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Plastic pollution is a global environmental and human health issue, with plastics now ubiquitous in the

environment and biota. Despite extensive international research, key knowledge gaps ("known

unknowns”) remain around ecosystem-scale and human health impacts of plastics in the environment,
particularly in limnetic, coastal and marine systems. Here we review aquatic plastics research in three
contrasting geographic and cultural settings, selected to present a gradient of heavily urbanised (and
high population density) to less urbanised (and low population density) areas: China, the United Kingdom
(UK), and Australia. Research from each country has varying environmental focus (for example, biota-
focussed studies in Australia target various bird, fish, turtle and seal species, while UK and China-based

studies focus on commercially important organisms such as bivalves, fish and decapods), and uses
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Accepted 11th October 2021 varying methods and reporting units (e.g. mean, median or range). This has resulted in aquatic plastics

datasets that are hard to compare directly, supporting the need to converge on standardised sampling

DOI: 10.1039/d1em00175b methods, and bioindicator species. While all the study nations show plastics contamination, often at high

rsc.li/espi levels, datasets are variable and do not clearly demonstrate pollution gradients.

Environmental significance

Plastics pollution is a global environmental and human health issue, with plastics now ubiquitous in the environment. Despite extensive international research,
key knowledge gaps (“known unknowns”) remain around ecosystem-scale and human health impacts of plastics in the aquatic environment. Here we review
aquatic plastics research in three contrasting geographic and cultural settings, which present a gradient of heavily urbanised to less urbanised, low population
density, environments: China, the United Kingdom, and Australia. While all study nations show plastics contamination, often at high levels, in various envi-
ronmental matrices, datasets are variable and do not clearly demonstrate pollution gradients. We identify key research and management challenges for each
nation, and a need to converge on standardised methods and bioindicator species to make global comparisons more reliable.

1. Introduction
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Plastic pollution is a globally recognised environmental,
ecosystem, and human health issue," with plastics now ubig-
uitous in the environment and biological systems.**® Despite
large-scale international concern and research attention (sum-
marised in Wang’), recognised knowledge gaps (which we term
here “known unknowns”) remain around ecosystem-scale and
human health impacts of plastics, and the fluxes and masses of
plastic present in global systems. Accurate information on the
latter is fundamentally important if the environmental risk is to
be assessed and minimised. This is particularly true for
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limnetic, coastal and marine systems. Based on current data,
estimates of the mass of plastic, present in sinks or reservoirs
(e.g. seabed, biota, water column) and physically removed (e.g.
beach cleaning), are significantly less than masses estimated
from input data - with 90% of plastic debris “missing”.*® This
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problem is particularly severe for microplastics (MP), which are
plastic particles up to 5 mm in size.' The lower end of this size
range (<300 pm) has been under-studied or not reliably quan-
tified to date, even though these smaller particles are likely to be
more reactive and readily ingested by fauna at the base of the
food web."" Estimates of the amount of MP on the sea surface
vary enormously between 6350 and 236 000 metric tons, with
the greatest amounts in the ocean gyres.®'>* The abundance
and distribution of MP in deeper ocean waters remains virtually
unknown, even though recent work suggests that the ocean
interior conceals high loads of small-sized plastic debris which
can balance and even exceed the estimated plastic inputs into
the ocean since 1950.* Indeed, while global estimates have
been produced for overall masses of river plastic entering the
ocean,' systematic and accurate budgets for MP are lacking.
Although much research is currently underway, we still know
relatively little about land-ocean MP fluxes in different systems,
the relative importance of and dynamics between sources and
sinks, and the critical processes that control MP fate in aquatic
ecosystems. The current uncertainties in budgets and fluxes are
at least partly due to a lack of standardised data collection and
measurement methods, meaning that local observations are
often hard to generalise into a consistent global or even regional
picture.>**”

The recently established TransPlas project attempts to
address some of these knowledge gaps, particularly around MP,
by bringing together universities in three contrasting regions
(Zhejiang University, China; University of Southampton, United
Kingdom (UK); and University of Western Australia, Australia),
and co-ordinating research and data collection using stand-
ardised methods at test sites along the east China, southern UK
and southwest Australian coastlines, which represent a gradient
of heavily urbanised to less urbanised, low population density,
environments.

