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The mitigation of microplastic pollution in the environment calls for a better understanding of the
sources and transportation, especially from land sources to the open ocean. We conducted a large-scale
investigation of microplastic pollution across the Greater Melbourne Area and the Western Port area,
Australia, spanning gradients of land-use from un-developed catchments in conservation areas to more
heavily-developed areas. Microplastics were detected in 94% of water samples and 96% of sediment
samples, with abundances ranging from 0.06 to 2.5 items/L in water and 0.9 to 298.1 items/kg in sedi-
ment. The variation of microplastic abundance in sediments was closely related to that of the overlying
waters. Fiber was the most abundant (89.1% and 68.6% of microplastics in water and sediment respec-
tively), and polyester was the dominant polymer in water and sediment. The size of more than 40% of all
total microplastics observed was less than 1mm. Both light and dense polymers of different shapes were
more abundant in sediments than those in water, indicating that there is microplastic accumulation in
sediments. The abundance of microplastics was higher near coastal cities than at less densely-populated
inland areas. A spatial analysis of the data suggests that the abundance of microplastics increases
downstream in rivers and accumulates in estuaries and the lentic reaches of these rivers. Correlation and
redundancy analysis were used to explore the associations between microplastic pollution and different
land-use types. More microplastics and polymer types were found at areas with large amounts of
commercial, industrial and transport activities. Microplastic abundances were also correlated with mean
particle size. Microplastic hotspots within a coastal metropolis might be caused by a combination of
natural accumulation via hydrological dynamics and contribution from increasing anthropogenic in-
fluences. Our results strongly suggest that coastal metropolis superimposed on increasing microplastic
levels in waterbodies from inland areas to the estuaries and open oceans.

Crown Copyright © 2019 Published by Elsevier Ltd. All rights reserved.
1. Introduction

The research into microplastics has increased exponentially
since that term was initially proposed, as it has had widespread
scientific and public media salience for over a decade (Sutherland
et al., 2019; Thompson et al., 2004). Although there is yet no
internationally agreed-upon definition for the cut-off size for
microplastics, it is generally accepted to be those <5mm (Frias and
Nash, 2019; Law, 2017). There are indications that microplastics
pose risks to organisms across the full spectrum of biological
evier Ltd. All rights reserved.
organization, from cellular to population level (Wright et al., 2013).
Microplastics can also contaminate a wide range of species that are
consumed by humans (Seltenrich, 2015; Wright and Kelly, 2017).
What is clear is that more scientific field-based evidence is needed
to steer current debates over the real risks of microplastic pollution
(Burton, 2017; Kramm et al., 2018; Sedlak, 2017). The rates at which
plastics are accumulating in urban and peri-urban waste streams
have sparked research efforts to better to understand the major
sources of microplastics in the environment and help improve
management of this pollution.

For over half a century, impacts of plastic pollution to marine
environments have been of great public concern (Carpenter and
Smith, 1972). Large-scale efforts have been made to map micro-
plastic distributions in global oceans, shorelines and marine
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organisms (Browne et al., 2011; Eriksen et al., 2014; Law et al.,
2010). Marine microplastic dynamics can shed light upon various
sources which are predominantly from land-based inputs (Jambeck
et al., 2015; Lebreton et al., 2017). Aworld-scale modeling approach
predicted that the amount of plastic waste entering oceans is
estimated to be close to three orders of magnitude greater than the
current monitoring results of floating marine plastic debris would
suggest (Jambeck et al., 2015). Many sources of microplastic
pollution in land-based watersheds have been identified; such as
discharges of treated wastewater, industrial and commercial ac-
tivities, municipal solid waste collection and agricultural activities.
(Andrady, 2017; He et al., 2019; Law, 2017; McCormick et al., 2014).
However, the relative contribution of these land-use activities to
microplastic pollution is unknown.

The spatial distribution of microplastics in water and sediment
can help predict their movement and deposition within local
aquatic habitats. For example, vertical profiles of microplastics in
waterbodies are greatly influenced by water flow and sediment
dynamics (Nizzetto et al., 2016). For sediments, some case studies
found extremely high concentrations of microplastics (74,800
items/kg) in freshwater sediment, which acted as a temporary or
permanent sink (Wang et al., 2018). Particle sizes and densities
were suggested as key factors governing with microplastic depo-
sition process (Wagner et al., 2019). Nevertheless, the detailed
mechanisms involved in microplastic transportation between
sediment and water are not fully understood.

