 turtles (species not available) per year stranded in the
Whitsundays region between 2005 and 2010 and most of the turtles had no visible signs of boat
strike or entanglement (Biddle and Limpus 2011). This trend continued until 2016 (StrandNet -
Department of Environment and Heritage Protection, 2017). Four of the five flatback turtles that
stranded in the Whitsundays between 2013 and 2017 could be necropsied and they had microplastic
blockage in their gastrointestinal tract (unpublished data), which is supported by Duncan et al.
(2018) who found every turtle examined had microplastics in their digestive tract.

Spatial data on corals and mangroves were obtained from Geosciences Australia and the
habitat use data for flatback turtles was extracted from Wildermann et al. (in review). For full
descriptions, see the online appendix.

2.2 Hydrodynamic modelling and dispersal simulations

We used the Second-generation Louvain-la-Neuve Ice-ocean Model (SLIM; full documentation and
code available www.climate.be/slim) described in Critchell and Lambrechts (2016) to model the
dispersal of plastic pollution in the Whitsunday region (Figure 1). The SLIM is a depth-averaged finite
element hydrodynamic and advection-dispersion model. Although a three-dimensional approach
would be beneficial, the depth-averaged approach is justified in Critchell et al. (2015) where it is
shown the currents are similar though the water column in this well mixed region. The
hydrodynamic part of the model is forced by physical data on winds, tides and inflow from the Coral
Sea. The advection-dispersion part of the model uses the velocity field created by the hydrodynamic
model and uses the Lagrangian scheme of particle movement to simulate pathways in the study
area. The particles (which can be thought of as simulated plastics) also move with plastic-specific
properties such as degradation from macroplastics to microplastics, wind drift, beaching, and
resuspension/re-floating from the coastline (see below for details). Data inputs to both parts of the
model included recorded sea surface elevation from Shute Harbour (Australian Bureau of
Meteorology), and wind data collected at Shute Harbour (Australian Bureau of Meteorology, station
number 33106) from June 1 2013 to May 31 2014. This enabled the comparison of plastic pollution
distribution during the southeast trade wind season (April - September) and the more wind-variable
northerly season (hereafter, referred to as “monsoon wind season”; October - March) for this year
of data. It is important to compare these seasons as the effect of wind strongly influences the
movements of marine plastics (Critchell et al. 2015; Critchell and Lambrechts 2016), and the two
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wind seasons capture the maximum variability during one year. The years 2013 and 2014 provide
good examples of the typical conditions during the two wind seasons, showing typical wind
distribution patterns for the seasons (Figure 2). We imposed a constant wind shadow in the lee of
islands of 2500 m. The model was forced with a standardised forcing from the Coral Sea. The
hydrodynamic model used in our analysis has been validated in previous studies and found to
provide an acceptable representation of water movements (Lambrechts, et al., 2008).

To seed the dispersal model, (i.e. choose the starting locations for the particles) we used the
most likely sources of manageable plastic pollution for the study area (Figure 1 and Table 2).
Land/catchment based sources included the major river systems flowing into the study region. These
catchments have a multitude of land uses, including urban and agriculture, and the likelihood of
them contributing plastics is high (Critchell et al. 2015; Moore et al. 2011; Schmidt et al. 2017). We
also chose the waterbodies that drained any local water treatment facilities, as they are a likely
source of microplastics (Browne et al. 2007; Fendall and Sewell 2009). Hamilton Island resort has
their own water treatment facility, and a large tourist turn over. We included Hamilton Island as a
source of both macro- (tourist and resort-based litter) and microplastics from the water treatment
plant (e.g. from cosmetic products). Offshore sources were evenly spaced along the offshore
commercial shipping lane. We did this to include the shipping lane itself as a source, but also as a
surrogate for other external sources, as many offshore sources are diffuse and therefore the precise
seeding location is not obvious. As the focus of this study is a small management region, we did not
include external coastal sources in this model. This was to ensure the focus remained on sources
within the management authority’s control. The importance of a source was represented in the
model by increasing the number of seeding locations, as 250,000 particles were released at each
source point (see Table 2 for justification for each seeding location). Particles were released
instantaneously, at the same phase of the tide for each scenario.