As a first step, we synoptically review existing aquatic plastics
research in the three contrasting study regions of TransPlas and
assess the variation in research efforts across a range of
thematic scientific focus areas. In conducting this examination,
we:

(1) Review the contamination levels observed and the metrics
used.

(2) Identify areas of expertise, and commonalities (or diver-
gence) in research focus.

(3) Highlight the known unknowns; and.

(4) Assess current management strategies, which can be used
to better understand the issues in each system and prioritise
future research efforts.

2. Methods

We conducted a systematic literature search in Google Scholar
and the “Searching Engine System of Literature in Chinese”
(CNKI, to capture Chinese language papers), using the keywords
“Marine Debris”, “Marine Plastic”, and “Microplastic (#28%:})”
and either “Australia”, “China” or “UK”. This was to restrict the
scope to papers focused on our study regions, although this
search also yielded freshwater papers which have been
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included. Papers were excluded if researchers were not resident
in the host countries or only had limited data from target
countries, to avoid including information primarily derived
from another country.

For each reference, the year of publication, country, the
study subject (biological or physical), fundamental values
(abundance, size, concentration, colour etc.) and units of
measurement and keywords were captured where available.
Values and units were not retained for review articles. Papers
were not included if records of plastic were incidental to
another task or included multiple countries, and only publica-
tions published or available on-line by the end of 2019 (the date
of the literature survey) were included. Each publication was
categorised into one of four major groups, by thematic focus
(termed here level 1, Table 1). Papers within each of these
groups were then further categorised into subgroups based on
their sampling, analytical or discussion focus, labelled level 2
(Table 1).

The package ‘ggplot’*® in RStudio," was used to explore the
types of research and subject areas targeted by each country.

3. Publication trends with time and by
level 1 (thematic) category

A total of 439 publications were recovered, 139 from Australia,
116 from the UK and 184 from China in English (Fig. 1). The
earliest record was from the UK in 1974, with Australia
following in 1988. The abundance of publications from each of
these countries follows the temporal publication trend identi-
fied by other authors,*** with sporadic publications between
the 1970s and the 2000s, followed by consistent publication
from 2009 in the UK and 2005 in Australia. In our literature
search, the first English language paper from China was pub-
lished in 2011,* although the earliest Chinese work reported
elsewhere was from 2008.>* In 2018 and 2019, China published
more information than Australia and the UK combined.

Of the four category groupings used here, 48% of publica-
tions were classified as “sources distribution and trend”, with
“environmental interaction impact” at 39%, and the least
studied are “culture and sustainable futures” at nine percent
and “societal impacts” at four percent (Fig. 1).

4. Publications by focus area (level 2
categorisation): coverage and metrics
used, and contamination levels
observed

4.1 Biota

Australia contributed the most papers to the subcategory of
“Biota”, examining how bird, fish, turtle and seal species
interact with plastic (Fig. 2). Publications from China and the
UK have mainly concentrated on commercially important
organisms such as bivalves,> fish*®* and decapods such as
Nephrophs norvegicus (UK)* (Fig. 3 and 4). The metrics used to

This journal is © The Royal Society of Chemistry 2021
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Table1 Categorisation levels and definitions used to classify publications for the study of aquatic plastics publications between Australia, China
and the United Kingdom. Level 1 divides the works into one of four general thematic topics, and level 2 subsequently groups like subjects within
level 1 based on their sampling, analytical or discussion focus. Manuscripts were included in one category per level only, based on the dominant
focus of the study. The full publication database, with level 1 and level 2 categorisation, is presented in ESI (ESI, Table S1)

Categories level 1

Sources, distribution and trend (SDT)

Environmental interaction impact (EII)

Culture, sustainable future (CSF)

Societal impacts (SI)

Estimates the abundance and patterns of plastic in all habitats in space
and time

Interaction between animals and plastics including ingestion and food
web dynamics, changes in animal behaviour, chemical impacts on
animals and accumulation and sorbing of chemicals in the environment
Usually government-led (policy) frameworks for human behaviour and
modification of the environment to reduce plastic pollution

The economic impacts of plastic debris on the home and businesses and
societal responses to single-use plastic

Categories level 2

Biota

Substrate

Plastic-associated contaminants

Effects

Governance

Physical processes

Review
Techniques

describe the impact of plastic on each group of organisms differ
according to their ecology and size.