Reportedly high loads of microplastics in freshwaters has
sparked interest in better understanding their sources. The spatial
distribution of microplastics at a catchment scale has been
described of some rivers, lakes and estuaries (Kapp and Yeatman,
2018; Schmidt et al., 2017; Siegfried et al., 2017). Plot and field
studies involving direct monitoring suggest that microplastic
pollution is closely related to anthropogenic factors such as popu-
lation density, land-use and point source pollution (Barrows et al.,
2018; Hendrickson et al., 2018; Klein et al., 2015). River systems
were suggested as major transport pathways for plastic debris,
especially in urban catchments (Atwood et al., 2019; Mani et al.,
2015, 2019). The dominant role of natural forces like weather and
hydrological conditions inmicroplastic transport dynamics has also
been modeled (Hurley et al., 2018; Siegfried et al., 2017). However,
it is not clear to what extent and how those factors ultimately
determine the fate of microplastic transport from land to the ocean.

Snapshot sampling for microplastic distribution is still an eco-
nomic way to help gauge microplastic transport pathways from
source to sink, especially for places where baseline data are rela-
tively insufficient. Although microplastics have been found on all
continents, limited reports on their distribution exist for Australia’s
inland water bodies (Lebreton et al., 2017; Schmidt et al., 2017).
Such a knowledge gap limits global estimations of microplastic
emissions from land to ocean. A better understanding of micro-
plastic sources is required to best address the elimination of the
principal sources. Herein we selected waterbodies in the Port
Phillip and Western Port catchments which includes the Greater
Melbourne Area (GMA) and one of the most populated cities in
Australia. We aim to determine: (i) the spatial distribution of
microplastics from inland water bodies to estuaries at a catchment
scale, (ii) the environmental factors affecting the variation of
microplastic pollution, and (iii) the anthropogenic impacts on the
distribution of microplastics in sediment and water.

2. Materials and methods

2.1. Survey area and sample collection

The GMA supports a population of approximately 4.3 million
people, covering a watershed area >10,000 km2 (Victoria, 2017).
There are numerous streams, wetlands and estuaries in the GMA
that have a variety of land-use activities in their catchments
(Sharley et al., 2016). The urban sprawl of Melbourne stretches
around a large area of Port Phillip Bay and a small area of Western
Port Bay. The Yarra, Maribyrnong and Werribee Rivers and Dan-
denong Creek are the major streams in the Port Phillip Bay catch-
ment (Fig. 1). These rivers and many other smaller streams in this
catchment support a diverse community of birds, fishes and
benthic invertebrates (Mehler et al., 2018). Being the largest marine
embayment in Victoria, Port Phillip Bay is surrounded by the
extensive coastal communities including the GMA and the city of
Geelong. In comparison, Western Port has a more rural catchment,
although the GMA extends into the north-western and western
areas of the catchment, and Phillip Island, located at the mouth of
Western Port, is also largely urbanized. Sediments and surface
waters were collected from 54 monitoring sites in the study area
between April and May 2018 (Fig. 1). The survey sites were located
in estuaries (n¼ 15), streams (n¼ 24) and wetlands (n¼ 15) (for
details see Supplementary Material Table 1).

Prior to use, all sampling tools were rinsed with ethanol and in
situ water. Water samples were collected first, then sediment to
avoid collecting suspended solids due to sediment disturbance
during sampling. A 5-L container was submerged and filled with
surface water (0e5 cm in depth) at each site. In comparison to net
and trawl sampling, this bottle sampling approach can collect
microplastics from a small volume of water (Kapp and Yeatman,
2018). Sediments were collected close to the shoreline from a
maximum water depth of approximately 1m. The top layer (top
2 cm) was withdrawn using a handheld shovel from three separate
and undisturbed surfaces no closer than 5m apart. Approximately
500 g of the sediments were collected from each shovel and
transferred into an unopened glass jar, which was promptly closed
once full.