The dispersion model uses the velocities derived by the hydrodynamic model to move
particles according to the Lagrangian dispersion scheme. Within this, we also added plastic-specific
parameters, such as wind drift, resuspension, and degradation rate (Critchell and Lambrechts, 2016).
To predict the distribution of plastics in the Whitsundays region, we used the best estimation of
these parameters, informed by available literature. The wind is used in the hydrodynamic model to
influence the water velocities, however buoyant objects are also directly influenced by the wind,
through wind drift. We set the wind drift to 2% of the wind velocity for simulated macroplastic
particles and zero for microplastics, as we assume they did not break the surface and so are not
directly influenced by the wind. Particles are considered on the coastline (beached) if the particle is
moved past a coastal boundary (e.g. by wind). The resuspension (or re-floating) was set to a
probability of 0.2 per day for both macro- and micro- beached particles. The probability was set to
0.2 per day to represent the likelihood of resuspension following the tidal cycle over the day. We
assume the resuspension is mainly wave driven, therefore the resuspension is turned off in the areas
designated as being in a wind shadow, as wind driven waves would be absent in these areas, and
this region is not influenced by swell waves due to blocking by the off-shore reefs of the Great
Barrier Reef. The wind shadow was set to the same value as for the hydrodynamics model (2500 m).
The rate of settling is set as a probability, 0.002 per time step (300 seconds) for macroplastics and
0.02 per time step for microplastics, as microplastics are more likely to become bio-fouled that will
cause sinking, or to be flocculated into marine snow. The rate at which macroplastics “degrade” into
microplastics is 1x10® per day for particles in suspension and 1x10~ per day for particles on the land.
Plastics on land are thought to have a higher rate of degradation, especially in tropical regions,
because they are exposed to higher UV intensity and temperatures that degrade polymer bonds
(Weinstein et al. 2016). However, the process of full decomposition is thought to be at the scale of
months to years and the rate used here may be still too fast, providing a worst case scenario of
microplastics production. We ran one simulation for each wind season. The trade wind season
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simulation began on 1* June 2014, and the monsoon wind season simulation started 1* Feb 2014
and ran for 45 days (Figure 2).

2.3 Plastic exposure layers

The output particle locations from the two simulations were imported to the geographic
information system, ArcGIS 10.2 (ESRI). The outputs were used to create macroplastic and
microplastic exposure layers for each wind season (trade wind and monsoon), and each particle
state (suspended particles, beached particles and settled particles), resulting in 12 exposure layers
(see online Appendix 2).

To delineate the distribution of settled particles, we used the accumulative locations of
settled particles throughout the simulation. We created a density distribution, with the Kernel
Density function of ArcGIS based on the model outputs for macro- and microplastics. The result is a
surface where each cell value represents the density of particles.

To delineate the distribution of suspended particles, we created a density distribution with
the Kernel Density function of ArcGIS as for the settled particles. However, as each model output for
suspended particles is the current location of the particles, we based the model outputs for macro-
and microplastic on three outputs evenly spaced across the simulation, on day 15, 30 and 45, to
capture variability in dispersal throughout the simulation length. We then used the mean particle
density of these outputs to create the exposure layers for suspended macro- and microplastics for
each wind season.

To delineate the distribution of beached particles we used the spatial join function in ArcGIS
to join the simulated particle locations to their closest coastline section for each of the model
outputs. We calculated the mean particle density of the outputs of days 15, 30 and 45 to create an
exposure layer of the particle density of each 100 m section of coastline, for each wind season and
plastic type (macro- and micro-). To compare the beached plastic exposure layers with the mangrove
habitat, we joined the polyline of mangrove presence (see online appendix 1 for habitat distribution
data) to the SLIM coastline in a binary format (zero = absent, one = present). We then multiplied the
mean particle density by the habitat presence to assess the relative exposure of each 100 m section
of mangrove habitat.

As the raw number of particles in a cell is dependent on the initial number seeded (true
value unknown), the layers were categorised (binned) into four “Relative Exposure Categories” (RE
categories) based on the number of particles predicted within each cell. The RE categories were: Nil
(where plastics were not predicted to be present), low, medium, and high, see online Appendix 2 for
details. The layers of each particle type (macro- and micro-) and state (beached, suspended and
settled) had different particle density frequency distributions, so it was necessary to develop these
categories individually, while retaining the ability to directly compare concentrations in the trade vs.
monsoon wind layers. For example, suspended macroplastics in the trade wind season, and
suspended macroplastics in the monsoon wind season must be comparable. The breaks used for the
categories were based on the quantile distribution, which bins data into classes with an even
number of grid cells within each class. There is insufficient data on the thresholds of concentrations
that cause harm to habitats and species, therefore at this stage, only relative measures of exposure
and risk were able to be assessed.

