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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

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

methods, and bioindicator species. While all the study nations show plastics contamination, often at high

levels, datasets are variable and do not clearly demonstrate pollution gradients.
Environmental signicance

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, oen 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.
University of Western Australia, Crawley,

arriet.Paterson@uwa.edu.au; ben.ford@

al Oceanography Centre (Southampton),

Southampton, SO14 3ZH, UK. E-mail: J.

ciences, University of Western Australia,

. E-mail: t.crutchett@gmail.com; renae.

s, University of Southampton, University

lmzr1f20@soton.ac.uk

nd Deep Resource of Zhejiang Province,

sity, Hangzhou 310027, China. E-mail:

du.cn

Science and Engineering Guangdong

tion (ESI) available. See DOI:

f Chemistry 2021
1. Introduction

Plastic pollution is a globally recognised environmental,
ecosystem, and human health issue,1–3 with plastics now ubiq-
uitous in the environment and biological systems.4–6 Despite
large-scale international concern and research attention (sum-
marised in Wang7), recognised knowledge gaps (which we term
here “known unknowns”) remain around ecosystem-scale and
human health impacts of plastics, and the uxes 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
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 signicantly less than masses estimated
from input data – with 90% of plastic debris “missing”.8,9 This
Environ. Sci.: Processes Impacts, 2021, 23, 1663–1680 | 1663
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problem is particularly severe for microplastics (MP), which are
plastic particles up to 5 mm in size.10 The lower end of this size
range (<300 mm) has been under-studied or not reliably quan-
tied 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.11 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.8,12,13 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 1950.14 Indeed, while global estimates have
been produced for overall masses of river plastic entering the
ocean,15 systematic and accurate budgets for MP are lacking.
Although much research is currently underway, we still know
relatively little about land-ocean MP uxes 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 uxes are
at least partly due to a lack of standardised data collection and
measurement methods, meaning that local observations are
oen hard to generalise into a consistent global or even regional
picture.9,16,17

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 rst 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 scientic focus areas. In conducting this examination,
we:

(1) Review the contamination levels observed and themetrics
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 ( )”
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
1664 | Environ. Sci.: Processes Impacts, 2021, 23, 1663–1680
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’18 in RStudio,19 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-
ed by other authors,20–22 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 rst English language paper from China was pub-
lished in 2011,23 although the earliest Chinese work reported
elsewhere was from 2008.21 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 classied 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, sh, 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,24 sh25 and decapods such as
Nephrophs norvegicus (UK)26 (Fig. 3 and 4). The metrics used to
This journal is © The Royal Society of Chemistry 2021
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Table 1 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) Estimates the abundance and patterns of plastic in all habitats in space
and time

Environmental interaction impact (EII) 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

Culture, sustainable future (CSF) Usually government-led (policy) frameworks for human behaviour and
modication of the environment to reduce plastic pollution

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

Categories level 2

Biota All papers concerned with organisms, ranging from larger organisms
(e.g. Mammals, birds and sh) to microorganisms. EII includes
ingestion rates and types and SDT includes distribution of areas

Substrate Different habitats, including beaches, sediment, water, ocean, river and
estuaries. SDT includes where plastic may accumulate, EII where plastics
and associated chemicals have an impact on fauna

Plastic-associated contaminants Toxic chemicals such as plasticisers – additives such as phthalates used
to soenmanufactured 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

Effects 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

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

Review Papers that reviewed existing information on a variety of topics
Techniques Papers that discussed methods and assessment across EII, SDT and CSF

Critical Review Environmental Science: Processes & Impacts
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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
themean 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.27 The general size of
plastic ingested by birds has been described by Roman et al.
(2019)28 who introduced the phrase “danger zone” to describe
the most frequently ingested size of plastic particles ingested by
birds (2–10 mm).27
This journal is © The Royal Society of Chemistry 2021
Many Australian papers have explored the presence of plastic
in bird nests and the effects on juvenile or edgling birds.29,30

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.31 Research from the UK investigates
various topics, including the use of plastic in nesting material,
and the ingestion and excretion of plastic debris.32 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.33