2.2. Determination of catchments and land use level

Topographic vector data, including elevation as contour lines,
major catchment polygons, and waterway and water body polygon
layers were supplied by Melbourne Water and the land-use data
was acquired from the Australian Bureau of Statistics (ABS, 2016).
Sub-catchments for all sites were determined topographically us-
ing spatial analyst in ArcGIS 10.3 based on detailed methods out-
lined in Kunapo et al. (2009). Briefly, 10m flow-weighted digital
elevation model (DEM)s were derived from 5m contour layers with
flow direction ingrained into the DEM by stream layers and wet-
lands. Sink-holes were removed, then flow direction and accumu-
lation drainage layers were created and catchments were derived
using the hydrology extension toolbar. Where existing high-
resolution stormwater drainage layers were available from local
government jurisdictions, these were compared against watershed
layers with some minor adjustments made ensure alignment with
stormwater drains.

Catchment land-use was extracted from census mesh block
counts from the 2016 Australian census (ABS, 2016). Land-use
polygon categories were summed for each catchment, then
divided by the area in hectares in grouped land-uses (Residential,
Parkland, Education, Commercial, Industrial, Hospital/Medical,
Transport, Primary Production, Other and Water) for subsequent
analysis (for details see Supplementary Material Table 2).

2.3. Isolation of microplastics

Extraction of microplastics in water and sediment followed our
established two-step filtration process (Su et al., 2016, 2018). For



Fig. 1. Locations of sampling sites (A) and catchments (B) within the watersheds of Port Phillip and Western Port Bays.
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water samples, volumewas recorded and all material >20 mm in the
water was collected on a filter (Millipore Nylon NY2004700). Any
substances on the filter were washed into a glass jar using 100mL
of NaOH solution (2M) to digest the biological material (Cole et al.,
2014). The jar was then covered and placed into a water bath at
55 �C for 48 h. Once digested, the liquid in these jars were filtered
and the filter papers were then covered and placed in Petri dishes
for microplastic inspection. Before extraction, sediments were
placed in glass jars and dried in an oven at 55 �C for 4 d to reduce
the water content. Approximately 80 g of dry sediment was
weighed and mixed with saturated NaCl solution (1.2 g/mL) at a
ratio of 1:2 (V/V) in a 600-mL glass beaker. The mixture was stirred
with a steel spoon and allowed to settle for 24 h. The supernatant
was collected and filtered, and the process was repeated twice. All
substances on filters were transported into glass jars and digested
using sodium hydrate solution (2M) following the same method as
the water samples.

2.4. Observation and validation of microplastics

A visual inspection was first carried out to quantify and sort the
suspected microplastics based on their properties. All items sus-
pected to be microplastics (<5mm) on the filters were inspected
and photographed using a microscope (Leica M125) with 25-100x
magnification. Microplastics were catalogued as either being frag-
ment (small irregular pieces), pellet (spherical items), film (thin
and small layers), or fiber (elongated) (Yang et al., 2015). The sizes
of microplastics was also measured and recorded. Then these items
were examined using micro-Fourier Transform Infrared Spectros-
copy (Nicolet iN10 MX, Thermo-Fisher Scientific). Data were
collected from a resolution of 4 cm�1 with a 32-s scan time and
spectra were compared with a database from Thermo-Fisher to
verify the polymers. The spectra matching with a quality index >70
were accepted (Yang et al., 2015). We tried to analyze all suspected
items, but some particles could not be identified due to poor quality
spectra, small size or being lost and damaged. Finally, an average
percentage of 42.4% and 57.9% of suspected items from water and
sediment, respectively, were successfully verified for the sites,
which agreed with the recommended quality criteria (Hermsen
et al., 2018). Non-plastic items were removed from the micro-
plastic counts. Given that a set of visually identified microplastics
was not instrumentally confirmed, our results may potentially be
overestimated.

2.5. Quality control

In order to reduce the risk of microplastic aerial deposition in
the field, containers were only open once samples were ready to be
deposited into them and closed immediately afterwards. Cotton
clothing was worn during field sampling and a cotton laboratory
coat was worn during the analytical procedures and preparation of
all liquid solutions including tap water, sodium hydrate solution
(2M) and sodium chloride solution (1.2 g/ml) were filtered prior to
use (filter pore size¼ 20 mm). Before use, all containers and appa-
ratus were washed thoroughly by filtered tap water. To account for
process contaminations in experiments, procedural blanks (con-
sisting of distilled water) were run without field water or sediment
with every three replicates in the laboratory. Overall, 108 blanks
were performed for water and sediment. Procedural contamination
ranged from 0.22 to 0.38 items per filter for water and sediment
samples. These procedural blanks were at a similar level to our
previous work (Hu et al., 2018). All the contamination in blank
samples was fiber, with mean concentrations of 0.078 items/L for
water and 3.7 items/kg for sediment. We subtracted the back-
ground from our final results.