The response of turtles, reefs and mangroves to plastics in the three states (i.e. beached,
suspended and settled) differs (see Table 1). Coral reef species are most affected by plastics that
settle onto the reef matrix (settled). Turtles are most likely impacted by plastics suspended
throughout the water column (see Table 1), and mangroves are a coastal habitat and therefore more
likely to be affected by plastics that are pushed onto the coastline (beached). We matched turtles,
reefs and mangroves to their relevant exposure layer when conducting the exposure analysis (Table
1).
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3. Results

The trade wind and monsoon wind seasons resulted in different spatial accumulation
patterns of, settled, suspended and beached macro- and microplastics (see online Appendix 2). The
trade wind season moved particles representing macro- and microplastics into the large south-east
facing bay at the southern end of the Whitsunday region (Repulse Bay, Figure 1). In comparison, the
monsoon wind season moved particles into the smaller, more complex bays in the north of the study
region (e.g. Double Bay, see Figure 1). The macroplastics accumulate close to the northeast facing
coastlines during the monsoon wind season, while microplastics had more even distribution. In the
trade wind season, both plastic types had discrete locations of high accumulation (Figure 3).
Microplastics accumulated on the beaches of the Lindeman group (southern end of the study region,
Figure 1) in the trade wind season, however there is no equivalent accumulation for the
macroplastics.

The movement patterns of particles between seasons also differed (Figure 3). During the
trade wind season, the simulated microplastics moved a median of 54 km to the north (35 km and
64 km; 25" and 75" percentiles respectively), whereas macroplastics moved a median 447 km north
after 45 days of simulation (269 km and 559 km; 25" and 75" percentiles respectively). A smaller
proportion of simulated microplastic and macroplastic moved south of their original source location
during the trade wind season simulation, 21% and <1% respectively. By contrast, during the
monsoon wind season the simulated microplastics moved a median of 64 km (54 km and 75 km; 25"
and 75" percentiles respectively), and macroplastics moved 76 km (60 km and 77 km; 25" and 75"
percentiles respectively). A large amount of microplastics and macroplastic particles (60%, and 46%,
respectively) moved south of their source location during the monsoon wind simulation.

Coral reefs had the largest proportion of habitat area constantly in the ‘nil’ RE category, a
mean of 58% of habitat across season and plastics type (Figure 4). Coral reefs had extremely low
potential exposure during the trade wind season, with 95% and 99% of the habitat in low and nil RE
categories, for macroplastic and microplastics, respectively. Conversely, during the monsoon winds
season 32% of the habitat was in the medium or high RE category for macroplastics and 28% for
microplastics (Figure 4). Only one cell (equivalent to 0.11 km?) was consistently in the high RE
category across wind season for microplastics and none for macroplastics (Figure 5). The single cell
in high exposure category is in Repulse Bay near the mouth of the Proserpine River a major source
location of marine plastics (Figure 1).

Similarly, the flatback turtle home ranges have a large area in the medium and high RE
category in the monsoon wind season, compared with a small proportion during the trade wind
season (for microplastics, 51% and 2%, respectively). Unlike the coral reef habitat however, there is
a clear difference in potential exposure between macro- and microplastic. Specifically, in the
monsoon wind season 14.5% of the home range area was in medium or high RE categories for
macroplastics, but 51% for microplastics (Figure 3 & 4). Only 20 km? of flatback turtle home range
(<1% of the total area) was consistently in the medium or high microplastic RE category between
seasons, while only two km? of the area was consistently in medium and none in the high RE
category for macroplastics (Figure 5).

The mangrove habitat had complex exposure patterns. Mangroves had the smallest
proportion of its range in the nil RE category compared to marine turtles and coral reefs (mean 20%
mangrove area across season and plastic type; Figure 4). Unlike the coral reef habitat and the turtle
home range, the proportions of mangrove habitat in each RE category are reasonably consistent
across wind season and plastic type. Also unlike the other two case studies, for mangroves, there are
geographic areas that remain in the high RE category regardless of season, suggesting there are
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hotspots of exposure that are consistent in time and space (e.g. much of the mangrove habitat in
Pioneer Bay, surrounding Airlie Beach; Figure 5).