Collectively there were 25 papers on sh, with Australia,
China and the UK contributing ve, 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.34 There were also papers from
each country that observed sh 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).
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View Article Online
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 UK26 and bivalves in China.24 China has ten
investigations on bivalves (mussels and oysters), the UK has
nine and Australia one.35 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
esh was 0.086–10.5 items per g of tissue with the higher values
reported from China.36,37 Scientists from the UK have investi-
gated decapods, targeting the langoustine Nephrops norvegicus
1666 | Environ. Sci.: Processes Impacts, 2021, 23, 1663–1680
(lobster).26,38 While decapods have been investigated by Chinese
researchers, this is oen in association with another subject
and is not the main topic.39 The only country to examine plastic
in Holothuroidea (sea cucumbers) has been China, reecting its
commercial interest in this farmed product.40,41

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%.42
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 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 139,
max bar ¼ 22.
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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,43 another estimates the number of turtles lost for
a given length of lost shing net44 and the remaining paper
examines the visual system of turtles and their ability to
distinguish plastic.45 The highest published number of ingested
particles is 329 for an individual sea turtle.46 One Australian
paper examined 20 stranded sea turtles (1 Caretta caretta, 19
Chelonia mydas) and observed no plastic ingestion.47

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
given48). 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,49 (2) microplastics in riverine macroinvertebrates,50

and (3) pollution caused by antifouling paint.51 China has
This journal is © The Royal Society of Chemistry 2021
investigated plastics in zooplankton in ve publications, and
scientists from the UK have published four laboratory studies
into the uptake and effects of plastic on zooplankton.52–55 In
contrast, Australia has one paper on midge larvae (Chironomus
tepperi).111 Cetaceans have been covered by two papers from the
UK and one from Australia, investigating the gut content of
stranded whales56,57 and the behaviour of an entangled
animal.58

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 oen 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 Kingdomup 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
116, max bar ¼ 14.
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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% H2O2, however the super-
natant was ltered through lter 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�1” for sediment and “items m�3” for water (Table 3). “Items
m�2” 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 oen used in water column studies wheremanta net or
trawl sampling have been used. “items L�1” is also used for
some studies such as those on the SML by Anderson et al.,66 but
is more oen associated with comparisons between ambient
plastic concentrations in the water column and a biological
model organism such as coral67 or bivalves.68 Other units such
as “items 100 g�1 sediment” are used less frequently, and a few
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.69

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 (n¼ six) and the UK (n¼
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 ¼ 24.
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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.81–84 These works have identied plastic as a potential
Table 2 The highest values for plastic concentration in biota for Australi
texts using this notation for Australia, the UK and China is in []

Frequency of occurrence Weight (g)/individu

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
mechanism for chemical transportation in aquatic environ-
ments82 and to concentrate some chemicals in areas of intense
plastic use such as mariculture facilities.83 Contaminants were
generally expressed at ng of the chemical per g of polymer,
reecting 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.
a, the UK and China with respective references shown. The number of

al (where reported) Item/individual Items per g weight

40 (ref. 27) [10] 0.83 (ref. 35) [1]
Bird Bivalves
10.6 (average63) [12] 3.0 (ref. 64) [5]
Bird Bivalves
57.2 (average36) [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 []

Items kg�1 Items m�3 Items m�2 Items km�2 Items L�1

Australia
Sediment
Water 6 � 104 (ref. 70) [2]

United Kingdom
Sediment 2.5 � 103 (ref. 71) [2] 1.6 (ref. 72) [1] 5.2 � 105 (ref. 74) [3]
Water 2.4 (ref. 73) [1] 93 (ref. 66) [1]

China
Sediment 3.3 � 105 (ref. 75) [29] 4.4 � 103 (ref. 77) [4] 0.57 (ref. 79) [1]
Water 342 � 105 (ref. 76) [20] 136 � 105 (ref. 78) [4] 1.2 � 103 (ref. 80) [4]

Total papers [31] [22] [7] [6] [6]
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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-
loids85–87 and Persistent Organic Pollutants or POPs,88 and these
contaminants have the potential to be bioavailable to marine
organisms upon ingestion.88 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,89 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.90,91 However, most of the studies have focused on
quantifying sorption rates considering the affinity of chemicals
in isolation. The interaction and synergistic/antagonistic effect
in complex systems need to be considered in further studies.92

Australia has contributed one paper (Fig. 2) that explored the
use of plastic pellets to quantify the distribution of POPs.93