2.6. Data analysis

Non-parametric tests were applied because the data sets are not
normally distributed. Spearman’s rank correlation was used to
describe the relationships among data sets and the Kruskal-Wallis
test was used to compare among groups. These non-parametric
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statistical analyses were performed using SPSS 22. Redundancy
analysis is a useful tool for the ordination of multiple variance and
has been widely used in ecology and environmental sciences
(Legendre and Anderson, 1999; McArdle and Anderson, 2001). It
was used to explore the correlations betweenmicroplastic variance
and land-use influences. The microplastic properties (abundance,
size, shape etc.) were considered as "response variables", while
land-use and elevationwere considered as "explanatory variables".
A linear ordination method was selected according to detrended
correspondence analysis (length of the gradient¼ 1.32). All the
values were standardized by Z-scoring before carrying out the
analysis. Redundancy analysis was performed and plotted with R
3.22.
3. Results

3.1. Abundance and spatial distribution of microplastics

Microplastics were detected in 94% of water samples and 96%
sediment samples from the entire sampling area, ranging from 0.06
to 2.5 items/L inwater and 0.9 to 298.1 items/kg in sediments (Fig. 2
A and C). The mean abundance of microplastics varied from 0.03 to
1.7 items/L in water and 4.5 to 172.7 items/kg in sediments (Fig. 2 A
and C). Wetlands, estuaries and streams respectively contained
averagemicroplastic concentrations of 0.8, 0.9 and 1.0 items/L from
water samples. Sediment samples from the same water bodies
contained average microplastic concentrations of 75.5, 79.1 and
87.4 items/kg, respectively. No significant difference was found
between the three water body types (Supplementary Material
Fig. S1). Microplastic abundance variation in sediment and
Fig. 2. Spatial distribution of microplastics in sampling areas in terms of sites and catchm
interpolation (CeD). The data intervals in A and C were optimized via Jenks natural breaks
overlying water was closely related (p< 0.05). The abundance of
microplastics was higher near coastal cities than at less densely-
populated inland areas (Fig. 2 B and D).

Microplastic spatial distribution was highly variable within
sampling areas and its concentrations in water and sediment have
large coefficients of variation (CV) up to 82.3% and 88.4%. The range
of microplastic abundance level spanned one to two orders of
magnitudes. In contrast, microplastic abundance exhibited minor
variation between different waterway types (CV¼ 7.6%e11.1%). The
elevation of sampling sites ranged from 1 to 213m above sea level
and was negatively correlated with microplastic abundance
(p< 0.05) (Fig. 3).
3.2. Morphology characteristics and chemical composition

Microplastic size density was similar between samples from
water and sediments (Fig. 4A). The mean size of microplastics in
water (1.26± 0.93mm) was also close to those found in sediments
(1.24± 0.84mm). There was no significant difference in size dis-
tribution of microplastics in water or sediment between different
waterway types (Supplementary materials Fig. S2). Items <1mm
contributed more than 40% of total microplastic counts in water
and sediment (Supplementary materials Fig. S2). Fibers were the
most common shape accounting for 89.1% and 68.6% in water and
sediment, respectively, while the percentage of fragments in sedi-
ment was three times higher than those in water (Fig. 4B; Sup-
plementary materials Fig. S3). In addition, microplastic shape
varied significantly between the three waterway types, where
wetland samples contained the highest amount of fibers in sedi-
ment (Supplementary materials Fig. S4).
ents (AeB) and the simulation of spatial patterns based on inverse distance weighted
classification method.