Australia has conducted the most research on birds with 23
documents; followed by the UK and China contributing six and
one respectively (Fig. 2-4). Research has largely focused on
Procellariiform (petrels) and Suliforme (gannets) species. The
most frequently used metric was “percentage of contaminated
individuals” or “frequency of occurrence” (65%), followed by
the mean number of items ingested (50%) then the range (35%),
and periodically, the median (11%). For example, a recent
Australian study examined ingested debris in 51 marine bird
species, reporting that the greatest number of items per indi-
vidual bird was 40 (Puffinus griseus). Of the 1734 birds that
contained plastic the mean and median number of items
ingested was 4.95 and three, respectively.”” The general size of
plastic ingested by birds has been described by Roman et al.
(2019)*® who introduced the phrase “danger zone” to describe
the most frequently ingested size of plastic particles ingested by
birds (2-10 mm).””

This journal is © The Royal Society of Chemistry 2021

All papers concerned with organisms, ranging from larger organisms
(e.g- Mammals, birds and fish) to microorganisms. EII includes
ingestion rates and types and SDT includes distribution of areas
Different habitats, including beaches, sediment, water, ocean, river and
estuaries. SDT includes where plastic may accumulate, EIIl where plastics
and associated chemicals have an impact on fauna

Toxic chemicals such as plasticisers — additives such as phthalates used
to soften manufactured plastics, and other additives such as bisphenol A
(BPA), and adsorption of compounds already in the environment to
plastic. SDT covers contaminates associated with plastic and EII with
plastic interacting with chemical contamination of fauna

Where plastics and their products have an effect on an animal or the
environment in terms of (EII) chemical exposure or (SDT) entanglement
in nets

Captures governance, management and actions undertaken by people.
SDT includes community clean-ups, SI civil behaviour change and
reporting, EII management behaviour change, CSF government
processes

Physical processes that influence the distribution of plastics and
changes experienced in the environment, including biochemical
processes, mostly EII

Papers that reviewed existing information on a variety of topics

Papers that discussed methods and assessment across EII, SDT and CSF

Many Australian papers have explored the presence of plastic
in bird nests and the effects on juvenile or fledgling birds.***°
Hardesty et al. (2015) introduced a novel technique to sample
the presence of phthalates in preening oil of live birds, in a non-
destructive manner.*® Research from the UK investigates
various topics, including the use of plastic in nesting material,
and the ingestion and excretion of plastic debris.>* There was
one study from China investigating plastic ingestion by birds,
reporting that four of the nine birds studied contained plastic,
and a total of 56 plastic items were recorded.*

Collectively there were 25 papers on fish, with Australia,
China and the UK contributing five, eleven and nine, respec-
tively. All papers quantify the average number of plastic items
ingested per individual, with China reporting the highest rate at
22.21 in Thryssa kammalensis.** There were also papers from
each country that observed fish with no plastic ingestion: Aus-
tralia 1, China 6 and the UK 6. Other metrics were used peri-
odically, including; the mass of plastic per individual (4), the

Environ. Sci.. Processes Impacts, 2021, 23, 1663-1680 | 1665
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Fig.1 Annual production of literature covering aquatic plastic debris in Australia (a), the United Kingdom (b) and China (c). Material includes peer-
reviewed articles and government and NGO literature. Literature has been classed in one of four (level 1) categories (see text for discussion).

number of items retained in the gills (2), and the frequency of
occurrence of plastic ingestion (11).

China and the UK have published the most research on
commercially important marine species such as Nephrophs
norvegicus in the UK*® and bivalves in China.** China has ten
investigations on bivalves (mussels and oysters), the UK has
nine and Australia one.*® Metrics included items/individual
and/or items/mass of organisms. The range for items/
individual was 0.4-57.2, and the concentration for bivalve
flesh was 0.086-10.5 items per g of tissue with the higher values
reported from China.***” Scientists from the UK have investi-
gated decapods, targeting the langoustine Nephrops norvegicus

1666 | Environ. Sci.. Processes Impacts, 2021, 23, 1663-1680

(lobster).?** While decapods have been investigated by Chinese
researchers, this is often in association with another subject
and is not the main topic.*® The only country to examine plastic
in Holothuroidea (sea cucumbers) has been China, reflecting its
commercial interest in this farmed product.**'