Another was developed to detect plastic contaminants in wild-
life using a simple non-destructive technique involving swab-
bing followed by gas chromatography-mass spectrometry.31
4.4 Effects

Australia has contributed signicantly to our understanding of
the impacts of derelict shing nets in the aquatic environment
(Fig. 2). Between 2003 and 2008, 2305 nets were collected from
the Arafura and Timor Seas, and 89% of these were identied as
originating from outside Australian waters.44 It was estimated
that 2% of derelict nets resulted in entanglements94 and other
papers have examined the rate at which nets degenerate,95 and
one has examined the supply chain for foreign nets.96 Neither
the UK nor Chinese literature examined entanglements caused
by shing nets.

Scientists from the UK (Fig. 3) have investigated the effects of
plastic on sh97 and crustaceans.98 The Common Roach, Rutilus
rutilus from the River Thames was examined, and larger sh
were found to contain more pieces of plastic than smaller
ones.97 The effect of plastic exposure and ingestion on Nephrops
1670 | Environ. Sci.: Processes Impacts, 2021, 23, 1663–1680
norvegicus was decreased feeding rate, body mass, and meta-
bolic rate as well as reduced catabolism of stored lipids in
animals with higher exposure rates.98

A number of papers concerned with the toxicological effects
of plastic are written in the Chinese language and not readily
available to English language readers (Fig. 4). In general, their
work has investigated the toxicity of plastic to biota in aquatic
environments,99 anthracene toxicity,100 immune gene expres-
sion of rainbow trout,101 bioaccumulation and environmental
fate of phenanthrene,102 and the combined toxicity of MPs and
pesticide pollution.103 This work represents a valuable resource
that should be made available to the rest of the plastics research
community. In order to make past Chinese language papers
available they could be published in a special edition of Chinese
works in English and future papers could include an English
abstract.

As plastic reduces in size, its potential to accumulate and
translocate within the tissues of organisms can increase.
Research has demonstrated that the physical properties of
plastic particles affect the ingestion and translocation of
microplastics in bivalves.103 Controlled laboratory exposures
have been implemented to understand the uptake, ingestion,
distribution and biological effects in organisms exposed to
MPs.104,105 The most common particles analysed in laboratory
experiments of MP include polylactic acid (PLA), high-density
polyethylene (HDPE) and polystyrene (PS). This work has
resulted in a better understanding of the interactions between
MP and biota,103,106–111 although frequently studies use much
higher concentrations of plastics than are typically found in the
environment, and do not use aged or weathered materials of the
type found in natural systems.104,112
4.5 Governance

The “governance” category includes action taken by community
groups, governance, management, knowledge and a small
number of papers concerned with economics, emissions,
reports, wastewater treatment plants and one on weather
balloons.113 Australia has contributed the highest number of
published documents on the “governance” category (Fig. 2),
This journal is © The Royal Society of Chemistry 2021
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mostly around community action. These reports summarise the
activities and outputs of citizen scientists. Australia's leading
Citizen Science group is Tangaroa Blue (https://
www.tangaroablue.org/), who host the Australian Marine
Debris Initiative, a program where citizens involved in envi-
ronmental clean-up events can upload their eld data to
a public database. Metadata include the date, the number of
participants and the length of the beach cleaned. Tangaroa blue
also works with organisations such as Keep Australia Beautiful
(https://kab.org.au/), various councils, natural resource
management groups, and State government departments. The
Marine Conservation Society (https://www.mscuk.org/) is the
broad equivalent in the UK and has also contributed annual
reports via an extensive range of citizen beach cleans. In China,
there are in the order of 190 environmental groups that are
concerned with ocean protection. One of the main groups is the
Shanghai Rendu Ocean NGO Development Centre (http://
www.chinadevelopmentbrief.cn/directory/rendu-ocean-npo-
development-center/). This was established in 2007 and regis-
tered as a private non-enterprise unit in 2013. Its long-term
development goal is to become the most professional public
welfare organisation in the eld of marine garbage environ-
mental protection in China.