Fig. 3. Microplastic abundance increased downstream; Kriging process was applied to generate and smooth surfaces and the size of ball represented microplastic mean size
variation (The color depth represented elevation from low to high). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)

Fig. 4. Kernel density estimation of microplastic size (A) and the shape distribution (B)
in water and sediment.
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In all items verified (n¼ 828), synthetic polymers represented
72.4% and 69.8% of items in water and sediment, respectively
(Supplementary materials Tables S3 and 4). There were 14 kinds of
polymer types in water and 19 types in sediment (Fig. 5). Polyester
was the most common type; being present in more than 60% of
sampling sites and comprising more than 30% of all synthetic
polymers confirmed in both water and sediment (Fig. 5A and B). In
addition, polypropylene, polyethylene and polyamide were also
commonly found and together comprise >30% abundance of all
polymer types found. Although most polymer distributions were
similar between water and sediment, polyvinyl chloride was
eighteen times more abundant with a frequency of detection four
times higher in sediment than in water.
3.3. Land-use in relation to microplastic characteristics

Land-uses were categorized as 10 individual types associated
with the catchment for each sampling site (Supplementary mate-
rials Table S2). Residential (32.5%) land-use was the most common
category found in all sampling catchment followed by primary
production (32.0%) and parkland (17.4%). Urban-related categories
such as transport, industrial and commercial land-uses are posi-
tively correlated (p< 0.05) (Fig. 6 red text). Regarding characteris-
tics (Fig. 6 purple text); abundance, size and polymer diversity were
also correlated with transport, industrial and commercial land-use
categories (p< 0.05).

Redundancy analysis was used to further understand the role of
land-use in microplastic spatial patterns and characteristics. Land-
use was selected as an environmental variable to explain the vari-
ation of microplastic abundance, shape distribution, mean size and
polymer diversity (Fig. 7A). Thirty six percent of the variance of
microplastic features can be explained by land-use, the first and
second axis represented 91.1% together. Commercial, industrial and
transport land-uses were significantly associated with an increase
in the microplastic abundance and polymer diversity a decrease in
the mean particle size. The sites which explained the bulk of this
variation were located within urbanized areas of Port Phillip bay
(red spots in Fig. 7B). Interestingly, although fiber accounted for
more than 70% of microplastics in water and sediments, they only
correlated with domestic influences such as parkland, residential
and education land-uses.



Fig. 5. The occurrence rate (%) of different polymer in sampling sites (A) and the composition of polymer in water and sediment (B).
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4. Discussion

4.1. Microplastic pollution in GMA and Western Port catchments

Concerns are rising about the ubiquitous presence of micro-
plastics in the environment. This is the first time data have been
reported from Australian inland waters and estuaries. This work
enriches the world microplastic pollution map and provide spatial
features spanning gradients of land-use from un-developed
catchments in conservation areas, to more urbanized areas.

Our studies of microplastic concentrations in the GMA and
Western Port catchments show that the abundance of microplastic
pollution in water and sediment from these areas is low by global
comparison; being below 50% and 70% respectively of the mean
abundances reported in 55 independent studies measured in terms
of microplastic items per liter or kilogram (Supplementary Material
Fig. S5). From the compiled results, different methods involved in
microplastic sampling and measurement complicate efforts to
make rigorous global comparisons (Hidalgo-Ruz et al., 2012).
However, the ease to make such comparisons is gradually
improving as more studies approach a uniform methodology.

It is hard to conclude general trends ofmicroplastic shape or size
in different studies because the field results are largely determined
by regional background. Pellets can be extremely abundant in
specific industrial areas (Lechner and Ramler, 2015), while they
may be absent from remote waterbodies (Castaneda et al., 2014;
Free et al., 2014). Regarding microplastic size, the concentrations of
small particles may be positively correlated with overall abun-
dances but sometimes samples with high abundance can pre-
dominantly contain the larger particles (>1mm) (Zhang et al.,
2017). In our work, there are no spatial patterns of microplastics’
morphological characteristics except for decreasing sizes,
suggesting that indicated that diffuse plastic pollution is more
predominant in our study area than point source plastic pollution.