For marine mammals entanglement rather than ingestion
has been the focus, with four Australian papers and one paper
from the UK. The percentage of the total population tangled was
recorded, except for one paper where the number of entangle-
ments was reported. Australian papers report entanglement
rates of <2% and the study from the UK found a rate between 3.6
and 5%.*

This journal is © The Royal Society of Chemistry 2021
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Fig.2 Circular Bar plot of the subject areas of aquatic plastic debris literature for Australia up to the end of 2019. Papers are organised by level 2
categorisation (lower legend), with specific study focus (or sub-topic, see ESI Table S171) also highlighted in the detailed radial bar labels. In the
main legend, “contaminants” refers to plastic-associated contaminants (see Table 1 for categorisation and definitions used). Total papers 139,

max bar = 22.

Most of the research on turtles has been undertaken in
Australia with one publication from China. Of the seven papers
on turtles, four give estimates of the number of items ingested
by an individual turtle. One paper models the threats to the
animals,* another estimates the number of turtles lost for
a given length of lost fishing net** and the remaining paper
examines the visual system of turtles and their ability to
distinguish plastic.*® The highest published number of ingested
particles is 329 for an individual sea turtle.** One Australian
paper examined 20 stranded sea turtles (1 Caretta caretta, 19
Chelonia mydas) and observed no plastic ingestion.*”

There is only one record for each of coral, microorganisms
and zooplankton. In general, estimates are expressed as
a percentage of the population affected and/or items per indi-
vidual (although for scleractinian corals, an ingestion rate is
given*®). The three invertebrate papers from the UK (excluding
those mentioned above [mussels and decapods]) have focused
on three different aspects, (1) the fate of plastic over extended
periods,* (2) microplastics in riverine macroinvertebrates,*
and (3) pollution caused by antifouling paint.** China has

This journal is © The Royal Society of Chemistry 2021

investigated plastics in zooplankton in five publications, and
scientists from the UK have published four laboratory studies
into the uptake and effects of plastic on zooplankton.>** In
contrast, Australia has one paper on midge larvae (Chironomus
tepperi).""* Cetaceans have been covered by two papers from the
UK and one from Australia, investigating the gut content of
stranded whales**®” and the behaviour of an entangled
animal.®®

Studies on the uptake of plastic debris by biota utilise
a range of units (Table 2). The most common metric is abun-
dance per individual (34%) followed by frequency of occurrence.
The studies available do not identify any consistent gradient in
plastics contamination when comparing the maximum
concentrations recorded in each country (Table 2).

4.2 Substrate

The substrates of water and sediment represent about 30% of
all papers in this review, and they were often sampled together.
China has conducted the most research (Fig. 4), with 26 and 24

documents examining water and sediment, respectively.

Environ. Sci.. Processes Impacts, 2021, 23, 1663-1680 | 1667
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Fig.3 Circular bar plot of the subject areas of aquatic plastic debris literature for the United Kingdom up to the end of 2019. Papers are organised
by level 2 categorisation (lower legend), with specific study focus (or sub-topic, see ESI Table S17) also highlighted in the detailed radial bar labels.
In the main legend, “contaminants” refers to plastic-associated contaminants (see Table 1 for categorisation and definitions used). Total papers

116, max bar = 14.

Analysis of a subset of eight papers examining sediment from
China, published in 2019, indicates how divergent methods are.
Each paper used different volumes of sediment, from different
depths, collected using a variety of tools. Samples were generally
dried at 60 °C and digested in 30% H,0,, however the super-
natant was filtered through filter papers with different pore
sizes and sediment was not always sieved. The lack of
commonality among these papers suggests they are not
comparable even within China. The most used units are “items
kg~ "” for sediment and “items m™~>” for water (Table 3). “Items
m~>” is also used for sediments and when the surface of the
water (e.g. the surface microlayer or SML) is considered, “items
km 2" is often used in water column studies where manta net or
trawl sampling have been used. “items L™"”
some studies such as those on the SML by Anderson et al.,*® but
is more often associated with comparisons between ambient
plastic concentrations in the water column and a biological
model organism such as coral®” or bivalves.®® Other units such
as “items 100 g~ sediment” are used less frequently, and a few

is also used for

1668 | Environ. Sci.. Processes Impacts, 2021, 23, 1663-1680

papers used the term “pieces” rather than “items”. Some of the
highest plastic concentrations were found in China (Table 3),
focusing on the Yellow Sea, the Bohai Sea and the East China
Sea near Shanghai. There are also papers from the waterways
around Hong Kong, the Yangtze River and the Three Gorges
Dam.*®