Papers concerned with governance have a variety of foci
(Fig. 2–4). Governance papers from Australia tend to focus on
the threat of plastic to wildlife. The Australian Government's
Environment Protection and Biodiversity Conservation (EPBC)
Act 1999 and its “Threat Abatement Plan for the Impacts of
Marine Debris on Vertebrate Wildlife of Australia's Coasts and
Oceans”114 contribute to the way research is driven in Australia.
For example, Maguire et al.115 explore changes in policies
affecting the use of single-use plastic. China has two papers
examining the effects of plastics on people,116,117 one on the
impacts on sheries118 and one concerned with wildlife
impacts.119 In general, the governance papers are concerned
with summarising the threat of marine plastic debris and
nding solutions to the problem.

There have been numerous papers on the governance and
management of plastic waste from all three countries (ESI,
Table S1†). Typically, these focus on the efficiency of waste
management strategies, and increasingly on the effectiveness of
measures brought in to reduce plastic usage (e.g. assessing the
impact of charging for single-use plastic carrier bags on the
usage of such items120).
4.6 Physical processes

Relatively few studies (to the end of 2019) have considered
physical processes that distribute plastics across the ocean and
around the world or across the land–sea interface from these
countries (Fig. 2–4). The Australian contribution includes work
which models the distributions of marine plastic debris.121,122

Pearce et al.123 explored the movement of drier cards; Reissier
et al.124 estimated plastic abundance around Australia.

China has produced one paper that looks at the rate at which
plastic moves from the land to the sea125 and considers the
possibility of reducing CO2 emissions by improving the
This journal is © The Royal Society of Chemistry 2021
processes of effective recycling and waste management of
existing plastic.126 The oceanic distribution of plastics has also
been explored.127

Scientists in the UK also have explored the inclusion of
plastics in the stratigraphic signal that denes the base of the
Anthropocene.128 Other materials such as articial radionu-
clides (particularly isotopes of plutonium, Pu), pesticide resi-
dues, enhanced y ash levels, and concrete fragments also
contribute to (or have been proposed as markers for) this
signal.128 Additionally, research has been conducted into the
potential trapping of microplastics in the intertidal zone66 and
the effect of wind transport on macroplastic deposition and
resuspension.129 Terrestrial and riverine plastic debris has
received less attention, although there are studies comparing
abundance before and aer ooding events (Hurley et al. 2018)74

and reviewing plastic debris on catchment scales.130

4.7 Review

There have been several review papers published by scientists
from the three regions (Fig. 2–4), which mostly reect the
respective research focus areas of each country. Seven of the
nine reviews from China were conducted in 2019, focusing on
toxicology, substrates, management of plastics, and contami-
nants. Australia has 13 review papers examining a wide range of
topics including biotic interactions, human inuences, and
management impacts. There were ve review papers from the
UK, four of which assessed existing research on present threats
of marine pollution in the region and one on seabirds. Although
the overall focus of the review papers is about plastics, the
papers also summarise the expertise being developed in the
three countries.

4.8 Techniques

When examining environmental plastic debris, Australia,
China, and the UK apply various sampling, separation, and
analysis techniques. These include grab sampling,131 surface
water and surface microlayer sampling,66,124 density separa-
tion,79 chemical digestion,68 visual identication,29 and chem-
ical characterisation.61 Contamination mitigation measures
(during sampling, separation and analysis, e.g. through use of
exposed lter papers, procedural blanks and other controls) are
also varied, with recent articles (e.g. Teng et al.132) oen
reporting more details than early studies (e.g. Zhou et al.23). A
detailed examination of techniques used to examine plastics
associated with beaches indicates the degree of the problem
(ESI Table S2†). Variability in methods included sampling
frequency, location, area sampled, materials collected, size
categories, colour categories and polymer identication tech-
niques. Some of these differences were driven by the pursued
question, such as contaminants on beached pellets vs. abun-
dance of plastics. However, one of the key features of beaches
that were repeatedly sampled was the strandline, representing
the recent arrival of plastic. Using this beach compartment to
assess standing stock and arrival rates/turnover would enable
comparisons, especially if standard (50 � 50 cm) quadrats were
used.
Environ. Sci.: Processes Impacts, 2021, 23, 1663–1680 | 1671

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1em00175b


Environmental Science: Processes & Impacts Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
10

 2
02

1.
 D

ow
nl

oa
de

d 
on

 2
02

5-
11

-0
1 

 1
2:

45
:4

0.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
China has developed more independent procedures than
Australia and the UK, many of which are published in papers
not available in the English language. This work has concen-
trated on management and sampling, but also includes inno-
vative work on the use of LIDAR to detect plastic in beach
sand.133 The UK has produced papers describing innovative
sampling and separation techniques, such as a method of
sampling the sea surface microlayer for MPs66 and a novel
sediment-microplastic isolation unit.55
5. Knowledge gaps (the “known
unknowns”), and recommendations for
monitoring and standardisation

Plastic in the environment is potentially highly damaging and is
recognised as such by most individuals and organisations. As
a result, the scientic community has embraced the need to
understand the scale of the problem and nd appropriate
solutions. However, plastic research, particularly on micro-
plastics, is still being developed. Despite coming about in the
age of rapidly developing technology, we lack time-tested
methodologies that can be implemented effectively and reli-
ably across the diversity of environmental gradients, cultures
and languages. Studies on “beaches” (ESI Table S2†) should be
relatively simple compared to others that require ship time and
extensive lab access. However, unifying methods in this rela-
tively simple environment is still challenging, with a need to
standardise regarding the size and location of sampling areas,
periodicity of sampling, depth of sampling and polymer iden-
tication methods. The identication of key sampling elements
in each discipline will facilitate the development of standard
methods. For beaches, the strandline was a common element
(ESI Table S2†) that could be better exploited. Adopting stan-
dard 50 � 50 cm quadrats on strandlines would enable more
direct comparisons between regions and countries. Such
methodologies create comparable and robust datasets,9 which
allow us to assess patterns in plastic distribution, the processes
driving these patterns and the environmental and societal
impacts.

This synoptic review of published literature has identied
clear differences in the areas of research targeted by each
country and the methods used (Fig. 2–4), resulting in relatively
sparse data that can be used to provide direct and systematic
comparisons between contamination levels in different media
or environments in each country. Rather than clearly demon-
strating pollution gradients (e.g. Tables 2 and 3), the literature
highlights a bias in research priorities driven by funding,
government priorities and academic areas of interest, restrict-
ing comparisons among countries. The greatest research effort
(33%) has been studying plastic in substrates such as water and
sediment, with more than half of these papers coming from
China. The variety of sampling, separation and analytical
techniques applied in environmental studies make data
comparisons difficult due to the inuence of methodological
differences (Section 4.2, ESI Table S2†). These differences are
compounded by conicting plastic denitions, exclusion
1672 | Environ. Sci.: Processes Impacts, 2021, 23, 1663–1680
criteria and contamination protocols, stimulated by a rapidly
developing research eld with few standardised operational
parameters. Overall there is a lack of consistency among papers
in metrics and terminology used that needs to be rectied, as
well as standardised sampling designs.134 There are also various
denitions of “microplastic” in use, with the most common
upper limits being either 5 mm or 1 mm. Lower limits are less
consistently dened if they are used at all. With the develop-
ment of the term (and research into) ‘nanoplastic’, a consistent
lower bound limit for MP reporting is essential. Superimposed
upon these issues is the presence of a language barrier
impeding the transfer of information (i.e. some publications
used in this study are available only in the Chinese language
with an English abstract, e.g. Cai et al.100).

This TransPlas paper has identied some of the expertise
developed in each county on plastics research. It provides us
opportunities for international comparative studies with lead-
ership from each region in their areas of expertise and sharing
of developed techniques. For example, the technique developed
in the UK to sample plastic in the surface microlayer draws on
their expertise and experience in quantifying other surface
microlayer contaminants. Adopting this method in Australia,
China, and other countries will allow direct comparisons
between countries and coastlines. For biotic assessments,
examining sentinel species will also expedite our ability to study
gradients by reducing the inuence of different species-specic
traits, which are thought to impact exposure rates.135 This
concept has been discussed previously for widely dispersed
populations such as mussels,136 Procelleformes birds27 and
sardines.137 The selection of sentinel species needs to be
undertaken carefully. Sardines are ubiquitous sh that
consume a wide range of prey, making them an excellent sh
species to target.137 However, it can be more difficult to select
sentinel bird species, as each can have a discrete distribution.
For birds, it may be more useful to compare between functional
groups. To compare plastic concentrations internationally, we
recommend adopting a comprehensive framework of sampling
methods (e.g. surface water, sediment, biota) based on the latest
technical developments and recommendations.9,17,134,138 Results
from these efforts would provide evidence to compare pollution
levels and determine if there is a gradient in different MP and
macroplastic components to enable more effective source and
ux calculations, and management approaches. TransPlas
marks the beginning of relationship between individuals,
institutions and countries to discuss these issues and resolve
barriers while sharing protocols. Barriers such as access to
resources, facilities and funding can be reduced through
international collaborative programs which result in greater
access to funding, sharing of resources and analytical capacity.
An example of this is the “Life Below Water: Using Fish as
Global Indicators of Microplastics” program (https://wun.ac.uk/
wun/research/view/life-below-water-using-sh-as-global-
indicators-of-microplastics/).