4. Discussion

We developed and demonstrated a method to predict, spatially, the exposure of coral reefs,
mangroves, and foraging flatback marine turtles to plastic pollution in a complex, coastal
environment. Weather condition was the primary driver of potential exposure levels, which differed
during each wind season (trade wind and monsoon) and for each plastic type (macro- and micro-).
During the trade wind season plastics were moved out of the study area by local wind and water
circulation patterns, reducing the potential interaction between plastics and coral reefs, mangroves
and turtles in the region. In the monsoon wind season, the wind-driven currents move plastics into
areas that are protected from the typically strong trade winds. Fringing reef habitats are often found
in the lee side of islands and protected bays (Hopley 1982; Kennedy and Woodroffe 2002), as
pervasive exposure to wind generated waves can damage the coral structure and restrict growth.
We found that during the monsoon wind season, sheltered reef habitats were more exposed to
plastics than during the trade wind season because plastics accumulate in the naturally protected
habitats.

A large proportion of mangrove habitat had a relatively high exposure to plastic pollution in
both wind seasons and for both plastic types (for maps, see online Appendix 3). However, the risk
posed by macro- and microplastics is likely to be different. For example, a single large object such as
plastic sheeting or fishing gear can damage a comparatively large area of mangrove habitat
(Goldberg 1997; Uneputty and Evans 1997). Whereas, the concentration of microplastics necessary
to cause an effect is likely to be higher, for example, sediment permeability in beach sediments is
significantly affected at a concentration of approximately 16% of the sediment as plastic by weight
(Carson et al. 2011). Therefore, the concentration of macroplastics (represented by the density of
plastics per area of coastline in this study) required to have a negative consequence on mangrove
habitat could be much smaller than for microplastics. Even though a similar area of mangroves is in
the high exposure category for both macro- and microplastics, the threat posed by those categories
(i.e. the consequence) may be vastly different.

In each wind season, coral reefs had a larger area exposed to the highest exposure category
of microplastics than it did to macroplastics (for maps, see online Appendix 3), with one cell in the
high exposure category consistently in both seasons. This cell is one of only two in Repulse Bay, at
the mouth of the Proserpine River. It is possible that the cell is consistently exposed due to its
proximity to the modelled source of plastics, highlighting the importance of source reduction.
Microplastics threaten reef habitats as they can be ingested by reef animals, including reef-building
corals (Hall et al. 2015). However, this impact would be at a polyp or individual colony level, so it
may be that macroplastics have a larger and more immediate consequence to reef habitats as a
whole; scouring and smothering by plastics can affect the reef structure by damaging corals on a
larger scale than individual coral polyps or colonies. For example, Chiappone et al. (2005) found up
to 11 individual reef organisms damaged by a single piece of derelict fishing gear in the Florida Keys.
There is also emerging evidence that macroplastic presence on reefs increases prevalence of coral
disease (Lamb et al. 2018). Macroplastic pollution adds an additional threat to reef habitats in the
region and pervasive exposure to plastics could affect natural recovery after environmental
disturbance (Hughes et al. 2015). Some types of debris on coral reefs are deposited in situ (e.g.
fishing line; Chiappone et al. 2005), however the types and accumulation of debris on the seafloor in
the GBRWHA is likely to be variable (Bauer-Civiello et al. 2018). The variety of debris on reefs
highlights the need to modify modelling parameters to represent debris types that are most
threatening for the receptor of interest. For example, to understand the true plastic exposure on
reefs, it would therefore be necessary to include these in situ sources alongside the remote sources
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we have considered here. It would also be necessary to modify the drift parameters appropriately to
represent these types of debris, for example fishing net that is drifting while in contact with the sea
floor would have drastically different processes acting on it than the buoyant litter modelled here.