In terms of substrates, beaches have been examined in all
three countries, 16 in Australia, eight in China and 14 in the UK.
River sediments are the next most studied substrate, with nine
studies in China and three in the UK. Sediments from fresh-
water lakes have been studied in China (n = six) and the UK (n =
one). Benthic sediments have also been studied in all three
countries, two studies in Australia, nine in China and two in the
UK. Estuarine sediments have also been studied in China and
the UK, but no recorded studies were found for Australia.

4.3 Plastic-associated contaminants

China has produced 12 papers concerned with contaminants
found on or associated with plastics pollution (Fig. 4), and half

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Circular bar plot of the subject areas of aquatic plastic debris literature for China up to the end of 2019. Papers are organised by level 2
categorisation (lower legend), with specific study focus (or sub-topic, see ESI Table S1}) also highlighted in the detailed radial bar labels. In the
main legend, “contaminants” refers to plastic-associated contaminants (see Table 1 for categorisation and definitions used). Total papers 184,

max bar = 24.

of these are written in the Chinese language. Six are concerned
with chemicals including polycyclic aromatic hydrocarbons,
four with plasticisers (including organophosphorus esters and
phthalates) and two with antibiotics. Several works have
concentrated on the adsorption of chemicals such as polycyclic
aromatic hydrocarbons (PAH), organic contaminants, and pol-
ychlorinated biphenyls (PCB) to plastic debris and micro-
plastics.®**** These works have identified plastic as a potential

mechanism for chemical transportation in aquatic environ-
ments®” and to concentrate some chemicals in areas of intense
plastic use such as mariculture facilities.** Contaminants were
generally expressed at ng of the chemical per g of polymer,
reflecting a degree of standardisation in reporting within the
discipline of plastic-associated contaminant research, although
extraction and analytical methods (and so chemical recoveries,
and contaminants of focus), vary.

Table 2 The highest values for plastic concentration in biota for Australia, the UK and China with respective references shown. The number of

texts using this notation for Australia, the UK and China is in []

Frequency of occurrence

Weight (g)/individual (where reported)

Item/individual Items per g weight

Australia 100% (ref. 59) [20] 148.1 g (ref. 60) [4]
Bird Bird

United Kingdom 5.3% (ref. 61) [3] 1.76 g (ref. 62) [4]
Fish Decapod

China 100% (ref. 65) [1] 10.5 g (ref. 36) [6]
Bird Bivalves

Total papers [24] [14]

This journal is © The Royal Society of Chemistry 2021

40 (ref. 27) [10] 0.83 (ref. 35) [1]

Bird Bivalves

10.6 (average®®) [12] 3.0 (ref. 64) [5]
Bird Bivalves

57.2 (average®®) [21] 11.19 (ref. 34) [11]
Bivalves Fish

[43] [17]
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Table 3 The highest values for plastic concentration in sediment and water for Australia, the UK and China with respective references shown.
The number of texts using this notation for Australia, the UK and China is in (]

3

Items kg~ " Items m ™

Items m—

2 2

Items km ™~ Items L *

Australia
Sediment
Water

United Kingdom

Sediment 2.5 x 10° (ref. 71) [2] 1.6 (ref. 72) [1]

Water 2.4 (ref. 73) [1]

China

Sediment 3.3 x 10° (ref. 75) [29]

Water 342 x 10° (ref. 76) [20]

Total papers

[31] [22]

The UK has produced nine studies (Fig. 3) that investigate
contaminants associated with plastic pollution. They demon-
strate that plastics litter and microplastics have the potential to
sorb an extended range of contaminants. Plastics thus can act
as scavengers and transporters of trace metals and metal-
loids**” and Persistent Organic Pollutants or POPs,* and these
contaminants have the potential to be bioavailable to marine
organisms upon ingestion.*® Despite this evidence, some
authors argue that the role of microplastic as a vector for toxic
substances may be relatively small when compared to other
exposure pathways,* and that the risk associated with MP
acting as a vector for chemical pollutants (persistent organic
pollutants and/or additive chemicals) to accumulate in organ-
isms is low.”*** However, most of t