The threemost studied aspects of aquatic plastic pollution in
Australia, the UK and China are “substrates”, particularly
sediment and water, followed by “biota” and “governance”.
China's focus on substrates has contributed to its substantial
This journal is © The Royal Society of Chemistry 2021
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increase in its publication rate in 2018 and 2019. This increase
has coincided with the implementation of the National Sword
Policy of China to reduce the importation of international
plastic waste. The policy signies how China is interacting with
the international community and its impact on other countries.
Despite its focus on substrates, Australia is lagging behind
China and the UK in terms of understanding where plastic is in
its environment. This is made difficult due to its expansive
unpopulated coast; however, this should provide an opportu-
nity to explore marine-derived plastic pollution without the
inuence of contributing local sources.

The population size, density, and culture of each region
(Table 4) has potentially driven research priorities. Scientists
from the UK and China were more likely to examine the effects
of plastic on commercially important species such as langous-
tines,26,98 mussels24,64 and oysters132 than Australia-based scien-
tists. Aquaculture is a signicant part of the food chain in highly
populated regions such as China and the UK. China produced
more farmed food sh than the rest of the world combined in
2016, as it has done every year since 1991, with more from
aquaculture than wild-caught sh since 1993.139 In 2016,
China's production of live weight aquaculture products was
49 244 000 tons, while Australia produced 97 000 tons.139 The
small aquaculture industry in Australia and the expansive
unpopulated coast suggest that plastic in aquaculture is not
a signicant threat in Australia. However, aquaculture is an
essential component of China's food security,139 and as a result,
perceived threats such as plastic pollution are likely to receive
more attention.

Publications focussed on “biota” from Australia have
concentrated on sea birds and other large organisms, including
seals, sea lions and cetaceans. Seals, sea lions and cetaceans are
protected in Australia (http://www.environment.gov.au/marine/
marine-species) and only a few sea bird species are harvested
(during very limited, licensed, periods). While work on aquatic
species with commercial benet or which provide a pathway to
human intake (from human health risk assessment) is essen-
tial, birds are considered biological indicators and sentinel
organisms for ocean plastic contamination.17 Birds are a valu-
able source of knowledge on plastic pollution, given their ability
to migrate over large areas of the globe. The main bird groups to
be studied have been Procellariiformes, followed by Suliformes
and Charadriiformes. Most of the research has been conducted
on carcasses of birds from natural mortality events such as
wrecks and bycatch from sheries. Other studies have used
Table 4 Population and geographic statistics for Australia, the UK and Ch
China

Population size (#)
Populatio
(#km2)

Australia 25 665 622a �3
United Kingdom 66 435 600c 274
China 1 400 050 000e 146

a Australian Bureau of Statistics (population clock 22/04/2020). b Geoscien
Survey UK. e National Bureau of Statistics China. f National Geomatics Ce

This journal is © The Royal Society of Chemistry 2021
emetics and burrow surveys to investigate live birds. There are
problems associated with each of these methods,134 but used in
conjunction these data are a resource for monitoring the plastic
intake of birds and the health of the ocean, especially for
threatened species. Flesh-footed shearwaters breed on islands
around Australia but migrate to the Bay of Bengal and the North
Pacic during the northern summer, providing an opportunity
to use the same species to investigate plastic pollution in
multiple locations.

To make international comparisons using birds we need to
classify them according to their feeding behaviour. Surface
feeders should differ in their plastic intake compared to deep
divers due to their exposure. Classifying bird species this way
will allow us to compare between ocean basins where different
species occur. This would make comparisons between birds
such as the esh-footed shearwater which is listed as “near
threatened”, and the European Northern Fulmar which is listed
as “endangered” more appropriate.