We found that large areas of one of the most important foraging areas for flatback turtles in
the Great Barrier Reef (GBR) (Wildermann et al. in review) could be exposed to high levels of plastic
pollution during the monsoon season. Entanglement in derelict fishing gear is commonly associated
with turtle mortality in some areas of Australia (Wilcox et al. 2013). However, in the GBR rates of
entanglement are low (Biddle and Limpus 2011). A far larger, and largely unquantified, issue is
ingestion (Nelms et al. 2016; Vegter et al. 2014). The inability of marine turtles to regurgitate means
that exploratory bites tend to be swallowed and thus plastics get ingested regularly (Schuyler et al.
2012). As microplastic particles in the environment vary greatly in size, shape and colour they pose a
potential issue for all size classes of marine turtles (Schuyler et al. 2012, 2014). Given the high
potential exposure to microplastic in the monsoon season, the chances of encountering and
ingesting plastic particles could be high. There is growing evidence of the transfer of harmful
chemicals from plastic to the animals that consume them (Andrady 2011; Gall and Thompson 2015)
potentially having sub-lethal impacts on the animal. Kelly et al. (2008) and Stewart et al. (2011)
found that PCBs (a common plastic-associated compound) are transferred from female turtles to
their eggs and affect the growth and development of the turtle hatchling. Comprehensive risk
assessments that consider consequence in addition to exposure are unable to be conducted without
estimates of the concentrations of plastics in the environment, or the amount of plastics it would be
necessary to ingest, for sub-lethal affects to develop.

Despite turtles often being used as flagship species to highlight the problems of plastic
pollution, there is limited information about their actual exposure to plastic pollution and the degree
to which populations or species are impacted. A global risk assessment by Schuyler et al. (2016)
assessed the hotspots of plastic ingestion by marine turtles, however the broad spatial scale (1° x 1°)
is inappropriate for local governance and intervention. Wilcox et al. (2013) developed a model using
known ghost net locations combined with estimated turtle abundance and known turtle
entanglement rates, to model the risk of turtles to ghost fishing at a scale relevant to the problem.
The spatial scale used by Wilcox et al. (2013) was at a resolution of 5 x 5 degrees, much broader than
the resolution of the model presented in this study. A coarse spatial resolution is appropriate for
modelling across a large geographic range, however a broad scale model is insufficient for
addressing local scale management questions. The fine-scale approach presented in our study
enables a local-scale understanding of the degree to which an important flatback turtle foraging
habitat may be exposed to plastic pollution, and in which times of the year exposure is greatest.
Ingestion of plastics is listed as one of the key threats to marine turtles in Australia, yet little is
known about the degree to which different species and important habitats are exposed (Nelms et al.
2016). This study represents the first time the degree to which an important foraging habitat for an
Australian marine turtle species could be exposed to microplastic pollution has been quantified.

In this study we use a resolution of 1 km? and ~0.1 km?” enabling our results to be used to
inform fine-scale decision making on waste and marine debris management in the Whitsunday
region. This is an example of institutional fit, where management arrangements match “the defining
features of the problems they address” (Young 2008). Our fine-scale approach can be used for
targeting debris removal activities on specific beaches/areas of accumulation where impact may be
largest. For example, overlaying these data with tourism visitation may trigger certain reefs to be
targets for clean-up activities. The details of the sources may trigger targeted interventions on land
to prevent an asset being exposed to plastic pollution. We acknowledge that the approach
presented in this study has limitations. Most notably, the plastic specific dispersal modelling
underlying the exposure analysis has not, at this stage, been validated by field data. A ground-
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truthing step would allow us to assess the uncertainty associated with the exposure analysis, and
accurate abundance estimates would inform interaction rates. Ground-truthing could be conducted
through field surveys of debris in these habitats, however, this is field intensive task. To obtain
statistical significance in a system with high natural variability in space and time, a large number of
samples from a large number of locations, under many environmental conditions are needed. The
task quickly becomes logistically impossible with the current techniques of sample processing for
microplastics. While we predict a large difference in the exposure between the two wind seasons, it
is possible that plastics from external sources (e.g. cities to the south) are imported into the study
area during the trade wind season, further reducing our ability to ground-truth the dispersal model
focused on local supply with field data. It is likely that plastics in our study area, as with many parts
of the Australian coastline, are predominantly from local sources (Hardesty et al. 2017). Even with
these limitations, our study advances the prediction of exposure to plastic pollution on a local,
management-relevant scales by using a high resolution hydrodynamic model. Our approach is
readily scalable to larger or smaller jurisdictions and other habitats or taxa where there is existing
information on hydrodynamics and species distributions. As the evidence on impacts of plastic
pollution on habitats and species becomes more certain, future studies will be able to conduct
ecological risk assessments that incorporate consequence of exposure levels on the receiving
environment.