Some studies have compared different variations in abundances
in different waterway types, suggesting lentic waterbodies could be
a sink for microplastics due to low flow rates and wave energy (Hu
et al., 2018; Wang et al., 2018; Zhang et al., 2017). However, we
found no difference in the amount and type of microplastic pollu-
tion between streams, wetlands and estuaries (Supplementary
Material Fig. S5). Microplastic monitoring for environmental
management should ensure site selection does not create bias to-
wards particular water body types or spatial features. An unbiased
approach will improve the representativeness of natural habitat
and the strength of any observations and conclusions.
4.2. Environmental factors affecting spatial patterns of microplastic

Buoyant microplastics will accumulate in surface waters but
eventually deposit in sediments due to bio-fouling and other pro-
cesses reducing their buoyancy (Galloway et al., 2017). Before
settling down, the dispersion of microplastics in waterbodies is
inevitably impacted by natural forces such as current, wave and
weather conditions (Browne et al., 2010; Law et al., 2010). In our
case, the most obvious spatial trend was that microplastic con-
centrations increased downstream (Fig. 5). Current and water flow
play a major role in the inventory and transport of microplastics
downstream as microplastics behave similarly to particles that are
neutrally buoyant in water, such as plankton and suspended solids
(Di Mauro et al., 2017; Nizzetto et al., 2016). Extreme hydrological
changes from weather events such as floods, can strongly alter the
microplastic budget in local habitats (Hurley et al., 2018). Estuaries
and river mouths receive significant proportions of materials,
including microplastics, sourced from inland parts of catchments



Fig. 6. Spearman’s rank correlation coefficient between land use data and microplastic characters. The bold frames grouped similar index was produced by analytic hierarchy
process.
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and may therefore be considered as "natural sinks" of microplastic
pollution (Leslie et al., 2017; Luo et al., 2019).

Microplastics are prone to sedimentation, as evidenced by dif-
ferences in polymer types and shapes shown between sediments
and water (Figs. 4 and 5). The differences in microplastic concen-
trations between sediment and water spanned two orders of
magnitudes in our study and can reach over six orders of magni-
tude in a study on lake (Fischer et al., 2016). It was noteworthy that
microplastic size decreased with increasing microplastic concen-
trations in water and sediments (Fig. 3). According to Stokes’ law,
small neutral or negatively-buoyant particles will takemore time to
settle than larger ones (Richardson and Zaki, 1954; Zwanzig, 1964).
If ideal conditions for this law are met, large amounts of small
microplastics may be transported far away with current and
accumulate downstream into the estuaries and oceans. On the
other hand, small microplastics may be directly generated by the
fragmentation of large plastic debris and used as indicators for large
plastic waste. Such particles likely account for the "missing
microplastic fraction” in open oceans once deposited in freshwater
sediments (Wang et al., 2018). More efforts should be made to track
smaller microplastic particles from freshwaters to oceans in future
monitoring schemes.
4.3. Anthropogenic influences on the spatial patterns of
microplastics

Being anthropogenic in origin, microplastic footprints in envi-
ronments are largely determined by anthropogenic influences. For
example, effluents without appropriate treatments from waste-
water treatment plants significantly increased microplastics
abundances in water and sediment downstream (Estahbanati and
Fahrenfeld, 2016; McCormick et al., 2016; Vermaire et al., 2017).
Plastic industrial activities directly contributed to the microplastic
load downstream and in proximal water bodies (Castaneda et al.,
2014; Mani et al., 2015; Wagner et al., 2019). Recreational activity
along urban rivers contributes a considerable amount of plastic
litter which is a direct source of microplastic (Kiessling et al., 2019).
Microplastic shape characteristics, size distribution and polymer
composition have been suggested as associative links for source
identification (Auta et al., 2017). The presence of fibers and pellets
are considered as indicators of domestic effluents and plastic in-
dustry activities, respectively (Lechner and Ramler, 2015; Mintenig
et al., 2017). The prevalence of microfibers in our water samples
suggested that runoff from urban areas is a major source of
microfibers.

Land-use analysis provides more specific information regarding
source identification and has been commonly used as a predictor
variable of microplastic pollution (Peters and Bratton, 2016; Yonkos
et al., 2014). In the current study, microplastic pollution in water
and sediment was closely related with the transport, industrial and
commercial land-use. Those influences were even stronger than the
residential activities (Fig. 6), although regional population size has
often been proposed as an indicator of microplastic emission level
(Eriksen et al., 2013; Yonkos et al., 2014).