Australia has also developed considerable expertise in the
effects of discarded nets44,95,96,140,141 through the Commonwealth
Scientic and Industrial Research Organisation (CSIRO).
GhostNets Australia (GNA) has also made a valuable contribu-
tion by providing Indigenous people in northern Australia with
a mechanism to record the arrival of nets on their shores. GNA
has contributed to quantifying the scale and distribution of gear
loss, which establishes a benchmark for monitoring and eval-
uating future mitigation measures.

One area of investigation that has been lacking in all three
countries is linking aquatic plastic debris with human health.1,2

In 2015 there was an Australian Parliamentary enquiry into the
potential toxic impacts of plastic on humans which concluded
that this was an area of research that the government should be
actively pursuing.142 Knowledge of the toxicity of MP through
ingestion or inhalation is limited.143 While we are beginning to
elucidate the quantity of plastic in commercially important
species, we are not yet developing an understanding of how
much is transferred into humans. This is potentially important
for chemicals that are added to plastics such as bisphenol A and
phthalates, which are known endocrine disruptors.144 Studies
that integrate plastic transfer between trophic layers with
humans as the endpoint are required to fully understand the
effects of plastic. Comparisons between Australia, the UK and
China would represent a gradient in terms of population size,
pollution levels and relative reliance on aquaculture to investi-
gate this issue.
ina. Data compiled from national databases from Australia, the UK and

n density Length of coast
(km)

Number of people
per km of coast

35 821b 716
17 820d 17 820
18 000f 77 780

ces Australia. c UK Office for National Statistics (June 2018). d Ordnance
ntre of China.
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6. Forward look

Research focus and intensity on macro- and microplastics vary
between Australia, China and the UK. This reects both funding
and research priorities, and the size of the populations. China
has been very proactive in recent years, reecting the size of the
potential plastics problem, food security and its large pop-
ulation. Scientists are working towards understanding the
threat to protein sources, aquatic environments and the
potential for sediments in water bodies to retain plastic debris.

Australia, especially southern Australia, faces challenges that
are signicantly different to both the UK and China. The small
population, long coast, and few rivers on the west and south
coasts mean that plastic debris accumulates and is likely to
originate elsewhere. The minimal contribution to aquatic
plastic pollution by Australia is evident in the data shown in
Lebreton et al.15 Australia faces an additional problem in that its
southern coast is at approximately 35� south, is�3000 km long,
and coincides with the approximate latitude of the “Garbage
Patch Belt” (GPB) of the southern hemisphere.145 The likely
interaction of the coast with the GPB potentially makes it
a valuable coast to use for the monitoring of local vs. oceanic
supply of plastics and the removal of MP from the ocean. In
effect, plastic debris emitted from rivers of South East Asia that
circulate the Indian Ocean or are transported along the Leeuwin
Current may, over time (years to decades, depending on oceanic
circulation), transit the south coast of Australia. Here, Austral-
ia's Citizen Science program is highly valuable, given the
expansive unpopulated coast. The benets of citizen science
include the ability of individuals to understand and study ‘their’
coast, noting that the scientic quality of citizen science
projects is highly dependent on the development of a coherent
and thorough sampling protocol, and the education of the
citizens involved.146,147 Tangaroa Blue has become the focus for
Australia Citizen Scientists and has unied the method used in
quantifying beach debris, including plastic. The contribution of
citizens will be invaluable in the future as some parts of the
coast are expected to become highly polluted by plastic due to
this regional oceanography.145 Further work needs to be
undertaken to describe the baseline data for Australia, which
will need to include more work by Citizen Scientists with
additional work from Scientists.