Conclusions

In this study, we used hydrodynamic models to predict exposure from plastic pollution for a
multiple habitats and species of conservation concern. We found that in the monsoon wind season
the habitats and species were highly exposed to plastic pollution, with few consistencies in locations
of accumulation across season. The exception was for mangrove habitats, which had areas of
consistently high exposure across wind seasons. The exposure data presented can be used in the
prioritisation of conservation resources, from debris removal programs to locating offset initiatives.
The framework we have used could also be refined to map the exposure of a particular plastic class,
or types of objects that are known to affect a particular species or habitat e.g. fishing line on reef
structures.
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593 Figure 2: Wind rose of the wind data used in the hydrodynamic modelling used to create the exposure layers for each
594 season, A) south-east trade wind season and B) monsoon wind season. Wind data from 10 min wind records at Shute
595 Harbour weather station (Australian Bureau of Meteorology station number 33106).
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Table 1: Evidenced and speculated consequences of exposure to plastic pollution for coral reefs, marine turtles, and mangroves, for details of the data used please see online appendix 1.
The consequences have been split into that of macroplastics (objects > 5 mm), and microplastics (objects <5 mm).

Habitat or species

Consequence

Plastic type

Speculated or evidence of consequence

Exposure layers

Coral Reefs

Scouring/smothering of corals

Macroplastic

Speculated (Donohue et al. 2001; Goldberg
1997)
Evidence (de Carvalho-Souza et al. 2018)

Settled macro

Increased prevalence of disease

Macroplastic

Evidence (Lamb et al. 2018)

Settled macro

Ingestion by animals in the habitat

Microplastic

Evidence (Gall and Thompson 2015; Hall et
al. 2015)

Settled micro

Invasive species

Macroplastic and
microplastic

Evidence (Barnes 2002; Gregory 2009)

Settled macro and
micro

Marine turtles

Gastrointestinal disruption after
consumption

Macroplastic and
microplastic

Evidence (Di Bello et al. 2013; Nelms et al.
2016; Parga 2012; Schuyler et al. 2014)

Suspended macro
and micro

Toxicological effects after consumption

Macroplastic and
microplastic

Speculated in turtles

Evidence in other organisms (Cole et al.
2015; Heindler et al. 2017; Rochman et al.
2013)

Suspended macro
and micro

Entanglement

Macroplastic

Evidence (Blasi and Mattei 2017; Duncan et
al. 2017; Nelms et al. 2016; Wilcox et al.
2013)

Suspended macro

Mangroves

Scouring/smothering

Macroplastic

Speculated (Goldberg 1997; Smith 2012;
Uneputty and Evans 1997)

Changed community structure

Macroplastic

Evidence (Katsanevakis et al. 2007)

Beached macro

Evidence (Besseling et al. 2013; Gall and

Ingestion by animals in the habitat Microplastic Thompson 2015; Van Cauwenberghe et al. .
Beached micro
2015)
Degradation of habitat quality Microplastic Speculated (do Sul et al. 2014)
. . Macroplastic and Evidence (Barnes 2002; Gregory 2009) Beached macro
Invasive species . . .
microplastic and micro
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Table 2: The justification and importance of each source location in the plastic dispersal simulations (Figure 1).

Number of
. Rank of . S e
Location . seeding Source justification
importance .
points
- . Large regional township (population
Airlie Beach High 5 12,928; Census, 2016)
Mouth ?f the . Large catchment draining many land
Proserpine High 5
. uses
River
West Popular resort with on-site water
Hamilton Low 2 P
treatment
Island
Cid Harbour -
West .
Whitsunday Low 2 Tourist anchorage
Island
North Hook low 2 Tourist anchorage
Island
. Regional township (population 9105;
Bowen High > Census, 2016)
50 evenl Objects lost or discarded from the
Outer . y 10s of thousands of ships that pass
. High spread every g
Shipping lane 10 km through annually (Maritime safety

Queensland)
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Weather conditions strongly dictate plastic exposure patterns

Variable winds in the monsoon season lead to higher exposure of plastic

Strong south-easterly trade winds lead to plastic removal, therefore lower exposure
Plastic types have different accumulation patterns at a small geographic scale
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