Efforts have beenmade to prioritize major pollution sources and
trace possible pathways. Some studies of urban catchments have
demonstrated the role of rivers in microplastic transport from land
sources to estuaries and open oceans, which include the influences
from river water discharge, sewer and catchment urbanization
(Barrows et al., 2018; Eo et al., 2019; Wagner et al., 2019). It



Fig. 7. A redundancy analysis of variation in microplastic features (blue characters) and land use influences (purple characters with arrows) in monitoring sites (scatter spots); B:
Spatial distribution of monitoring sites by quadrant according to redundancy analysis. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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remained difficult to pinpoint the particular sources of microplastic
pollution in estuaries and large lakes given numerous, often
interacting, factors acting on transportation, retention and
accumulation.

4.4. Superimposed microplastic pollution in a coastal metropolis

Of all the plastics ever created only a small faction has been
recycled. Managing plastic pollution sources might be the only
tangible solution to reduce microplastic emissions (Jambeck et al.,
2015). It is important to identify and address microplastic pollu-
tion hotspots. Our study suggests that coastal population centers
with intensive urban land-uses are expected to contain higher
levels of microplastic pollution, especially at regions located
downstream of major waterways. Several suspected local hotspots
of microplastic pollution exist, such as Shanghai and Saigon in
Asian (Lahens et al., 2018; Luo et al., 2019), Amsterdam and the
Mediterranean region in Europe (Leslie et al., 2017; Vianello et al.,
2013), Chicago metropolitan area in North America (McCormick
et al., 2014), South Africa’s coastline in Africa (de Villiers, 2019).
Estuaries and river deltas can provide buffer zones for microplastics
received upstream and adjacent urban areas (Atwood et al., 2019;
Simon-S�anchez et al., 2019). Therefore, microplastic hotspots
within those areas might be caused by the combination between
natural accumulation via hydrological dynamics and contribution
from increasing anthropogenic influences.

In the GMA and Western Port area, high abundances of
microplastics in the surface waters around cities are related to
either great urbanization or treated wastewater discharges. While
Australian urban cities have separate storm water and sewerage
systems, sewage is not common in our urban waterways except
where there treated wastewater is discharged into streams. In
contrast, microplastics were most likely carried by surface runoff
and associated with urban non-point pollution sources. For
example, traffic emission and road pollution account for a large
portion of land-based microplastic transport to estuaries (Unice
et al., 2019). One preliminary study recovered up to 160,000
microplastics per kg soil from roadside dust (Dehghani et al., 2017),
which is almost three order of magnitude higher than what we
found in GMA’s sediments. Urban soils had been also suggested as
suspected sinks for microplastics but more field-based evidence is
needed (Rillig, 2012). Unfortunately, current technologies cannot
provide a full spectrum of microplastic presence in ecosystems due
to the challenges in verifying small size microplastics. Little is
known about those plastic particles that are consumed or
destroyed by organisms (Dawson et al., 2018; Gigault et al., 2018).
Regardless if non-point source pollution is the main source of
microplastic in aquatic environment or not, the pathways involved
in microplastic transportation in coastal cities deserve a better
understanding. Fifty percent of the global population is expected to
live within 100 km of coastline by 2030 (Adger et al., 2005). The
development of coastal urban communities is driven by human
actions that directly increase the local environmental stress (Adger,
1999). As shown in our work, Melbourne waterways received and
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accumulated a lot of microplastics from upstream and the city itself
was also a major source of this pollution. Recent large-scale efforts
have been undertaken on global shorelines and river-nets to esti-
mate the mass of microplastics entering the ocean (Eo et al., 2019;
vanWijnen et al., 2019). However, before we can fill the knowledge
gap between sources and sinks, we may need to step back further
and take a look at our own coastal cities.

5. Conclusion

We have shown spatial pollution patterns of microplastics in
water and sediment in the range of Greater Melbourne Area and
Western Port area. The catchments are an important source of
microplastics entering the oceans. Urbanized water bodies in this
study were more polluted with microplastics compared to other
areas. When comparing the results with similar international
studies, the level of microplastic pollution in these urbanized areas
is regarded as low. The spatial analysis associated with catchment
land-use levels suggests that microplastic pollution was
"strengthened" by both hydrological dynamics and anthropogenic
influences. A coastal metropolis first receives microplastic inputs
from upstream areas, then magnifies its abundance and trans-
portation via urban activities, although the pollution sources are
still poorly understood. A long-term and large-scale monitoring of
microplastics in coastal metropolitan areas should be considered in
further global schemes, which are important in understanding
microplastics fate during the journey from land to sea.
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