The UK has a very high population density and long coastline
(particularly in heavily urbanised or industrialised estuaries),
and signicant amounts of legacy coastal browneld land and
landll sites.148 Here, it is valuable for researchers to concen-
trate on the processes linking leakage of plastic material from
the human environment to the coastal environment, such as
work in estuaries and the lower courses of rivers. In addition,
due to the extensive use of combined sewer systems, processes
of potential labelling of plastics with wastewater-derived (and
other) contaminants need further assessment. The UK has
established protocols through its contaminated land risk
management framework, which embeds consideration of
contaminant linkages in risk management. In this framework,
a receptor (which could be adversely affected by the
1674 | Environ. Sci.: Processes Impacts, 2021, 23, 1663–1680
contamination) is linked to the contaminant source by one or
more pathways – all three components (of this source–pathway–
receptor or S–P–R linkage) are required for a risk to be present.
A risk management intervention can take place at any point in
the S–P–R linkage if it breaks the linkage. The source may be
removed, the pathway intercepted, or the receptor behaviour or
location modied. Considering this model for plastics
contamination (see also Waldschläger et al.149), source
management interventions such as bans, increasing recycling
etc., can be combined with pathway management (plastics
recovery or interception, settling or removal in “sinks”150) to
reduce the risk to the receptor or receiving environment. These
interventions are best made where contaminant concentrations
are highest (e.g. in estuaries and coasts), to reduce both ux and
risk. However, better information on sources and pathways,
including particle numbers and uxes, are required to effec-
tively target actions and interventions.

Quantitative and comparable methods of environmental
sampling and analysis to assess source management or pollu-
tion reduction initiatives are required to compare between
countries. However, to achieve this, we need to develop beyond
“spot” samples (in time and space), to internationally based
strategic sampling strategies and protocols (e.g.,138,151 and ISO/
CD 24187.2, the latter is currently under development, see
also https://wun.ac.uk/wun/research/view/life-below-water-
using-sh-as-global-indicators-of-microplastics/) where stand-
ardised methods and key indicator species are used to elucidate
the problem comparably. Thus, enabling us to assess the
impact of plastic pollution across the globe. The role of Trans-
Plas is to develop strong relationships between the three
countries to achieve these goals. This paper serves as the rst
step in building relationships between researchers and their
institutions and indicates which expertise each country has
most developed.

7. Conclusions

Research on plastic debris in the ocean has arguably followed
a predictable path up to now. Plastic began to appear in the
environment, it was recognised as a problem, it was studied,
and policies have been developed. However, to effectively
manage the problem, we need to converge on standardised
methods and bioindicator species, as well as build a more
developed understanding of the physical processes driving the
distribution patterns we see in different habitats to make global
comparisons more reliable. To achieve this, we need to adopt
global frameworks such as the Integrated Marine Debris
Observing System (IMDOS) proposed by Maximenko and
others,9 which responds to the policies and recommendation of
international bodies such as the United Nations and many
other notable organisations and programs. But, we also need to
make use of expertise from different countries, organisations
and individuals who have developed skills in specic areas. This
study has demonstrated how the different requirements of each
country examined (i.e. Australia, the UK and China) have
dened the skills developed. China has advanced its knowledge
of plastic pollution levels in the water column and seabed in
This journal is © The Royal Society of Chemistry 2021
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addition to following the path of contaminants into biota,
Australia has a well-developed program on birds and Citizen
Science and the UK is leading in dynamics in the coast and
estuaries, and zooplankton.

This review has identied some of the most commonly used
metrics and key variables that should be included in investi-
gations in the future. In terms of reporting data, the range for
the number of items per unit, mean and median (individual,
mass, area or volume) and the frequency of occurrence (FO)
should be considered the minimum descriptive statistics that
are included in every study.

There are also substantial differences in the way Australia
and China have responded to the plastics problem. China has
a dominantly top-down approach with the government
promoting changes in their relationship with plastic on the
industrial and individual scale. In contrast, Australia appears to
be driven by a bottom-up approach with community groups and
businesses responding to the problem quickly. There are
benets to both types of programs, and the best of each needs to
be explored and adopted.

Unlike organisms, plastic particles do not have geographic or
substrate boundaries, making them the most widely distributed
solid contaminant on the planet. For this reason, the need for
consistency in methods and reporting across international
boundaries is paramount. The TransPlas goal is to unify
methods used in Australia, the UK and China, to provide
comparable data for international comparison and assessment.
Still, we will be working towards goals dened by international
organisations such as the United Nations Environment
Program. In the Decade of Ocean Science for Sustainable
Development, we will endeavour to contribute to the Sustain-
able Development Goals outlined in target 14.1 and follow the
directives outlined in GESAMP 99.138
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